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Abstract 

 

Histone deacetylase 4 (HDAC4) is a transcriptional regulator that has been implicated in a 

number of neurodevelopmental and neurodegenerative diseases that are associated with 

intellectual disability, cognitive defects, and/or memory loss. Both the accumulation of nuclear 

HDAC4 and its loss-of-function have been linked to these conditions, therefore exploring 

HDAC4’s role in neuronal function is essential to understand the molecular mechanisms 

underlying these diseases. 

In Drosophila, overexpression of HDAC4 results in defects in morphogenesis of axons in the 

mushroom body, a structure essential for memory formation, as well as long-term memory 

defects and disruption to the development of the compound eye. The molecular mechanisms 

underlying these HDAC4-induced phenotypes are currently unknown. RNA-sequencing on fly 

heads in which HDAC4 was overexpressed has previously been performed and showed few 

genes were transcriptionally regulated by HDAC4. In addition, an enhancer/suppressor rough 

eye phenotype screen has also been performed which identified a number of genes that interact 

genetically in the same molecular pathway as HDAC4.  

To further investigate the molecular mechanisms underlying HDAC4 dysfunction, an RNA 

interference (RNAi) based candidate screen for potential HDAC4-interactors was performed, 

which involved quantification of developmental defects in the mushroom body and eye 

following RNAi knockdown of each candidate. It was hypothesised that if a phenotype resulting 

from RNAi knockdown was similar to that induced by HDAC4 overexpression, that candidate 

may function in similar molecular pathways. A single candidate-interactor was selected 

(CG5846, named Peep) for further investigation. On overexpression, Peep and HDAC4 co-

distribute in nuclei of mushroom body neurons, however no physical interaction was detected. 

Furthermore, overexpression of Peep did not rescue the HDAC4-induced mushroom body or 

eye defects. 

Due to the uncharacterised nature of Peep, a thorough investigation was performed to assess 

the importance of Peep in survival, longevity, motor function, brain development, courtship 

learning and memory, and wing development. Peep was observed to be essential for survival of 

glial cells and for normal mushroom body development, which warrants further investigation.  
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Reduced expression of Peep also resulted in a unique severe necrotic eye phenotype, and 

through this, Peep was shown to play a potential role in processes involved in regulating 

mitochondrial and proteasomal function, apoptosis and oxidative stress. 

These data provide the first documented characterisation of the functional role of Peep in 

Drosophila development and provide the basis for further investigation into the underlying 

molecular mechanisms involved in mushroom body and eye development. 
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1 Introduction 
 

1.1 Neurodevelopmental and neurodegenerative disorders 

The proper functioning of the central nervous system relies on precise regulatory mechanisms 

that coordinate the organisation of neurons into complex neuronal networks. Genetic and 

epigenetic dysregulation of these processes can result in abnormalities and impairments, giving 

rise to neurodevelopmental and neurodegenerative disorders. 

Neurodevelopmental disorder is an umbrella term for a wide range of neurological conditions 

primarily characterised by impairments in cognition, motor skills, communication, and 

behaviour. Such disorders include autism spectrum disorder (ASD), attention deficit 

hyperactivity disorder (ADHD), and intellectual disability (American Psychiatric Association, 

2013). 

Neurodegenerative disease is characterised by the progressive dysfunction and death of 

particular neuronal cell populations, resulting in clinical symptoms such as impaired motor 

function and loss of cognitive abilities. Alzheimer’s and Parkinson’s diseases are the most 

prevalent disorders (Neugroschl & Wang, 2011; Spillantini et al., 1998), however there are 

many other well-known disorders that fall under the neurodegenerative disorder umbrella, 

including Huntington’s disease (MacDonald et al., 1993; Ridley et al., 1991) and Amyotrophic 

Lateral Sclerosis (Masrori & Van Damme, 2020). 

There are a few neurodegenerative disorders that have a well-established genetic cause, one 

example being Huntington’s disease, which is caused by familial inheritance of a mutated form 

of the huntingtin gene (MacDonald et al., 1993; Ridley et al., 1991). The majority of 

neurodegenerative disorders are thought to be caused by a combination of genetic, epigenetic, 

and environmental factors that together contribute to the manifestation of neuropathological 

phenotypes. At a molecular level, neurodegenerative disease results from multiple molecular 

alterations within neurons, including mitochondrial dysfunction, synaptic dysfunction, and 

impaired protein clearance via aberrant accumulation of misfolded proteins leading to 

degeneration of specific neuronal cell populations, increased ubiquitination, oxidative stress 

induced apoptosis, and inflammation (Atkin & Paulson, 2014; Giasson et al., 2000; Taylor et 

al., 2002).  
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Dementia is the most common form of neurodegenerative disease with an individual developing 

dementia every 3 seconds. According to the World Alzheimer’s Report of 2021, across the 

globe approximately 55 million individuals are living with dementia; costing an estimated total 

of $1.3 trillion USD worldwide. By 2030 this number is expected to reach 78 million, costing 

an estimated $2.8 trillion USD (Gauthier et al., 2021), with the number of individuals almost 

tripling to 152 million by 2050 (Patterson, 2018).  

Of particular interest for New Zealand, the prevalence of dementia has been shown to 

disproportionally increase in Māori compared to Europeans, and due to an ever-ageing 

population, the predicted number of Māori aged 65 years and over is set to increase by 197%, 

compared to the 59% increase for Europeans in the same age bracket between the years 2018 

and 2043 (National ethnic population projections, by age and sex, 2018(base)-2043). An 

Alzheimers New Zealand report in 2016 identified that of the total population diagnosed with 

dementia, 5.1% were Māori and this figure is predicted to increase to 8% by 2038 (Dementia 

economic impact report 2016, 2017). A recent study from datasets across New Zealand between 

the years 2016 and 2020, at age 60+ and 80+, Māori have a 34-46% and 16-29% higher 

prevalence of dementia in each age group respectively compared to Europeans (Cheung et al., 

2022). Furthermore, Māori on average are 7.4 years younger when diagnosed with Dementia 

compared to Europeans (Ma’u et al., 2022).  

Alzheimer’s disease is the most common form of dementia worldwide and is associated with 

progressive neurodegeneration (Neugroschl & Wang, 2011). Clinical hallmarks of this disease 

include intracellular neurofibrillary hyperphosphorylated tau tangles, extracellular amyloid beta 

(Aβ) plaques, a loss of neurons and synapses, neuroinflammation, and ultimate cell death 

(Alonso et al., 1996; Alzheimer, 1907; Shen et al., 2016; Taylor et al., 2002). Tau is a protein 

localised to the axon where it facilitates axon transport and microtubule assembly and stability. 

During Alzheimer’s disease progression, Tau translocates to the somatodendritic region of the 

neuron and becomes hyperphosphorylated resulting in neurofibrillary aggregated tangles 

(Alonso et al., 1996; Li & Gotz, 2017). Short Ab peptides, which include Ab40 and Ab42, are 

derived from the amyloid precursor protein (APP) and are secreted into the brain’s extracellular 

space as soluble molecules. Accumulation of these peptides result in oligomers that are unable 

to be removed by the vascular system and therefore form insoluble toxic plaques (Brothers et 

al., 2018) with Ab42 implicated as the more pathological species in Alzheimer’s disease (Miller 

et al., 1993). 
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Lewy body diseases encompass a range of genetic disorders, a hallmark of which is the presence 

of Lewy bodies, which are cytoplasmic neuronal inclusions (Spillantini et al., 1998). 

Parkinson’s disease is described as a Lewy body neurodegenerative disorder, phenotypically 

characterised by a loss of motor function and coordination, tremor and the onset of dementia, 

with clinical features that include Lewy body inclusions, neuronal α-synuclein deposits, and 

neuroinflammation (Polymeropoulos et al., 1997), all of which ultimately contribute to death 

of dopaminergic neurons in the substantia nigra, a region of the brain that controls movement 

(Przedborski, 2005). As there is currently a lack of treatments for neurodevelopmental and 

neurodegenerative diseases, research that increases understanding of the molecular mechanisms 

which underly these disorders is imperative. 

 

1.1.1 Glia play pivotal roles in supporting neuronal health and in 

neurodegenerative disease 

Glia are non-neuronal cells of the central and peripheral nervous systems that play important 

roles in maintaining the health of neurons. In the context of neurodevelopmental and 

neurodegenerative disorders, glia are increasingly recognised for their role in supporting the 

formation and maintenance of the central nervous system as well as in disease progression 

(Rahman et al., 2022). Glia maintain and support neuronal function by providing cues through 

the secretion of neurotropic factors for neuronal conduction, axon guidance, neurotransmitter 

recycling, cell morphology, and the overall maintenance of homeostasis. The central nervous 

system is composed of two main types of glia, microglia and macroglia. Microglia comprise 

7% of all non-neuronal cells in the mammalian brain (Dos Santos et al., 2020) and are 

distributed non uniformly throughout the central nervous system (Lawson et al., 1990). 

Microglia play a role in immune response whereby quiescent microglia are activated upon 

central nervous system injury, including infection and neurodegenerative disease. Microglia 

activation results in a proinflammatory response and release of cytokines from neighbouring 

cells (Yang et al., 2010). Microglia also have a role in regulating brain development and 

neuronal network connectivity by shaping neuronal synapses (Roumier et al., 2004; Wake et 

al., 2009) by engaging in synaptic pruning through the process of trogocytosis of synaptic 

material (Paolicelli & Gross, 2011; Weinhard et al., 2018). 
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Synaptic pruning is important in generating mature synapses to maintain synaptic plasticity, an 

essential process for memory acquisition and consolidation (Guan et al., 2002). Synaptic 

pruning by trogocytosis (Weinhard et al., 2018) during synapse establishment and elimination 

is associated with maintaining synaptic transmission and neuronal network connectivity. In a 

mouse model, dysfunction of synaptic pruning, due to a loss of microglia, resulted in a decline 

in brain function, impaired social interactions, and an increase in the time spent grooming, 

which represents an increase in repetitive behaviours (Zhan et al., 2014), all of which have been 

previously associated with neurodevelopmental disorders, specifically ASD (American 

Psychiatric Association, 2013). 

Central nervous system macroglia contain two main subgroups: astrocytes and 

oligodendrocytes. Star-shaped astrocytes play major roles in neurotransmission by regulating 

the balance between neurotransmitter uptake and release. Glutamate is the most studied 

excitatory neurotransmitter in the central nervous system and glutamate release is important for 

normal neuronal activity. However, excess glutamate can result in neuronal hyperexcitation, 

leading to neuronal death, therefore maintaining the balance of glutamate uptake and release by 

astrocytes is important in regulating neurotransmission (Mahmoud et al., 2019). 

The primary function of oligodendrocytes is myelination of axons, which generates electrical 

insulation to aid in propagation of action potentials and reduces ion leakage from axons (Tasaki, 

1939). Oligodendrocytes develop predominantly during embryogenesis, from oligodendrocyte 

progenitor cells, the characteristics of which persist in the adult brain (Bergles & Richardson, 

2015). Oligodendrocytes are only present in the central nervous system, whereas Schwann cells, 

which retain the same capacity for axon myelination, are predominantly localised to the 

peripheral nervous system. Upon damage, resulting in axon demyelination and destruction of 

both oligodendrocytes and astrocytes in the central nervous system, Schwann cells have been 

shown to spontaneously invade the central nervous system and remyelinate axons (Blakemore, 

1975). 

Glia have been implicated in neurodegenerative diseases such as Parkinson’s and Alzheimer’s 

disease, and multiple sclerosis. The predominant hallmark of Parkinson’s disease is the 

generation and accumulation of pathogenic α-synuclein deposits, which activates microglia, 

resulting in an exacerbated neuroinflammatory response, leading to the release of cytotoxic 

factors and an increase in reactive oxygen species (ROS), eventuating in dopaminergic neuronal 

cell death and Parkinson’s disease progression (Cinar et al., 2022). In astrocytes, the 



  Introduction 

5 

physiological level of a-synuclein is low. A Parkinson’s disease mouse model inducing an 

accumulation of a-synuclein lead to astrocyte uptake of a-synuclein deposits and the generation 

of toxic inclusions. This resulted in disruption to normal astrocyte function, activation of 

microglia and subsequent inflammatory response, dopaminergic and motor neuron cell death, 

and paralysis. These results provide an example of non-autonomous neuronal cell death due to 

astrocyte-specific a-synuclein accumulation (Gu et al., 2010). 

Accumulation of Ab is a clinical hallmark of Alzheimer’s disease, and similarly to the 

accumulation of a-synuclein deposits in Parkinson’s disease, rapid and continuous 

accumulation of Ab results in prolonged uncontrollable microglia activation, leading to 

neuroinflammation, synaptic dysfunction, and neuronal degradation, all of which are 

characteristics associated with Alzheimer’s disease (Zhang et al., 2021).  

Multiple sclerosis is a debilitating autoimmune neurodegenerative disease of the central 

nervous system with varied effects on both movement (Ghosh et al., 2022) and cognitive 

function (Chiaravalloti & DeLuca, 2008). The most common clinical hallmark of multiple 

sclerosis is demyelination and degradation of the myelin sheath, which insulates the axon to 

provide strength and rapid action potential propagation, and occurs due to inflammatory lesions 

and demyelinating plaques (Frohman et al., 2006). Oligodendrocytes myelinate axons and are 

therefore targeted for disease pathogenesis (Tasaki, 1939). It has recently been hypothesised 

that oligodendrocyte dysfunction may also be implicated in both Parkinson’s and Alzheimer’s 

disease due to either accumulation of a-synuclein or Ab in oligodendrocytes. This then could 

result in activation of microglia and astrocytes, leading to demyelination of axons, disease 

progression, and cognitive decline (Han et al., 2022). 

 

1.2 Mechanisms of learning and memory 

A common clinical feature of many neurodevelopmental and neurodegenerative disorders is 

cognitive dysfunction that manifests as impairments in learning and memory consolidation and 

recall (Budson, 2009; Y. Li et al., 2019). Learning is the acquisition of information from 

environmental surroundings, whereas memory is the process of storing this information for later 

retrieval (Bailey & Kandel, 1993), both of which require transmission of electrochemical 

signals between neurons.  
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A neuron is composed of a nucleus-containing cell body, dendrites, and axon. The axon is a 

long synaptic structure, and the basic process of neurotransmission involves initiation of an 

action potential, at the axon initial segment (AIS), in response to a stimulus (Foust et al., 2010). 

This action potential propagates down the axon to the presynaptic axon terminal and triggers 

an influx of calcium (Ca2+) into the presynaptic terminal via voltage gated Ca2+ channels, 

resulting in movement and fusion of synaptic vesicles to the plasma membrane and the release 

of a neurotransmitter into the synaptic cleft, which is the junction between the presynaptic 

terminal of one neuron and postsynaptic terminal of a second neuron (Sudhof & Malenka, 

2008). The neurotransmitter then binds to receptors on the postsynaptic dendrite of the 

following neuron (Sidiropoulou et al., 2006), which alters the membrane potential and if the 

membrane is depolarised sufficiently, this triggers a new action potential (Reece et al., 2014; 

van der Kloot & Kita, 1974) (Figure 1.1).  
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Figure 1.1. Synaptic connection between an axon and dendrite. Neurotransmitters enter the 
presynaptic terminal where they are bundled into synaptic vesicles. These neurotransmitters are released 
into the synaptic cleft following membrane depolarisation caused by the firing of an action potential 
which is initiated at the AIS and triggers the voltage-gated Ca2+ channels to open and flood the 
presynaptic terminal with Ca2+ ions. This flood of Ca2+ leads to movement and fusion of the synaptic 
vesicles to the plasma membrane, resulting in the release of neurotransmitters into the synaptic cleft 
which bind to NMDA receptors on the postsynaptic dendrite, leading to membrane depolarisation and 
firing of a subsequent action potential. Neurotransmitter binding also causes displacement of Mg2+ 
allowing for Ca2+ to flood the postsynaptic dendrite resulting in activation of downstream gene 
transcription pathways. AIS = Axon initial segment, Ca2+ = calcium, Mg2+ = magnesium. Original figure 
created with reference to Barco et al. (2006); Sudhof and Malenka (2008). 
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Learning occurs when the initial action potential results in an increase in neurotransmitter 

release (ie. an increased postsynaptic response), which is referred to as an increase in synaptic 

strength between neurons (Cajal, 1894). 

It was not until the 1960’s and 1970’s that the molecular pathways that underlie learning and 

the formation of memory were elucidated, as model systems were developed that allowed 

insight into the molecular basis of learning and memory. The first of which involved the gill 

reflex response of the sea slug Aplysia to study short-term memory (STM). This learned 

behaviour is a result of tactile stimulation of the siphon which results in a defensive withdrawal 

response of the gill (Kupfermann & Kandel, 1969). This is associated with an increase of cyclic 

AMP (cAMP) in the cytoplasm that activates protein kinase A (PKA) resulting in covalent 

modifications of pre-existing proteins. This leads to an increase in neurotransmitter release, ion 

channel clustering, and transient alterations in synaptic strength lasting minutes to an hour 

(Kandel et al., 2014; Kennedy, 2013). 

Long-term memory (LTM) relies on new protein synthesis to store information for hours and 

even years. The process of LTM formation requires transcription and translation of new proteins 

in order to create new synaptic connections (Lamprecht & LeDoux, 2004). Neurotransmitters 

bind to N-Methyl-D-Aspartic acid receptors (NMDAR), which leads to membrane 

depolarisation and release of the inhibitory magnesium ion (Mg2+) allowing for Ca2+ to flood 

the postsynaptic neuron (Evans et al., 2012) (Figure 1.1). This influx of Ca2+ then results in 

activation of biochemical signalling cascades, in particular the mitogen-activated protein kinase 

(MAPK) pathway (Rosen & Greenberg, 1996; Wu et al., 1993). Upon repeated stimulation, 

cAMP levels increase which results in activation of PKA to a critical threshold leading to 

recruitment of MAPK. PKA and MAPK then translocate into the nucleus, where they are 

responsible for phosphorylating cAMP response element-binding protein (CREB) to transcribe 

plasticity-related genes for the growth of new synaptic connections (Kandel et al., 2014; Martin 

et al., 1997; Yamamoto et al., 1988), resulting in memory consolidation (Alberini, 2011). 
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1.3 The use of Drosophila as a model system for neuroscientific 

exploration 

Since Thomas Hunt Morgan confirmed the linkage of inheritance of a specific trait with a 

chromosome in 1911 (Morgan, 1911), Drosophila melanogaster has been making a significant 

contribution to scientific knowledge for the last 110 years. Aside from classical genetic studies, 

Drosophila has also proved to be an ideal model system for dissecting the molecular 

mechanisms underlying neurodevelopmental and neurodegenerative disease. Importantly, 

approximately 75% of disease associated human genes are conserved in Drosophila (Lloyd & 

Taylor, 2010; Pandey & Nichols, 2011; Reiter et al., 2001) and the Drosophila genome, which 

spans a total of four chromosome pairs, has been fully sequenced and characterised (Adams et 

al., 2000), allowing the development of Drosophila models of Alzheimer’s and Parkinson’s 

diseases as well as intellectual disability (Crowther et al., 2006; Feany & Bender, 2000; 

Oortveld et al., 2013). 

Drosophila melanogaster is an ideal model due to its short and rapid lifecycle, inexpensive 

maintenance and most importantly, its tractability for genetic manipulation. Over the last three 

decades, an abundant genetic toolkit has been developed that allows for the manipulation of 

gene expression in a temporal and spatial manner (Brand & Perrimon, 1993; Dukas, 2008; 

McGuire et al., 2004). 

 

1.3.1 The Drosophila brain 

The Drosophila brain has been increasingly used to model neurodevelopmental and 

neurodegenerative diseases of the human brain. The central nervous system is divided into two 

regions: the cortical region and neuropil region. The cortical region harbours the neuronal cell 

bodies on the external surface of the brain and central nerve chord and connects the central 

nervous system to the peripheral nervous system. The neuropil region consists of the synaptic 

connectivity network enclosed by the cortical region in the protocerebrum at the centre of the 

brain, as well as the lobular, medulla, and lamina complexes of the optic lobes and the central 

region of the ventral nerve chord. All neuropiles are joined through axon tracts that trace 

throughout the brain (Freeman, 2015; Kremer et al., 2017). Although the Drosophila brain is 

small, it consists of a highly organised network of neuronal processes and contains 200,000 
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neurons (Chiang et al., 2011; Huang et al., 2018; Raji & Potter, 2021). The brain is comprised 

of two optic lobes that flank the central brain, which houses bisymmetric antennal lobes and 

the mushroom body, both of which are highly specialised neuropils. The antennal lobes receive 

input from olfactory neurons, while the mushroom body receives olfactory input from the 

antennal lobe projection neurons (Turner et al., 2008) (Figure 1.2). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Drosophila brain structures. Anterior depiction of the Drosophila brain. Intrinsic Kenyon 
cells (KC) are localised at the posterior dorsal region of the brain and extend their dendrites anteriorly 
into the calyx. Axons extend to form the ventral projecting pedunculus that bifurcates forming the dorsal 
projecting α (purple)/α’(cyan) and medial projecting β (purple)/β’ (cyan) and γ (magenta) lobes. Optic 
lobes (OL) receive visual sensory cues and the antennal lobes (AL) (teal) receive olfactory input. 
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different subpopulations of Kenyon cells, which are derived from four neuroblasts (Ito et al., 
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1997), alpha/beta (α/β), alpha prime/beta prime (α’/β’), and gamma (γ), with their extended 

dendrites forming the central calyx. Kenyon cell axons are bundled to form the ventral 

projecting peduncle that bifurcates forming the characteristic L-shaped mushroom body lobes 

(Crittenden et al., 1998). Although there are only three subpopulations of Kenyon cells, these 

project to form five distinct lobes in a sequential highly regulated manner during larval and 

pupal development. The γ neurons are the first to form, their axons are bundled and begin 

extending both dorsally and medially at the initial larval stage and are fully extended by the 

mid-third instar larval stage (Armstrong et al., 1998; Technau & Heisenberg, 1982). Following 

this, the α’/β’ neurons are formed and extend their bundled axons both dorsally (α’) and 

medially (β’) from the mid-third instar larval stage through to pupation (Lee et al., 1999). Upon 

pupation, rearrangement and degeneration of the g lobe axons occurs and 24 hours after pupal 

formation (APF) the adult observed medial g lobe has fully extended (Armstrong et al., 1998; 

Technau & Heisenberg, 1982). Lastly, the α/β neurons are born and also extend their bundled 

axons dorsally (α) and medially (β) following pupation (Lee et al., 1999) (Figure 1.2). 

The extrinsic neurons of the brain allow for communication of signals to and from the 

mushroom body lobes, calyx, and peduncle and other regions of the brain (Ito et al., 1998) 

establishing a key role in synaptic processing. During studies of learning and memory, one such 

group of extrinsic neurons, the dopaminergic neurons, release dopamine which bind dopamine 

receptors on Kenyon cells (Ichinose et al., 2015; Yamagata et al., 2015). Dopamine is an 

important neuromodulator in reward learning and motivation, and also in aversion (Bromberg-

Martin 2011). These dopaminergic neurons are regulated by sensory cue inputs and the 

subsequent dopaminergic neuron response, to distinct brain regions, results in the related reward 

or aversive behavioral output (Kato et al., 2023). In Drosophila, clusters of dopaminergic 

neurons innervate the mushroom body and modulate the output from Kenyon cells, which is an 

essential process for Drosophila courtship memory (Ichinose et al., 2015; Yamagata et al., 

2015). 

The structure and function of the mushroom body makes for an ideal model to assess genes 

involved in neuronal development and memory formation, as an intact mushroom body is 

essential for normal long-term courtship memory (McBride et al., 1999). Axonal growth and 

guidance are imperative to generate a functional nervous system, where neuronal processes 

reach their target destinations, and this is controlled by signalling cues and cell surface receptors 

(O'Donnell et al., 2009). A Fragile X syndrome model has been generated in Drosophila as 
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defects in the conserved fragile-X mental retardation 1 (dfmr1) gene result in similar 

behavioural phenotypes to those observed in patients with Fragile X, including cognitive 

impairments displayed as courtship memory deficits (McBride et al., 2005), described further 

in Section 1.3.3.1 and 1.3.3.2, and mushroom body defects of the b lobe due to a failure in axon 

termination, resulting in b lobe fusion (Michel et al., 2004). Defects to long-term depression 

and potentiation, which are indicators of changes to synaptic strength, were observed in a 

Fragile X mouse model caused by mis-regulation of a metabotropic glutamate receptor, 

necessary in modulating synaptic plasticity (Huber et al., 2002). Treatment with antagonists of 

metabotropic glutamate receptors rescued the courtship memory and b lobe fusion defects 

induced in the Fragile X Drosophila model (McBride et al., 2005). The mushroom body has 

also been used in additional studies to demonstrate the requirement of Netrins (Kang et al., 

2019), cytoskeletal proteins including Ankyrin2 (Wilson, 2021; Wilson et al., 2023), and 

Moesin (Freymuth & Fitzsimons, 2017), and the transcriptional regulator HDAC4 (Fitzsimons 

et al., 2013; Main et al., 2021; Tan et al., 2024), for neuronal development and memory 

formation. 

 

1.3.1.2 Glia in the Drosophila brain 

The glia of the central nervous system are subdivided based on location, shape, size, and 

function. Cortex glia reside in the cortical region of the brain and ventral nerve chord, while 

ensheathing and astrocyte-like glia localise to the neuropil regions. Cortex glia generate a niche 

around the neuronal cells that reside within the cortical region (Dumstrei et al., 2003). These 

glia are essential for neuronal metabolic support and synaptic transmission (Delgado et al., 

2018). Surface glia are comprised of two subgroups, perineurial and subperineurial glia, which 

generate two thin overlapping layers on the surface surrounding the entire central nervous 

system, forming the blood brain barrier (Freeman, 2015; Kremer et al., 2017). Neuropil 

associated astrocyte-like glia and ensheathing glia both regulate synaptic processing through 

synapse pruning and remodelling (Doherty et al., 2009; Hakim et al., 2014; Paolicelli & Gross, 

2011; Tasdemir-Yilmaz & Freeman, 2014), as previously discussed in Section 1.1.1. Astrocyte-

like glia play a role in clearing axon debris from γ neurons upon mushroom body rearrangement, 

indicating the importance of astrocyte-like glia in neuronal activity and subsequent memory 

acquisition and consolidation (Hakim et al., 2014; Tasdemir-Yilmaz & Freeman, 2014). 

Ensheathing glia flatten and extend their processes to surround the neuropil and have been 
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shown to phagocytose degenerating axonal debris (Doherty et al., 2009) and have functional 

similarities to mammalian Schwann cells and oligodendrocytes (Yildirim et al., 2019). The 

central nervous system glia function in unison with neurons to provide tropic factors and 

synaptic transmission support to modulate neuronal activity, similarly to the role that Astrocytes 

play in the mammalian central nervous system (Freeman, 2015). 

 

1.3.2 The Drosophila compound eye 

The Drosophila eye is also an ideal model for neuroscientific research as both disruption of 

neurodevelopmental pathways and neurodegeneration can be observed as perturbations in the 

regular ommatidial arrangement and bristle patterning (Cagan, 2009). The Drosophila eye is 

composed of approximately 800 hexagonal ommatidia. These ommatidial facets are comprised 

of eight rhabdomeric (R) photoreceptors which are specialised neurons the convert light into 

electrical signals. Individual photoreceptors differentiate based on signals from neighbouring 

fully differentiated photoreceptors (Freeman, 1996), and each cluster of photoreceptors are 

surrounded by cone, pigment, and bristle accessory cells (Cagan & Ready, 1989a). 

 

1.3.2.1 Drosophila larval eye development 

The development of the Drosophila eye begins during embryogenesis (Garcia-Bellido & 

Merriam, 1969) when a pair of eye imaginal disc primordia emerge from specific cell clusters 

(Beira & Paro, 2016). This pair of eye-antennal imaginal discs connect to the larval brain 

(Figure 1.3A) and give rise to external adult head structures, including the compound eyes and 

ocelli which encompass the Drosophila visual system, and the antennae and maxillary palps 

which encompass the olfactory system (de Bruyne et al., 1999; Nayak & Singh, 1985; 

Venkatesh & Singh, 1984). The eye-antennal disc is a monolayer epithelium generated by 

invagination of the blastoderm to create a lumen encased epithelium sac. It is composed of three 

layers of different cell compositions; the peripodial epithelium, which gives rise to head 

structures and is comprised of low lying flat squamous cells lies atop the disc proper, which 

gives rise to the adult retina and is comprised of long columnar cells, the peripodial epithelium 

and disc proper are joined together at the edges by the marginal cuboidal cells (Figure 1.3B) 

(Haynie & Bryant, 1986; McClure & Schubiger, 2005; Weasner & Kumar, 2022). The posterior 
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eye region of each eye-antennal disc is connected to the brain by the optic stalk providing a link 

between the eye and brain allowing for photoreceptor axons to project through to innervate the 

brain (Murakami et al., 2007). 

Following embryogenesis, the nascent eye disc contains approximately 70 cells (Mandaravally 

& Schneiderman, 1977). Rapid proliferation results in enlargement and conformational changes 

to the eye disc during the first and second instar larval stages, followed by organised cell 

differentiation during the third instar larval stage (Kumar, 2018). A physical dorsoventral 

indentation in the eye disc termed the morphogenetic furrow forms at the posterior edge of the 

eye field, close to the optic stalk and sweeps anteriorly towards the antennal field (Ready et al., 

1976; Tomlinson, 1985; Tomlinson & Ready, 1987) (Figure 1.3C). The initiation of furrow 

migration in a posterior to anterior manner and subsequent photoreceptor differentiation occurs 

through a highly regulated pathway.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Schematic depiction of the Drosophila larval eye-antennal disc. A. The optic lobes of the 
third instar larval brain are attached to two identical eye-antennal discs at the anterior of the larva. B. 

Eye field Antennal field

MF

Mouth hooks

Eye-antennal 
discs

Brain

A

Margin

Disc proper

Peripodial membrane
B

C

OS
MF

Eye field Antennal field

AnteriorPosterior

AnteriorPosterior

Anterior

Posterior



  Introduction 

15 

The eye-antennal disc is comprised of three cell types, the low-lying squamous cells (teal) that generate 
the peripodial membrane, the long columnar cells (purple) that generate the disc proper, and the cuboidal 
cells (orange) of the margin that join the peripodial membrane and disc proper. The morphogenetic 
furrow (MF) generates a dorsoventral indentation in the disc proper. The cells that generate the optic 
stalk (OS) are located at the posterior of the eye-antennal disc. C. The eye-antennal disc is comprised of 
a posterior localised eye field in which the MF sweeps from posterior to anterior, leaving a wake of 
differentiated cells, and at the anterior of the disc is the antennal field. OS = optic stalk, MF = 
morphogenetic furrow. Original figures, B. generated with reference to Gibson and Schubiger (2001); 
Warren and Kumar (2023); Weasner et al. (2020). 

 

Two important proteins in this pathway are Hedgehog and Decapentaplegic (Dpp). Hedgehog 

is a signalling molecule that is initially expressed at the very posterior edge of the eye 

primordium and as photoreceptor differentiation begins, during the third instar larval stage, it 

is secreted by differentiating photoreceptors posterior to the morphogenetic furrow. In contrast, 

prior to initiation of the furrow, Dpp is expressed at the lateral posterior margin of the eye, 

flanking either side of Hedgehog and as photoreceptor differentiation begins, Hedgehog 

expression in photoreceptors promotes the expression of Dpp in the furrow (Chanut & 

Heberlein, 1997; Chawla et al., 2003; Greenwood & Struhl, 1999). Migration of the 

morphogenetic furrow towards the anterior region of the eye disc leaves a wake of differentiated 

cells as cells just anterior to the furrow arrest in G1 resulting in an organised array of ommatidial 

units (Ready et al., 1976). Neuronal adult precursor cells destined to become polarised adult 

photoreceptor cells differentiate posterior to the furrow and through cell-cell contact signalling 

and positional effects, the fate of each photoreceptor neuron (R cell) is determined. Initially 

during the first wave of mitosis a five-cell neuronal pre-cluster is formed, the first R cell born 

is R8, closely followed by two pairs of R cells, R2/R5 and R3/R4 (Figures 1.4A). These five-

cell pre-clusters are observed to closely follow the furrow. During the second wave of mitosis 

the eight-cell photoreceptor cluster is complete and positioned posterior to the differentiating 

five-cell pre-cluster (Ready et al., 1976; Tomlinson, 1985; Tomlinson & Ready, 1987). The R7 

precursor belongs to the R7 equivalence group, which, aside from giving rise to the R7 

photoreceptor, also gives rise to R1 and R6 as well as the four non-neuronal glial-like cone cells 

(further discussed in Section 1.3.2.2). Prior to differentiation, the R7 precursor expresses 

Tramtrack, a transcription factor that when expressed represses photoreceptor fate, allowing for 

differentiation of a cone cell. Upon downregulation of Tramtrack, a photoreceptor is born, and 

the fate of each photoreceptor, R1, R6, and R7 is dependent on the position within the 

photoreceptor cluster that is occupied (Li et al., 1997; Mavromatakis & Tomlinson, 2016; Tang 

et al., 1997). Each photoreceptor cluster is organised with the central R8 photoreceptor 
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surrounded by seven other photoreceptor cells (Figure 1.4B). The axons of all photoreceptors 

are ensheathed by a subset of glia called ensheathing glia (Section 1.3.2.1.1) where these axons 

then project posteriorly through the optic stalk and innervate the optic lobe of the brain 

(Cameron et al., 2016; Chang et al., 2018; Chen et al., 2017; Ready et al., 1976; Tomlinson & 

Ready, 1987). 

 

 

 

 

 

 

 

 

 

Figure 1.4. Differentiation and organisation of photoreceptor clusters in the larval eye disc. A. The 
R8 photoreceptor is first to be born followed by differentiation of the R2/R5, R3/R4 pairs of 
photoreceptors generating the 5-cell pre-cluster. Following the second mitotic wave, B. the R1, R6, and 
R7 photoreceptors differentiate, and the mature 8-cell cluster is formed. Original figure generated with 
reference to Kumar (2020). 

 

1.3.2.1.1 Glia in the larval eye disc 

In the third instar larval eye disc, the retinal basal glia migrate into the differentiating eye field 

via the optic stalk connecting the eye to the brain. Initiation of migration is dependent on 

photoreceptor differentiation posterior to the morphogenetic furrow, and establishment of the 

axon scaffold in order for retinal basal glia to migrate and populate the eye disc a few rows 

behind the newly differentiated photoreceptors (Choi & Benzer, 1994). Retinal basal glia are 

separated into three distinct groups; surface glia (perineurial), carpet glia (subperineurial), and 

ensheathing glia (Tsao et al., 2020). Each eye disc contains two large carpet glia that migrate 

through the optic stalk and position their polyploid nuclei at the very posterior edge of the eye 
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disc, where their membranes create a septate junction at the dorsoventral midline and cover half 

of the eye disc posterior to the morphogenetic furrow. These carpet cell membranes create a 

divide between the photoreceptor cell bodies emerging at the apical surface and their axons 

projecting through the basal region of the eye disc (Silies et al., 2007). Surface glia are the most 

prominent subtype of retinal basal glia and have a circular morphology. Surface glia migrate 

from the optic stalk and populate the eye field and are the only glial sub-group that undergo 

replication and cell division which initiates from two migratory cells (Silies et al., 2007). 

Recently it was discovered that there are two distinct lineages of surface glia, those that populate 

the basal region below the carpet glia membrane and those that populate the apical surface. 

Those that reside at the basal surface only proliferate to generate more surface glia, however 

those at the apical surface receive signals to differentiate to generate the pool of ensheathing 

glia (Tsao et al., 2020). Ensheathing glia differ in both shape and function, as they have an 

elongated morphology in order to wrap their membrane around the photoreceptor axons, (Tsao 

et al., 2020) and aid in projection through the optic stalk.  

 

1.3.2.2 Pupal eye development 

Early in pupation the morphogenetic furrow completes its journey across the eye disc, everting 

the eye and reversing the invagination that occurred during embryogenesis, beginning the 

metamorphosis into the adult eye and antennal structures (Cagan & Ready, 1989a). As 

discussed in Section 1.3.2.1, the R7 precursor gives rise not only to photoreceptors but also four 

non-neuronal glial-like cone cells early in pupal development (Li et al., 1997; Mavromatakis & 

Tomlinson, 2016; Tang et al., 1997). During the final stages of retinal development these glial-

like cone cells (Chaturvedi et al., 2014) secrete the corneal lens and extend their processes to 

the floor of the retina. Each cone cell is named according to its position within the ommatidium 

and emerge in pairs. The anterior and posterior cone cells are first to emerge and contact at the 

retina floor, which blocks contact between the equatorial and polar cone cells which emerge 

later and contact at the apical region of the retina below the pseudocone (Cagan & Ready, 

1989a; Tomlinson, 1985; Tomlinson & Ready, 1987). The nuclei of the cone cells remain at 

the apical region, above the photoreceptor cluster (Charlton-Perkins & Cook, 2010; Tomlinson, 

1985) and at the basal region large cone cell processes, denoted as feet are positioned above the 

fenestrated membrane and accumulate brown ommochrome pigment granules that act as basal 
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insulators to block light scattering at the basal region of the retina and allow adequate lens 

transparency at the apical surface (Tomlinson, 2012) (Figure 1.5A). 

During early pupation the interommatidial mechanosensory bristles begin to emerge and radiate 

from the centre of the eye. Each ommatidium shares three bristles, positioned at alternating 

vertices. Each bristle is comprised of four different cell types, the socket secreting tormogen, 

the bristle secreting trichogen, the sensory neuron, and supporting glial thecogen (Cagan & 

Ready, 1989a). 

During mid to late pupal development, rhabdomeres begin to form inside of each photoreceptor. 

The rhabdomere is a specialised compartment located in the apical region of the photoreceptor 

neuron, and is comprised of approximately 30,000 microvili which absorb light and organise 

phototransduction machinery for processing of visual stimuli (Juusola & Hardie, 2001). Rapid 

rhabdomere growth results in retinal deepening as the rhabdomeres of R1-R6 continue to extend 

while the R7 rhabdomere is positioned above the R8 rhabdomere, each of these are half the 

length of the other six rhabdomeres (Cagan & Ready, 1989a; Tomlinson, 1985) (Figure 1.5A, 

C, D) and the rhabdomeres of each ommatidial unit form a regular repeating trapezoid cluster 

(Figure 1.5C’). The photoreceptor axons extend basally and squeeze through the fenestrated 

membrane, which is comprised of cells that lose contact with the apical surface of the eye disc 

upon differentiation and reside at the basal membrane providing a structure between the retina 

and the optic lobe (Cagan & Ready, 1989a). The photoreceptor axons then project through the 

optic stalk and innervate the optic lobe. R1-R6 axons innervate the lamina, while R7 and R8 

axons bypass the lamina and innervate in two distinct layers of the medulla (Campos-Ortega & 

Strausfeld, 1972; Kolodziejczyk et al., 2008; Trujillo-Cenóz, 1965). 

Glial-like pigment cells (Chaturvedi et al., 2014) ensheath the photoreceptor/cone cell cluster 

by spanning the apical tip of the pseudocone through to the fenestrated membrane (Figure 

1.5A). Primary pigment cells can be identified 22 hours APF at 20°C. Two prospective primary 

pigment cells each surround the cone cells at the apical region of the retina with regulated 

posterior to anterior organisation (Figure 1.5B). Primary pigment cells are the only cell type in 

the ommatidia that do not extend their processes to the floor of the retina (Cagan & Ready, 

1989a) (Figure 1.5A). Secondary and tertiary pigment cells give rise to the final ommatidial 

lattice and provide structural boundaries between individual ommatidial facets. A total of six 

secondary pigment cells form and are divided into two groups, oblique (Ob) and horizontal 

(Hz). There are four oblique secondary pigment cells and these are first to emerge. As the 
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primary pigment cells encase the cone cells, additional cells that contact two adjacent primary 

pigment cells with four other developing ommatidial units will emerge as the four oblique 

secondary pigment cells. Other cells that contact three different ommatidial primary pigment 

cells emerge as interommatidial tertiary pigment cells which form at alternating vertices to the 

bristle cells groups. Two horizontal secondary pigment cells then emerge and reside adjacent 

to the attachment site of the two primary pigment cells of two ommatidial clusters to generate 

the precise hexagonal ommatidial lattice (Figure 1.5B’). Secondary and tertiary pigment cells 

project their axons basally where a tight basal retina boundary is formed with the cone cell feet 

allowing only photoreceptor and bristle cell axons through the fenestrated membrane to the 

underlying subretinal pigment layer (Cagan & Ready, 1989a) (Figure 1.5A). Secondary and 

tertiary pigment cells contain two different pigment granules, brown ommochrome and long 

red pteridine, both function as optical sheathing and assemble from the apical lens through to 

the subretinal pigment layer, located below the fenestrated membrane to provide further 

insulation (Tomlinson, 2012). This insulation occludes lateral light transfer between ommatidia 

and a study on flies with pigmentation deficiencies resulted in reduced visual responses 

(Kalmus, 1943), demonstrating the importance of pigment granules in the eye. 
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Figure 1.5. The Drosophila retina. A. The apical top of the retina is comprised on the cornea, which 
sits above the pseudocone, with three surrounding mechanosensory bristles. These structures lie atop 
the cone cells, which are encapsulated by primary (1°) pigment cells which are surrounded by secondary 
(2°) pigment cells. Bristle processes (axons) plunge through the fenestrated membrane, while the 2° 
pigment and cone cell processes sit atop the fenestrated membrane. B. Located basal to the cornea and 
pseudocone are the four cone cells (C) (green, dark green) of a single ommatidium which are encased 
by two 1° pigment cells (yellow). These are surrounded by six elongated 2° pigment cells (pink), which 
are shared with six additional ommatidia, and three tertiary (3°) pigment cells (navy) and three bristle 
(B) cells (blue) located at alternating vertices, which are shared with three additional ommatidia. B’ 
Immunohistochemistry of an ommatidium with identical cell placement as depicted in B, with two 
horizontal (Hz) and four oblique (Ob) 2° pigment cells. C. Further basal the R1-R7 cells are located and 
C’ form a trapezoid structure. D. Above the fenestrated membrane the R1-R6 and R8 rhabdomeres are 
observed. 1° = primary, 2° = secondary, 3° = tertiary, C = cone cell, B = bristle cell, Hz = horizontal, 
Ob = oblique, R = rhabdomere. Original figure generated with reference to Wolff and Ready (1993). 
 

Throughout pupal development approximately 2000 excess cells in the retina fail to terminally 

differentiate. When cells fail to form appropriate contacts they are eliminated in one of the two 

waves of apoptosis that occurs uniformly across the eye disc with no particular directional 

influence (Wolff & Ready, 1991). After the primary pigment cells have enwrapped the cone 
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cells and allowed for potential secondary and tertiary pigment cells to make important cell-cell 

contacts the first wave of apoptosis occurs, resulting in maximal cell death and tightening of 

the hexagonal ommatidial lattice (Cagan & Ready, 1989a). A second wave of prolonged cell 

death follows later in pupal development to further refine the array (Cordero et al., 2004). The 

onset of apoptosis is dependent on many signalling pathways, including the Drosophila 

Epidermal Growth Factor Receptor (dEGFR), Notch, and wingless pathways. dEGFR and Ras 

signalling promotes cell survival through regulation of the expression and activity of the pro-

apoptotic gene head involution defective (hid) (Kurada & White, 1998), whose function is to 

repress Death-associated inhibitor of apoptosis-1 (DIAP1) resulting in the activation of initiator 

caspase Death regulator Nedd2-like caspase (Dronc). This in turn activates effector caspase 

cleavage proteins Death related ICE-like caspase (Drice) and Death caspase-1 (Dcp-1) (S. L. 

Wang et al., 1999). Notch signalling is required for removal of interommatidial cells not fated 

to become secondary and tertiary pigment or bristle cells (Cagan & Ready, 1989b). Wingless 

signalling has also been implicated in differentiation and patterning of cells in the Drosophila 

eye, as expression of a wingless null mutant upon initiation of apoptosis resulted in a significant 

decrease in cell death (Cordero et al., 2004). These results indicate that both the Notch and 

wingless pathways are required to induce apoptosis. 

 

1.3.2.3 The adult Drosophila eye 

After adult eclosion, the precise, invariant organisation of ommatidia and bristles (Figure 1.6A) 

allows disruption to ommatidial alignment, and bristle patterning to be easily visualised. 

Defects to the eye result in what is commonly referred to as a “rough eye” phenotype (Basler 

et al., 1990) and in addition to pigmentation loss and rare occurrences of necrosis, these defects 

can be visually assessed and semi-quantitatively scored (Figure 1.6B) (Kaplow et al., 2007; 

Schwartz et al., 2016; Wilson, 2021).  
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Figure 1.6. The use of the Drosophila eye to visually assess perturbations. Light microscopy on adult 
eyes show A. the uniform retinal array which B. upon disruption to neural pathways required for the 
generation of a normal eye can be visually assessed as a rough eye phenotype. 

 

The wealth of knowledge regarding the development of the eye along with a well-established 

scoring system makes the Drosophila eye an ideal model for screening genetic interactions. A 

genetic interaction occurs when two genes act in the same molecular pathway and is observed 

as a synergistic interaction when the combination of two independent mutations results in a 

more severe phenotype than the additive effect of each mutation independently (Perez-Perez et 

al., 2009). 

 

1.3.3 Drosophila are ideal for behavioural analyses 

The Drosophila model is ideal for dissecting behavioural paradigms and modelling clinical 

hallmarks associated with neurodegenerative disease. Drosophila respond to a number of 

stimuli including pheromones (Kurtovic et al., 2007), light (Juusola & Hardie, 2001), 

temperature (Barbagallo & Garrity, 2015; Miquel et al., 1976), and gravity (Inagaki et al., 2010; 
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Kamikouchi et al., 2009; Sun et al., 2009), and their behavioural outputs can be quantitatively 

assessed. Due to the consistency of the fly’ behavioural repertoire, and their amenability for 

genetic manipulation, the effects of gene expression changes can be assessed through changes 

in behaviour. 

Neuronal circuity and the processes of learning and memory can be studied in the fly as the 

basic underlying mechanisms involved are conserved among species, making Drosophila an 

excellent model for understanding neurodegenerative disease, including Alzheimer’s disease, 

where memory and cognitive decline are a predominant pathology (Chakraborty et al., 2011; 

Goguel et al., 2011). 

Motor coordination and function can be studied in the fly via locomotor assays that are widely 

used to model neurodegenerative diseases, including Parkinson’s disease, where a loss of motor 

function is a clinical hallmark of disease (Feany & Bender, 2000). 

 

1.3.3.1 Drosophila courtship  

Male Drosophila display a repertoire of courtship behaviours to attract a female and accomplish 

successful reproduction. These include orientation towards the female (Figure 1.7A), tapping 

of the female’s abdomen by an outstretched leg (Figure 1.7B), performing a courtship song 

through wing vibrations (Figure 1.7C), tasting of the female genitalia (Figure 1.7D), and 

attempted (Figure 1.7E), followed by successful copulation (Figure 1.7F) (Anholt et al., 2020; 

Sokolowski, 2001). Courtship is a hard-wired process, and a number of genes and neuronal 

circuitries are important for these behaviours to ensue.  
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Figure 1.7. Drosophila courtship behaviours. A male Drosophila performs a number of ritualistic 
courtship behaviours before successfully mating with a female, these include, A. orientation toward the 
female, B. tapping the females abdomen with a leg, C. producing a song through vibrations of an 
outstretched wing, D. tasting the female’s genitalia, E. attempting to copulate with the female, and 
finally F. successful copulation. Original figure generated with reference to Sokolowski (2001). 

 

A wild-type male fly that has previously been rejected by a mated female fly demonstrates a 

decrease in courtship behaviours in the presence of a new mated female (Siegel & Hall, 1979). 

This suppression of courtship is in response to the male-specific pheromone cis-vaccenyl 

acetate (cVA) that is deposited by the male onto the female’s abdomen during mating, therefore 

this type of courtship memory is called cVA-retrievable memory. All newly mated females 

harbour cVA (Ejima et al., 2007), and this pheromone has been shown to elicit an anti-

aphrodisiac response, which reduces male courtship behaviour (Ejima et al., 2007; Zawistowski 

& Richmond, 1986). The olfactory neuron receptor Or67d in antennae detects cVA, this 
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activates projection neurons in the antennal lobe and mushroom body and facilitates higher 

order processing to control and repress courtship behaviour (Raun et al., 2021). 

This experience-dependent behaviour can be used as a robust and quantifiable assay to test STM 

and LTM by training a male with a freshly mated female for a defined period of time (60 

minutes for STM and 5-7 hours for LTM). Following a rest period (0 to 60 minutes for STM 

and 24 hours for LTM), males are then exposed to a new freshly mated female and courtship 

activity is measured. A male with intact learning and memory displays an enhanced response 

to cVA and thus reduces his courtship activity (Raun et al., 2021). 

 

1.3.3.2 Drosophila courtship memory processes 

The γ lobe has been shown to be important for learning and memory in Drosophila, as proteins 

expressed in the γ lobe play crucial roles in regulating synaptic plasticity. Mutations in the 

Cytoplasmic polyadenylation element-binding protein (CPEB) Orb2 have shown a reduction 

specifically in LTM (Keleman et al., 2007; Kozlov et al., 2023), while overexpression of Orb2 

in the mushroom body γ neurons is able to restore LTM formation. Orb2 has two established 

isoforms, Orb2A and Orb2B, both of which harbour vastly different N-terminal domains with 

no conserved regions, and a glutamine rich domain (Q domain) shown to be important in LTM 

formation (Keleman et al., 2007). Orb2A and Orb2B form higher order multimer complexes 

that are dependent on an intact Orb2A Q domain (Kruttner et al., 2012). These complexes have 

been shown to localise to neuronal synapses (Kozlov et al., 2023; Kruttner et al., 2015), 

however these isoforms have non-redundant functions. The aSP13 presynaptic terminus is 

located at the tip of the g lobe and activity from the aSP13 dopaminergic neurons up to 11 hours 

following training with a mated female, as detailed in Section 1.3.3.1, is required for LTM 

consolidation. Memory acquisition and consolidation are achieved through activation of the 

Dopamine receptor R1 (DopR1) that receives input from these aSP13 dopaminergic neurons 

and acts upstream of Orb2, which is a target of calcium/calmodulin-dependent protein kinase 

II (CaMKII) involved signalling pathways important for generating persistent memories 

(Keleman et al., 2012; Kruttner et al., 2015). 
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1.3.3.3 Adult Drosophila climbing activity 

An adult Drosophila’s innate behavioural response to gravitational stimuli is to move against 

gravity (negative geotaxis), therefore when trapped in a small vial, the fly will move against 

gravitational cues to the top of the vial (Kamikouchi et al., 2009). To assay locomotor behaviour 

a negative geotaxis climbing assay can be employed, whereby the startle-induced behavioural 

response of a fly can be measured by how rapidly a fly will climb a specified distance against 

gravity (Madabattula et al., 2015). A Parkinson’s disease fly model expressing mutant forms of 

a-synuclein showed a marked decrease in climbing ability compared to control. This decrease 

in climbing activity, however, was only observed after 23 days and showed a progressive 

degenerative decline (Feany & Bender, 2000). In addition to being used as a model for 

neurodegenerative disease, climbing activity is also negatively affected by ageing (Le Bourg & 

Lints, 1992). 

 

1.3.4 The Drosophila toolbox for gene manipulation 

The appeal of Drosophila as a model system lies in the wide range of tools and techniques that 

have been developed for genetic manipulation. The generation of transgenic flies has allowed 

for tissue-specific transgene expression to assess gene function, protein interactomes, and 

overall neuronal systematics. To that end, the development of the UAS/GAL4 and the temporal 

and regional gene expression targeting (TARGET) system facilitated the ease of targeted gene 

expression in a spatial and/or temporal manner by pairing any tissue-specific promoter with 

expression of any transgene (Brand & Perrimon, 1993; McGuire et al., 2004). 

 

1.3.4.1 UAS/GAL4 system 

The UAS/GAL4 system is a bipartite system utilising the exogenous yeast transcriptional 

transactivator GAL4, which binds an upstream activating sequence (UAS) to initiate 

downstream transgene expression. The GAL4 activator can be placed under the control of any 

tissue specific enhancer, creating a GAL4 ‘driver’ line, to allow for tissue specific expression. 

Crossing virgin female driver flies to a male transgenic fly line harbouring a UAS fused to a 

downstream transgene of interest, will result in F1 progeny where GAL4 will bind the UAS and 
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drive tissue specific expression of the downstream transgene (Brand & Perrimon, 1993) (Figure 

1.8). 

 

Figure 1.8. UAS/GAL4 bipartite system. Virgin females carrying the transcriptional transactivator 
GAL4 positioned downstream of a tissue specific enhancer are crossed to males harbouring a UAS fused 
to a downstream transgene. The F1 progeny express tissue-specific GAL4 which binds the UAS, 
initiating tissue specific downstream transgene expression. Original figure generated with reference to 
Brand and Perrimon (1993). 

 

Drosophila stock centres such as the Bloomington Drosophila Stock Centre (BDSC), Vienna 

Drosophila Resource Centre (VDRC), and the Kyoto Stock Centre carry a range of GAL4 

driver lines to induce transgene expression in most tissues and cell types. The expression pattern 

and levels of pan-neuronal embryonic lethal abnormal visual system-GAL4, (elav-GAL4) 

(Armstrong et al., 2011; Hawley et al., 2023) and neuronal Synaptobrevin-GAL4 (nSyb-GAL4) 

(Hawley et al., 2023; Weaver et al., 2020); mushroom body-specific OK107-GAL4 (Bates et 

al., 2010; Hawley et al., 2023); and eye-specific glass multimer reporter-GAL4 (GMR-GAL4) 

(Escobedo et al., 2021; Freeman, 1996; W. Z. Li et al., 2012; Ray & Lakhotia, 2015) have been 

verified by expressing a fluorescent protein and examining the distribution. In addition, there 

are UAS-transgene libraries for expression of many Drosophila genes, UAS-RNAi lines for 

RNAi-mediated knock down of most Drosophila genes, further described in Section 1.3.4.3, 

and UAS-guideRNA lines for CRISPR/Cas9 knockout are also becoming widely available 

(Zirin et al., 2020). 
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1.3.4.2 TARGET system 

Spatial targeted gene expression using the UAS/GAL4 system can be further refined by the 

addition of a temporal element. GAL80 binds to GAL4 to repress GAL4 transcriptional activity, 

resulting in no downstream transgene expression. The TARGET system utilises a temperature 

sensitive mutant GAL80 (GAL80ts) that allows for temporal control of transgene expression 

via temperature regulation. In this system, GAL80ts is ubiquitously expressed under the control 

of the tubulin promoter to induce ubiquitous expression. When flies are raised at a permissive 

temperature (19°C), GAL80ts binds GAL4 and masks the activation domain (AD), inhibiting 

transgene expression (Figure 1.9A). An increase to a non-permissive temperature (30°C) results 

in a conformation change of GAL80ts, leading to GAL4 release and AD unmasking, resulting 

in GAL4 mediated downstream transgene expression (Figure 1.9B) (McGuire et al., 2004; 

Suster et al., 2004). 
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1.3.4.3 RNA interference 

RNAi is a popular method for reducing the expression of a gene by targeting its mRNA for 

degradation. In Drosophila, this involves using the UAS/GAL4 system to drive expression of 

an inverted repeat double stranded RNA designed to target the mRNA of interest. Dicer-2 

cleaves long inverted repeat hairpin RNA to generate double stranded short interfering RNAs 

(siRNA) that are 21-23 nucleotides in length (Elbashir et al., 2001; Lee et al., 2004). The siRNA 

is then loaded onto argonaute2 (AGO2) with the R2D2 cofactor to form a pre-RNA-induced 

silencing complex (RISC). Both strands of the siRNA have the capacity to be the guide RNA 

silencing strand based on functional asymmetry. The strand that is used as the guide will most 

often be the strand whose 5’ end has the strongest interaction with its complementary 3’ strand 

end. The other strand with the weaker pairing, the passenger strand, is ejected and degraded 

(Schwarz et al., 2003). The guide strand then targets the complementary mRNA which is then 

cleaved and degraded by AGO2 (Figure 1.10). 

The knockdown efficacy of RNAi stocks from VDRC often differ. This can be dependent on 

sequence specificity and the site of RNAi insertion in the genome. RNAi libraries have been 

constructed either by P-element-mediated insertion of the inverted repeat construct into the 

genome, which is semi-random, or by PhiC31-mediated integration where the RNAi construct 

is inserted into specific genomic locations via homologous recombination. RNAi expression 

can therefore be subject to different positional effects depending on the site of insertion, 

resulting in different levels of expression. Furthermore, all inverted repeat constructs are 

bioinformatically assessed to minimise the possibility of off-target effects and demonstrate gene 

target specificity (Dietzl et al., 2007). UAS-RNAi lines can be crossed to a tissue specific 

enhancer GAL4 driver for tissue-specific knockdown of the gene of interest (Figure 1.10). 
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Figure 1.10. RNA interference. The UAS/GAL4 system is used to tissue specifically express the long 
inverted repeat hairpin RNAs of approximately 300-400 bp (pink). This is then cleaved by Dicer-2 
(orange) to generate many siRNA transcripts which target a specific site on the host mRNA (green) 
resulting in degradation of the endogenous host mRNA by AGO2 (yellow). bp = base pair. Original 
figure created with reference to Brand and Perrimon (1993); Petrova et al. (2013). 
 

1.4 Regulation of gene expression 

Precise temporal and spatial expression of plasticity-related genes is essential for synaptic 

plasticity and memory formation (Zovkic et al., 2013). This is regulated by accessibility of 

transcriptional regulators to promoter and enhancer regions in DNA. Within eukaryotic cells, 
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DNA is organised into chromatin, whereby it is wrapped around an octamer of core histones to 

form a nucleosome and arrays of nucleosomes undergo further higher order folding to compact 

the chromatin (Heslop-Harrison & Schwarzacher, 2013; Reiter et al., 2001; Verreault, 2000).  

Epigenetic regulation refers to changes in gene expression without altering the DNA sequence. 

Among the most commonly studied epigenetic mechanisms are acetylation/deacetylation, 

methylation/demethylation, and phosphorylation/dephosphorylation (Nowak & Corces, 2004; 

Sterner & Berger, 2000; Zhang & Reinberg, 2001). These modifications can alter promoter 

accessibility by modifying histone tails, which protrude from the histone cores. This alters the 

binding properties of DNA and histones, resulting in conformational changes in chromatin 

packing, which can lead to either activation or repression of transcription (Handy et al., 2011; 

Jaenisch & Bird, 2003). 

Histone acetylation involves the transfer of an acetyl group from acetyl coenzyme A to N-

terminal lysine residues in core histone tails by a histone acetyl transferase (HAT). This transfer 

neutralises the positive charge of lysine residues to weaken the interaction with negatively 

charged DNA, resulting in transcription activation due to the relaxed open chromatin 

conformation (Verdone et al., 2005). On the contrary, histone deacetylation involves the 

removal of the previously mentioned activating acetyl marks by a histone deacetylase (HDAC), 

resulting in a condensed chromatin conformation leading to transcriptional repression due to 

inaccessibility for transcription factors to bind to the DNA (Cho et al., 2005; Foglietti et al., 

2006; Gallinari et al., 2007). 

 

1.4.1 HDACs 

In humans there are a total of eleven highly conserved HDACs which are split into four different 

classes based on sequence similarity to yeast HDACs. Primarily localised in the nucleus, class 

I HDACs consist of HDAC1, 2, 3, and 8 which share homology with yeast Reduced potassium 

dependency 3 (Rpd3). This class of HDACs all contain a single highly active deacetylase 

domain, contributing to the vast majority of HDAC deacetylation activity in vivo (Grozinger et 

al., 1999; Grozinger & Schreiber, 2002; Hildmann et al., 2006; Kao et al., 1999; Morris & 

Monteggia, 2013; Somoza et al., 2004). Class II HDACs share homology with yeast Hda1 and 

are further divided into Class IIa, and Class IIb. Class IIa consists of HDAC4, 5, 7, and 9, and 

all are found in both the nucleus and cytoplasm. This class of HDACs undergo dynamic 
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nucleocytoplasmic shuttling that is regulated by phosphorylation of three conserved serine 

residues and binding of myocyte enhancer factor 2 (MEF2) to the conserved MEF2 binding 

domain at the N-terminus (Bertos et al., 2001; Chawla et al., 2003; Fischle et al., 2001; 

Grozinger et al., 1999; Grozinger & Schreiber, 2000; Grozinger & Schreiber, 2002; Hildmann 

et al., 2006; Kao et al., 1999; Schlumm et al., 2013). Class IIb consists of HDAC6 and HDAC10 

which are primarily localised to the cytoplasm. HDAC6 contains dual deacetylase domains, and 

a C-terminal zinc finger domain, whereas HDAC10 contains a single deacetylase domain and 

a C-terminal leucine rich region. Class III consists of seven Sirtuins which are homologous to 

yeast Sir2 and are expressed in a variety of tissues and have varied subcellular localisation. 

Sirtuins differ from other HDAC classes based on cofactor dependence, all other HDACs rely 

on Zinc whereas Sirtuins require NAD+ (Grozinger & Schreiber, 2002; Imai et al., 2000). The 

final class of HDACs is Class IV and contains only HDAC11, which harbours a single 

deacetylase domain, resides primarily in the nucleus, and is the least characterised of all the 

HDACs. 

 

1.5 Vertebrate HDAC4 

Histone deacetylase 4 (HDAC4) is a Class IIa HDAC that undergoes nucleocytoplasmic 

shuttling in response to synaptic activation (Chawla et al., 2003), however in humans, HDAC4 

predominantly localises to the cytoplasm. The conserved features of the HDAC4 protein 

include an N-terminal MEF2 binding domain that, along with a nuclear localisation sequence 

(NLS), facilitates nuclear import (Chawla et al., 2003; Wang & Yang, 2001). This is dependent 

on the presence of three conserved serine residues (Ser246, Ser467, and Ser632) (Chawla et al., 

2003; Grozinger & Schreiber, 2000), that when dephosphorylated by Protein phosphatase 2A 

(PP2A) facilitate an interaction with the transcription factor MEF2A, which is required for 

successful nuclear import (Paroni et al., 2008) as the NLS alone is relatively inefficient (Borghi 

et al., 2001; Wang & Yang, 2001). Within the nucleus the HDAC4-MEF2 interaction results in 

repression of MEF2-dependent gene transcription (Chawla et al., 2003). Upon influx of Ca2+, 

CaMKII is activated and phosphorylates the three serine residues (Bolger & Yao, 2005; Chawla 

et al., 2003; Grozinger & Schreiber, 2000; Wang & Yang, 2001). This recruits 14-3-3 

chaperone proteins causing dissociation of the HDAC4-MEF2 repressive complex in the 

nucleus. This exposes a nuclear export sequence (NES) located toward the C-terminus that 

facilitates nuclear export of HDAC4 and sequestration in the cytoplasm (Bertos et al., 2001; 
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Chawla et al., 2003; Grozinger & Schreiber, 2000; McKinsey et al., 2001; Wang & Yang, 2001; 

Wang et al., 2014). The N-terminal ankyrin repeat binding domain is also conserved (Xu et al., 

2012) and facilitates binding to ankyrin repeat containing proteins, discussed further in Section 

1.7.2. Furthermore, within this region is an additional serine residue (Ser350) that when 

phosphorylated promotes nuclear shuttling (Xu et al., 2012) (Figure 1.11). HDAC4 is 

catalytically inactive due to a single tyrosine to histidine point mutation in the C-terminal 

deacetylase domain (Lahm et al., 2007), however, by interacting with HDAC3, which has active 

deacetylation capacity, HDAC4 can indirectly regulate histone deacetylation. HDAC3 forms a 

stable complex with the silencing mediator for retinoid and thyroid hormone receptor (SMRT) 

and nuclear receptor co-repressor (N-CoR) co-repressors. Both N-CoR and SMRT mediate 

HDAC3 deacetylation via a deacetylase activating domain and specific motifs located on N-

CoR and SMRT (Guenther et al., 2001; Li et al., 2000). The N-CoR-SMRT complex has also 

been shown to interact with class II HDACs to repress transcription in reporter assays. Further 

studies have demonstrated that the N-CoR-SMRT co-repressor complex, bridges the interaction 

between catalytically inactive HDAC4 and catalytically active HDAC3 in order to exert 

deacetylase activity to repress transcription in an HDAC4 dependent manner (Fischle et al., 

2001; Grozinger et al., 1999).  

Figure 1.11. Domain structures conserved between human and Drosophila HDAC4. HDAC4 
domain structures (Human HDAC4 GenBank accession NP_006028 and Drosophila HDAC4 GenBank 
accession NP_572868). Both human and Drosophila HDAC4 harbour an N-terminal MEF2 binding 
domain (cyan), NLS (green), ankyrin repeat binding domain (ARBD) (pink), and four conserved serine 
residues that when phosphorylated recruit 14-3-3 (orange). Both human and Drosophila HDAC4 also 
harbour a C-terminal deacetylase domain (black) and NES (red). MEF2 = MEF2 binding domain, NLS 
= nuclear localisation sequence, ARBD = ankyrin repeat binding domain, P = phosphorylated serine, 
NES = nuclear export sequence. Original artwork created with reference to Fitzsimons et al. (2013); 
Tan et al. (2024); Wilson (2021). 
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In vertebrates, HDAC4 expression in the brain is widespread (Darcy et al., 2010; Grozinger et 

al., 1999; Wang & Zeng, 2000) however, the subcellular distribution varies widely across 

different brain regions and even within specific subpopulations of cells. For example, in the 

dentate granule cells of the mouse hippocampus, a brain region important for learning and 

memory, HDAC4 localises to the postsynaptic density at dendritic shafts and spines with minor 

immunoreactivity in neuronal nuclei (Darcy et al., 2010). In contrast, in the CA3 region of the 

hippocampus, to which the dentate granule cells project (Scharfman, 2007), HDAC4 

distribution is heterogeneous, with presence in some nuclei but not others, indicative of 

dynamic shuttling (Darcy et al., 2010).  

 

1.5.1 HDAC4 and neuronal dysfunction 

An increasing number of studies have implicated HDAC4 in neurodevelopmental and 

neurodegenerative diseases. Chromosomal deletion of 2q37, a region of chromosome 2 where 

HDAC4 is located, results in 2q37 deletion syndrome (previously known as Brachydactyly 

Mental Retardation Syndrome). Individuals with a deletion or mutations within this region 

display clinical features that can include ASD, intellectual disability, and behavioral issues as 

well as phenotypic distinctions observed as craniofacial dysmorphism and 

metacarpal/metatarsal defects. These phenotypic differences are widely varied as a result of 

altered HDAC4 dosage, as it has been hypothesised that HDAC4 deletion has incomplete 

penetrance therefore, these differences could be attributed to contribution from other genes 

(Morris et al., 2012; Williams et al., 2010). The role that HDAC4 plays in the manifestation of 

this disorder is currently unknown. 

More recently, individuals carrying heterozygous de novo missense mutations of the HDAC4 

gene were identified and all presented with intellectual disability (Wakeling et al., 2021). Of 

the seven unrelated cases, five involved a mutation of Proline248, which is important in 14-3-3 

chaperone binding and cytoplasmic HDAC4 shuttling. Two individuals had mutations in either 

Threonine244 or Glutamate247, both of which lie within the 14-3-3 binding motif. It is likely that 

in these individuals, HDAC4 would have reduced 14-3-3 binding either due to conformational 

changes of the binding motif or reduced phosphorylation of Ser246 (the closest phosphorylation 

site to all point mutations). This lack of 14-3-3 binding is expected to result in a loss of 

nucleocytoplasmic shuttling of HDAC4, leading to reduced cytoplasmic retention and increased 
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nuclear accumulation (Wakeling et al., 2021). Further, disruption of HDAC4 

nucleocytoplasmic shuttling has been associated with mutations in the cyclin dependent kinase-

like 5 (Cdkl5) gene, which leads to CDKL5 disorder, the hallmarks of which include deficits in 

motor function, seizure onset, and intellectual disability (Trazzi et al., 2016). 

Loss of HDAC4 has been associated with cognitive impairment in a mouse model. A 

conditional forebrain neuron-specific HDAC4 knockout mouse strain resulted in defects in 

spatial learning and memory (Kim et al., 2012). A parallel study documented impairments to 

spatial memory on overexpression of an HDAC4 mutant. Sando et al. (2012) generated a mouse 

strain harbouring an HDAC4-transgene lacking the C-terminal domain, which includes the 

deacetylase domain and the NES, resulting in aberrant nuclear accumulation of HDAC4. 

Expression of this mutant specifically in the mouse forebrain resulted in deficits in the Barnes 

maze, a model of spatial learning and memory (Bach et al., 1995; Sando et al., 2012).  

Increased abundance of HDAC4 in the nucleus has also been associated with several 

neurodegenerative disorders, including Alzheimer’s disease (Herrup et al., 2013; Shen et al., 

2016), Ataxia telangiectasia (J. Li et al., 2012), Neuronal intranuclear inclusion disease (NIID) 

(Takahashi-Fujigasaki et al., 2006), and Lewy body dementia and Parkinson’s disease 

(Takahashi-Fujigasaki et al., 2006; Takahashi-Fujigasaki & Fujigasaki, 2006). Examination of 

the subcellular distribution of HDAC4 in both a mouse model expressing APP, and in 27 post-

mortem brains from individuals with Alzheimer’s disease revealed a significant increase in 

nuclear HDAC4 in the hippocampal sections of post-mortem brains from individuals with 

Alzheimer’s disease compared to unaffected individuals, and the progressive severity of the 

disease had a positive correlation with the level of nuclear HDAC4 (Herrup et al., 2013; Shen 

et al., 2016).  

Ataxia telangiectasia is a neurodegenerative disease caused by mutations in the ataxia 

telangiectasia mutated (ATM) gene, a molecular feature of which is accumulation of nuclear 

HDAC4 (J. Li et al., 2012). Interestingly, the increased level of nuclear HDAC4 in Alzheimer’s 

disease brains correlated with a mutation of the ATM gene, suggesting Alzheimer’s disease 

could be linked to ataxia telangiectasia (Shen et al., 2016). In wild-type mouse brains HDAC4 

is largely cytoplasmic, however, in ATM deficient mice HDAC4 accumulates in the nucleus, a 

result of hypophosphorylation, leading to decreased 14-3-3 binding and thus reduced nuclear 

export. ATM deficient mice have cerebral dysfunction characterised by motor abnormalities, 

however, the introduction of cytoplasmic HDAC4 rescued these neurological phenotypes by 
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preventing cell cycle re-entry and caspase activation, suggesting cytoplasmic HDAC4 confers 

a neuroprotective role (J. Li et al., 2012). 

The characteristic hallmarks of the most common Lewy body disease, Parkinson’s disease, have 

been discussed in Section 1.1 and accumulation of HDAC4 in the nuclei of dopaminergic 

neurons has been observed following exposure to Parkinsonism inducing environmental toxins 

(Ballard et al., 1985; Wu et al., 2017). One such compound that induces the effects of 

Parkinson’s disease is the neurotoxin 1-methly-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 

which is a precursor to 1-methyl-4-phenylpyridinium (MPP+), and an accidental by-product in 

the production of the psychoactive synthetic opioid 1-methyl-4-phenyl-4-propionoxypiperdine 

(MPPP). Several case studies have shown permanent Parkinsonism in those who injected MPTP 

(Ballard et al., 1985). Cultured primary neurons harbouring a point mutation in the α-synuclein 

gene (A53T) display higher sensitivity to neurotoxins, and when exposed to MPP+, HDAC4 

accumulated in the nucleus of dopaminergic neurons. This translocation and nuclear 

accumulation resulted in repression of MEF2 and CREB transcriptional activity and 

dopaminergic cell death (Wu et al., 2017). 

The above-mentioned studies together indicate that HDAC4 is required for normal 

neurodevelopment, and that nuclear accumulation of HDAC4 is associated with 

neurodegeneration in several diseases. While it is not clear whether nuclear HDAC4 

accumulation is a cause or a consequence of neurodegeneration, research into the mechanisms 

through which HDAC4 functions in normal brains and the molecular consequences of increased 

nuclear accumulation of HDAC4 warrants further investigation.  

 

1.6 Drosophila HDAC4 

HDAC4 is the sole Drosophila Class IIa HDAC. Drosophila HDAC4 (DmHDAC4) and human 

HDAC4 (HsHDAC4) share 59% sequence similarity and 35% identity across the entire protein, 

with high conservation through the deacetylase domain (84% sequence similarity and 57% 

identity) (Fitzsimons et al., 2013). Although this domain is highly conserved, DmHDAC4 does 

not contain the tyrosine to histidine mutation that inactivates the deacetylase activity of 

HsHDAC4 (Lahm et al., 2007), therefore, DmHDAC4 remains catalytically active. 
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As mentioned in Section 1.5, additional domains conserved between HsHDAC4 and 

DmHDAC4 include the N-terminal MEF2 binding domain, the NLS, for nuclear import, as well 

as the three serine phosphorylation sites (Ser239, Ser573, and Ser748), and the NES, that are 

required for nuclear export (Main et al., 2021; Mihaylova et al., 2011; Wang & Yang, 2001). 

The ankyrin repeat binding domain is 100% conserved and therefore harbours an additional 

serine residue (Ser349) to further promote nuclear entry (Xu et al., 2012) (Figure 1.11). 

DmHDAC4 is expressed throughout the brain, and its subcellular distribution is similar to that 

of mouse HDAC4, which is predominantly cytoplasmic. Analyses of the expression of HDAC4 

in whole brains has revealed that it is abundantly distributed to the axons that bundle to form 

the mushroom body lobes (Fitzsimons et al., 2013; Main et al., 2021; Schwartz et al., 2016; 

Tan et al., 2024; Wilson, 2021). DmHDAC4 localises to only a subset of nuclei in Kenyon cells 

(Fitzsimons et al., 2013; Main et al., 2021; Tan et al., 2024), indicative of differentially 

regulated subcellular distribution in specific neuronal cell populations, also observed in the 

mouse brain (Darcy et al., 2010). Domain structure similarities and expression profiles suggest 

that the study of DmHDAC4 may contribute to further understanding the role of HDAC4 in 

vertebrate neuronal development and disease. 

 

1.6.1 DmHDAC4 in neurodevelopment and memory 

DmHDAC4 is required for normal mushroom body formation, with reduced expression 

resulting in mild deficits in axon elongation (Tan et al., 2024). Increased expression of 

DmHDAC4 resulted in a more severe impairment to axon morphogenesis, observed as reduced 

axon elongation and deficits in guidance and termination of axons. The predominant phenotype 

was β lobe fusion which is due to a lack of axon termination signaling resulting in axons 

aberrantly extending and crossing the midline (Hawley, 2020; Main et al., 2021; Tan et al., 

2024). These data indicate that not only is the presence of HDAC4 essential for normal 

mushroom body development, but that in excess HDAC4 is also neuro-disruptive.   

Although DmHDAC4 distributes to both the nucleus and cytoplasm in Kenyon cells (the 

neuronal cell bodies of the mushroom body axons), upon overexpression of wild-type HDAC4, 

HDAC4 nuclear aggregates appear (Tan et al., 2024) similar to what was observed in NIH3T3 

cells (Wang et al., 2005) and COS cells (McKinsey et al., 2006) upon co-expression of HDAC4 

and Ankyrin repeat family A member 2 (ANKRA2) or Regulatory factor X associated ankyrin 
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containing protein (RFXANK) (McKinsey et al., 2006; Wang et al., 2005) discussed further in 

Section 1.7.2. As discussed in Section 1.5.1, nuclear accumulation of HDAC4 has been 

implicated in a range of neurodegenerative diseases, therefore, both human and Drosophila 

HDAC4 mutants with altered subcellular distribution were generated to investigate the 

contribution of the different subcellular pools of HDAC4 to the neurodevelopmental defects 

(Main et al., 2021; Tan et al., 2024). 

An HDAC4 cytoplasmic-restricted mutant, generated by mutating the MEF2 binding domain, 

resulted in a loss of MEF2 binding and MEF2-dependent nuclear import, leading to cytoplasmic 

retention (Wang & Yang, 2001). Expression of this mutant with elav-GAL4 and OK107-GAL4 

resulted in minimal mushroom body defects and nuclear aggregates, respectively (Tan et al., 

2024), suggesting that nuclear HDAC4 was responsible for the defects observed in the 

mushroom body upon overexpression of wild-type DmHDAC4. To confirm this, a nuclear-

restricted mutant was also generated by substituting the three conserved serine residues (Ser239, 

Ser573, Ser748), required for HDAC4 nuclear export, to alanine. Expression in mushroom body 

neurons significantly impaired mushroom body development and a significant increase in 

nuclear aggregate formation was observed (Tan et al., 2024). 

These mutations were also tested with HsHDAC4 and mushroom body defects were assessed. 

The cytoplasmic-restricted mutant HsHDAC4L175A, was generated by substituting Lysine175, a 

residue located within the MEF2 binding region, to alanine, thereby restricting expression to 

the cytoplasm (Main et al., 2021), as HsHDAC4L175A impairs MEF2 binding and nuclear import 

(Salma & McDermott, 2012). Expression of this mutant had very little impact on 

neurodevelopment with 15% of brains displaying defects in mushroom body development 

(Main et al., 2021). A nuclear-restricted mutant, HsHDAC43SA, was similarly generated to the 

nuclear-restricted DmHDAC4 mutant, by mutating the conserved three serine residues (Ser246, 

Ser467, and Ser632), important for 14-3-3 mediated nuclear export, to alanine (Chawla et al., 

2003; Grozinger & Schreiber, 2000). Expression of HsHDAC43SA resulted in a significant 

increase in mushroom body defects (Main et al., 2021), confirming that an increase of either 

human or Drosophila HDAC4 in the nucleus results in neurodevelopmental defects, providing 

further evidence of the conservation of HDAC4 function. 

The mushroom body is a critical structure for memory formation, as its ablation completely 

abolishes the formation of long-term courtship memory (McBride et al., 1999). The presence 

of wild-type levels of HDAC4 are critically required for normal memory formation as 
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knockdown and overexpression of HDAC4 in the brain resulted in impairments in long-term 

courtship memory. Given that both knockdown and overexpression of HDAC4 impairs the 

development of the mushroom body and since an intact mushroom body is required for LTM 

formation, expression was induced or knocked down in the adult brain using the TARGET 

system (Section 1.3.4.2) to avoid any developmental effects (Fitzsimons et al., 2013). These 

results suggest that normal levels of HDAC4 are required for normal memory acquisition, and 

too much or too little is detrimental (Fitzsimons et al., 2013; Main et al., 2021). 

As previously described in Section 1.5.1, overexpression of the mammalian truncated HDAC4 

mutant lacking the inactive C-terminal deacetylase domain, resulted in impairments in spatial 

memory (Sando et al., 2012), suggesting that catalytic activity is not required for the 

impairment in memory induced by HDAC4 overexpression. Although vertebrate HDAC4 is 

catalytically inactive, it can interact with HDAC3 via the deacetylase domain to facilitate 

deacetylase activity to repress transcription in an HDAC4-dependent manner (Fischle et al., 

2001; Grozinger et al., 1999). As DmHDAC4 retains its catalytic activity a catalytically inactive 

mutant was generated with a histidine968 substitution to alanine. This residue was equivalent to 

a histidine residue at position 803 that was shown, when substituted to leucine, diminished 

deacetylase activity (A. H. Wang et al., 1999). Overexpression of this mutant resulted in defects 

to LTM suggesting that the abolishment of LTM by overexpression of HDAC4 is independent 

of its catalytic activity (Fitzsimons et al., 2013). 

Increased abundance of DmHDAC4 also resulted in severe deficits in photoreceptor 

development, resulting in a rough eye phenotype. Expression was induced in photoreceptor 

neurons posterior to the morphogenetic furrow by the eye-specific GMR-GAL4 driver 

(Freeman, 1996). Overexpression of a single copy of wild-type DmHDAC4 resulted in a mild 

rough eye phenotype consisting of ommatidia disorganisation and alterations to regular bristle 

patterning, a defect that results in more than one bristle emerging from a single bristle pore 

(Schwartz et al., 2016; Wilson, 2021). This rough eye phenotype was exacerbated upon 

expression of a second copy of DmHDAC4, inducing widespread depigmentation and 

ommatidial fusion (Tan et al., 2024) 

In summary, these data show that the predominant features of HDAC4 are recapitulated in 

Drosophila, including similar expression and subcellular distribution patterns in the brain, and 

the requirement for HDAC4 in Drosophila neuronal development, and that increased nuclear 

accumulation of HDAC4 is neurotoxic, resulting in neurodevelopmental defects and impaired 
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cognition. Together these provide strong rationale that the study of HDAC4 function in 

Drosophila is likely to be informative. 

 

1.7 Investigating the HDAC4 molecular pathway 

Recent studies have shed light on the mechanisms through which HDAC4 acts, and is itself 

regulated, to modulate neuronal function during development and in the adult brain, 

highlighting that it is complex and involves regulation of transcription as well as non-

transcriptional mechanisms. This section will discuss evidence from mammalian and 

Drosophila studies relevant to the work carried out in this thesis.  

Nuclear HDAC4 expression in cultured neurons resulted in a total of 214 differentially 

regulated genes via Microarray analysis, 40% of which were repressed. Of these genes, half 

were essential for synaptic function, suggesting a role for nuclear HDAC4 in synaptic function. 

The regulation of these synaptic genes was shown to be specific to nuclear HDAC4 as few 

overlapping transcriptionally regulated genes were observed upon expression of nuclear 

HDAC7 (Sando et al., 2012). On the contrary, RNA-sequencing (RNA-seq) on flies 

overexpressing wild-type DmHDAC4 in the brain resulted in a total of only 26 differentially 

regulated genes (Schwartz et al., 2016). A subsequent RNA-seq analysis was performed in 

which different subcellular pools of HsHDAC4 were investigated to determine whether the 

subcellular distribution of HsHDAC4 affected gene expression. Similarly to DmHDAC4, 

overexpression of nuclear- and cytoplasmic-restricted HsHDAC4 in the brain shared a total of 

29 differentially regulated genes (Main et al., 2021). It is hypothesised that HDAC4 may 

therefore be acting, at least in part, through non-transcriptional mechanisms. 

To that end, in order to identify genes that act in the same molecular pathways as HDAC4, an 

enhancer/suppressor rough eye phenotype screen was performed in the Drosophila eye 

(Schwartz et al., 2016). The eye consists of specialised photoreceptor neurons (Freeman, 1996) 

which are presumed to have conserved molecular pathways to that of other neuronal cell 

populations, including those involved in development and memory formation. In this screen, 

HDAC4 was overexpressed in the eye, resulting in a mild rough eye phenotype. A total of 124 

RNAi lines that targeted candidate HDAC4-interacting genes were screened for enhancement 

or suppression of the HDAC4-induced phenotype. A genetic interaction is observed when the 
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combination of two independent mutations results in a more severe phenotype than is expected 

if the two mutations were additive (see Section 1.3.2.3) (Perez-Perez et al., 2009). Knockdown 

of several genes enhanced the HDAC4-induced phenotype, and 18 novel genetic interactions 

with HDAC4 were identified, these included transcriptional regulators, components of the 

SUMOylation machinery, and cytoskeletal regulators (Schwartz et al., 2016). This data 

suggests that these genes act in the same molecular pathway as HDAC4, the majority of which 

are yet to be characterised. 

 

1.7.1 HDAC4 interacts with transcription factors 

A number of transcription factors that interact with HDAC4 have been identified, including 

Runt-related transcription factor two (Vega et al., 2004), activating transcription factor four 

(Zhang et al., 2014), CREB (J. Li et al., 2012), and MEF2 (Wang & Yang, 2001). The 

interaction with CREB and MEF2 has been extensively studied and as previously mentioned in 

Section 1.5.1, nuclear accumulation of HDAC4 in cultured primary neurons harbouring mutant 

a-synuclein, when exposed to MPP+ resulted in a repression of CREB and MEF2-mediated 

transcription and ultimate dopaminergic neuron death (Wu et al., 2017). 

 

1.7.1.1 HDAC4 interacts with CREB 

CREB is a transcription factor that plays a key role in the formation of LTM in Aplysia, 

Drosophila, and mammals (Yin & Tully, 1996). Induction of LTM involves activation of CREB 

via phosphorylation which ultimately recruits the acetyltransferase CREB binding protein 

(CBP) to promoters of genes involved in synaptic plasticity and neuronal growth (Barco et al., 

2006). 

CREB has been shown to bind to HDAC4 in an ATM null mutant model where HDAC4 

translocated to the nucleus and repressed CREB-dependent transcription (J. Li et al., 2012). 

Furthermore, CREB has been found to interact with HDAC4 in an anaesthetic induced mouse 

model. It was observed that the administration of anaesthetic lead to an accumulation of nuclear 

HDAC4 and a decrease in the formation of the CREB/CBP complex, resulting in repression of 
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CREB-dependent transcription of pro-neuronal genes. The repression of CREB was shown to 

be responsible for the cognitive impairments observed in the mouse (Sen & Sen, 2016). 

 

1.7.1.2 HDAC4 interacts with MEF2 

MEF2 is a highly conserved transcription factor that plays an important role in cell division and 

differentiation (Lilly et al., 1995). HDAC4 directly interacts with MEF2 in vivo through an N-

terminal MEF2 binding domain and has been verified through co-immunoprecipitation 

experiments (Miska et al., 1999). Nuclear import and export of HDAC4 requires the NLS 

(Borghi et al., 2001; Wang & Yang, 2001) and NES respectively (Bertos et al., 2001; Chawla 

et al., 2003; Grozinger & Schreiber, 2000; McKinsey et al., 2001; Wang et al., 2014). However, 

nuclear import is also MEF2-dependent as deletion mutants demonstrated that HDAC4 is 

directed into the nucleus through an interaction with MEF2. This interaction is dependent on 

an intact MEF2 binding domain as a single point mutation (L175A) located within this domain, 

resulted in a loss of MEF2 binding and cytoplasmic retention of HDAC4, observed to be 

independent of the NLS (Borghi et al., 2001; Main et al., 2021; Wang & Yang, 2001). The 

interaction between HDAC4 and MEF2 and subsequent nuclear import results in the repression 

of MEF2-dependent transcription (Chawla et al., 2003). Mammalian MEF2 consists of four 

isoforms (MEF2A-D) and a recent study has demonstrated the nature of the HDAC4-MEF2A-

DNA interaction to induce HDAC4-mediated MEF2 transcriptional repression (Dai et al., 

2024). The N-terminus of a MEF2A dimer binds to the N-terminal MEF2 binding domain on 

HDAC4, however, to mediate MEF2A transcriptional repression, HDAC4 dimerises in an 

antiparallel manner through the N-terminal glutamate rich alpha helix domain (residues 62-

129). Therefore, each HDAC4-MEF2A complex contains two dimers of MEF2A, bridged by 

an antiparallel dimer of HDAC4. MEF2A binds DNA, in a sequence specific manner and 

through HDAC4 dimerisation and availability of the MEF2 binding domain, two positions on 

the DNA are bound by MEF2A resulting in conformational changes to chromatin, leading to 

transcriptional repression (Dai et al., 2024). 

In mammalian cell culture, HDAC4 has been shown to harbour E3 SUMO ligase activity and 

SUMOylates MEF2 (Zhao et al., 2005), this activity however, is repressed upon SUMOylation 

of HDAC4 itself (Gregoire & Yang, 2005). The addition of a SUMO peptide at lysine424 on 
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MEF2 regulates MEF2-dependent transcription, in contrast this residue is also subject to 

acetylation by CBP to promote transcriptional activation (Zhao et al., 2005). 

In Drosophila, HDAC4 was shown to genetically interact with SUMOylation machinery 

(Schwartz et al., 2016), however co-localisation in Kenyon cells was not observed upon 

expression of the nuclear-restricted mutant of HsHDAC4 (Main et al., 2021). Furthermore, 

knockdown of Ubc9, an E2 SUMO-conjugating enzyme, impaired long-term courtship memory 

and when co-expressed with DmHDAC4, this memory impairment was further enhanced 

(Schwartz et al., 2016). 

The interaction between HDAC4 and MEF2 is conserved in Drosophila, as an increase in 

nuclear DmHDAC4 resulted in sequestration of MEF2 into nuclear HDAC4 aggregates 

(Fitzsimons et al., 2013) and a genetic interaction was observed via a rough eye enhancer screen 

(Schwartz et al., 2016). Furthermore, an HDAC4 mutant, with point mutations within the MEF2 

binding region (HDAC4DMEF2) resulted in a loss of MEF2 binding and cytoplasmic retention of 

HDAC4 (Tan et al., 2024). This also led to a reduction in nuclear aggregate accumulation and 

rescued the mushroom body b lobe fusion defects induced by both wild-type (Tan et al., 2024) 

and nuclear-restricted HDAC4 (Main et al., 2021). To differentiate defects induced by 

cytoplasmic localisation and MEF2 binding inhibition, an additional cytoplasmic-localised 

mutant with point mutations within the NLS (HDAC4DNLS) was generated and resulted in a 

significantly more severe mushroom body phenotype compared to HDAC4DMEF2 which was 

attributed to the availability of the MEF2 binding region. Therefore, the developmental defects 

induced by HDAC4 are dependent on the presence of and interaction with MEF2 (Tan et al., 

2024). 

 

1.7.2 HDAC4 interacts with cytoskeletal regulators 

It has been well characterised that the N-terminus of HDAC4 is capable of binding to the MEF2 

transcription factor to regulate gene expression (Chawla et al., 2003; Miska et al., 1999). 

However, less is known about the MEF2-independent mechanisms of HDAC4 transcriptional 

regulation. Wang et al. (2005) and McKinsey et al. (2006) discovered physical interactions 

between HDAC4 and two ankyrin repeat containing proteins, ANKRA2 and RFXANK in 

mammalian cell culture via yeast-two-hybrid, co-immunoprecipitation, and co-localisation 
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studies. ANKRA2 interacts with the cytoplasmic tail of Megalin, which is a member of the low-

density lipoprotein receptor family, in kidney cells and glomerular vesicles (Rader et al., 2000). 

RFXANK is a positive regulator of the major histocompatibility complex (MHC) class I and II 

gene expression. Genes transcribed by this complex encode transmembrane proteins that have 

vital roles in the development and control of the adaptive immune system (Maternak et al., 

1998). While mutations in components of the MHC that lead to a loss of MHC class II antigen 

presentation, resulting in an immune deficiency disorder referred to as Bare lymphocyte 

syndrome (BLS) (Mach et al., 1996; Wang et al., 2005), MHC class I gene deficiency results 

in a loss of neuronal function, synaptic plasticity, and memory consolidation due to dendritic 

atrophy (Lazarczyk et al., 2016). Recently it has been reported that a splice site loss of function 

mutation of RFXANK resulted in BLS immunodeficiency that presented with a novel case of 

late-onset neurodegenerative disease (Alharby et al., 2021), implicating immune deficiency 

with neurological dysfunction. 

Both ANKRA2 and RFXANK contain five ankyrin repeats at the C-terminus (Xu et al., 2012). 

Each ankyrin repeat motif consists of two α helices connected by loops, and as there is no full 

consensus sequence for these repeats, mediating protein-protein interactions via the ankyrin 

repeat motif relies on protein folding and sufficient hydrophobic interactions (Mosavi et al., 

2004; Xu et al., 2012). Given this, there are conserved residues at eight sites within the repeat, 

half of which are located at the beginning of the repeat, with the other half residing at the end 

of the repeat, all of which are necessary to generate the structure of the repeat (Mosavi et al., 

2004). These conserved residues are located within repeats two and four for both ANKRA2 and 

RFXANK. ANKRA2 (GenBank accession Q9H9E1) and RFXANK (GenBank accession 

O14593) share 60.6% sequence identity and 73.1% overall similarity with 66% sequence 

identity and 78.4% overall similarity across the ankyrin repeats (Pairwise Sequence Alignment, 

EMBOSS Water).  

ANKRA2 was identified as a binding partner of HDAC4 in a yeast-two hybrid screen of human 

foetal brain cDNA. An in vitro binding assay substantiated these findings and demonstrated 

that the ankyrin repeats of ANKRA2 were responsible for mediating this interaction with an N-

terminal region of HDAC4. As discussed above, ANKRA2 and RFXANK share homology, 

therefore binding assays were also performed between RFXANK and HDAC4 with results 

confirming that binding is mediated by the ankyrin repeats (Wang et al., 2005; Xu et al., 2012). 

A parallel study showed an interaction between ANKRA2 and HDAC5 using mouse embryo 

cDNA. Luciferase reporter and co-immunoprecipitation assays using ANKRA2 deletion 
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mutants confirmed the interaction with HDAC5 and showed that the first ankyrin repeat 

sequence was sufficient for stabilising the interaction with HDAC5, however when RFXANK 

deletion mutants were subject to co-immunoprecipitation assays with HDAC4, the first ankyrin 

repeat was insufficient in maintaining the interaction and either repeats one and two or repeats 

three and four were required for stable binding to HDAC4, as RFXANK showed lower binding 

affinity compared to ANKRA2 for HDAC4 (McKinsey et al., 2006). To map the binding site 

of ankyrin repeats on HDAC4, both in vivo and in vitro, RFXANK was used. An in vitro binding 

assay was performed where a maltose binding protein (MBP) was fused to RFXANK and 

immobilised on amylose agarose. This complex was then incubated with labelled HDAC4-

deletion mutants, followed by elution and identification of bound proteins. RFXANK was 

shown to interact with full length HDAC4, and residues 118-279 were shown to be essential 

for this interaction (Wang et al., 2005). 

To test the interaction in vivo, co-immunoprecipitation assays with HEK293 cells co-

transfected with RFXANK and HDAC4 deletion mutants showed binding to residues 315-666, 

with lowered binding when reduced to residues 448-666, suggesting ankyrin repeat binding 

between residues 315-666 (Wang et al., 2005). Further studies have since characterised what is 

commonly referred to as the ankyrin repeat binding domain, a highly conserved hydrophobic 

leucine- and proline-rich PxLPxI/L motif (Xu et al., 2012). This motif is not only present in 

HDAC4, but also other binding partners of ANKRA2 and RFXANK, including CCDC8 which 

interacts with ANKRA2 and when mutated results in the 3M growth disorder syndrome (Nie et 

al., 2015), Megalin which interacts with ANKRA2 (Rader et al., 2000), RFX5 which interacts 

with RFXANK and is an important component of the MHC (Xu et al., 2012), and RFX7 which 

interacts with both ANKRA2 and RFXANK and is also an important component of the MHC 

(Gao & Xu, 2020). The human HDAC4 ankyrin repeat binding motif (PSLPNI) is located 

within the range described above at residues 349-354 (Wang et al., 2005). The recognition and 

binding of proteins via the PSLPNI motif stems from the ability of the sidechains of the HDAC4 

motif to fit seamlessly into the hydrophobic pockets formed above the α helix of the ankyrin 

repeats as substitution mutations of leu351 or ile354 to glycine abolished, and pro349 substituted 

to glycine significantly diminished the binding capacity of ANKRA2 (Xu et al., 2012). 

Interestingly, HDAC4-deletion mutants 315-1084, 208-1084, and 189-1084 showed stronger 

binding to RFXANK than full length HDAC4 and deletion mutant 146-1084, indicative of a 

region within residues 146-189 that inhibits binding to RFXANK (Wang et al., 2005). These 

studies show that there are two potential binding sites of RFXANK to HDAC4, one within 



  Introduction 

47 

residues 118-279 and the other within 315-666, and an autoinhibitory site located within 

residues 146-189 (Wang et al., 2005). As the PSLPNI motif is located within residues 315-666 

(Xu et al., 2012), it is likely to be the predominant binding region as it is a highly conserved 

motif among proteins that interact with ankyrin repeat containing proteins, and across species 

where it is 100% conserved in DmHDAC4 (Xu et al., 2012). Co-transfection of HDAC4 with 

either ANKRA2 in NIH3T3 cells (Wang et al., 2005) or with ANKRA2 or RFXANK in COS 

cells (McKinsey et al., 2006) show both redistribute to the nucleus, and are sequestered into 

HDAC4 nuclear aggregates (McKinsey et al., 2006; Wang et al., 2005). In neurons this 

regulation is not mediated through transcriptional changes, as ANKRA2 and RFXANK were 

not significantly up or down regulated following RNA-seq analyses on brains expressing either 

nuclear or cytoplasmic-restricted HsHDAC4 mutants (Main et al., 2021), suggesting HDAC4 

is not acting at a transcriptional level. Therefore, uncovering non-transcriptional mechanisms 

through which HDAC4 acts, warrants further investigation. 

 

1.8 Aims and objectives 

HDAC4 has been demonstrated to play a role in neurodevelopment (Schwartz et al., 2016; Tan 

et al., 2024; Wilson, 2021) and memory formation (Fitzsimons et al., 2013; Main et al., 2021) 

and has also been implicated in a range of neurodevelopmental (Morris et al., 2012; Wakeling 

et al., 2021; Williams et al., 2010) and neurodegenerative diseases (Herrup et al., 2013; J. Li et 

al., 2012; Shen et al., 2016; Wu et al., 2017). The accumulation of nuclear HDAC4 as well as 

loss-of-function mutations of HDAC4 are key features of these diseases, many of which are 

associated with intellectual disability, cognitive defects, and memory loss.  

Thus far the mechanisms through which nuclear HDAC4 promotes impaired neuronal 

development and LTM remain unclear. RNA-seq on flies expressing wild-type or nuclear-

restricted HDAC4 showed few transcriptional changes (Main et al., 2021; Schwartz et al., 

2016), therefore it is believed that nuclear HDAC4 may be acting, at least in part, through non-

transcriptional mechanisms. A Drosophila rough eye enhancer screen identified a number of 

genes that interact with HDAC4 (Schwartz et al., 2016), but the molecular mechanisms 

underlying these interactions are yet to be identified. Investigating the interaction between 

candidate interactor(s) and HDAC4 to determine their roles in neuronal development, 
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morphogenesis, and memory may lead to discoveries in the HDAC4 molecular pathway that 

could help to uncover mechanism(s) through which HDAC4 regulates neurological processes.  

The aim of this study is to identify and characterise candidate HDAC4-interactor(s) to 

investigate the molecular mechanisms through which HDAC4 may regulate neuronal 

development. 

This project will attempt to address these gaps in knowledge through the following objectives: 

 

1. Selection of HDAC4 candidate interactor(s) 

A number of proteins with different functional roles have previously been identified to 

interact with HDAC4, specifically in the nucleus (Chawla et al., 2003; Miska et al., 

1999; Wang & Yang, 2001). Candidate HDAC4-interactors will be selected from the 

previous rough eye enhancer screen (Schwartz et al., 2016); for genes that interact with 

HDAC4, from RNA-seq data (Main et al., 2021; Schwartz et al., 2016); for genes that 

were differentially regulated by HDAC4, and from a literature review for genes that 

have been shown to interact with HDAC4 in other organisms. Expression of each 

candidate interactor will be depleted via RNAi and the Drosophila mushroom body and 

compound eye will both be analysed for defects. If candidate gene depletion results in 

similar defects in development as HDAC4 overexpression, these results would suggest 

they may act in similar molecular pathways. In addition, expression analyses in the 

Drosophila brain will be performed to demonstrate whether expression of the 

candidate(s) is in similar pattern to HDAC4, and from this screen, candidate 

interactor(s) will be selected for further investigation. 

 

2. Investigating the interaction of the candidate interactor(s) with HDAC4  

A range of well-established assays in the Drosophila brain and eye will be carried out 

to investigate the nature of the interaction between the candidate interactor(s) and 

HDAC4 via immunohistochemistry, co-immunoprecipitation, and genetic analysis.  
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3. Dissection of the role candidate interactor(s) play in Drosophila neural function 

In order to understand the role that the candidate interactor(s) play in Drosophila 

development and function, morphological analyses of the Drosophila brain, eye, and 

wing will be assessed along with behavioural analyses including survival, longevity, 

locomotor function, and courtship learning and memory.  

If depletion of the candidate interactor(s) results in a disruptive phenotype in either the 

mushroom body or eye, further analyses will be carried out in these tissues. These 

analyses may elucidate the role the candidate interactor(s) play in regulating 

development in different neural cell types by investigating different stages of 

development and assessing the potential molecular pathways in which the candidate 

interactor(s) may function.  
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2 Methodology 

 

2.1 Drosophila melanogaster fly strains 

Drosophila melanogaster fly strains used in this study are listed in Table 2.1. For the sake of 

clarity and consistency, all fly strains will be mentioned throughout by name rather than 

genotype unless otherwise stated in the text. 

Table 2.1. Drosophila melanogaster strains used throughout this study 

Stock Fly strains 
(Shorthand 

names) 

Genotype Chromosome Source location 

1 w(CS10) w[CS10]  R.Davis 
H83 elav-GAL4 w[CS10],P{w[+mW.hs]=Ga

wB}elav[C155] 
1 BDSC 458 

H565 OK107-GAL4 w[*]; 
P{w[+mW.hs]=GawB}OK107 
ey[OK107] 

4 BDSC 854 

H84 GMR-GAL4 w[CS10]; P{w[+mC]=GAL4- 
ninaE.GMR}12 

2 BDSC 1104 

H554 CG5846RNAi1/ 
peepRNAi1 

w[CS10]; P{GD10737}v21645 
CG5846 

3 VDRC 21645 

H555 CG5846RNAi2/ 
peepRNAi2 

w[CS10]; 
P{attP,y[+],w[3`v107793] 
CG5846 

2 VDRC 107793 

H640 crammerRNAi1 w[1118];P{GD12961}v22752 
CG10460 

3 VDRC 22752 

H680 crammerRNAi2 y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01914}attP2 

3 BDSC 25875 

H655 forkedRNAi1 w[1118];P{GD1443}v33200 
CG42864 

2 VDRC 33200 

H656 forkedRNAi2 y,w[1118];P{attP,y[+],w[3`]}C
G42864 

2 VDRC 103813 

H661 foxoRNAi1 y,w[1118];P{attP,y[+],w[3`]}C
G3143 

2 VDRC 106097 

H662 foxoRNAi2 y,w[1118];P{attP,y[+],w[3`]}C
G3143 

2 VDRC 107786 

H553 KankRNAi w[CS10]; P{GD6584}v15009 
CG10249 

2 VDRC 15009 

H648 Kdm5RNAi1 w[1118];P{GD14113}v42203 
CG9088 

3 VDRC 42203 

H649 Kdm5RNAi2 w[1118];P{GD14113}v42204 
CG9088 

3 VDRC 42204 

H651 kek2RNAi1 w[1118];P{GD9}v42450 
CG4977 

2 VDRC 42450 

H652 kek2RNAi2 w[1118];P{GD2505}v4745 
CG4977 

3 VDRC 4745 
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H641 kraRNAi1 w[1118];P{GD8839}v25166 
CG2922 

2 VDRC 25166 

H642 kraRNAi2 y,w[1118];P{attP,y[+],w[3`]}C
G2922 

2 VDRC 102609 

H646 mthl8RNAi1 w[1118];P{GD2227}v4071 
CG32475 

3 VDRC 4071 

H647 mthl8RNAi2 y,w[1118];P{attP,y[+],w[3`]}C
G32475 

2 VDRC 100246 

H657 NetBRNAi1 w[1118];P{VDRCsh60200}attP
40, CG10521 

2 VDRC 330183 

H658 NetBRNAi2 y,w[1118];P{attP,y[+],w[3`]}C
G10521 

2 VDRC 100840 

H558 Npc2gRNAi1 w[CS10]; P{GD17722}v50721 
CG11314 

2 VDRC 50721 

H559 Npc2gRNAi2 w[CS10]; P{GD17722}v6523 
CG11314 

3 VDRC 6523 

H560 Npc2gRNAi3 w[CS10]; 
P{attP,y[+],w[3`v104942] 
CG11314 

2 VDRC 104942 

H666 rogdiRNAi1 y,w[1118];P{attP,y[+],w[3`]}C
G7725 

2 VDRC 107310 

H667 rogdiRNAi2 w[1118];P{KK108321}VIE-
260B CG7725 

3 VDRC 107310 

H654 ScampRNAi1 y,w[1118];P{attP,y[+],w[3`]}C
G9195 

2 VDRC 106761 

H682 ScampRNAi2 y[1] sc[*] v[1] sev[21]; 
P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01728}attP
40 

2 BDSC 38277 

H653 shnRNAi y,w[1118];P{attP,y[+],w[3`]}C
G7734 

2 VDRC 105643 

H663 Sik3RNAi1 y,w[1118];P{attP,y[+],w[3`]}C
G42856 

2 VDRC 107458 

H664 Sik3RNAi2 y,w[1118];P{attP,y[+],w[3`]}C
G42856 

2 VDRC 106268 

H665 Sik3RNAi3 y,w[1118];P{attP,y[+],w[3`]}C
G42856 

3 VDRC 39866 

H643 ThorRNAi1 w[1118];P{GD12533}v35439+
G83 CG8846 

3 VDRC 35439 

H644 ThorRNAi2 w[1118];P{GD12533}v35440 
CG8846 

3 VDRC 35440 

H645 ThorRNAi3 y,w[1118];P{attP,y[+],w[3`]}C
G8846 

2 VDRC 100739 

H50 UAS-
CD8::GFP 

y1w*; P{UAS-
mCD8::GFP.L}LL5 

2 BDSC 5137 

H693 Kank-GAL4 y[1] w[*]; Mi{Trojan-
GAL4.1}Kank[MI13070-
TG4.1]/SM6a 

2 BDSC 76748 

H691 kra-GAL4 w[1118]; 
PBac{w[+mC]=IT.GAL4}kra[0
506-G4]/TM6B, Tb[1] 

3 BDSC 63366 

H695 mthl8-GAL4 w[*]; TI{2+D302:D319A-
GAL4}mthl8[2A-GAL4]/TM3, 
Sb[1] 

3 BDSC 84661 
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H688 rogdi::GFP y[1] w[*]; Mi{PT-
GFSTF.0}rogdi[MI06667-
GFSTF.0]/TM6C, Sb[1] Tb[1] 

3 BDSC 59299 

H689 shn::GFP y[1] w[67c23]; Mi{PT-
GFSTF.1}shn[MI01496-
GFSTF.1]/SM6a 

2 BDSC 59403 

H617 PeepOE w[CS10]; PBac{y+-attP-
3B}VK22, UAS-CG5846-HA. 
Insert into VK22(2R) 57F5 

2 Genetivision, 
USA 

H741 HDAC4WT w[CS10]; 
P{y[+t7.7]=CaryP}attP2, UAS-
DmHDAC4(WT)-myc. Insert into 
P2:(3L) 68A4 

3 Genetivision, 
USA 

H473 HDAC4DAnk y[1] w[67c23]; 
P{y[+t7.7]=CaryP}attP2, UAS-
DmHDAC4-DAnk)-myc. Insert 
into P2:(3L) 68A4 

3 Genetivision, 
USA 

H634 GFP-
HDAC4WT, 
HDAC4WT 

w[CS10]; PBac{y+-attP-
3B}VK37, UAS-GFP-
DmHDAC4, 
P{y[+t7.7]=CaryP}attP2, UAS-
DmHDAC4(WT)-myc/TM3, Sb 
Insert into P2:(3L) 68A4 

3 Genetivision, 
USA 
 

H502 Cy/Bl;TM2/ 
TM6B, Tb 

w[1118]/Dp(1;Y)y[+]; 
CyO/Bl[1]; TM2/TM6B, Tb[1] 

2,3 BDSC 3704 

H807 HDAC4WT; 
PeepOE 

w[CS10]; PBac{y+-attP-
3B}VK22, UAS-CG5846-HA. 
Insert into VK22(2R) 57F5; 
P{y[+t7.7]=CaryP}attP2, UAS-
DmHDAC4(WT)-myc. Insert into 
P2:(3L) 68A4 

2,3 Genetivision, 
USA 
 

H808 HDAC4DAnk; 
PeepOE 

w[CS10];  PBac{y+-attP-
3B}VK22, UAS-CG5846-HA. 
Insert into VK22(2R) 57F5; 
P{y[+t7.7]=CaryP}attP2, UAS-
DmHDAC4-dAnk)-myc. Insert 
into P2:(3L) 68A4 

2,3 Genetivision, 
USA 
 

H622 GMR; 
HDAC4WT 

w[CS10]; P{w[+mC]=GAL4-
ninaE.GMR}12; 
P{y[+t7.7]=CaryP}attP2/CyO, 
UAS-DmHDAC4(WT)-myc. 
Insert into P2:(3L) 68A4 

2,3 BDSC 1104 
Genetivision, 
USA 

H595 GMR; 
HDAC4DAnk 

w[CS10]; P{w[+mC]=GAL4-
ninaE.GMR}12/CyO; 
P{y[+t7.7]=CaryP}attP2, UAS-
DmHDAC4-DAnk)-myc. Insert 
into P2:(3L) 68A4 

2,3 BDSC 1104 
Genetivision, 
USA 

H591 GMR; 
HDAC43SA 

w[CS10]; P{w[+mC]=GAL4-
ninaE.GMR}12/CyO; 
P{y[+t7.7]=CaryP}attP2, UAS-
DmHDAC4-3SA-myc. Insert into 
P2:(3L) 68A4 

2,3 BDSC 1104 
Genetivision, 
USA 

H806 Peep-Myc w[1118]; PBac{y+-attP-
3B}VK22, CG5846p-CG5846 

2 Genetivision, 
USA 
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H742 HDAC43SA w[CS10]; 
P{y[+t7.7]=CaryP}attP2, UAS-
DmHDAC4-3A-myc. Insert into 
P2:(3L) 68A4 

3 Genetivision, 
USA 

H805 Peep-GAL4 w[1118]; PBac{y+-attP-
3B}VK22, CG5846p-GAL4 

2 Genetivision, 
USA 

7 CS Wild-type CS strain  R.Davis 
H810 GMR/PeepOE w[CS10];  P{w[+mC]=GAL4-

ninaE.GMR}12, 
P{w+mC=UAS-
2xEGFP}AH2/CyO 

2 BDSC 1104 
Genetivision, 
USA 

H393 arm-GAL4 w[CS10]; 
P{w[+mW.hs]=GAL4-arm.S}4a 
P{w[+mW.hs]=GAL4-
arm.S}4b/TM3, Sb[1] Ser[1] 

3 BDSC 1561 

H407 da-GAL4 w[*]; P{w[+mW.hs]=GAL4-
da.G32}2; 
P{w[+mW.hs]=GAL4-
da.G32}UH1 

2,3 BDSC 55849 
 

H55 Tub-GAL4 w[CS10]; P{w[+mC]=tubP-
GAL4}LL7/TM3, Sb[1] Ser[1] 

3 BDSC 5138 

H687 nSyb-GAL4 y[1] w[1118]; P{y[+t7.7] 
w[+mC]=nSyb-GAL4.P}attP2 

3 BDSC 51941 

H425 repo-GAL4 w[1118]; 
P{w[+m*]=GAL4}repo/TM3, 
Sb[1] 

3 BDSC 7415 
 

H484 elav;Dicer-2 P{w[+mW.hs]=GawB}elav[C15
5] w[1118]; P{w[+mC]=UAS-
Dcr-2.D}2 

X,2 BDSC 25750 

H184 elav-GAL80ts w[CS10]; 
P{w[+mW.hs]=GawB}elav[C15
5], P{w+mC=tubP-GAL80ts}10 

X,2 BDSC 458 
R.Davis (BDSC 
7108) 

H758 en-GAL4 y[1] w[*]; 
P{w[+mW.hs]=en2.4-
GAL4}e16E 

2 BDSC 30564 

H179 ey-GAL4 w[*]; P{w[+m*]=GAL4-
ey.H}4-8/CyO 

2 BDSC 5535 

H753 DIAP1 w[*]; P{w[+mC]=UAS-
DIAP1.H}3 

3 BDSC 6657 

H809 GMR/GFP w[CS10];  P{w[+mC]=GAL4-
ninaE.GMR}12, 
P{w+mC=UAS-
2xEGFP}AH2/CyO 

2 BDSC 1104 
BDSC 6874 

H567 sev-GAL4 w[1118]; 
P{w[+mW.hs]=sevEP-
GAL4.B}7 

2 BDSC 5793 

H738 GMR-
GAL80ts 

w[CS10]; P{w[+mC]=GAL4-
ninaE.GMR}12, 
P{w+mC=tubP-
GAL80ts}10/CyO 

2 BDSC 1104 
R.Davis (BDSC 
7108) 

4 w(CS10);CyO w[CS10];CyO/Sco 2 R.Davis 
H811 GMR-

GAL80ts; 
peepRNAi1 

w[CS10]; P{w[+mC]=GAL4-
ninaE.GMR}12, 

2,3 BDSC 1104 
R.Davis (BDSC 
7108) 
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P{w+mC=tubP-GAL80ts}10; 
P{GD10737}v21645 CG5846 

VDRC 21645 

H812 GMR-
GAL80ts, 
peepRNAi2 

w[CS10]; P{w[+mC]=GAL4-
ninaE.GMR}12, 
P{w+mC=tubP-GAL80ts}10, 
P{attP,y[+],w[3`v107793] 
CG5846 

2 BDSC 1104 
R.Davis (BDSC 
7108) 
VDRC 107793 

H694 Catalase y[1] w[*]; PBac{y[+mDint2] 
w[+mC]=UAS-
hCAT.HA}VK00037/SM6a 

2 BDSC 78471 

H764 Marf y[1] w[*]; P{w[+mC]=UAS-
Marf.HA.S}3/T(2;3)TSTL, CyO: 
TM6B, Tb[1] 

3 BDSC 67157 

H692 SOD1 w[*]; P{y[+t7.7] 
w[+mC]=UAS-
hSOD1.HA}attP40 

2 BDSC 64387 

 

Abbreviations; R.Davis = Prof Ron Davis. The Scripps Institute, Jupiter, Florida, USA. BDSC = 

Bloomington Drosophila Stock Centre. VDRC = Vienna Drosophila Resource Centre. 

 

2.1.1 Nomenclature 

Nomenclature of the genes and proteins in this report is consistent with established protocols 

outlined in https://wiki.flybase.org/wiki/FlyBase:Nomenclature approved by FlyBase. These 

protocols disclose that if a gene name begins with an uppercase letter, the gene is dominant to 

the normal wild-type, on the contrary, if a gene name begins with a lowercase letter, the gene 

is recessive to the normal wild-type, in all cases the gene is named after the mutant phenotype. 

Both Drosophila and mammalian gene names are written all in italics, whereas proteins are not 

written in italics and begin with a capital letter.  

 

2.1.2 Plasmid design 

As there is currently no antibody available to accurately detect CG5846, the following three 

plasmids were designed by Dr Helen Fitzsimons. The plasmids were synthesised and cloned 

into the pUASTattB fly transformation vector by GenScript (Figure 8.1, Appendix 8.1). 

CG5846-HA consists of the open reading frame (ORF) of CG5846 (nucleotides 27-728 of NCBI 

reference sequence NM_135489.4) minus the stop codon, followed by a 3x glycine linker and 

https://wiki.flybase.org/wiki/FlyBase:Nomenclature
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a 3x HA tag and flanked with a 5’ NotI linker and a 3’ XbaI linker (Figure 8.2, Appendix 8.2). 

The sequence was synthesised by Genscript into NotI and XbaI of the pUASTattB. 

CG5846-Promoter-CG5846-Myc consists of 591 nucleotides (nt) of CG5846 promoter (Figure 

8.3, Appendix 8.3) upstream of the start codon and the ORF, minus the stop codon (nucleotides 

995629-9957587, antisense strand of NCBI reference sequence CP121984.1). A 3x glycine 

linker and 6x Myc tag were added downstream. 5’ SphI and 3’ NotI linkers were added for 

insertion into SphI and NotI of pUASTattB, which replaces the UAS of pUAST with the 

CG5846 promoter and coding region (Figure 8.4, Appendix 8.4). 

CG5846-GAL4 consists of the same region of the CG5846 promoter as in the CG5846-

Promoter-CG5846-Myc construct above but without the CG5846 coding region (nucleotides 

9957587-9956995, antisense strand of NCBI reference sequence CP121984.1), instead CG5846 

was replaced with the GAL4 ORF (nucleotides 443-3088 of NCBI reference sequence 

LN997417.1). 5’ SphI and 3’ NotI linkers were added for insertion into SphI and NotI of 

pUASTattB, which replaces the UAS of pUAST with the CG5846 promoter and GAL4 coding 

region (Figure 8.5, Appendix 8.5). 

 

2.1.2.1 Plasmid transformation 

Plasmids were transformed into Escherichia coli (E. coli) MAX Efficiency DH5a Competent 

cells (Invitrogen, Cat No. 18258-012). Competent cells were thawed completely on ice before 

25 ng of plasmid DNA was added and incubated on ice for 30 minutes. The plasmid DNA and 

competent cells were then heat shocked for 45 seconds at 42°C before immediately being 

plunged back onto ice for a further two minutes. The addition of 900 µL of room temperature 

LB broth was followed by a one-hour incubation at 37°C at 220 revolutions per minute (rpm). 

E. coli was then spread onto an LB agar plate containing 100 µg/mL ampicillin and incubated 

overnight at 37°C. 

 

2.1.2.2 Plasmid DNA Midi-Prep 

A single colony was picked from the plate and a day culture consisting of 500 µL LB with 100 

µg/mL ampicillin was incubated at 37°C for eight hours at 220 rpm. The day culture was then 
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added to an overnight culture in a 1 L flask containing 100 mL LB with 100 µg/mL ampicillin 

and incubated overnight at 37°C at 220 rpm. For high quality plasmid DNA purification, the 

PureLink HiPure Midiprep kit (Invitrogen) was used according to the manufacturer’s 

instructions. The concentration of double stranded DNA (dsDNA) was measured using the 

Denovix DNA reader. 

 

2.1.2.3 Transgenic fly generation 

Plasmids were sent to Genetivision (Houston, TX, USA) where transgenic flies were produced 

via PhiC31 intergrase-mediated germline transformation. The presence of mini-white gene (w+) 

allowed for transformant selection via eye colour. The attB site on the plasmid was recombined 

into the attP landing site on chromosome 2R at position 57F5 in the VK22 strain via 

homologous recombination. Tagged constructs were verified by size via western blot (Figures 

3.13A and 4.3). 

 

2.1.3 Drosophila stock maintenance 

In all experiments flies were raised in a 12-hour light/dark cycle on standard fly media at 25°C, 

unless otherwise stated. To make 1 L of standard fly media, 10 g agar, 40 g yeast, and 110 g 

polenta were combined with 1 L of dH2O in a large pot over a hot flame. This mixture was 

brought to the boil with intermittent stirring and boiled for 2 minutes. The pot was then removed 

from the heat and 130 g white sugar was added along with 20 mL molasses and 3.3 g methyl 4-

hydroxybenzoate (Moldex) first dissolved in 37 mL 95% absolute ethanol and mixed 

thoroughly. Approximately 8 mL of standard fly media was poured into 30 mL vials (LabServ) 

and for larger experiments where more progeny were required, 40 mL of standard fly media 

was poured into 100 mL Schott bottles. Once the fly media was set, vials and bottles were 

sprinkled with additional yeast and plugged with mite resistant foam plugs. 
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2.1.4 Genetic crosses 

In order to produce progeny containing specific targeted gene expression, virgin female flies of 

one genotype were crossed to male flies of another genotype. To collect virgin females, stock 

bottles housing the genotype of interest were emptied of adult flies in the morning. Females 

with a prominent abdominal meconium were collected as this is indicative of a newly eclosed 

adult. Additional virgin females were collected within an eight-hour timeframe following 

clearance of the bottle, as newly eclosed female flies do not mate within the first eight hours. 

Genetic crosses were set in either a vial, with 8 mL of standard fly media with five female 

virgins and five males or in a bottle, containing 40 mL of standard fly media with 10-15 virgin 

females and 10-15 males. Between three-seven days post cross the adults were removed, with 

progeny eclosing after 11 days (25°C), 19 days (23°C), or 28 days (19°C). 

 

2.2 Isolation of Drosophila tissues and immunohistochemistry 

2.2.1 Drosophila adult brain isolation 

Flies were pre-fixed in PFAT/DMSO (4% paraformaldehyde in 1x phosphate buffered saline 

(PBS), 0.1% Triton X-100 and 5% Dimethylsulfoxide (DMSO)) at room temperature for 1 hour. 

All tissue isolation and immunohistochemistry incubation steps were performed with constant 

agitation on an Eppendorf tube rocker. Flies were washed three times for five minutes each in 

1x PBT (1x PBS, 0.5% Triton X-100) before being dissected in a watch glass filled with ice 

cold 1x PBT using a pair of Dumont #5 sharpened forceps. Brains were isolated and transferred 

using a pipette to a PCR tube containing fresh 1x PBT on ice. Following isolation of the final 

brain, brains were then post fixed in PFAT/DMSO for 20 minutes at room temperature. Finally, 

brains were washed twice for five minutes at room temperature with 100% methanol and stored 

long-term in 100% methanol at -20°C. 

 

2.2.2 Drosophila larval brain and eye imaginal disc isolation 

Wandering third instar larvae were removed from vials with a paintbrush wet with 1x PBS and 

placed into a dissecting watch glass filled with 1x PBS for five minutes to clean larvae of excess 
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fly media. Careful isolation of the mouth hooks, eye imaginal discs and brain hemispheres were 

performed ensuring all tissues remained as a single unit for ease of further dissection. Tissues 

were then post-fixed in PFAT/DMSO for 20 minutes at room temperature before being washed 

and stored long-term as stated in Section 2.2.1. 

 

2.2.3 Drosophila pupal eye isolation 

To visualise the fully formed accessory cell lattice following two waves of programmed cell 

death, pupae were dissected 48 hours APF. White newly formed pupae were carefully removed 

from vials with a sterilised toothpick and incubated in open PCR tubes at 25°C for 48 hours. 

Following this incubation, pupae were removed from the PCR tubes and placed onto a piece of 

double-sided tape on a black surface with the dorsal side of the pupae facing up (Figure 2.1A). 

Using a pair of Dumont #5 sharpened forceps the operculum (head capsule) was removed 

exposing the pupal head (Figure 2.1B). An incision was then made down the length of the dorsal 

side of the pupal case to expose the thorax (Figure 2.1C). The whole pupa was then transferred 

to a watch glass filled with ice-cold 1x PBS. The head was removed from the remainder of the 

body and the pupal brain with attached eyes were isolated (Figure 2.1D) and transferred to a 

PCR tube filled with 1x PBS on ice. Tissues were post-fixed in 4% formaldehyde in 1X PBS 

for 30 minutes at room temperature before being washed and stored long-term as stated in 

Section 2.2.1. 
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Figure 2.1. Pupal dissection. At 48-hours APF pupae were dissected and the eye-brain complex was 
isolated. A. 48-hour pupae were placed on doubled sided tape on a black background dorsal side facing 
up. B. The operculum was removed to expose the head, C. an anterior to posterior incision on the dorsal 
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side of the pupal case was made and the whole pupa was exposed. D. The whole pupa was transferred 
to a dissecting dish for isolation of the brain with eyes attached to either optic lobe. OL = optic lobe. 
 

2.2.4 Immunohistochemistry on isolated Drosophila tissues 

Dissected tissues (Section 2.2.1, 2.2.2, 2.2.3) were rehydrated for five minutes at room 

temperature in 50% methanol/1x PBT. Subsequent to this, all tissues were washed four times 

for five minutes each in 1x PBT before being blocked in immunobuffer (5% normal goat serum 

in 1x PBT). Adult brains and larval tissues were blocked for three hours, and pupal tissues were 

blocked for 1.5 hours at room temperature. All tissues were then incubated overnight at room 

temperature with appropriate primary antibody diluted in immunobuffer (Table 2.2). All tissues 

were then washed with 1x PBT for two quick washes then three times for five minutes each at 

room temperature before being incubated overnight at 4°C with appropriate secondary antibody 

diluted in immunobuffer (Table 2.3). Pupal tissues were then fixed for a second time in 4% 

formaldehyde in 1x PBS for 30 minutes at room temperature. All tissues were then washed with 

1x PBT for two quick washes then three 20-minute washes at room temperature. Larval and 

pupal tissues were further dissected to isolate the eye tissues from the brain before being 

transferred to a drop of Antifade (1 mL 10x PBS, 9 mL glycerol and 0.2 mg/mL n-propyl 

gallate) on a prepared microscope slide. Adult brains were incubated in approximately 30 µL 

Antifade before being mounted onto a microscope slide. A coverslip was then placed over all 

tissues and sealed with clear nail varnish. 
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Table 2.2 Primary antibodies used for immunohistochemistry 

Name Catalogue 
number 

Class Host Source Dilution 

Anti-FasII 1D4 Monoclonal Mouse DSHB IHC – 1:20 

Anti-GFP Ab290 Polyclonal Rabbit Abcam IHC – 1:20,000 

Anti-HA C29F4 clone 
3724 

Monoclonal Rabbit Cell 
Signalling 

IHC – 1:200 

Anti-DLG-1 4F3 Monoclonal Mouse DSHB IHC – 1:200 
Anti-

bruchpilot 
nc82 Monoclonal Mouse DSHB IHC – 1:100 

Anti-repo 8D12 Monoclonal Mouse DSHB IHC – 1:20 
Anti-Myc 9E10 Monoclonal Mouse DSHB IHC – 1:100 
Anti-Myc Ab9106 Polyclonal Rabbit Abcam IHC – 1:100 

Anti-CG5846 - - Rabbit Genscript IHC – 1:2 
DSHB = Developmental Studies Hybridoma Bank, IHC = immunohistochemistry 
 

Table 2.3 Secondary antibodies used for immunohistochemistry 

Name Catalogue 
number 

Host Species Source Dilution 

Alexa Anti-
Mouse 555 

A-21422 Goat Sigma Aldrich IHC – 1:500 

Alexa Anti-
Rabbit 647 

A-21244 Goat Sigma Aldrich IHC – 1:500 

 

2.2.4.1 DAPI staining on adult brains 

For brains stained with DAPI, following the overnight incubation with appropriate secondary 

antibody, brains were washed three times for five minutes each in 1x PBT before being 

incubated with 1:20,000 dilution of DAPI in 1x PBT for 20 minutes at room temperature. Brains 

were then washed three times for 20-minutes each before being mounted on a microscope slide 

as described in Section 2.2.4. 

 

2.2.5 Confocal microscopy and image processing 

Adult brains, larval eye discs, and pupal eyes were all imaged, under appropriate fluorescence 

spectra, using a Leica SP5 DM60000B Confocal Microscope (Manawatu Microscopy and 

Imaging Centre). Image Z-stacks were collected with an optical section size ranging from 0.5 

µm for Kenyon cell and pupal eye images, 0.5 – 1µm for larval eye disc images, and 1 – 2 µm 
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for whole brain images. Images were analysed using the ImageJ software, where maximum 

projections and single slice images were attained. All phenotypic scoring was performed by a 

blinded observer. 

 

2.2.6 Quantification and statistical analyses  

For mushroom body phenotypes a scoring system outlined in Section 3.2.1 was employed 

(n≥18). To assess level of β lobe fusion, a one-tailed Fisher’s exact test was used to confirm 

significance of notable RNAi lines compared to control where statistical significance was 

attained.  

For Kenyon cell aggregate counting, maximum projections were produced (n=4) and each 

HDAC4 and HDAC4/CG5846 containing speckle were counted using the Cell Counter ImageJ 

plugin. Graphs were displayed as the mean ± standard error of the mean (SEM) and statistical 

significance was assessed via one-way ANOVA with post-hoc Tukey HSD analysis. 

For quantification of the number of retinal basal glia in the larval eye disc (n=6) each Repo-

labelled cell from every 2-4 optical sections of the Z-stack were counted using the Cell Counter 

ImageJ plugin and displayed in a box-and-whisker plot with statistical significance assessed via 

one-way ANOVA with post-hoc Tukey HSD analysis.  

For pupal eye analyses (n=4) the number of accessory cells were identified and counted per 

ommatidium in four regions of each eye (posterior, anterior, dorsal, and ventral) using Procreate 

for iOS. Accessory cells included four cone cells, two primary pigment cells, six secondary 

pigment cells, three tertiary pigment cells, and three bristle cells, equating to a total of 18 

accessory cells in a normal ommatidium. Violin plots showing the distribution of data were 

presented. 

 

2.2.7 Nile Red staining of adult retina 

Whole flies were pre-fixed as detailed in Section 2.2.1, and whole retina were isolated. Retina 

were post-fixed and stored as detailed in Section 2.2.1. Following this, retina were rehydrated 

in 50% methanol/1x PBT for five minutes at room temperature before being washed three times 
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five minutes each in 1x PBT. Wash buffer was removed and a 1:1000 dilution of a 1 mg/mL 

stock solution of Nile Red (Sigma Aldrich) in 1x PBT was added to the retina for 20 minutes 

at room temperature. Retina were then washed three times five minutes in 1x PBT and mounted 

as described in Section 2.2.4. Single optical section images were immediately taken at and 

excitation wavelength of 554 nm and emission wavelength of 638 nm (ex/em) using the Lecia 

SP5 DM60000B Confocal Microscope. 

 

2.2.7.1 Quantification and statistical analyses of rhabdomere area 

Rhabdomeres 1-7 were situated in the plane of focus in a single optical section image. The area 

of each rhabdomere was measured using the oval section tool and measure function in ImageJ. 

The measured sum of the seven visible rhabdomeres were graphed as the mean ± SEM. 

Statistical significance was assessed via one-way ANOVA with post-hoc Tukey HSD analysis. 

 

2.3 Drosophila protein extraction 

2.3.1 Drosophila head separation 

Drosophila were anaesthetised with CO2 and stored in 15 mL tubes (Greiner) and frozen at -

80°C. Prior to total protein isolation (Section 2.3.7), flies were subject to multiple rounds of 

vortexing to snap off heads. Heads and bodies were transferred onto a piece of transparency 

over dry ice and heads were quickly sorted from the bodies using a fine paintbrush. Heads were 

then placed into an awaiting 1.7 mL Eppendorf tube on ice, and for experiments that require 

the fly body, these were also placed into a separate awaiting 1.7 mL Eppendorf tube on ice, 

followed by total protein isolation as described in Section 2.3.7. 

 

2.3.2 Drosophila embryo protein isolation 

One-day prior to egg collection, adult flies were moved to a new bottle containing standard fly 

media with approximately 5 mL yeast paste (dried yeast combined with dH2O to create a 

peanut-butter texture) spread on top of the food, to encourage rapid egg laying. Egg laying 
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media was made by combining 4 g agar, 12 g polenta, 8 g molasses, and 200 mL dH2O. This 

mixture was brought to a boil before being removed from the heat and 0.66 g Moldex dissolved 

in 7.4 mL ethanol was added and mixed thoroughly. Plastic plates measuring 55 mm in diameter 

were filled with approximately 15 mL egg laying media. Once the media was set, 2-3 mL of 

yeast paste was added to the centre of the plate prior to the addition of flies to further encourage 

egg laying. Flies were deposited into a 100 mL plastic beaker with airholes and taped to a plate 

containing egg laying media. Flies were incubated at 25°C for one hour to allow females to 

deposit all newly fertilised embryos onto the plate, adult flies were then discarded. Early-stage 

0-2 hour old embryos were removed from plates and transferred using a dry paintbrush to an 

awaiting 1.7 mL Eppendorf tube on ice, followed by total protein isolation as described in 

Section 2.3.7. 

 

2.3.3 Drosophila larval tissue protein extraction 

Wandering third instar larvae were collected and dissected as described in Section 2.2.2. The 

whole eye/brain complex was placed into an awaiting 1.7 mL Eppendorf tube on ice, followed 

by total protein isolation as described in Section 2.3.7. 

 

2.3.4 Drosophila brain protein extraction 

Following adult brain dissection described in Section 2.2.1, brains were placed into an awaiting 

1.7 mL Eppendorf tube on ice, followed by total protein isolation as described in Section 2.3.7. 

 

2.3.5 Drosophila pupal tissue protein extraction 

At 48 hours APF, whole pupae were isolated as described in Section 2.2.3 and observed in 

Figure 2.1C. Whole pupae were placed into an awaiting 1.7 mL Eppendorf tube on ice, followed 

by total protein isolation as described in Section 2.3.7. 
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2.3.6 Drosophila adult eye isolation 

Adult Drosophila were anaesthetised using Flynap (Carolina) and individual eyes were 

removed with a new scalpel blade. Following removal of 30 pairs of eyes, these were either 

placed into a 1.7 mL Eppendorf tube on ice, followed by total protein isolation (Section 2.3.7), 

or snap-frozen in a dry-ice ethanol bath and stored at -80°C. 

 

2.3.7 Total protein isolation and quantification 

Whole cell lysates were generated by adding 100 µL RIPA buffer (150 mM sodium chloride, 

0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, and 1x 

cOmplete mini EDTA-free protease inhibitor (Roche)) to 50 heads, 20 µL to 20 embryos, 10 

µL to 10 larval tissues, 10 µL to 10 pupae, or 30 µL to 30 pairs of eyes in separate 1.7 mL 

Eppendorf tubes and homogenised with a motorised mortar and disposable plastic pestle for 30 

seconds on ice. Lysates were cleared by centrifugation at 13,000 g for two minutes at 4°C. 

Supernatants were transferred to a new 1.7 mL Eppendorf tube on ice and total protein was 

quantified using the Pierce BCA Protein Assay Kit (ThermoFisher) according to the 

manufacturer’s instructions. Absorbances were read using the BioTek PowerWave XS plate 

reader and a standard curve was generated in Excel to determine protein concentrations.  

 

2.3.8 SDS-Page and western blotting 

Following sample preparation and quantification (Section 2.3.7), proteins were separated by 

size via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). A total of 30 

µg of protein diluted in RIPA buffer was added to 5x Laemmli sample buffer (2% SDS, 5% 2-

mercaptoethanol, 10% glycerol, 0.01% bromophenol blue, 60 mM Tris HCl, pH 6.8) to a 

concentration of 1x and boiled at 95°C for five minutes. Samples were then cooled on ice and 

loaded into an assembled pre-cast polyacrylamide gel (Mini Protean TGX 4%-20%, Bio-Rad) 

in a buffer tank filled with 1x Running buffer (25 mM Tris, 190 mM glycine, 0.1% SDS). 

Samples were electrophoresed at 200 volts (V) for approximately 35 minutes, until the dye front 

reached the bottom of the gel. Proteins were then transferred to a nitrocellulose membrane 

(Amersham Protran premium 0.45 µm nitrocellulose, GE Healthcare LifeScience) in ice cold 
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1x Transfer buffer (25 mM Tris, 190 mM glycine, 0.1% SDS, 20% methanol) maintained at 

4°C for one hour at 100 V. Nitrocellulose membranes were then incubated in 5% blocking 

buffer (5% w/v skim milk powder diluted in 1x TBST (20 mM Tris, 150 mM NaCl, 0.1% 

Tween-20)) for one-two hours at room temperature. For all incubation steps and washes, 

membranes were placed on an orbital shaker with gentle agitation. Membranes were washed 

three times for five minutes each in 1x TBST at room temperature before being incubated with 

appropriate primary antibody (Table 2.4) diluted in 1% blocking buffer overnight at 4°C. The 

membranes were then washed three times for five minutes each in 1x TBST at room temperature 

before being incubated with appropriate secondary antibody (Table 2.5) diluted in 1% blocking 

buffer for one hour at room temperature. Membranes were then washed three times for five 

minutes each in 1x TBST at room temperature. Proteins were then detected with the Amersham 

ECL Prime Western Blotting Detection Reagent (Cytiva) and imaged using the Azure 

Biosystems c600 imaging system. 

 

Table 2.4 Primary antibodies used for immunoprecipitation and western blotting 

Name Catalogue 
number 

Class Host Source Dilution 

Anti-HA C29F4 clone 
3724 

Monoclonal Rabbit Cell 
Signalling 

IP - 2 µL 

Anti-Myc Ab9106 Polyclonal Rabbit Abcam IP - 2 µL 
WB - 1:1000 

Anti-HA 3F10 clone 
11867423001 

Monoclonal Rat Merck 
(Roche) 

WB – 1:1000 

Anti-GFP Ab290 Polyclonal Rabbit Abcam WB – 1:4000 
Anti-Tubulin 12G10 Monoclonal Mouse DSHB WB – 1:500 

IP = immunoprecipitation, WB = western blot 

 

Table 2.5 Secondary antibodies used for western blotting 

Name Catalogue 
number 

Target Species Host 
Species 

Source Dilution 

Rat HRP Ab97057 Rat Goat Abcam WB – 
1:10,000 

Mouse HRP NA931VS Mouse Sheep Sigma Aldrich WB – 
1:20,000 

Rabbit HRP NA934VS Rabbit Donkey Sigma Aldrich WB – 
1:40,000 

Veriblot for IP 
Detection 
reagent 

Ab131366 Rabbit total 
IgG 

- Sigma Aldrich WB – 1:4000 

WB = western blot 
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2.3.9 Co-Immunoprecipitation (Co-IP) 

Following head separation as detailed in Section 2.3.1, 300 µL of immunoprecipitation (IP) 

buffer (25 mM Tris pH 7.05, 50 mM sodium chloride, 30 mM sodium pyrophosphate, 50 mM 

sodium fluoride, 10% glycerol, 0.5% Triton X-100, 0.5 mM phenylmethylsulfonyl fluoride 

(PMSF), and 1x cOmplete mini EDTA-free protease inhibitor (Roche)) was added and heads 

were homogenised for 30 seconds, using a motorised mortar and disposable plastic pestle. 

Lysates were cleared and quantified as detailed in Section 2.3.7. 

Immunoprecipitation was performed using the Surebeads Protein A magnetic beads (BioRad), 

100 µL were resuspended and washed four times in 1 mL 1x PBS-T (1x PBS, 0.1% Tween-20). 

Per Co-IP, 2 µL of appropriate antibody (Table 2.4) diluted in 200 µL IP buffer was added to 

the magnetic beads and rotated at room temperature for 10 minutes. Beads were washed four 

times in 1 mL of 1x PBS-T before 2 mg of lysate diluted in 500 µL IP buffer was added to the 

beads and incubated overnight at 4°C while rotating. The beads were washed four times in 1 

mL of IP buffer before proteins were eluted off the beads in 1x Laemmli buffer at 70°C for 10 

minutes. IP samples alongside 30 µg inputs, were loaded and proteins were separated by SDS-

PAGE, transferred to a nitrocellulose membrane and detected as detailed in Section 2.3.8. 

 

2.4 Light microscopy 

2.4.1 Light microscopy image acquisition and processing 

To analyse Drosophila eye and wing morphology both were imaged using an Olympus SZX16 

Stereo Microscope with DP74 camera and cellSens Dimension imaging software. Image Z-

stacks were taken with an optical section size of 10 µm with approximately 30 slices being 

taken per eye and 12 slices being taken per wing. Images were taken with a 25.5 ms exposure 

and 115x magnification. Z-stacks were aligned and blended using the auto-align and auto-blend 

functions on Adobe Photoshop to gain clear maximum projections. 
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2.4.2 Drosophila initial adult eye phenotype screen 

Crosses between five virgin female GMR-GAL4 driver flies and five male flies harbouring the 

appropriate UAS-RNAi construct were raised on standard fly media at 25°C. In all experiments, 

a driver control cross between virgin female GMR-GAL4 flies and male w(CS10) were included. 

w(CS10) carries the w (white-eyed) mutant in a Canton S background that was generated by 

outcrossing w1118 to Canton S for 10 generations. Adults were allowed to mate for four days 

before being removed. Once all adult progeny had emerged, flies were anaesthetised with CO2 

and placed in 15 mL tubes (Grenier) and stored at -80°C. All progeny subject to light 

microscopy were stored via this method unless otherwise stated. Up to ten randomly selected 

males and ten randomly selected females were then imaged under light microscopy as described 

in Section 2.4.1. A semi-quantitative scoring system was produced based on perturbations to 

the regular array of ommatidia, bristle organisation, pigment disturbances and appearance of 

necrosis (Table 2.6), and all eyes were scored by a blinded observer. Each eye required at least 

one of the phenotypic appearances for the corresponding score to be given. A one-tailed 

Fisher’s exact test was used to confirm statistical significance. 

 

Table 2.6 Semi-quantitative rough eye phenotype scoring system 

Phenotype 
level 

No defects Mild Moderate Severe 

Appearance Wild-type 
appearance 

- Mild 
ommatidia 
disorganisation 
- Mild bristle 
abnormalities 

- Moderate 
ommatidia 
disorganisation 
- Moderate bristle 
abnormalities 
-Mild fusion 
- Mild loss of 
pigmentation 

- Severe ommatidia 
disorganisation  
- Loss of bristle 
patterning  
- Severe fusion 
- Severe loss of 
pigmentation 
- Necrosis 

Score  - + ++ +++ 
 

2.4.3 Drosophila eye degeneration screen 

Crosses were set and flies were raised as detailed in Section 2.4.2. Once emerged one-day old 

adult flies were housed in individual plastic vials containing 8 mL standard fly media. Flies 

were anaethetised with CO2 and imaged as described in Section 2.4.1 on a white flypad 

diffusing CO2 on days one, three, five, seven, and 14 to assess eye phenotype degeneration. The 
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progressive area of necrosis was measured in ImageJ by freehand tracing around all necrotic 

areas and using the measure function. The percentage of necrosis was attained by dividing the 

area of necrosis by the total area of the eye and was displayed as the mean ± SEM. Statistical 

significance was assessed via one-way ANOVA with post-hoc Tukey HSD analysis. 

 

2.4.4 Necrosis-inducing eye phenotype analyses 

Following the initial rough eye phenotype screen inclusive of all candidate genes, the remainder 

of the eye phenotypes assessed consisted of differing levels of necrosis on the eye, which were 

imaged according to Section 2.4.1. An updated semi-quantitative scoring system (Table 2.7) 

was put in place when assessing CG5846 and HDAC4 mutant-induced eye phenotypes which 

were more heavily weighted toward teasing out small differences in the spread of necrosis. The 

area of necrosis was measured in ImageJ by freehand tracing around all necrotic areas and using 

the measure function. The percentage of necrosis was attained by dividing the area of necrosis 

by the total area of the eye and was displayed as the mean ± SEM. Statistical significance was 

assessed via one-way ANOVA with post-hoc Tukey HSD analysis. 
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Table 2.7 Necrosis-inducing semi-quantitative scoring system for rough eye phenotype 

 No defects Mild Moderate Major Severe 

Bristles No bristle 
disruption 

Missing 
bristles/many 
emerging 
from a single 
pore over a 
small area  

Missing 
bristles/many 
emerging 
from a single 
pore over 
equivalent to 
quarter of the 
eye 

Missing 
bristles/many 
emerging 
from a single 
pore over 
equivalent to 
half eye 

Missing 
bristles/many 
emerging 
from a single 
pore over 
entire eye 

Ommatidia 
organisation 

Normal Mild dis-
organisation 

Moderate dis-
organisation 
and fusion 

Major dis-
organisation 
and fusion 

Severe dis-
organisation 
and fusion 

Pigmentation Normal for 
number of 
transgenes 
present 

Mild de-
pigmentation 
in small areas 

Moderate de-
pigmentation 
across a 
quarter of the 
eye 

Major de-
pigmentation 
across half the 
eye 

Severe de-
pigmentation 
across entire 
eye 

Necrosis No necrosis Small spot/s 
of necrosis 

Larger spot/s 
of necrosis 

Quarter of the 
eye covered in 
necrosis 

Half the eye 
covered in 
necrosis 

Score for each 
phenotype 

0 0.25 0.5 0.75 1 

 

2.4.5 Wing morphology screen 

To assess wing morphology the engrailed-GAL4 (en-GAL4) driver was used to drive expression 

of each UAS-RNAi. Once progeny emerged, wings were dissected from five randomly selected 

males and females. The wings were arranged on a microscope slide and a coverslip was gently 

placed on top to flatten each wing and imaged as described in Section 2.4.1. 

 

2.5 Survival, longevity, and negative geotaxis assays 

2.5.1 Survival assay 

Survival assays were performed using the following drivers: armadillo-GAL4 (arm-GAL4), 

daughterless-GAL4 (da-GAL4), and tubulin-GAL4 (tub-GAL4) for ubiquitous expression, elav-

GAL4 and nSyb-GAL4 for pan-neuronal expression, and reversed polarity-GAL4 (repo-GAL4) 

for pan-glial expression. A total of 10 virgin females of these drivers were each crossed to 10 

males of the indicated UAS line and raised on 40 mL standard fly media in bottles. For the 
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crosses with tub-GAL4 five virgin females were crossed to five males of the indicated UAS line 

and raised on 8 mL standard fly media in vials. All crosses were raised at 25°C, with adults 

removed after three days. Following eclosion of control progeny, all adults from all crosses 

were collected and counted. For da-GAL4 crosses, images of the bottles were taken following 

collection of adult progeny, and pupal case counts were then taken, which accounted for those 

that had emerged as adults and those that had not emerged due to pupal lethality. Three 

independent biological replicates were analysed per genotype, unless otherwise stated, and the 

mean ± SEM were displayed and statistical significance was assessed via one-way ANOVA 

with post-hoc Tukey HSD analysis. 

 

2.5.2 Lifespan assay 

At 25°C a typical well maintained and healthy Drosophila will have an average lifespan of 

more than 50 days, with a maximum of approximately 80 days (Linford et al., 2013). In order 

to determine how a gene is involved in the survival of a fly throughout development and 

adulthood, the ubiquitous driver arm-GAL4 was used to drive expression. arm-GAL4 was first 

outcrossed for five generations into the w(CS10) genetic background. A total of 10 virgin 

female arm-GAL4 flies were crossed to 10 males of the indicated UAS line and raised on 

standard fly media at 23°C. This temperature was selected as knockdown of CG5846 with da-

GAL4 at 25°C was observed to be semi-lethal, therefore a lower expression level was desired. 

Adults were removed after five days. Once 50 flies (25 male and 25 female) had emerged, all 

were placed into new vials containing standard fly media and maintained at 23°C. Dead flies 

were tallied every two-three days and the surviving flies were turned onto new fly media every 

seven days until all flies were dead. The temperature of 23°C was further selected to induce 

minimal disruption to the fly’s lifespan by way of turning flies onto new fly media, which would 

have been more frequent if raised at a higher temperature. Three independent biological 

replicates were analysed per genotype the total number of alive flies per day were graphed on 

a dot plot and statistical significance was assessed via Log rank test with post-hoc Bonferroni 

analysis.  
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2.5.3 Negative geotaxis assay 

Locomotor function can be assessed via the negative geotaxis assay. The innate response of 

Drosophila to being trapped at the bottom of an enclosed container is to escape from the top 

(Kamikouchi et al., 2009), therefore climbing ability can be monitored. The following protocol 

was modified based on Patel and Tamanoi (2006). For each genotype, three independent crosses 

were set and ten progeny (five females, five males) from each replicate at approximately five 

days post-eclosion were anaesthetised with CO2 and placed into three respective flat bottomed 

climbing vials, devoid of food to avoid inducing distracting variables, and plugged with a foam 

plug. Flies were allowed to recover for 30 minutes at room temperature before testing. Flies 

were gently tapped to the bottom of the vial and the number of flies that climbed above 5 cm in 

a 10 second timeframe were quantified (Figure 2.2). A total of 10 rounds were completed for 

each genotype with a rest period of 4 minutes between rounds to allow flies time to recover. 

The mean ± SEM was displayed and statistical significance was assessed via one-way ANOVA 

with post-hoc Tukey HSD analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2. Negative geotaxis assay. Flies were gently tapped to the bottom of the vial and the number 
of flies observed above and below the 5 cm mark after 10 seconds were quantified. If the majority of 
flies were observed below the 5 cm mark, this was indicative of impaired climbing ability, whereas if 
the majority of flies were observed above the 5 cm mark, this was indicative of intact climbing ability. 
 

10 sec

Intact 
climbing

Impaired 
climbing

5 cm
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2.6 Induction of reactive oxygen species 

2.6.1 Developmental exposure to hydrogen peroxide (H2O2)  

To test susceptibility to increased levels of ROS in the environment during development, H2O2 

was added to standard fly media. To determine whether this increase in ROS affected the 

necrotic eye phenotype induced by CG5846 knockdown, 10 GMR-GAL4 virgin females were 

crossed to 10 UAS-CG5846RNAi males and raised at 25°C on 40 mL standard fly media in a 

bottle supplemented with and without 1% H2O2. Adult flies were removed after seven days. 

Enclosed pupae and dead pupal counts were taken 20 days following initial mating, and this 

assay was performed in triplicate. The mean ± SEM of total pupal counts were graphed and 

statistical significance was assessed via one-way ANOVA with post-hoc Tukey’s HSD 

analysis. The proportion of eclosed and dead pupae were also graphed and statistical 

significance was assessed via one tailed Fisher’s exact test.  

 

2.6.2 Post-developmental exposure to H2O2 

To test susceptibility to increased levels of reactive oxygen species on lifespan post-

developmentally, ten male and ten female five day old flies were transferred to a vial containing 

a long thin rectangular piece of Whatman paper soaked in either 5% sucrose or 5% sucrose 

supplemented with 1% H2O2 (Johnmark & Kinyi, 2021).There were five vials of each treatment 

per genotype, totalling 50 flies per treatment and 100 flies per genotype. Whatman paper was 

replaced every 2-3 days and dead adults were also counted until all flies fed H2O2 were dead. 

The total number of alive flies per day were graphed on a dot plot and statistical significance 

was assessed via Log rank test with post-hoc Bonferroni analysis.  

 

2.7 Courtship suppression assay 

To test learning and memory in the Drosophila, cVA-retrievable courtship training was 

employed as described in Section 1.3.3.1. As the mushroom body is an important structure for 

normal memory formation (McBride et al., 1999) the TARGET system, as described in Section 



  Methods 

75 

1.3.4.2 was employed to avoid any learning and memory deficits induced by developmental 

defects of the mushroom body. 

All fly lines used for courtship suppression learning and memory testing were outcrossed for 

five generations into the w(CS10) genetic background. A total of 15 elav-GAL80ts virgin 

females were crossed to 15 UAS-CG5846RNAi males. A total of 15 Canton Special (CS) virgin 

females were crossed to 15 UAS-CG5846RNAi males as a UAS-line control and 15 virgin elav-

GAL80ts virgin females were crossed to 15 CS males as a driver control. All crosses were raised 

at 19°C on 40 mL standard fly media in bottles and adult flies were removed after seven days. 

Newly emerged puffy, white virgin male progeny from each genotype were collected and 

housed in individual vials containing 4 mL of standard fly media. Vials were plugged with 

cotton wool and maintained at 19°C for up to four days. Males were transferred to 30°C for 72 

hours which triggered a conformational change in GAL80ts, resulting in the release of GAL4 

and unmasking of the AD, leading to GAL4-mediated expression (Figure 1.9). Two days prior 

to training/testing virgin female and male CS (control) flies were mated for 48 hours to attain 

unreceptive mated females. Before training/testing ensued, the mated female flies were 

anaesthetised and housed in a new vial containing 8 mL standard fly media and allowed to 

recover for one hour at room temperature (learning assay) or 25°C (memory assays). Following 

the 72-hour incubation at 30°C, the learning and memory assays were carried out. The tester 

was blinded to the genotype and trained/naïve (sham) status of the flies. 

 

2.7.1 Courtship activity 

The male fly exhibits a repertoire of physical movements when courting a female fly which can 

be broken down into a series of discrete steps described in Section 1.3.3.1 (Figure 1.7). Each 

male was aspirated into a shallow transparent acrylic testing chamber followed by a mated 

female, and testing was performed at room temperature. The male’s courtship behaviour as 

detailed in Section 1.3.3.1 was recorded using a GoPro Hero6 camera and scored over the first 

10 minutes (pre-training) of the hour and the last 10 minutes (post-training) of the hour, 

allowing the males to learn and immediately recall the mated females rejection behaviour over 

a 50 minute timespan. A new mated female was used for each testing instance and the testing 

chambers were rinsed with 95% ethanol between bouts of testing to remove any pheromone 

residue. For normal courtship activity, the activity pre-training is higher than the activity post-



Methods 

76 

training. The courtship index was calculated for both pre-training and post-training by the 

proportion of time spent courting over the 10-minute timeframe. 

 

 

 

 

2.7.2 Learning assay 

The learning index was calculated from the courtship indices pre- and post-training, between 

zero and one (n≥19). A learning index closer to one indicates a high level of learning with the 

male spending less time courting the female whereas a learning index closer to zero indicates 

little to no learning has occurred, meaning that the male did not learn to associate the rejection 

behaviour with a mated female. 

 

 

 

 

2.7.3 Memory assays 

To measure memory acquisition, male flies were trained with a mated female before being 

tested with a new mated female, the time between training and testing differed depending on 

the type of memory being assessed. For training, all males were aspirated into individual 

transparent acrylic training chambers filled with 1 mL standard fly medium, from here each 

genotype was split into two groups, trained and sham, with the trained males being housed with 

a mated female and the sham males being housed alone. The trained males with mated females 

and sham males alone were all incubated at 30°C for one hour for STM training or seven hours 

for LTM training. For STM, following the one-hour incubation, the mated females were 

discarded and the males were aspirated into individual testing chambers. A new mated female 

was then aspirated into each chamber with either a trained or sham male in which the test 

administer was blind to. Courtship was recorded on a GoPro Hero6 and courtship activity was 

scored over a ten-minute period, at 25°C. For LTM, multiple bouts of courtship advances and 

Courtship Index (CI) 
=  

Courting time  

10 min  

Learning Index (LI)= 
1- 

Post-training 
CI  Pre-training 
CI  
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mating rejection occurred in the training chambers housing the trained males during the seven-

hour training session. Following this the females were discarded and the males were returned 

to 30°C and testing as detailed above occurred after 24 hours in testing chambers, at 25°C, with 

new mated females. A courtship index for both trained and sham STM and LTM was calculated 

as detailed in Section 2.7.1. The memory index for both STM and LTM was calculated based 

on the courtship indices of the trained (n≥19) and sham males (n≥20) to give a number between 

zero and one. Consistent with the learning index, a memory index closer to one indicates intact 

STM/LTM whereas a memory index closer to zero indicates little to no STM/LTM retention. 

 

 

 

2.7.4 Courtship suppression statistical analyses 

The raw courtship data (minutes) was converted into seconds. The courtship, learning and 

memory indices were calculated from this data and used to create graphs by plotting the mean 

± SEM. This data was then subject to arcsine transformation in order to attain a normal 

distribution for statistical testing via one-way ANOVA with post-hoc Tukey HSD analysis. 

 

2.8 Polymerase Chain Reaction (PCR) 

2.8.1 Drosophila genomic DNA extraction 

To prepare for DNA extraction, 10-15 flies were anaesthetised with FlyNap (Carolina) and their 

heads were removed using a scalpel blade. Heads were transferred into an Eppendorf tube on 

ice, and 250 µL of solution A (0.1 M Tris HCL pH 9.0, 0.1 M EDTA, 1% SDS) was added 

followed by homogenisation with a motorised mortar and disposable plastic pestle for 30 

seconds. Samples were incubated for 30 minutes at 70°C prior to the addition of 35 µL KAc (8 

M potassium acetate) followed by vigorous shaking. Samples were then incubated on ice for 

30 minutes and debris pelleted by centrifuging for 15 minutes at 16,000 g at 4°C. All following 

centrifugation steps occurred at 4°C. The supernatant was transferred to a new tube with the 

addition of 250 µL Phenol-Chloroform and thoroughly shaken. The samples were then 

Memory Index (MI)= 1- 
Trained 
CI  Sham 
CI  
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centrifuged for 5 minutes at 16,000 g and the Phenol-Chloroform step was repeated a second 

time. The final sample supernatant was transferred to a new tube, 150 µL Isopropanol was 

added and the tube was shaken thoroughly before being centrifuged for five minutes at 13,000 

g. The pellet was washed in 1 mL 70% Ethanol before being centrifuged for five minutes at 

16,000 g. The pellet was then air dried completely before being resuspended in 100 µL TE 

buffer. The concentration of dsDNA was measured using the Denovix DNA reader. 

 

2.8.2 PCR confirmation of RNAi construct identity 

CG5846 RNAi (henceforth denoted as CG5846RNAi) constructs were imported from VDRC and 

their identity was confirmed via PCR.  

Genomic DNA was diluted to 50 ng/µL and a 20 µL reaction mixture was prepared that 

contained: 12.5 µL OneTaq 2x Master Mix (NEB) at a final concentration of 1x, 0.5 µL of each 

appropriate primer (Stock 100 µM, Sigma Aldrich, Tables 2.7, 2.8), 2 µL template DNA (50 

ng/µL), and 9.5 µL dH2O. Standard cycling consisted of an initial enzyme activation step at 

94°C for 30 seconds followed by 38 cycles of denaturation at 94°C for 30 seconds, then 

annealing at 55°C (CG5846RNAi1) or 60°C (CG5846RNAi2) for 30 seconds and finally elongation 

at 68°C for one minute. These cycles were completed with a five minute extended elongation 

step at 68°C, then cooled to 4°C.  

 

2.8.3 Agarose gel electrophoresis 

Following amplification of PCR products (Section 2.8.2), agarose gel electrophoresis was 

performed in order to separate DNA fragments based on size. A 1% agarose gel was produced 

by melting 0.5 g agarose in 50 mL 1x TAE (Tris-base, acetic acid, EDTA 0.5 M). Once cooled, 

1 µL of ethidium bromide (EtBr) (Stock 10 mg/mL) was added and the gel was poured. Once 

set, a total of 5 µL of each PCR product, diluted in 0.5 µL 10x loading buffer (final 

concentration 4% (v/v) glycerol, 0.05% (w/v) SDS, 0.1 mM EDTA, 0.025% (w/v) bromophenol 

blue, 0.0025% (w/v) xylene cyanol) were loaded alongside a 1 kb plus DNA ladder 

(Invitrogen). The tank was filled with 250 mL 1x TAE and 2.5 µL EtBr (Stock 10 mg/mL), and 
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the gel was run at 100 V for one hour, or until the dye front was three-quarters of the way 

through the gel. Following this, the gel was imaged using the GelDoc Imaging system (BioRad). 

 

2.8.4 Verification of CG5846RNAi1 

Primers for verification of the CG5846RNAi1 (GD10737) line were synthesised (Sigma-Aldrich). 

These included the specific CG5846 primer (CG5846 rev) used during cloning and a common 

Hsp7_2 primer (Hsp2_7 fwd) which binds upstream of the transgene insertion in the pMF3 

vector (Table 2.8) in which the CG5846RNAi1 (GD10737) construct was cloned (Dietzl et al., 

2007) (Figure 2.3A).  

One half of the CG5846RNAi1 inverted repeat sequence from where the CG5846 rev primer 

bound was 315 bp and the section of the vector that was also amplified from where the Hsp7_2 

fwd primer bound to the vector was 247 bp, therefore the total expected size of the product was 

562 bp, which was observed following gel electrophoresis (Figure 2.3B).  

 

Table 2.8 Primers used for CG5846RNAi1 PCR 

Oligo name Oligo number Direction Sequence 5’-3’ 

CG5846 rev 3029046409-
000010 

Reverse CGCGGATCCGGCACCAGCAAACACAATC
CAAA 

Hsp7_2 fwd 3029046409-
000020 

Forward GAGGCGCTTCGTCTACGGAGCGAC 
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Figure 2.3. Validating the CG5846RNAi1 construct. A. The CG5846RNAi1 insert is an inverted repeat 
(blue) and the CG5846 rev primer binds at the centre of the inverted repeat. The Hsp7_2 fwd primer 
binds to the pMF3 vector. B. The CG5846RNAi1 construct was verified by amplifying the specific 
CG5846RNAi1 sequence. The resulting PCR product was run on an agarose gel and was confirmed to be 
of the expected size (red arrowhead). 
 

2.8.5 The CG5846RNAi2 line 

Three combinations of primer pairs were used to confirm the identity of the CG5846RNAi2 

(KK105728) line. These consisted of the vector binding Hsp7_2 fwd and KK line sequence 

verification GTU rev primers, the vector binding SV2 rev and GTU fwd primers, and lastly the 

Hsp7_2 fwd and SV2 rev primers (Table 2.9). Hsp7_2 and SV2 bind to regions of the pKC26 

vector on either side of the CG5846RNAi2 inverted repeat insert, whereas the GTU primer, a 

generic KK sequence verification primer, binds at the centre of the inverted repeats (Figure 

2.4A). 
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Table 2.9 Primers used for CG5846RNAi2 PCR  

Oligo name Oligo number Direction Sequence 5’-3’ 

Hsp7_2 fwd 3029046409-
000020 

Forward GAGGCGCTTCGTCTACGGAGCGAC 

GTU 3029046409-
000030 

Forward/ 
Reverse* 

GCGCAGATCTTGGCGCCCCTAGATG 

SV2 rev 3029046409-
000040 

Reverse CACAGAAGTAAGGTTCCTTCACAAAGATCC 

* This primer recognises a palindromic region of the KK105728 insert and therefore can bind to both 
the sense and antisense DNA strand 
 

A PCR product of expected size was not amplified with either the GTU and SV2 primer pair 

(504 bp), or with the GTU and Hsp7_2 primer pair (727 bp), both of which were tested with 

different annealing temperatures. A PCR product of expected size was attained through 

amplification with the SV2 and Hsp7_2 primer pair (1221 bp) (Figure 2.4B), however, it should 

be noted that a smaller PCR product of 850 bp was preferentially amplified and was indicated 

by primer binding software to be a second binding site for Hsp7_2. 
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Figure 2.4. Validating the CG5846RNAi2 construct. A. The CG5846RNAi2 insert is an inverted repeat 
(blue) with palindromic sequences at the centre and at either ends of the inverted repeat (magenta). The 
GTU primer binds to a palindromic region at the centre of the insert. The Hsp7_2 fwd primer binds to 
the pCK26 vector upstream of the inverted repeat insert, the SV2 rev primer binds to the pCK26 vector 
downstream of the inverted repeat insert. B. The CG5846RNAi2 construct was verified using the Hsp7_2 
fwd and SV2 rev primers. The resulting PCR product was run on an agarose gel and was confirmed to 
be of the expected size (red arrowhead). A smaller PCR product (850 kb) was amplified in abundance 
as a second primer binding site was preferential for Hsp7_2 binding. 
 

Due to the possibility of off-target effects, standard practice is to verify phenotypic results 

generated by RNAi knockdown with more than one RNAi line; similar phenotypes were 

observed in the brain and eye with both CG5846RNAi1 and CG5846RNAi2. Moreover, the rough 

eye phenotype observed for both knockdowns, with necrosis localised to the posterior of the 

eye is relatively unique and was not observed in a previous screen of over 100 RNAi lines 

(Schwartz et al., 2016). Efficient knockdown of CG5846 was also confirmed for both lines 

(Section 4.2). Together, these data provide confidence that the phenotypes resulting from 

expression of CG5846RNAi are a specific result of depletion of CG5846. 
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2.9 Proteasome activity 

Proteasomal activity was analysed using the fluorogenic N-succinyl-leucine-leucine-valine-

tyrosine-7-amino-4-methylcoumain (Suc-LLVY-AMC, Abcam) peptide which is used to 

measure chymotrypsin-like peptidase activity. The current protocol was adapted from Ikeda et 

al. (2019). Each sample was prepared from 30 heads, attained as detailed in Section 2.3.1, and 

lysed in 60 µL ice-cold homogenisation buffer (25 mM Tris-HCl pH 7.5). Cell lysis was 

achieved via 30 seconds of homogenisation with a motorised mortar and disposable plastic 

pestle. Cell lysates were centrifuged at 4°C for 10 minutes at a speed of 16,000 g, the 

supernatants were then transferred to a new Eppendorf tube on ice. Protein concentrations were 

measured via BCA assay as described in Section 2.3.6. The proteasome chymotrypsin-like 

activity was measured using the fluorogenic peptide, where 20 µg cell lysate was added to 100 

µL of the fluorogenic assay buffer (25 mM Tris-HCl pH 7.5, 20 µM Suc-LLVY-AMC). Control 

samples for each genotype were also incubated with 20 µM of the proteasome inhibitor MG132 

(Abcam AB147047). Protein and assay buffer with or without inhibitor were placed in a black 

walled, clear flat bottomed 96-well microplate (Invitrogen). The plate was incubated in the dark 

at 37°C for five minutes. Fluorescence of the cleaved 7-amino-4-methylcoumarin (AMC) was 

measured using the POLARstar Omega at 355 nm/460 nm (ex/em) at 37°C every two minutes 

over a 30 minute timeframe. The change in fluorescence per µg of protein was calculated for 

three biological replicates each assayed in triplicate after being subtracted by the values of each 

MG132-treated sample, and were displayed in box-and-whisker plots. Statistical significance 

was assessed via one-way ANOVA with post-hoc Tukey’s HSD analysis. 
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3 Selection of HDAC4 candidate interactors 
and characterisation in the Drosophila brain 
and eye 
 

HDAC4 is a transcriptional regulator and has been shown to play an important role in 

neurodevelopment, where overexpression of HDAC4 results in abnormal mushroom body and 

adult compound eye development (Fitzsimons et al., 2013; Hawley, 2020; Main et al., 2021; 

Schwartz et al., 2016; Tan et al., 2024; Wilson, 2021). To further the understanding of the 

molecular mechanisms that underlie HDAC4-overexpression-induced phenotypes, a candidate 

screen was carried out to identify genes that induce similar phenotypes to HDAC4 in the brain 

and eye. The predominant brain phenotype induced by overexpression of HDAC4 is fusion of 

the mushroom body β lobes (Hawley, 2020; Main et al., 2021; Tan et al., 2024), which may 

result from a loss of axon termination or axon repulsion failure (Michel et al., 2004). In the eye, 

overexpression of HDAC4 induces a mild rough eye phenotype with loss of the uniform 

ommatidial array (Schwartz et al., 2016; Tan et al., 2024; Wilson, 2021). The rationale for this 

screening approach is that if a reduction in expression of a candidate gene results in a similar 

phenotype to that induced by HDAC4 overexpression, this would indicate that this candidate 

and HDAC4 may function in similar molecular pathways and therefore overexpression of the 

candidate may rescue the HDAC4-overexpression-induced phenotype by overcoming the 

pathway disruption. 

 

3.1 Selection of candidate HDAC4-interactors 

Candidate HDAC4-interactors were selected from a previous genetic interaction study and 

RNA-seq analyses that were carried out in this laboratory, as well as via a review of recent 

literature that identified candidate HDAC4-interactors that were not included in the genetic 

screen. 

The rough eye enhancer screen for genes that interact with HDAC4 ((Schwartz et al., 2016), as 

described in Section 1.7) identified 18 novel genes that interacted genetically with HDAC4. Of 

these, seven genes were chosen for the initial screen: CG5846, crammer (cer), krasavietz (kra), 
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Netrin-B (NetB), rogdi, Scamp, and schnurri (shn). None of these candidates have been shown 

to interact physically with HDAC4 and were primarily selected based on evidence showing a 

function in LTM and/or involvement in axon growth and guidance in the mushroom body 

(Table 3.1). 

In the same study, RNA-seq was conducted on fly heads overexpressing wild-type DmHDAC4 

in the brain which identified 28 genes that were differentially expressed (Schwartz et al., 2016). 

A follow up RNA-seq experiment was then conducted to analyse transcriptional changes 

associated with nuclear and cytoplasmic pools of HDAC4 via the expression of cytoplasmic- 

and nuclear-restricted mutants of HsHDAC4 in the brain (Main et al., 2021). The Drosophila 

and human HDAC4 datasets from these two studies were compared to identify genes that were 

differentially expressed in both. Expression of both Drosophila and human HDAC4 resulted in 

downregulation of kekkon 2 (kek2) and upregulation of Niemann-Pick type C-2g (Npc2g). kek2 

was also selected as it is expressed in the Drosophila central nervous system where it functions 

as a modulator of synapse growth (Musacchio & Perrimon, 1996), which is essential for LTM 

acquisition (Lamprecht & LeDoux, 2004). Although there is little known about the function of 

Drosophila Npc2g, this candidate was selected as mutations of its mammalian orthologue have 

been associated with Niemann Pick disease, a fatal neurodegenerative disease caused by 

cholesterol accumulation. Previous studies have shown that inhibition of HDAC4 results in a 

decrease of cholesterol levels (Nunes et al., 2013), therefore, it was hypothesised that 

differential expression of HDAC4 could result in alterations to Npc2g levels leading to 

abnormal accumulation of cholesterol and neurodegenerative disease. An additional candidate 

gene was also selected from the HsHDAC4 dataset alone, methuselah-like 8 (mthl8) as this was 

the most highly upregulated gene by both nuclear and cytoplasmic pools of HsHDAC4 (Main 

et al., 2021) (Table 3.2). 

Candidates were also chosen based on a wide literature review of proteins that may be involved 

with HDAC4, whether it be a confirmed physical interaction in a different tissue or organism, 

a functional relationship, or a predicted interaction based on conserved domain structures. 

These candidates selected include forked, forkhead box, sub-group O (foxo), Kank, Lysine 

demethylase 5 (Kdm5), Salt-inducible kinase 3 (Sik3), and Thor (Table 3.3). 

A screening strategy was adopted for initial characterisation of the 16 candidate HDAC4-

interactors. As the phenotypes resulting from HDAC4 overexpression in the eye and mushroom 

body have been extensively characterised (Hawley, 2020; Main et al., 2021; Schwartz et al., 
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2016; Tan et al., 2024; Wilson, 2021) and can be assessed semi-quantitatively, the impact of 

knockdown of each candidate on eye and mushroom body development was examined. In 

addition to the above-mentioned analyses, for the genes in which green fluorescent protein 

(GFP) traps and/or GAL4 enhancer traps were available, the expression pattern in the brain was 

also characterised.  
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T
able 3.2. C

andidate gene selection based on R
N

A
-seq analyses (M

ain et al., 2021; Schw
artz et al., 2016) 

n/a = not applicable. 
H

sH
D

A
C

4
L175A is a cytoplasm

ic restricted m
utant of hum

an H
D

A
C

4 w
ith a lysine to alanine substitution (Lys 175) (M

ain et al., 2021). 
H

sH
D

A
C

4
3SA is a nuclear restricted m

utant of hum
an H

D
A

C
4 w

ith three serine to alanine substitutions (Ser 246, Ser 467, Ser 623) (M
ain et al., 2021). 

       G
ene 

nam
e 

W
ild-type 

D
m

H
D

A
C

4 
H

sH
D

A
C

4
L
175A 

H
sH

D
A

C
4
3SA 

D
rosophila 

m
olecular 

function/biological 
process 

R
ationale for gene selection 

Log
2 

fold  
A

dj P 
Log

2 
fold 

A
dj P 

Log
2 

fold 
A

dj P 

kek2 
-0.72 

5E
-5 

-2.28 
4.55E

-148 
-2.95 

1.1E
-11 

Transm
em

brane cell 
adhesion protein 

K
ek2 is expressed in the central nervous system

 as a neural activity-
dependent m

odulator of synaptic grow
th (M

usacchio &
 Perrim

on, 1996), 
observed in puncta along the axis of axonal tracts and at the synaptic 
term

inal of the neurom
uscular junction. U

nder seizure conditions K
ek2 

expression levels increase in neuronal cell bodies and overexpression and 
knockdow

n studies show
 a reduction in synaptic grow

th (G
uan et al., 2005). 

m
thl8 

n/a 
n/a 

11.49 
2.54E

-19 
11.15 

2.93E
-16 

G
-Protein coupled 

receptor  
M

thl8 is part of the secretin receptor fam
ily w

hich play roles in larval 
developm

ent, lifespan, im
m

unity, and oxidative stress resistance (Lin et al., 
1998). M

thl8 is expressed highly in the larval brain (Patel et al., 2012), 
how

ever, RN
A

-seq on RN
A

 isolated from
 the D

rosophila adult brain 
dem

onstrated 
that 

under 
basal 

conditions 
M

thl8 
expression 

w
as 

undetectable (W
ei Tan Jun, unpublished data). O

n the contrary, a previous 
in situ hybridisation study show

ed low
 levels of M

thl8 expression in 
neuronal cell bodies in the adult brain and that it is highly upregulated in a 
range of learning and m

em
ory m

utants (G
uan et al., 2011). 

Npc2g 
0.8 

5E
-5 

0.68 
3.11E

-12 
1.11 

0.015 
G

lycoprotein/ 
controlling 
hom

eostasis and 
steroid biosynthesis 

The m
am

m
alian orthologue of N

pc2g is N
iem

ann-Pick Type C2 (N
PC2), 

and 
m

utations 
of 

N
PC2 

result 
in 

N
iem

ann-Pick, 
a 

fatal 
hereditary 

neurodegenerative 
disease 

associated 
w

ith 
abnorm

al 
cholesterol 

accum
ulation (W

alterfang et al., 2006). D
rosophila N

pc2g m
ay participate 

in im
m

une signaling (Shi et al., 2012) and is expressed in the head 
m

esoderm
 and fat body (H

uang et al., 2007). 
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3.2 Investigating the effect of candidate gene knockdown on mushroom 

body development 

The Drosophila mushroom body is a bilateral symmetrical structure with dorsal and medial 

projecting lobes located on either side of the brain midline (Strausfeld et al., 1998) (detailed in 

Section 1.3.1.1, Figure 1.2) and intact structural integrity of the mushroom body is essential for 

normal learning and memory formation (McBride et al., 1999). Common mushroom body 

morphological defects are shown in Figure 3.1.  

 

Figure 3.1. Examples of morphological defects of the mushroom body upon knockdown of 
candidate genes. Maximum anterior confocal projections of brains. Microdissected brains were 
processed for immunohistochemistry using anti-FasII to visualise the mushroom body lobes. A. Wild-
type control brain showing the α, β and, γ mushroom body lobes. B-J. Representative images showing 
the range of abnormal mushroom body phenotypes. B. β lobe shortening (˄), C. α lobe shortening (˅) 
and β lobe guidance defect (*), D. α lobe guidance defect (*), E. thinned α lobe (˂), F. missing α lobe 
(˂), G. missing β lobe (˄), H. mild (˅), I. moderate (˅), and J. severe β lobe fusion (˄). Images taken 
using 40x objective lens in oil, 1 µm sections, scale bar = 100 µm. EB = ellipsoid body. 

 

These include shortened and/or missing α and β lobes which can be attributed to a total or partial 

loss of axon extension signaling cues. Guidance defects, a result of misdirected axon growth 

and extension signaling, leading to the medial projection of the α lobe axons and dorsal 

projection of the β lobe axons. A thinned α lobe can be attributed to both guidance and missing 

lobe defects, as few bundled axons project in the correct manner, with the remainder of these 

axons either missing, due to extension defects, or projected in an aberrant direction. The b lobes 

project medially (Figure 3.2A) and fusion can be visualised as mild; where few axons project 

A B C D E

F G H I

α γ

*

˅

β
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˄

˂

J

˄
˅

˂
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and cross the midline from either one or both β lobes (Figure 3.2B), moderate; where only the 

top of the β lobes fuse at the midline (Figure 3.2C), or severe; where the entirety of both β lobes 

cross the midline and fuse as a single lobe (Figure 3.2D), hypothesised to be due to a loss of 

axon termination. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Cartoon figure demonstrating the different levels of β lobe fusion. A. The mushroom 
body is a symmetric bilateral structure that consists of five independent lobes, the vertical α and 
horizontal β lobes (purple), the vertical α’ and horizontal β’ lobes (blue), and the horizontal γ lobe (pink). 
Loss of axon termination in the β lobes result in B. mild (with few axons crossing the midline), C. 
moderate (the top half of the β lobe axon bundle crosses the midline), or D. severe fusion, where the 
entirety of both β lobe axon bundles cross the midline and fuse as one lobe. 

 

Wild-type levels of HDAC4 are required for normal mushroom body formation, as 

overexpression and knockdown of DmHDAC4 or overexpression of HsHDAC4 resulted in 

abnormal axon morphogenesis. This was phenotypically observed as shortened, thinned or 

missing α and β lobes, as well as fusion of the β lobes (Hawley, 2020; Main et al., 2021; Tan 

et al., 2024). A more thorough analysis revealed that the most prevalent phenotype is β lobe 

fusion, with pan-neuronal overexpression of wild-type DmHDAC4 at 25°C resulting in fusion 

in 88% of brains, 67% of these a result of severe b lobe fusion (Tan et al., 2024). 
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Moderate Severe

α

β

γ
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^
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3.2.1 Approach to assessing and scoring alterations in axon morphogenesis 

For each of the candidate genes, transgenic flies were obtained with genomic insertions of long 

inverted repeat hairpins downstream of UAS for RNAi-mediated tissue specific knockdown, 

with one line (NetBRNAi1) consisting of a short hairpin RNA (Table 2.1), all lines are hereafter 

referred to as an “RNAi line”. A total of 33 RNAi lines were procured from international stock 

centres to knock down expression of each of the 16 candidate genes. As previous studies utilised 

the mushroom body structure to visually assess whether overexpression of HDAC4 resulted in 

defects to brain development (Main et al., 2021; Tan et al., 2024), the mushroom body was also 

examined in this study to assess whether knockdown of a candidate gene resulted in similar 

defects to brain development, through the assessment of mushroom body axon morphogenesis. 

For the majority of genes, two or more independent RNAi lines were available. As it was of 

importance to compare the phenotypes induced by each of these candidate knockdowns to the 

phenotypes induced by the overexpression of HDAC4 (Main et al., 2021; Tan et al., 2024), 

males from each RNAi line were crossed to elav-GAL4 virgin females to induce pan-neuronal 

knockdown of each candidate gene throughout all stages of development (Figure 8.6, Appendix 

8.6) (Robinow & White, 1988). A single RNAi line (ScampRNAi2) was pupal lethal when 

expressed pan-neuronally, therefore, ScampRNAi2 males were crossed to a virgin females of the 

mushroom body specific driver OK107-GAL4, which resulted in adult progeny survival. 

Immunohistochemistry was performed on whole brains of progeny using an anti-FasciclinII 

(anti-FasII) antibody to visualise the structure of the mushroom body (Section 2.2.4). FasII is a 

cell adhesion molecule that is highly expressed and localises to the α, β, and, γ lobes of the 

mushroom body, and is a commonly used maker for clear unobstructed observation of the 

mushroom body lobes (Cheng et al., 2001). Z-projections were generated via confocal 

microscopy and maximum projections were processed using ImageJ software (Section 2.2.5). 

A range of abnormal phenotypic defects in mushroom body development were observed and 

results were displayed in Table 3.4. Abnormalities include: shortening of the α and β lobes 

(Figure 3.1B, C), guidance defects (Figure 3.1C, D), α lobe thinning (Figure 3.1E), missing α 

(Figure 3.1F) and β lobes (Figure 3.1G), and β lobe fusion (Figure 3.1H, I, and J). 
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Z-projections were quantitatively assessed and of the abnormal phenotypes observed, guidance 

defects and β lobe fusion were significantly more prevalent, with fewer incidences of axon 

elongation defects resulting in shortened, missing, and/or thinned lobes. As β lobe fusion is the 

most prevalent phenotype upon HDAC4 overexpression, the incidence of this phenotype 

following knockdown of each candidate was compared across all 16 genes (Figure 3.3).  

Of all the RNAi lines that were screened, expression of six resulted in a significant incidence 

of β lobe fusion compared to controls (mthl8RNAi2, NetBRNAi2, Npc2gRNAi3 ScampRNAi1, 

ScampRNAi2, and shnRNAi). Expression of mthl8RNAi2 resulted 19% of brains displaying guidance 

defects and 57.2% of brains displaying β lobe fusion defects, with 28.6% of these being severe 

fusion. Expression of NetBRNAi2 resulted in the highest level of total β lobe fusion (71.4%), the 

majority of which was moderate to severe. A small percentage of brains also displayed α lobe 

shortening (9.5%), α lobe thinning (4.8%), and guidance defects (9.5%), and expression of 

Npc2gRNAi3 resulted in 19.6% of brains displaying β lobe fusion. The b lobe fusion phenotypes 

induced by these three RNAi lines were however not observed with the additional RNAi lines 

that were also examined (mthl8RNAi1, NetBRNAi1, Npc2gRNAi1, and Npc2gRNAi2), which suggests 

that these phenotypes could either be a result of off-target effects or the efficacy of knockdown 

was lower in these additional RNAi lines. Although the targets of the inverted repeat hairpins 

were bioinformatically confirmed, not all RNAi lines provide efficient knockdown (Dietzl et 

al., 2007) and some confer off-target effects. Reverse-transcriptase quantitative PCR (RT-

qPCR) to determine the efficacy of knockdown and correct gene targeting of each of the RNAi 

lines would confirm this, however, these analyses were not performed given this was a 

preliminary screen to identify candidates for further investigation. ScampRNAi1 resulted in a total 

of 50% of brains with fusion, with 20% being severe fusion. Pan-neuronal expression of 

ScampRNAi2 driven by elav-GAL4 resulted in lethality during the pupal stage, indicating that 

expression of Scamp during neurodevelopment is critical for survival. Expression of elav begins 

early in development, between 2-4 hours after fertilisation, and continues through to adulthood 

where it is expressed in all neurons in the brain (Hilgers et al., 2011; Robinow & White, 1988). 

To circumvent this pupal lethal phenotype, ScampRNAi2 was crossed to OK107-GAL4, 

restricting expression largely to the mushroom body. This resulted in viable F1 progeny, which 

were found to display a high level of β lobe fusion (70%) with the majority being severe fusion 

(55%). Expression of shnRNAi resulted in a low albeit significant level of β lobe fusion, the 

majority of which was severe. 
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3.3 Investigating the effect of candidate gene knockdown on eye 

development 

Overexpression of DmHDAC4 in all postmitotic photoreceptors driven by GMR-GAL4 disrupts 

eye development and results in a rough eye phenotype due to misalignment and fusion of 

ommatidia, loss of normal bristle patterning, and depigmentation (Main et al., 2021; Schwartz 

et al., 2016; Tan et al., 2024; Wilson, 2021). The term “rough eye” refers to the phenotypic 

combined disruption in the regular uniform organisation of ommatidia, due to misalignment 

and fusion of the ommatidia, a loss of normal bristle patterning, and in some instances a 

reduction of pigmentation (Basler et al., 1990; Kaplow et al., 2007). Overexpression of one 

copy of DmHDAC4 resulted in a mild rough eye phenotype with mild ommatidia 

disorganisation and few instances of multiple interommatidial mechanosensory bristles 

emerging from a single bristle pore (Schwartz et al., 2016), which was exacerbated upon 

expression of a second copy of DmHDAC4 (Tan et al., 2024). 

 

3.3.1 Approach to assessing and scoring detriments in Drosophila compound eye 

development  

To determine whether any of the candidate genes are required for eye development, males of 

each RNAi line were crossed to GMR-GAL4 virgin females, to drive expression in all post-

mitotic photoreceptor cells posterior to the morphogenetic furrow (Freeman, 1996). The F1 

progeny eyes were then imaged using light microscopy (Section 2.4.1) and assessed for 

perturbations to the normal array of ommatidia, bristle organisation, and pigmentation 

disturbances using a simple rough eye phenotype scoring system (Table 2.6, Figure 3.4) that 

was previously established for characterising the HDAC4 overexpression-induced defects in 

eye development (Kaplow et al., 2007; Schwartz et al., 2016; Wilson, 2021). 
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Figure 3.4. Examples demonstrating the different rough eye phenotype levels. Top: cartoon images 
depicting each level of phenotypic abnormalities. Bottom: Exemplar light microscopy images for each 
phenotypic level. No defects = normal eye. Mild = minimal ommatidia disorganisation. Moderate = 
ommatidial disorganisation, fusion and pigment loss. Severe = ommatidial disorganisation, fusion, 
pigment loss, and areas of necrosis. 

 

3.3.2 Phenotypic evaluation of candidate contribution to eye development 

A total of 20 eyes (10 female, 10 male) for each genotype were semi-quantitatively scored by 

a blinded observer and each eye was allocated an individual score. The results for those RNAi 

lines in which a rough eye phenotype was observed are displayed in Figure 3.5 and 

representative light microscopy images are shown in Figure 3.6. 
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Figure 3.5. Penetrance of a rough eye phenotype with each RNAi line. Each bar represents the 
percentage of eyes displaying a rough eye phenotype at each level of severity, n=20, (one-tailed Fisher’s 
exact statistical test of the total percentage of the rough eye phenotype compared to control, GMR-
GAL4/+, * = p<0.05, **** = p<0.0001, GMR-GAL4/+ ; CG5846RNAi1 = <0.0001, GMR-GAL4/+ ; 
CG5846RNAi2 = <0.0001, GMR-GAL4/+ ; forkedRNAi1 = <0.0001. GMR-GAL4/+ ; forkedRNAi2 = <0.0001, 
GMR-GAL4/+ ; foxoRNAi1 = 0.0101, GMR-GAL4/+ ; kraRNAi2 = 0.0101, GMR-GAL4/+ ; NetBRNAi2 = 
<0.0001, GMR-GAL4/+ ; Npc2gRNAi3 = <0.0001, GMR-GAL4/+ ; rogdiRNAi1 = <0.0001, GMR-GAL4/+ 
; ScampRNAi1 = 0.0101, GMR-GAL4/+ ; Sik3RNAi1 = <0.0001, GMR-GAL4/+ ; Sik3RNAi2 = <0.0001). GMR 
= GMR-GAL4, GMR/+ = Control. 
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Figure 3.6. Representative images of some RNAi lines with phenotypic eye abnormalities. A. GMR-
GAL4/+ (Control). B. GMR-GAL4>forkedRNAi1 and C. GMR-GAL4>forkedRNAi2 result in short, thick 
interommatidial bristles. D. GMR-GAL4>NetBRNAi2 and E. GMR-GAL4>Sik3RNAi2 result in ommatidial 
disorganisation. F. GMR-GAL4>Npc2gRNAi3 leads to ommatidial fusion, disorganisation, and loss of 
pigmentation. G. GMR-GAL4>CG5846RNAi1 and H. GMR-GAL4>CG5846RNAi2 result in ommatidia 
fusion, necrosis and, loss of pigmentation. I. Light microscopy images of GMR-GAL4 driven forkedRNAi1 
and forkedRNAi2 eyes compared to control showing differences in bristle phenotypes. GMR-GAL4/+ have 
a normal interommatidial bristle pattern with long tapered bristles. GMR-GAL4>forkedRNAi1 and GMR-
GAL4>forkedRNAi2 retain a normal bristle pattern with short thick stubble bristles. GMR = GMR-GAL4, 
GMR/+ = Control. 
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Compared to the control (GMR-GAL4/+) (Figure 3.6A), knockdown of Forked resulted in 

bristle abnormalities in almost all eyes. The interommatidial mechanosensory bristles of the eye 

lack the growth and extension of a wild-type eye, resulting in short stubble-like bristles (Figure 

3.6B, C). This phenotype was not unexpected, given that Forked has been shown to play a role 

in actin dynamics, specifically in bristle development and growth (Hoover et al., 1993; 

Wulfkuhle et al., 1998). To gain a better sense of how short and thick these stubble bristles 

were, light microscopy images were taken of the whole fly head from a dorsal position to show 

the difference in bristle length compared to control (Figure 3.6I). Expression of NetBRNAi2 

resulted in deficits in 55% of eyes (Figure 3.5), which displayed a mild to moderate level of 

ommatidial disorganisation and a low level of ommatidial fusion (Figure 3.6D). Sik3RNAi1 and 

Sik3RNAi2 both resulted in abnormalities to eye development, with Sik3RNAi2 inducing a more 

severe phenotype in 100% of eyes (Figure 3.5), observed as mild to moderate ommatidial 

disorganisation (Figure 3.6E). Knockdown of Npc2gRNAi3 resulted in defects in 90% of eyes 

(Figure 3.5), with the most common phenotypic abnormality being ommatidial disorganisation. 

Furthermore, 15% of eyes displayed a severe level of ommatidial fusion paired with 

depigmentation, creating a glassy appearance (Figure 3.6F). Surprisingly, expression of both 

ScampRNAi1 and ScampRNAi2 significantly impaired mushroom body formation (Figure 3.3), 

however, only ScampRNAi1 resulted in a mild rough eye phenotype (Figure 3.5) with ScampRNAi2 

resulting in an unperturbed eye. As only one of two RNAi’s (NetBRNAi2, Npc2gRNAi3, and 

ScampRNAi1) or two of three RNAi’s (SikRNAi1 and SikRNAi2) resulted in a rough eye phenotype 

it is likely that these are a result of off-target effects. Although mthl8RNAi2 resulted in significant 

impairment in mushroom body development (Figure 3.3), eye development was normal. This 

suggests that there may be discordance between brain and eye development, where Mthl8 is 

required for normal formation of the mushroom body but not the eye, or the phenotype in the 

mushroom body induced by mthl8RNAi2 is due to an off-target effect.  

The most striking phenotypes resulting from expression of the candidate genes were those 

induced by CG5846 knockdown. A severe rough eye phenotype was observed in 100% of eyes 

across both RNAi lines which were a result of ommatidial disorganisation, fusion, and loss of 

pigmentation, paired with the presence of dark necrotic lesions, some of which appear as a 

tumorigenic mass of dead cells peeling away from the eye (Figure 3.5, 3.6G, H). This severe 

eye phenotype demonstrates the discordance observed between the brain and the eye, upon 

tissue-specific RNAi-mediated knockdown, as mushroom body defects were minimal (Figure 

3.3). This also shows that wild-type levels of CG5846 are required for maintenance of 
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ommatidial structure and cell survival. Upon closer observation, the areas displaying the severe 

phenotype were clustered at the posterior of the eye, which may suggest a positional and cell-

type specific breakdown of development (Figure 3.6G, H). Curiously, from the vertical midline 

to the anterior edge, the eye, for the most part, remains wild-type in pigmentation, ommatidia 

organisation, and bristle patterning. Since CG5846 is yet to be characterised in Drosophila, 

these findings demonstrate the first indication of a role that CG5846 may play in eye 

development. 

 

3.4 Characterising the expression patterns of candidate genes in the 

Drosophila brain 

The expression pattern of endogenous HDAC4 has recently been characterised (Tan et al., 

2024; Wilson, 2021). As there is currently no antibody available for detection of DmHDAC4 

via immunohistochemistry, an HDAC4::YFP trap line was utilised. This fly line contains an 

insertion of the yellow fluorescent protein (YFP) flanked by splice acceptor and donor sites into 

the second intron of the endogenous HDAC4 gene, resulting in an internal fusion of YFP in the 

HDAC4 protein. Immunohistochemistry with an anti-GFP antibody demonstrated that HDAC4 

is expressed throughout the brain, and appears highly concentrated in the antennal lobes, as well 

as the mushroom body, where it localises to cell bodies, the calyx (dendritic field), a subset of 

nuclei, and the bundled axons that form the α, β, and, γ lobes (Wilson, 2021). These data have 

since been validated by expression of HDAC4::EGFP, another protein trap line which consists 

of an insertion of enhanced GFP (EGFP) flanked by splice sites inserted into the second intron 

of the endogenous HDAC4 gene (Tan et al., 2024). 

Both overexpression and knockdown of HDAC4 in the adult mushroom body results in 

impaired LTM formation (Fitzsimons et al., 2013). If candidate genes are expressed in similar 

regions of the brain, this would provide preliminary support for a functional interaction with 

HDAC4, and if these proteins are expressed highly in the mushroom body, a potential role in 

memory formation, either independently or through an interaction with HDAC4. 
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3.4.1 The expression pattern of available GAL4 enhancer trap lines 

GAL4 enhancer and GFP trap lines were available from stock centres for analysing the 

expression pattern of a select few candidate genes in the Drosophila brain. A GAL4 enhancer 

trap consists of an insertion of GAL4 within the enhancer of the gene, resulting in expression 

of GAL4 in the endogenous expression pattern of that gene (Brand & Perrimon, 1993). To 

visualise this expression pattern, the GAL4 trap line can be crossed to a reporter gene under 

UAS control, such as the UAS-CD8::GFP reporter. CD8::GFP localises to the plasma 

membrane and outlines the cell bodies and neuronal processes of the cells in which it is 

expressed (Figure 3.7) (Fitzsimons et al., 2013; Lee et al., 1999). 

 

 

 

 

 

 

 

 

 

Figure 3.7. Pan-neuronal CD8::GFP expression pattern. CD8::GFP is a plasma membrane bound 
reporter and when expressed in the brain with the pan-neuronal elav-GAL4 driver results in expression 
in all neurons in the brain. Anti-GFP (green) highlights CD8::GFP in the mushroom body lobes in the 
anterior of the brain (top panels). CD8::GFP localises to the Kenyon cell bodies clustered at the posterior 
of the brain surrounding the calyx (bottom panels). Anti-brp (magenta) was used as a counterstain to 
highlight the structure of the entire brain. Images were taken using the 40x objective lens in oil, 1 µm 
sections, scale bar = 100 µm. elav = elav-GAL4, CD8::GFP = UAS-CD8::GFP. 
 

Of the 16 candidate genes, GAL4 enhancer trap lines were available for Kank, kra, and mthl8. 

Each of these lines were crossed to UAS-CD8::GFP, and the GFP signal was enhanced and 

visualised via immunohistochemistry with an anti-GFP antibody (Section 2.2.4). 

elav>CD8::GFP

brpGFP GFP/brp
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3.4.1.1 Kank-GAL4 drives expression in cells resembling descending neuron clusters 

A wide albeit somewhat non-descript pattern of Kank-GAL4 driven expression of CD8::GFP 

was observed in the adult Drosophila brain. In the anterior of the brain, Kank-GAL4 drove 

expression in what appeared to be clusters of descending neurons (Figure 3.8A, top panel), 

including, the anterior optic tubercle (AOUT) cluster (Figure 3.8B, yellow), the anterior 

ventrolateral protocerebrum (AVLP) cluster (Figure 3.8B, orange), and the periesophageal 

(PENP) cluster (Figure 3.8B, blue) (Hsu & Bhandawat, 2016). There was a lack of CD8::GFP 

expression in the mushroom body, which could explain the minimal level of abnormal 

mushroom body phenotypes observed in the candidate mushroom body screen (Figure 3.3). In 

the posterior of the brain, CD8::GFP was also observed in cells in the lobular region between 

the midsection of the brain and the optic lobe and in cells resembling the gnathal ganglia (GNG) 

cluster of descending neurons (Figure 3.8C, pink) (Hsu & Bhandawat, 2016). Consistent with 

the lack of expression observed in the mushroom body lobes (the bundled axons of the Kenyon 

cells), no expression was observed in Kenyon cell bodies (Fig 3.8A, bottom panel).  

 

 

 

 

 

 

 

 

 

 

 

 



Results 

106 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Kank-GAL4 expression pattern in the adult brain using the CD8::GFP reporter. A. The 
endogenous distribution pattern of Kank was highlighted by expression of the CD8::GFP reporter using 
the Kank-GAL4 driver and analysed using an anti-GFP antibody (green). In the anterior of the brain (top 
panels), CD8::GFP distribution resembled the distribution of clusters of descending neurons, Kank-
GAL4 also drove expression in a number of cells surrounding the antennal lobes. In the posterior of the 
brain (bottom panels) CD8::GFP was present in the lobular cells that lie between the midsection of the 
brain and the optic lobes. Anti-brp (magenta) was used as a counterstain to highlight the structure of the 
brain. Images were taken using the 40x objective lens in oil, 1 µm sections, scale bar = 100 µm. B. 
Schematic of the anterior of the brain demonstrating the distribution of descending neurons with a 
similar distribution pattern to Kank, AOUT (yellow), AVLP (orange), PENP (blue), and C. in the 
posterior of the brain, GNG (pink). Kank = Kank-GAL4, CD8::GFP = UAS-CD8::GFP. 

 

3.4.1.2 kra-GAL4 drives expression in cells resembling suboesophageal, descending and 

dopaminergic neuron clusters 

In the anterior of the brain, kra-GAL4 drove expression of CD8::GFP in the midline axons and 

a cluster of cells in the suboesophageal zone (SEZ) (Figure 3.9A, top panel), which is 
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responsible for feeding behaviour motor output based on gustatory sensory input (Figure 3.9B) 

(Kendroud et al., 2018). In the posterior of the brain (Figure 3.9A, bottom panel), CD8::GFP 

was observed in posterior clusters of descending neurons (Hsu & Bhandawat, 2016), GNG 

(Figure 3.9C, pink), pars intercerebralis (PI) (Figure 3.9C, green), and the superior medial 

protocerebrum (SMP) cluster of neurons (Figure 3.9C, lavender). kra-GAL4 driven CD8::GFP 

was also similarly distributed to clusters of dopaminergic neurons (Mao & Davis, 2009) which 

include those in the posterior superiomedial protocerebrum (PPM1) (Figure 3.9D, teal), 

posterior inferiomedial protocerebrum (PPM2) (Figure 3.9D, grey), posterior inferiolateral 

protocerebrum (PPL1) (Figure 3.9D, indigo), and the posterior lateral protocerebrum (PPL3) 

(Figure 3.9D, navy). Interestingly, Kra has previously been shown to be expressed in PPL1 

neuronal cluster which are one of three dopaminergic clusters that innervate the mushroom 

body neuropil (Acebes et al., 2011). 
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Figure 3.9 kra-GAL4 expression pattern in the adult brain using the CD8::GFP reporter. A. The 
endogenous distribution pattern of Kra was highlighted by expression of the CD8::GFP reporter using 
the kra-GAL4 driver and analysed using an anti-GFP antibody (green). In the anterior of the brain (top 
panels), CD8::GFP was localised to the midline axons and in cells within the subesophageal zone. In 
the posterior, cells expressing CD8::GFP resembled the distribution of clusters of descending and 
dopaminergic neurons. Anti-brp (magenta) was used as a counterstain to highlight the structure of the 
brain. Images were taken using the 40x objective lens in oil, 1 µm sections, scale bar = 100 µm. B. 
Schematic of the anterior of the brain demonstrating the SEZ (red). C. Schematic of the posterior of the 
brain demonstrating the distribution of descending neurons with a similar distribution pattern to Kra, 
GNG (pink), PI (green), SMP (lavender), and D. the distribution of dopaminergic neurons, PPM1 (teal), 
PPM2 (grey), PPL1 (indigo), PPL3 (navy). kra = kra-GAL4, CD8::GFP = UAS-CD8::GFP. 
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3.4.1.3 mthl8-GAL4 driven expression is not detected in the adult brain 

Mthl8 has been detailed to be highly expressed during larval development (Patel et al., 2012) 

however little has been reported on adult brain expression. Previous RNA-seq data demonstrate 

that under basal conditions the levels of Mthl8 expression in the adult brain are undetectable 

(Wei Tan Jun, unpublished data). However, an in situ hybridisation assay showed low levels of 

Mthl8 in the brain, and upon expression of a range of well-established learning and memory 

mutants; Dunce, Rutabaga, and Amnesiac, expression was upregulated (Guan et al., 2011). In 

the present study, the adult brain was analysed for the expression pattern of Mthl8, using an 

mthl8-GAL4, T2A-GAL4 driver line to drive expression of CD8::GFP in the Mthl8 endogenous 

distribution pattern. Interestingly, no specific staining was observed which could be consistent 

with the previous RNA-seq dataset (Wei Tan Jun, unpublished data) and in situ hybridisation 

analysis, which is more sensitive than immuunohistochemistry (Guan et al., 2011), where under 

these conditions Mthl8 is expressed at an undetectable level in the adult brain (Figure 3.10). 

 

 

 

 

 

 

 

 

Figure 3.10. mthl8-GAL4 expression pattern in the adult brain using the CD8::GFP reporter. 
Expression of the CD8::GFP reporter using mthl8-GAL4 was not observed using an anti-GFP antibody 
(green). Expression was absent from both the anterior (top panel) and posterior of the brain (bottom 
panel). Anti-brp (magenta) was used as a counterstain to highlight the structure of the brain. Images 
were taken using the 40x objective lens in oil, 1 µm sections, scale bar = 100 µm. mthl8 = mthl8-GAL4, 
CD8::GFP = UAS-CD8::GFP. 
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3.4.2 The expression pattern of available GFP trap lines 

In addition to GAL4 traps, GFP trap lines were also available from stock centres for analysing 

endogenous expression. These GFP trap lines were generated similarly to the aforementioned 

HDAC4::YFP and HDAC4::EGFP lines (Section 3.4). Rather than GFP being expressed in the 

endogenous pattern of a gene by GAL4 trap, a GFP trap involves GFP tagging of the 

endogenous protein, which provides information not only about the expression pattern but also 

the subcellular distribution of the protein of interest. GFP was detected using an anti-GFP 

antibody to enhance protein visualisation. Of the 16 candidate genes GFP trap lines were 

available for Rogdi and Shn and the GFP signal was enhanced and visualised via 

immunohistochemistry with an anti-GFP antibody (Section 2.2.4). 

 

3.4.2.1 Rogdi is expressed in the mushroom body 

In the anterior of the brain, Rogdi was widely expressed throughout the brain, where it was 

predominantly localised to nuclei. In the mushroom body, low level Rogdi was detected in the 

lobes (Figure 3.11, top panel), similar to what has been previously observed (Dubnau et al., 

2003). Furthermore, a recent study demonstrated that wild-type Rogdi was evenly distributed 

between the cytoplasm and nucleus in both Drosophila S2 cells and in adult Drosophila neurons 

(Kim et al., 2017), in the posterior of the brain, however, expression was very punctate and 

specific localisation was difficult to discern. Nuclear staining was not strongly detected in 

Kenyon cells, indicating that Rogdi is either present at a low level and/or that within the 

mushroom body, the subcellular distribution of Rogdi is different to other brain areas and is 

largely axonal (Figure 3.11, bottom panel).  
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Figure 3.11. Rogdi::GFP expression pattern in the adult brain. Rodgi expression was analysed using 
an anti-GFP antibody (green). Anterior expression was mainly localised to cells surrounding the top of 
the antennal lobes with faint staining in the mushroom body lobes (top panel). Non-specific background 
staining was observed in the posterior (bottom panel). Anti-brp (magenta) was used as a counterstain to 
highlight the structure of the brain. Images were taken using the 40x objective lens in oil, 1 µm sections, 
scale bar = 100 µm.  

 

3.4.2.2 Shn is not expressed in the adult brain 

In both the anterior (Figure 3.12, top panel) and posterior (Figure 3.12, bottom panel) of the 

brain no specific Shn staining was observed. This was consistent with a previous study in which 

no expression was observed in the mushroom body (Dubnau et al., 2003). 
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Figure 3.12. Shn::GFP expression pattern in the adult brain. Shn expression was analysed using an 
anti-GFP antibody (green), and no specific distribution was observed in either the anterior (top panel) 
or posterior (bottom panel) of the brain. Anti-brp (magenta) was used as a counterstain to highlight the 
structure of the brain. Images were taken using the 40x objective lens in oil, 1 µm sections, scale bar = 
100 µm.  
 

3.5 Rationale for the selection of CG5846 for further investigation 

Several genes displayed similar phenotypes to those resulting from HDAC4 overexpression 

(Table 3.5). From this initial screen, CG5846 was selected for further analysis. Knockdown of 

CG5846 resulted in mild mushroom body defects and led to a severe rough eye phenotype, 

which was comprised of large areas of ommatidial fusion and depigmentation, reminiscent of 

the phenotype incurred by overexpression of two copies of HDAC4 (Tan et al., 2024). The 

phenotypes observed in the eye upon HDAC4 overexpression are generic and common among 

many models of disease, therefore a definitive inference that HDAC4 and CG5846 act in similar 

molecular pathways cannot be deduced without further evidence, this screening approach did, 

however, provide justification to investigate a possible interaction between these two proteins. 

Furthermore, CG5846 knockdown in the eye lead to the appearance of necrotic lesions that 

varied in shape and size. These lesions were especially unique as they were clustered towards 

the posterior edge of the eye resulting in an unusual eye phenotype where the posterior region 

Shn::GFP

brpGFP GFP/brp
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was severely impaired and the anterior region consisted of a predominantly unperturbed array 

of ommatidia, making for an interesting phenotype to further delve into. As there was 

phenotypic consistency between the two independent CG5846RNAi lines in both the mushroom 

body and eye, there was confidence that these phenotypes were not a result of off target effects.  

 

Table 3.5 Summary of phenotypes observed for each candidate gene 

Gene Mushroom body 
(β lobe fusion%) 

Compound eye % Expression pattern (brain) 

CG5846 11.1 100 ND 
cer - - ND 
forked 5 100 ND 
foxo 14.4 30* ND 
Kank 2.8 - Expression resembles descending 

neuron clusters 
Kdm5 10.5 - ND 
kek2 - - ND 
kra - 30* Expression resembles suboesophageal, 

descending and dopaminergic neuron 
clusters 

mthl8 57.2 - No expression 
NetB 71.4* 55* ND 
Npc2g 19.6 90* ND 
rogdi 15 80* Mushroom body lobes and anterior cell 

nuclei 
Scamp 70 30* ND 
shn 25 - No expression 
Sik3 15 100 ND 
Thor 15 - ND 

The most severe phenotypic score has been displayed for simplicity. 
* = A single RNAi line had a phenotype, the other/s had no defects. 
ND = no data. 

 

It was decided that focusing on one gene would allow for a more in-depth investigation of 

phenotypes to elucidate the molecular mechanisms that underlie its role in neural development 

and function. Given the severe unusual defects in the eye, CG5846 may play an important role 

in cell survival, therefore it was deemed to be of interest for further characterisation, and 

moreover, the nature of the interaction between CG5846 and HDAC4 warranted further 

investigation. As previously described in Section 1.7.2 the human CG5846 homologues, 

ANKRA2 and RFXANK, have been shown to physically interact with HsHDAC4 via the 

ankyrin repeats on ANKRA2 and RFXANK and the ankyrin repeat binding domain (PSLPNI 
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motif) on HDAC4 (McKinsey et al., 2006; Wang et al., 2005; Xu et al., 2012). CG5846 also 

contains an ankyrin repeat region and therefore it was hypothesised that it too may physically 

interact with DmHDAC4 via the ankyrin repeat binding motif which is 100% conserved 

between human and Drosophila HDAC4 (Xu et al., 2012). 

Since CG5846 is currently uncharacterised and has no name, we chose to name it Peep, based 

on the posterior-localised necrotic phenotype in the eye upon knockdown. The remaining part 

of this chapter will take a peep at the interaction between HDAC4 and Peep. Chapter four 

describes the expression pattern of Peep and characterisation of Peep function via a range of 

phenotypic analyses. Chapter five describes an in-depth approach of how decreased levels of 

Peep affect eye development and an investigation of the molecular processes through which 

Peep operates.  

 

3.6 Investigating the co-distribution of Peep and HDAC4 in Kenyon 

cells  

Both vertebrate and Drosophila HDAC4 shuttle between the nucleus and cytoplasm, and 

dysregulation of this dynamic shuttling has been implicated in a number of neurological and 

neurodegenerative diseases (Herrup et al., 2013; J. Li et al., 2012; Shen et al., 2016; Takahashi-

Fujigasaki et al., 2006; Takahashi-Fujigasaki & Fujigasaki, 2006).  

Nuclear localisation and aggregation of HDAC4 have been observed in post-mortem 

hippocampal neurons of individuals diagnosed with Alzheimer’s disease (Herrup et al., 2013; 

Shen et al., 2016). The components of these aggregates have not yet been characterised but are 

currently being assessed by another PhD candidate in this laboratory, as it is of importance to 

further understand dysregulation of HDAC4 in a disease context. 

In mammalian COS cells, ectopic expression of HDAC4 resulted in a predominant nuclear 

distribution and the presence of nuclear aggregates. When ectopically expressed, ANKRA2 and 

RFXANK (the human homologues of Peep), were both localised to the nucleus, but on co-

expression of HDAC4, both were re-distributed into nuclear aggregates of HDAC4 (McKinsey 

et al., 2006). This interaction has been experimentally determined to be mediated by the ankyrin 

repeats on ANKRA2 and RFXANK that bind the PxLPxI motif on HDAC4. This motif is 
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conserved among species and also across other proteins that bind to ankyrin repeats (Nie et al., 

2015; Xu et al., 2012). As the PSLPNI motif is 100% conserved between Drosophila and 

human HDAC4 (Xu et al., 2012) it was of interest to determine whether the interaction between 

the ANKRA2 and RFXANK homologue Peep and HDAC4 was conserved in Drosophila, 

which was initially assessed by examining the co-distribution of Peep and HDAC4 in 

Drosophila Kenyon cells. 

 

3.6.1 Generation and characterisation of the Peep overexpression construct 

There are no Peep GFP trap lines nor antibodies available, therefore to initially examine the 

subcellular distribution of Peep in Kenyon cells and assess the interaction with HDAC4, an 

overexpression construct (GenBank accession Q9VL58) was synthesised with a 3x HA epitope-

tag at the C-terminus (designed by Dr Helen Fitzsimons) and was henceforth denoted as PeepOE 

(Section 2.1.2). This construct was subcloned into the fly transformation pUASTattB plasmid 

by GeneScript (New Jersey, USA) to generate the UAS-peepOE construct. A plasmid DNA midi-

prep was performed (Section 2.1.2.2) and the resulting plasmid DNA was sent to GenetiVision 

(Houston, TX, USA) where transgenic flies were generated (Venken et al., 2006) (Section 

2.1.2.3). 

To verify expression of PeepOE, UAS-peepOE male flies were crossed to elav-GAL4 virgin 

female flies to drive expression of Peep in all neurons. A western blot on whole cell lysates of 

heads with an antibody against the HA epitope tag (Section 2.3.8) confirmed expression of Peep 

at the expected size of approximately 38 kDa (Figure 3.13A). Additionally, 

immunohistochemistry on elav-GAL4 driven UAS-peepOE whole mount brains was carried out 

to determine the subcellular distribution of Peep (Section 2.2.4). Brains were counterstained 

with either anti-brp, to highlight the synaptic neuropil (Figure 3.13B), or anti-FasII to highlight 

the mushroom body lobes (Figure 3.13C). Peep was observed to localise predominantly to 

nuclei, with low level distribution in axons, as observed in the mushroom body lobes (Figure 

3.13B, C). Given that this distribution is a result of overexpression, it is possible that the small 

amount of axonal Peep could be an artefact, and may be due to overspill from the nucleus. The 

predominant nuclear localisation of Peep does however correlate with the nuclear localisation 

of homologues ANKRA2 and RFXANK (McKinsey et al., 2006).  
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Figure 3.13. Verification of PeepOE expression in the brain. A. Western blot confirming expression 
of the HA-tagged PeepOE construct at approximately 38 kDa following pan-neuronal expression, 30 µg 
protein loaded, anti-Tubulin was used as a loading control. B. Pan-neuronal expression of HA-tagged 
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PeepOE (green) showed localisation to the mushroom body axons and the nuclei of anterior neuronal 
subpopulations (top panel). In the posterior of the brain, Peep was observed in the nuclei of Kenyon cell 
neurons (bottom panel). Anti-brp (magenta) was used as a counterstain to highlight the structure of the 
brain. C. Localisation of Peep was to the mushroom body axons (green) which was confirmed by 
counterstaining with anti-FasII (magenta). Images taken using 40x objective lens in oil, 1 µm sections, 
scale bar = 100 µm. elav = elav-GAL4. 
 

3.6.2 Generation of fly lines for analysis of the Peep-HDAC4 interaction  

In order to examine the interaction between HDAC4 and Peep, UAS-peepOE and an 

overexpression construct UAS-HDAC4-Myc (Main et al., 2021; Tan et al., 2024) henceforth 

denoted as HDAC4WT, were combined into a single transgenic fly line. For experiments to 

demonstrate the nature of the interaction between the Peep ankyrin repeats and the ankyrin 

repeat binding motif (PSLPNI) on HDAC4, an overexpression Myc-tagged HDAC4 transgene 

with four alanine point mutations within the PSLPNI motif, HDAC4DAnk, was employed. These 

residues have been shown to be required for binding of both ANKRA2 and RFXANK to 

HsHDAC4 and are conserved in Drosophila (Xu et al., 2012) (Figure 3.14). 

 

 

 
 

 

 

 

 

 

 

 

Figure 3.14. Generation of the HDAC4DAnk transgenic fly line. A. Human (top) and Drosophila 
(bottom) HDAC4 construct. Highlighted in pink is the conserved ankyrin repeat binding domain 
(PSLPNI). Original artwork created with reference to Fitzsimons et al. (2013); Wilson (2021). B. 
Alignment of the amino acid sequence of the ankyrin repeat binding domain in human (top) and 
Drosophila (bottom) HDAC4 which is 100% conserved. The amino acids highlighted red were mutated 
to alanine to generate the HDAC4DAnk mutant. Image adapted from Tan et al. (2024) under Creative 
Commons Attribution 4.0 license http://creativecommons.org/licenses/by/4.0/. 
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The HDAC4 transgene located on the third chromosome and the Peep transgene located on the 

second chromosome were recombined into a single fly line homozygous for both transgenes 

via standard genetic crosses depicted in Figure 8.7, Appendix 8.6. These lines could then be 

crossed to any GAL4 driver line of choice for UAS/GAL4 driven overexpression of Peep and/or 

HDAC4. 

 

3.6.3 HDAC4 alters Peep nuclear distribution and sequesters it into nuclear 

aggregates 

Peep was expressed with the mushroom body specific OK107-GAL4 driver, which promotes 

strong expression (Hawley et al., 2023). This driver was chosen as the Kenyon cell nuclei are 

clustered and easily visualised at the posterior of the brain. In addition, the expression pattern 

and subcellular distribution of HDAC4WT in these cells has been well characterised (Fitzsimons 

et al., 2013; Main et al., 2021; Tan et al., 2024). As constitutive OK107-GAL4 driven 

HDAC4WT overexpression induces a high level of nuclear punctate foci in a dose-dependent 

manner (Tan et al., 2024), these flies were raised at 23°C to lower the level of HDAC4 

overexpression-induced nuclear aggregate formation. Peep was observed in Kenyon cell nuclei 

with a relatively uniform distribution with a particular concentration around the periphery of 

the nucleus (Figure 3.15A). HDAC4WT was localised to both the nucleus and cytoplasm of 

neurons where cytoplasmic halos were observed and a large proportion of HDAC4 aggregated 

into punctate foci within nuclei (Figure 3.15B), as previously observed (Tan et al., 2024). 

HDAC4DAnk appeared slightly more nuclear (Figure 3.15D, panel 2) than HDAC4WT (Figure 

3.15B, panel 2) as the aggregates were larger, the background nuclear staining was diminished 

and the cytoplasmic haloes were no longer visible as previously characterised (Tan et al., 2024). 

This study confirmed that the ankyrin repeat motif of HDAC4 played a role in regulating 

subcellular distribution (Xu et al., 2012). As described in Sections 1.5 and 1.6, several serine 

residues are critical to regulating the subcellular distribution of HDAC4 and are conserved in 

Drosophila. Phosphorylation of serine residues, Ser239, Ser573, and Ser748 in Drosophila (Ser246, 

Ser467, Ser632 in human) creates a docking site for 14-3-3, which exports HDAC4 from the 

nucleus (Bertos et al., 2001; Chawla et al., 2003; Grozinger & Schreiber, 2000; McKinsey et 

al., 2001; Wang et al., 2014). The PSLPNI motif contains a serine residue that is also 

phosphorylated and while it is not one of the three serine residues that are commonly mutated 
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to generate a nuclear-restricted mutant of HDAC4 (Bertos et al., 2001; Chawla et al., 2003; 

Grozinger & Schreiber, 2000; McKinsey et al., 2001; Wang et al., 2014), this serine has 

recently been shown to also recruit 14-3-3, where phosphorylation of this serine showed a 

binding partner switch from ANKRA2 to 14-3-3 (Xu et al., 2012). Although the serine residue 

itself remained intact in the HDAC4DAnk mutant (ASAANA), it cannot efficiently bind 14-3-3 

as the surrounding residues (that are mutated in HDAC4DAnk) that normally provide the network 

of hydrogen bonds required for 14-3-3 docking are no longer present. This leads to reduced 

nuclear export thus resulting in a more nuclear distribution compared to HDAC4WT.  

When HDAC4WT and PeepOE were co-expressed, co-distribution of both proteins was observed 

whereby Peep was sequestered into a subset of HDAC4-containing nuclear aggregates. The 

number of HDAC4 aggregates that co-distributed with Peep were quantified, as was the number 

of aggregates that were devoid of Peep staining (Section 2.2.6). From this it was determined 

that Peep was sequestered into approximately 26% (Figure 3.15F) of these HDAC4 nuclear 

aggregates (Figure 3.15C), which is similar to what has previously been observed in COS cells 

co-expressing mammalian HDAC4 and ANKRA2 or RFXANK (McKinsey et al., 2006). Upon 

co-expression of Peep, the total number of HDAC4-containing aggregates was not altered, but 

many of the aggregates were qualitatively assessed to be larger. These data suggest that under 

these specific conditions, Peep and HDAC4WT may interact. To determine whether this 

interaction was mediated by the PSLPNI motif on HDAC4, HDAC4DAnk was co-expressed with 

PeepOE and surprisingly the co-distribution was maintained (Figure 3.15E) with approximately 

35% of HDAC4 aggregates containing Peep (Figure 3.15F). This demonstrated that although 

there may be an interaction between HDAC4 and Peep, it appears to not be primarily mediated 

via the PSLPNI motif. This suggests that either other regions of HDAC4 bind Peep, there are 

unknown binding partners mediating this interaction, or this level of co-distribution is due to 

non-specific sequestration. HDAC4 was also co-expressed with peepRNAi to determine whether 

loss of Peep had any impact on HDAC4 distribution. No change in the number of HDAC4 

aggregates was observed on co-expression of either peepRNAi1 or peepRNAi2 (Figure 3.15G, H). 
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Figure 3.15. Peep co-distributes with HDAC4 nuclear aggregates in Kenyon cells. A. OK107-GAL4 
driven expression of PeepOE showed a nuclear distribution using an anti-HA antibody (green) with a 
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particular distribution around the nuclear periphery. B. OK107-GAL4 driven expression of HDAC4WT 
showed a predominant nuclear distribution with large nuclear protein aggregates and mild cytoplasmic 
halos using an anti-Myc antibody (magenta). C. OK107-GAL4 driven co-expression of PeepOE and 
HDAC4WT demonstrated redistribution of Peep into HDAC4 nuclear aggregates (third panel, white 
speckles). D. OK107-GAL4 driven expression of HDAC4ΔAnk showed a nuclear aggregate distribution 
with a lack of cytoplasmic haloes using an anti-Myc antibody (magenta). E. OK107-GAL4 driven co-
expression of PeepOE and HDAC4ΔAnk demonstrated redistribution of Peep into HDAC4 nuclear 
aggregates (third panel, white dots). Images taken using 40x objective lens in oil, Zoom 4x, 0.5 µm 
sections, scale bar = 20 µm. F. The total number of nuclear aggregates were quantified. Co-expression 
of PeepOE and HDAC4WT resulted in Peep co-distribution with HDAC4 in ~26% of nuclear aggregates, 
which was increased to ~35% on co-expression with HDAC4ΔAnk, n=4, (one-way ANOVA, post-hoc 
Tukey HSD, f(3,15) = 9.03, no significant difference between treatments). G. OK107-GAL4 driven 
expression of HDAC4WT with and without peepRNAi shows no difference in the number of HDAC4 
nuclear aggregates. H. Quantitative analysis of the number of HDAC4 nuclear aggregates shows no 
difference upon Peep knockdown. Error bars indicate mean ± SEM, n=4, (one-way ANOVA, post-hoc 
Tukey HSD, f(2,11) = 0.984, no significant difference between treatments). OK107 = OK107-GAL4. 
 

Based on co-distribution in Kenyon cell aggregates, it was concluded that there may be an 

interaction between Peep and HDAC4, however this interaction was not reliant on an intact 

PSLPNI motif. Qualitative assessment demonstrated that aggregates containing Peep were 

larger, indicating that Peep may play a role in stabilising HDAC4 aggregate formation or 

sequestering additional factors, both of which would result in larger aggregates.  

 

3.7 Co-immunoprecipitation of Peep and HDAC4 

As Peep co-distributed with approximately 25% of HDAC4 nuclear aggregates, the interaction 

was further examined via co-immunoprecipitation. The co-immunoprecipitation protocol was 

optimised by another PhD candidate in this laboratory (Hannah Hawley, unpublished data) to 

determine the ideal conditions to maintain interactions and produce the highest capture 

efficiency. 

 

3.7.1 Co-immunoprecipitation of GFP- and Myc-labelled HDAC4 provides a 

positive control 

A positive control co-immunoprecipitation assay was initially performed to ensure the protocol 

was working successfully. Initial studies characterised that HsHDAC4 can self-interact and 

form tetramers and higher order complexes through a glutamine rich alpha helix N-terminal 
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domain (Guo et al., 2007). A more recent study has shown that HDAC4 forms an antiparallel 

dimer through the glutamine rich region and binds two MEF2A dimers at the N-terminal MEF2 

binding domain to mediate transcriptional repression (Dai et al., 2024), (further described in 

Section 1.7.1.2). In order to provide a positive control co-immunoprecipitation result, two 

differently labelled constructs of wild-type DmHDAC4 were used, one with a C-terminal 6x 

Myc tag (HDAC4WT) and one with an N-terminal fusion of GFP (GFP-HDAC4WT) (Main et 

al., 2021), which should form dimers and/or tetramers containing both of the labelled HDAC4 

proteins. GFP-HDAC4WT and HDAC4WT were pan-neuronally co-expressed with elav-GAL4 

and whole heads were processed for immunoprecipitation (Section 2.3.9) using an anti-Myc 

antibody to capture HDAC4WT and all proteins that interact with it. The co-

immunoprecipitation of GFP-HDAC4WT was detected using an anti-GFP antibody which 

showed a clear interaction between the two HDAC4 proteins, with the immunoprecipitation of 

HDAC4WT confirmed with anti-Myc (Figure 3.16). Each HDAC4 construct differed slightly in 

size as GFP adds 27 kDa to the 134 kDa HDAC4 protein whereas the 6x Myc tag adds 10 kDa. 

 
Figure 3.16. Co-immunoprecipitation of GFP- and Myc-labelled HDAC4WT. C-terminal Myc-
tagged HDAC4 and N-terminal GFP-fused HDAC4 were co-expressed pan-neuronally with elav-GAL4. 
Immunoprecipitation using an anti-Myc antibody captured the Myc-tagged HDAC4 as observed when 
probing with anti-Myc (lane 4). Co-immunoprecipitation using anti-GFP identified GFP-HDAC4WT 
which directly interacted with HDAC4WT-Myc (lane 8). Immunoprecipitation samples were loaded 
alongside appropriate controls and 30 µg input samples. Lanes 1, 3, 5, and 7 were negative control lanes 
(elav-GAL4/+). Non-specific bands were observed in both immunoprecipitation samples (Asterix). IP 
= immunoprecipitation, Co-IP = co-immunoprecipitation. 
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3.7.2 A direct interaction was not detected between Peep and HDAC4  

Following confirmation and validation of the co-immunoprecipitation protocol, PeepOE and 

HDAC4WT were pan-neuronally co-expressed and whole heads were processed for 

immunoprecipitation. If there was an interaction between Peep and HDAC4, similar to that 

observed between ANKRA2 or RFXANK and HDAC4, it would most likely be mediated 

through the PSLPNI motif on HDAC4 (McKinsey et al., 2006; Wang et al., 2005; Xu et al., 

2012). Although prior results in Kenyon cells (Section 3.6.3) suggest that any interaction 

between Peep and HDAC4 is not mediated through this domain, it is important to investigate 

via co-immunoprecipitation whether an interaction is abolished if the PSLPNI motif is mutated. 

Therefore, PeepOE was also co-expressed pan-neuronally with HDAC4DAnk, and whole heads 

were processed for immunoprecipitation (Section 2.3.9). An anti-Myc antibody was used to 

capture the Myc-tagged HDAC4 variants and all other bound proteins which were eluted off 

the beads and separated by SDS-PAGE (Section 2.3.8). The anti-Myc antibody was then used 

to ensure successful immunoprecipitation, with an anti-HA antibody used to detect the co-

immunoprecipitation with HA-tagged Peep. No detectable interaction was observed between 

Peep and HDAC4WT (lane 7) or HDAC4DAnk (lane 8) (Figure 3.17). The reverse co-

immunoprecipitation was also performed and confirmed that under these conditions, no direct 

interaction via co-immunoprecipitation was detected between Peep and HDAC4 (Figure 8.10, 

Appendix 8.7). Inputs from each sample containing either Peep, HDAC4WT, or HDAC4DAnk 

independently or the co-expression of Peep with HDAC4WT or HDAC4DAnk were run alongside 

the immunoprecipitation samples. Anti-Myc detected HDAC4 in all lanes containing HDAC4 

(lanes 2-5), with no detection in the lane containing Peep alone. Anti-HA detected Peep in all 

lanes containing Peep (lanes 1, 4 and 5), with no detection in the lanes containing the HDAC4 

variants alone (Figure 3.17). 

Although Peep and HDAC4WT co-distributed in 26% of Kenyon cell nuclei using OK107-GAL4 

to drive expression in mushroom body neurons, a direct interaction via co-immunoprecipitation 

of co-expressed Peep and HDAC4WT or HDAC4DAnk using the elav-GAL4 pan-neuronal driver 

was not detected.  
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Figure 3.17. Peep and HDAC4 do not interact via co-immunoprecipitation. Lysates were processed 
from pan-neuronal (elav-GAL4) co-expression of PeepOE and HDAC4WT or HDAC4ΔAnk and 
immunoprecipitation was performed using anti-Myc to capture HDAC4. Successful 
immunoprecipitation was observed when probing with anti-Myc, an interaction with Peep was not 
observed upon probing with anti-HA (lane 7). Co-expression of PeepOE and HDAC4ΔAnk also did not 
show an interaction (lane 8). Immunoprecipitation samples were loaded alongside a negative control 
(lane 6, elav-GAL4/+) and 30 µg input samples (lanes 1-5). A non-specific anti-Myc band was detected 
in all input lanes (Asterix). IP = immunoprecipitation. 
 

3.8 Characterising the relationship between Peep and HDAC4 in 

mushroom body development 

The prominent mushroom body phenotype induced by HDAC4 overexpression is b lobe fusion. 

Pan-neuronal overexpression of HDAC4WT resulted in 67% of brains with severe β lobe fusion 

(Tan et al., 2024), which is a result of axon termination failure before the midline of the brain, 

giving the appearance of fused b lobes (Figure 3.1H, I, J, Figure 3.2B, C, D).  

Given that Peep and HDAC4WT colocalised in Kenyon cell nuclei, and that knockdown of Peep 

resulted in a mild defect in mushroom body development, it was next investigated whether 

expression of PeepOE altered the HDAC4-induced mushroom body defects. It was hypothesised 
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that if overexpression of HDAC4 disrupted normal Peep function, then PeepOE would rescue 

the b lobe fusion phenotype caused by overexpression of HDAC4. 

 

3.8.1 PeepOE enhanced the HDAC4 induced b lobe fusion phenotype 

For mushroom body analyses, transgene expression was driven pan-neuronally using the elav-

GAL4 driver and mushroom body morphology was visualised with anti-FasII. The mushroom 

body scoring system detailed in Section 3.2.1 with representative images in Figure 3.1, was 

followed. As the predominant phenotype upon overexpression of HDAC4WT was b lobe fusion, 

this was the phenotype that was primarily focused on. As expected, expression of HDAC4WT 

resulted in 90% of brains consisting of b lobe fusion, with 50% of these being severe fusion, 

caused by entire b lobe midline crossing, 15% moderate fusion where half of the b lobe axons 

have crossed the midline, and 25% mild fusion where few bundled b lobe axons breach and 

cross the midline (Table 3.6, Figure 3.18). 

 

Table 3.6. Severity and incidence of b lobe fusion upon expression of HDAC4WT or HDAC4DAnk 
and PeepOE 

Genotype elav/+ elav> 
peepOE 

elav> 
HDAC4WT 

elav> 
HDAC4WT; 

peepOE 

elav> 
HDAC4DAnk 

elav> 
HDAC4DAnk; 

peepOE 
Mild (%) - - 25 5 10 5 
Moderate (%) - - 15 10 10 10 
Severe (%) - - 50 75 55 80 
No defects (%) 100 100 10 10 25 5 
n 20 20 20 20 20 20 

elav = elav-GAL4. 
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Figure 3.18. The percentage changes in HDAC4 β lobe fusion upon co-expression of Peep. Pan-
neuronal co-expression of HDAC4WT and PeepOE does not increase β lobe fusion incidence compared 
to HDAC4WT alone. Co-expression of HDAC4ΔAnk and PeepOE increases the incidence of β lobe fusion 
compared to HDAC4ΔAnk alone, n=20, (one-tailed Fisher’s exact statistical test, **** = p<0.0001, *** 
= p<0.001, elav-GAL4/+ ; elav-GAL4>HDAC4WT p= 0.00001, elav-GAL4/+ ; elav-
GAL4>HDAC4WT;PeepOE p=0.00001, elav-GAL4/+ ; elav-GAL4>HDAC4ΔAnk p= 0.00001, elav-
GAL4/+ ; elav-GAL4>HDAC4 ΔAnk;PeepOE p= 0.00001, elav-GAL4>HDAC4ΔAnk ; elav-GAL4>HDAC4 

ΔAnk;PeepOE p= 0.0003). elav = elav-GAL4, elav/+ = Control. 
 

Overexpression of Peep alone had no impact on mushroom body development. Co-expression 

of HDAC4WT and PeepOE did not alter the total number of brains exhibiting b lobe fusion, but 

the severity of b lobe fusion was significantly increased (Figure 3.19).  

HDAC4DAnk alone resulted in a similar level of severe b lobe fusion as HDAC4WT (55%), which 

was increased upon co-expression of PeepOE where the overall number of brains exhibiting b 

lobe fusion increased significantly to 95% (Figure 3.18) as did the number with severe fusion 

to 80% (Figure 3.19) discussed in Section 3.10.2. This indicates that the modulation of the 

HDAC4 phenotype by PeepOE is not dependent on the presence of the ankyrin repeat binding 

motif.  
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Figure 3.19. The percentage of severe β lobe fusion increases upon co-expression with PeepOE. Pan-
neuronal co-expression of HDAC4WT and HDAC4ΔAnk result in 50% and 55% severe β lobe fusion, 
respectively. Co-expression of PeepOE increased the incidence of severe β lobe fusion to 75% and 80% 
respectively, n=20, (one-tailed Fishers exact test, *** = p<0.001, elav-GAL4>HDAC4WT ; elav-
GAL4>HDAC4WT;PeepOE = 0.0004, elav-GAL4>HDAC4ΔAnk ; elav-GAL4>HDAC4 ΔAnk;PeepOE = 
0.0003). elav = elav-GAL4. 
 

Together, these data demonstrate that PeepOE does not rescue the mushroom body b lobe fusion 

phenotype. Instead, HDAC4 redistributes Peep by sequestering it into 26% of nuclear 

aggregates and enhances the number of brains exhibiting severe b lobe fusion defects, both of 

which were not reliant on the ankyrin repeat binding motif. 

 

3.9 Characterising the relationship between Peep and HDAC4 in eye 

development 

Previously in this laboratory, a genetic rough eye enhancer genetic screen indicated a genetic 

interaction between HDAC4 and peep (referred to as CG5846), in which knockdown of peep 

enhanced the HDAC4-induced rough eye phenotype (Schwartz et al., 2016). 
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In that study a single RNAi construct was tested, which corresponded to peepRNAi2 in this study. 

Schwartz et al. (2016) excluded any genes from the screen that provoked more than a mild 

rough eye phenotype, and in the previous study peepRNAi2 was observed to only induce a mild 

rough eye phenotype as opposed to the severe rough eye phenotype observed in this present 

study. There was speculation that the fly line used in the prior study may not have been correct 

as it was not confirmed via PCR and a second RNAi construct was not analysed. It could also 

be speculated that if the flies were raised at a lower temperature, a less severe rough eye 

phenotype would have been produced, resulting in a lack of necrosis (Figure 3.20). The 

resolution from the light microscope that was used in the previous study was also lower and 

technical processing of images was limited, therefore the interpretation for scoring rough eye 

phenotype severity would have been different to what was used in this current study. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 3.20. peepRNAi does not induce a necrotic eye phenotype when raised at low temperatures. 
GMR-GAL4 expression of peepRNAi1 resulted in a normal eye when raised at 18°C and a slight rough eye 
phenotype at 23°C. GMR-GAL4 expression of peepRNAi2 resulted in a slight rough eye phenotype when 
raised at 18°C which was further exacerbated at 23°C, no necrosis was induced at these low 
temperatures. GMR = GMR-GAL4.  
 

As observed during the initial candidate screen, GMR-GAL4 expression of two independent 

peepRNAi constructs resulted in a severe rough eye phenotype with areas of necrosis when raised 

at 25°C (Figures 3.5, 3.6). Therefore, a new scoring system was devised to tease apart small 
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differences specifically attributed to necrosis spread (Table 2.7). PeepOE was also assessed, and 

strikingly, had no impact on eye development, with the eye appearing indistinguishable to the 

control (Figure 3.21A). Expression of HDAC4WT resulted in a mild rough eye phenotype with 

misaligned bristles and co-expression of PeepOE did not alter the HDAC4 overexpression-

induced phenotype (Figure 3.21B).  

Expression of peepRNAi1 resulted in a rough eye phenotype with areas of necrotic lesions at the 

posterior of the eye (Figure 3.21A), and an additive phenotype was elicited upon co-expression 

of HDAC4WT (Figure 3.21B, E), with misalignment of ommatidia extending past the midline 

of the eye and into the anterior region. Even more strikingly, when HDAC4WT was co-expressed 

with peepRNAi2, progeny did not survive to adulthood as the flies did not emerge from their 

pupal casings, resulting from a pupal lethal phenotype. Co-expression of peepRNAi1 and 

HDAC4DAnk resulted in a slightly more severe disruption to the alignment of ommatidia and an 

increased loss of pigmentation, attributed to the HDAC4ΔAnk phenotype when expressed alone, 

but strikingly, there was an almost complete absence of necrosis, indicating that the necrotic 

phenotype induced by peepRNAi1 was rescued by the presence of HDAC4DAnk (Figure 3.21C, 

Figure 3.22).When peepRNAi2 was co-expressed with HDAC4DAnk, pupal lethality remained. As 

shown in Figure 3.15D and by Tan et al. (2024), HDAC4DAnk accumulates more highly in the 

nucleus compared to HDAC4WT (Figure 3.15B), therefore, to determine whether the rescue of 

necrosis could be attributed to the increase in the nuclear pool of HDAC4 in the HDAC4DAnk 

mutant, an HDAC4 mutant restricted to the nucleus was utilised. The HDAC43SA mutant 

contains substitutions of three serine residues (Ser239, Ser573, and Ser748) important for 14-3-3 

mediated nuclear export to alanine residues (Bertos et al., 2001; Chawla et al., 2003; Grozinger 

& Schreiber, 2000; McKinsey et al., 2001; Wang et al., 2014). This mutant has been shown to 

be restricted to the nuclei of Kenyon cells where it forms large aggregates and is absent from 

the axonal mushroom body lobes (Main et al., 2021; Tan et al., 2024).  
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Figure 3.21. Peep did not rescue the HDAC4-induced eye phenotypes and HDAC4ΔAnk minimised 
necrosis and HDAC43SA eliminated necrotic lesions induced by peepRNAi1. A. GMR-GAL4 expression 
of PeepOE resulted in a normal eye. As previously examined, expression of both peepRNAi constructs 
result in a severe rough eye phenotype with necrotic lesions localised to the posterior of the eye. B. 
GMR-GAL4 driven co-expression of HDAC4WT and PeepOE did not rescue the HDAC4WT-induced 
phenotype. Expression of HDAC4WT was additive to the necrotic phenotype induced by peepRNAi1 by 
extending the rough eye phenotype to the anterior of the eye and co-expression with peepRNAi2 was pupal 
lethal. C. GMR-GAL4 driven co-expression of HDAC4ΔAnk and PeepOE did not rescue the HDAC4ΔAnk-
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induced phenotype. Expression of HDAC4ΔAnk minimised the necrotic lesions induced by peepRNAi1 and 
co-expression with peepRNAi2 was pupal lethal. D. Co-expression of PeepOE did not rescue the 
HDAC43SA-induced phenotype. Expression of HDAC43SA rescued the necrotic phenotype induced by 
peepRNAi1 and rescued the pupal lethal phenotype induced by peepRNAi2 that was observed in B and C. E. 
peepRNAi1 induces a range of phenotypic abnormalities including bristle and ommatidia disorganisation 
and areas of depigmentation and patches of necrosis. These defects increased upon co-expression of 
HDAC4WT. HDAC4ΔAnk reduced the level of necrosis and increased the level of depigmentation resulting 
in a similar level of defects to peepRNAi1 alone. HDAC43SA further reduced the level of necrosis thereby 
significantly decreasing the overall eye phenotypes compared to HDAC4WT, n≥18, (one-tailed Fisher’s 
exact test, ** = p<0.01, GMR-GAL4;HDAC4WT>peepRNAi1 ; GMR-GAL4;HDAC43SA>peepRNAi1 = 
0.0011). GMR = GMR-GAL4. GMR-GAL4 was recombined with HDAC4WT, HDAC4ΔAnk, and 
HDAC43SA and crossed to PeepOE, peepRNAi1, and peepRNAi2. 
 

Overexpression of Peep alone did not alter the HDAC43SA phenotype, however, co-expression 

of HDAC43SA with peepRNAi1 resulted in a slight increase in disruption to ommatidial alignment 

and loss of pigmentation, attributed to the HDAC43SA phenotype when expressed alone, and an 

almost complete rescue of the necrotic phenotype (Figure 3.21D, E). Co-expression of 

HDAC43SA with peepRNAi2 also rescued the pupal lethal phenotype. There was not a complete 

rescue of the necrotic phenotype, however, the necrosis observed was less severe at the posterior 

edge of the eye and was not restricted to this region, instead the necrosis was distributed in 

small patches across the entire eye field (Figure 3.21D). 

The total volume of the eye containing necrotic lesions were also quantified for eyes expressing 

peepRNAi1 and each of the HDAC4 mutants (Section 2.4.4). It was evident that the total area of 

necrosis negatively correlated with the level of nuclear HDAC4 (Figure 3.22). 

 

These data demonstrate that expression of peepRNAi leads to two separate phenotypes, a 

developmental rough eye phenotype resulting in ommatidial misalignment and bristle 

abnormalities and a later onset necrotic phenotype, hypothesised as a result of cell death. The 

rough eye phenotype resulting from co-expression of HDAC4 mutants and peepRNAi appear to 

be additive, however the necrotic phenotype was rescued, which was dependent on the relative 

levels of nuclear HDAC4. 
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Figure 3.22. Increased nuclear HDAC4 rescued the peepRNAi-induced necrotic phenotype. Co-
expression of HDAC4ΔAnk and HDAC43SA decreased the average area of necrosis induced by peepRNAi1. 
Error bars indicate mean ± SEM, n≥18, (one-way ANOVA, post-hoc Tukey HSD, f(3,77) = 37, ***** = 
p<0.00001, GMR-GAL4>peepRNAi1 ; GMR-GAL4;HDAC4ΔAnk>peepRNAi1 = 1.46E-8, GMR-
GAL4>peepRNAi1 ; GMR-GAL4;HDAC43SA>peepRNAi1 = 0, GMR-GAL4;HDAC4WT>peepRNAi1 ; GMR-
GAL4;HDAC4ΔAnk>peepRNAi1 = 4.2E-8, GMR-GAL4;HDAC4WT>peepRNAi1 ; GMR-
GAL4;HDAC43SA>peepRNAi1 = 4.07E-11). GMR = GMR-GAL4, GMR-GAL4 was recombined with 
HDAC4WT, HDAC4ΔAnk, and HDAC43SA and crossed to peepRNAi1.
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3.10 Discussion 

HDAC4 has been implicated in a wide range of neurological and neurodegenerative diseases, 

some of which result from deletions (Morris et al., 2012; Pigna et al., 2019; Williams et al., 

2010), or missense mutations (Wakeling et al., 2021) within the HDAC4 coding region and 

others in which increased nuclear abundance of HDAC4 has been observed in either post-

mortem brains or in animal models (Herrup et al., 2013; J. Li et al., 2012; Shen et al., 2016; 

Takahashi-Fujigasaki et al., 2006; Takahashi-Fujigasaki & Fujigasaki, 2006). It was previously 

shown in Drosophila that the overexpression of HDAC4 results in large nuclear aggregate 

punctate foci within nuclei, and this was associated with impaired neurodevelopment (Main et 

al., 2021; Tan et al., 2024) and LTM (Fitzsimons et al., 2013). The mechanisms through which 

increased nuclear HDAC4 acts to impair neurological function remains elusive, and therefore, 

a candidate approach was taken to identify genes that, when reduced in expression, result in 

similar phenotypes to HDAC4 overexpression, with the rationale that they may act in the same 

molecular pathways as HDAC4, and if HDAC4 was acting by impairing the function of the 

candidate then overexpression of the candidate should overcome the pathway disruption and 

rescue the HDAC4-induced phenotypes.  

 

3.10.1 Several candidate RNAi lines conferred similar phenotypes to those 

induced by HDAC4 overexpression 

RNAi lines were sourced from Drosophila stock centres for the 16 selected candidate genes, 

and these were screened for phenotypes similar to those induced by the overexpression of 

HDAC4 in both the mushroom body and the compound eye.  

A significant b lobe fusion defect was observed following knockdown of Mthl8 with one of the 

two RNAi lines available, however no defects were observed in the eye. These results suggest 

a tissue specific phenotypic discordance and possible off-target effects induced by mthl8RNAi2 

resulting in the defects observed in the mushroom body. To alleviate questions regarding both 

RNAi efficacy and correct gene targeting, RT-qPCR could be performed. Some phenotype 

discordance between the brain and eye has also been observed with HDAC4WT (Main et al., 

2021; Tan et al., 2024) resulting in a severe b lobe fusion defect in the mushroom body and 

mild ommatidial misalignment in the eye. As the mushroom body phenotypic defects could be 
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due to off-target effects, there was no abnormal phenotype observed in the eye and the low level 

of expression detected in the adult Drosophila brain via in situ hybridisation (Guan et al., 2011) 

was unable to be recapitulated in this study with Mthl8 driven expression of CD8::GFP without 

further signal amplification, further studies of an interaction with HDAC4 would be difficult 

and potentially fruitless. 

Knockdown of NetB with NetBRNAi2 resulted in a high level of b lobe fusion defects, similar to 

what has previously been observed for HDAC4WT (Hawley, 2020; Main et al., 2021; Tan et al., 

2024) and a moderate eye phenotype. Although there was little discordance between tissues 

with NetBRNAi2, there were major discrepancies between independent RNAi lines and NetBRNAi2 

was detailed to possibly confer off-target effects, therefore the efficacy and correct gene 

targeting of the knockdown should be assessed by RT-qPCR. Netrins are a family of lamin-

related proteins with roles in midline axonal guidance and growth (Mitchell et al., 1996). NetB 

is expressed in a variety of midline glia (Guthrie, 1997) and endogenous promoter expression 

of a tagged membrane tethered construct of NetB displayed expression in mushroom body lobes 

(Kang et al., 2019). NetB expression analyses in Kenyon cell bodies has not yet been detailed, 

therefore, it is unknown whether NetB and HDAC4 would co-distribute in these cells in the 

adult brain. 

Knockdown of Npc2g resulted in a range of ommatidial defects, with moderate levels of b lobe 

fusion in the mushroom body. The phenotypic defects in the eye and brain were similar to those 

observed upon overexpression of HDAC4 (Hawley, 2020; Main et al., 2021; Schwartz et al., 

2016; Tan et al., 2024; Wilson, 2021), however these defects were predominantly restricted to 

a single RNAi construct. Although phenotypes in the brain and eye elicited from Npc2gRNAi3 

were similar to those induced by HDAC4WT (Main et al., 2021; Tan et al., 2024), these were 

not recapitulated with the other two RNAi lines, therefore, the identities, gene targets, and 

relative efficacies of all RNAi lines require further investigation via PCR on genomic DNA and 

RT-qPCR. Little is known about Drosophila Npc2g aside from its expression in the head 

mesoderm and fat body (Huang et al., 2007), and that mutations in the mammalian homologue 

NPC2, result in fatal Niemann-Pick disease due to abnormal cholesterol accumulation 

(Walterfang et al., 2006). 

Knockdown of Scamp resulted in a consistent high degree of b lobe fusion across the two 

independent RNAi lines, making Scamp a promising candidate for further investigation, 

however as pan-neuronal expression of ScampRNAi2 was lethal, expression was restricted to the 
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mushroom body with OK107-GAL4, implicating a new driver related variable and therefore 

was unable to be compared to mushroom body defects induced by pan-neuronal overexpression 

of HDAC4. Furthermore, the mild rough eye phenotype induced by ScampRNAi1 was not 

recapitulated with ScampRNAi2. 

A single Mthl8, NetB, Npc2g, and Scamp RNAi line resulted in similar phenotypes to 

HDAC4WT in the mushroom body and/or eye, however as there were discrepancies between the 

independent RNAi lines, which were not further investigated, it was possible that these induced 

defects were due to off-target effects by the RNAi, therefore, these candidates were not selected 

for further investigation. 

 

3.10.2 Varied expression patterns were observed among select candidates 

The CD8::GFP expression pattern when driven by either Kank-GAL4 or kra-GAL4 was also 

examined. These studies did not give information on the subcellular distribution of each protein 

but gave insight into the cellular expression pattern in the brain.  

kank-GAL4 driven CD8::GFP was localised to cells resembling the descending neuron clusters, 

with a lack of expression in the anterior mushroom body lobes and posterior Kenyon cell bodies. 

Descending neurons are those that convey signals from the brain to the ventral nerve chord and 

are therefore important in most complex behaviours (Guo et al., 2022). kra-GAL4 driven 

CD8::GFP showed expression in cells resembling suboesophageal, descending, and 

dopaminergic neuron clusters, with no detectable expression in the mushroom body lobes and 

Kenyon cell bodies. The subesophageal neuron cluster processes inputs from the sensilla, which 

are small hair structures located on the head and mouth parts of the Drosophila, and these 

gustatory inputs control feeding behaviour movements (Gendre et al., 2004). The dopaminergic 

neuron cluster, similar to descending neurons, play an important role in the brain by regulating 

behavioural processes related to reward and stress (Baik, 2020). The knockdown of either Kank 

or Kra resulted in few mushroom body defects, indicating that knockdown of Kank in 

descending neurons and knockdown of Kra in suboesophageal, descending, and dopaminergic 

neuron clusters does not have a cell non-autonomous effect on neuronal Kenyon cell axon 

development, and a minimal eye phenotype, and thus Kank and Kra were not selected for further 

investigation. 
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GFP trap lines were available from stock centres for Rogdi and Shn which gave insight into not 

only the expression pattern of the endogenous protein but also its subcellular distribution.  

Previous studies have shown Rogdi expression in the mushroom body lobes (Dubnau et al., 

2003) and equal distribution between the nucleus and cytoplasm in adult Drosophila brain 

neurons and S2 cells (Kim et al., 2017). In this current study Rogdi was localised to neuronal 

nuclei in the anterior of the brain, with minimal expression in the mushroom body lobes. 

Expression of either rogdiRNAi line resulted in minimal mushroom body defects, however 

expression of rogdiRNAi1 resulted in defects to 80% of eyes, most of which consisted of mild to 

moderate ommatidial disruption. As no eye phenotype was induced by rogdiRNAi2, these eye 

defects could be due to off-target effects and further investigation of RNAi efficiency and gene 

targeting via RT-qPCR would be required. For these reasons, Rogdi was not selected for further 

investigation into an interaction with HDAC4.  

Shn expression was not detected in the brain which coincided with a previous study that 

reported no Shn expression in the mushroom body, although Shn was identified in a genetic 

screen for genes that impair LTM formation, which showed that Shn mutants had normal 

learning but significantly impaired LTM (Dubnau et al., 2003). A single shnRNAi construct was 

available and resulted in a mild to moderate level of b lobe fusion, most of which was severe, 

however no eye defects were observed. As there was no endogenous expression in the brain 

and no eye phenotype similar to that of HDAC4WT, and a second RNAi line was not available 

to confirm the mushroom body phenotype, Shn was not selected for further investigation into 

an interaction with HDAC4. 

 

3.10.3 Peep (CG5846) was selected for further investigation into the interaction 

with HDAC4 

In the interest of thorough characterisation, a single gene CG5846, which was named peep, was 

selected to investigate the nature of an interaction with HDAC4, which was hypothesised to be 

mediated by the ankyrin repeats on Peep and the ankyrin repeat binding domain on HDAC4. 

Knockdown of Peep resulted in a mild mushroom body phenotype but a strikingly severe unique 

eye phenotype. The two peepRNAi lines induced similar phenotypes within either the brain or 

eye, providing consistent and reliable results. There was discordance between the brain and eye 
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with regard to phenotype severity, suggesting that Peep is involved in different tissue specific 

processes. A mild mushroom body phenotype was observed, with a small percentage of brains 

displaying b lobe fusion defects. The severe eye phenotype upon peepRNAi resulted in 

ommatidial disorganisation and fusion, both of which are observed upon HDAC4 

overexpression (Schwartz et al., 2016; Tan et al., 2024; Wilson, 2021), however expression of 

peepRNAi also resulted in necrotic lesions that were restricted to the posterior edge of the eye 

and has rarely been observed. Peep is the sole Drosophila homologue of ANKRA2 and 

RFXANK and shares 32.3% sequence identity and 47.9% similarity with ANKRA2 and 33.6% 

identity and 47.8% similarity with RFXANK (Pairwise Sequence Alignment, EMBOSS 

Water). Peep also contains an C-terminal stretch of ankyrin repeats that are predicted to bind to 

the conserved ankyrin repeat binding domain on HDAC4 (McKinsey et al., 2006; Wang et al., 

2005; Xu et al., 2012). Although RFXANK plays an essential role in adaptive immune support 

through transcriptional regulation of MHC genes, and Drosophila do not harbour an adaptive 

immune system, it remains of interest to determine the nature of the interaction between Peep 

and HDAC4 in neuronal development. Peep was therefore selected for further investigation into 

the nature of its interaction with HDAC4, by co-distribution and co-immunoprecipitation in the 

brain and analysis of an interaction in the eye. 

 

3.10.4 The PSLPNI motif does not mediate the interaction between HDAC4 and 

Peep in the brain 

Although mushroom body phenotypes induced by peepRNAi were mild, the most common 

phenotype observed was b lobe fusion, which is the prominent phenotype resulting from 

HDAC4 overexpression (Hawley, 2020; Main et al., 2021; Tan et al., 2024). As these result in 

a similar phenotype, it was hypothesised that if increased HDAC4 was acting to impair Peep 

function, then overexpression of Peep may rescue the HDAC4 overexpression-induced b lobe 

fusion phenotype. 

A low level of ubiquitous Peep expression has been established via both large scale Microarray 

(Robinson et al., 2013) and RNA-seq (Krause et al., 2022) analyses. Furthermore, recent single 

cell-RNA-seq in the adult Drosophila showed moderate to low Peep expression in all cell types 

(Li et al., 2022), however no studies have characterised expression at the protein level, nor the 

In the current study Peep was observed to localise to the nucleus (Section 3.6.3). Although this 
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was under overexpression conditions, expression was almost exclusively limited to the nucleus, 

with overexpression artefacts normally resulting from expression overspill into other cellular 

regions in which the protein is not normally expressed in. Co-expression of PeepOE and 

HDAC4WT in mushroom body neurons did not alter the HDAC4 overexpression-induced 

distribution in Kenyon cells, however Peep was sequestered into approximately 26% of the 

HDAC4 nuclear aggregates. These results indicate that there may be an interaction between 

Peep and HDAC4, and it was further investigated whether this interaction was mediated by the 

ankyrin repeat binding domain on HDAC4 with the HDAC4DAnk mutant. Surprisingly, Peep 

was still sequestered into approximately 35% of HDAC4DAnk nuclear aggregates. Although the 

number of nuclear aggregates was not increased upon co-expression of PeepOE, aggregate size 

was increased in those that sequestered Peep, indicating that Peep may play a role in stabilising 

aggregate formation, either through increasing HDAC4 accumulation or sequestering other 

proteins that, under basal conditions are not normally recruited into these punctate nuclear foci. 

It is, however, important to note that these experiments were used to prove that an interaction 

in nuclei between these two proteins was physically possible, however as both were 

overexpressed, the resulting interactions may be due to increased expression rather than a 

reflection of the normal nature of the endogenous proteins. 

As Peep was similarly sequestered into nuclear aggregates following mutation of the ankyrin 

repeat binding motif, it was hypothesised that if an interaction endogenously occurs, it may not 

be predominantly mediated by this motif. Instead Peep binding may be mediated by other 

binding partners or Peep may preferentially bind to a secondary region on HDAC4. Previous 

studies that have examined the interaction between RFXANK and HDAC4 (McKinsey et al., 

2006) showed a secondary binding site on HDAC4 for RFXANK (Wang et al., 2005). As 

detailed in Section 1.7.2, an in vitro binding assay identified an RFXANK binding region 

between residues 118-279 on HDAC4 (Wang et al., 2005) and a follow up in vivo co-

immunoprecipitation assay identified a second RFXANK binding region between residues 315-

666 (Wang et al., 2005) which overlaps with the PSLPNI motif (residues 349-354) identified 

by Xu et al. (2012). The putative PSLPNI motif has since been characterised as the main 

binding site for ANKRA2 and RFXANK. Aside from HDAC4, ANKRA2 also binds to Megalin 

via this motif and RFXANK binds to RFX5, although the motif is not 100% conserved for these 

interactions, the binding pockets and weak hydrogen bond network allows for these interactions 

to remain favourable (Xu et al., 2012). Furthermore, an N-terminal truncation comprised of 

residues 189-1084 showed a significantly stronger interaction between RFXANK and HDAC4 
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than full length HDAC4, however mutant 146-1084 showed a reduced level of binding. This 

indicated that there is an RFXANK autoinhibitory domain located within residues 146-189 

which inhibits binding of RFXANK to the downstream region between residues 315-666. These 

results show that there are two different binding sites on HDAC4 for RFXANK, however there 

are limitations to the results of this study as some analyses were not replicated in vitro if they 

were performed in vivo and vice versa. It also remains to be determined whether one binding 

site is preferred and if the autoinhibitory region functions only to inhibit binding of RFXANK 

downstream or whether it also inhibits binding of RFXANK within the same region (Wang et 

al., 2005). For these reasons it is not unprecedented that Peep may also bind to HDAC4 via a 

secondary binding region due to its homology with RFXANK. 

Pan-neuronal overexpression of Peep did not result in any mushroom body abnormalities and 

was also unable to rescue the HDAC4WT-induced severe β lobe fusion phenotype, and instead 

further exacerbated the frequency at which this phenotype was observed. Similarly to the 

observation that overexpression of Peep in mushroom body neurons increases the size of the 

HDAC4 nuclear aggregates, a result of either stabilisation or further protein sequestration, the 

pan-neuronal overexpression of Peep may also be altering the normal function of proteins 

required for normal mushroom body development resulting in a further increase in 

morphological defects on top of those induced by HDAC4WT. A recent study from this 

laboratory showed that the ability of HDAC4 to impair mushroom body development relied on 

the presence of the MEF2 transcription factor. MEF2 is also sequestered into HDAC4-

containing nuclear aggregates, and a mutant of HDAC4 that was unable to bind MEF2 could 

no longer induce β lobe fusion. In contrast, upon overexpression of MEF2 in the presence of 

HDAC4, the frequency of severe β lobe fusion increased (Tan et al., 2024) (Section 1.7.1.2). It 

would be worth investigating whether PeepOE increased the expression of MEF2 and/or the 

sequestration of MEF2 into aggregates, thereby, enhancing the HDAC4WT-induced β lobe 

fusion phenotype. On the contrary, the increase in fusion frequency could also be due to the 

propensity for Peep to interact with HDAC4 and block binding of other HDAC4 binding 

partners which may normally suppress the fusion phenotype.  

Co-immunoprecipitation revealed no detectable interaction between HDAC4 and Peep. 

Although approximately 26% of HDAC4 nuclear aggregates were seen to co-distribute with 

Peep, these data were from co-expression with the OK107-GAL4 driver, which promotes high 

expression in the mushroom body Kenyon cells (Hawley et al., 2023). The co-
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immunoprecipitation assay however, was performed on whole heads following pan-neuronal 

expression using elav-GAL4 which drives much weaker expression in the mushroom body 

Kenyon cells (Hawley et al., 2023). It is likely that with lower levels of expression in Kenyon 

cells, there would be lower incidence of co-distribution of HDAC4 and Peep resulting in a low 

level of interaction that was undetectable by co-immunoprecipitation. The interaction could 

also be indirect or transient or too weak to be maintained throughout the co-

immunoprecipitation process, therefore, a prior crosslinking step could be introduced to 

preserve the interaction. To further this, co-immunoprecipitation could then be performed on 

fractionated nuclear extracts from dissected brains following mushroom body driven co-

expression of HDAC4WT or HDAC4ΔAnk and PeepOE to maximise the amount of Peep-HDAC4 

protein complexes.  

 

3.10.5 Nuclear HDAC4 ameliorates the necrotic phenotype induced by peepRNAi 

in the eye 

A previous genetic screen to identify candidate genes that enhance the HDAC4 overexpression-

induced rough eye phenotype, suggestive of a genetic interaction, identified peep (Schwartz et 

al., 2016). As knockdown of Peep enhanced the HDAC4 overexpression phenotype in this 

previous study, it was hypothesised that PeepOE may rescue the phenotype. This, however, did 

not occur which indicated that the HDAC4WT rough eye phenotype was not due to a loss of 

Peep activity. On the contrary, increased nuclear accumulation of HDAC4 rescued the necrotic 

phenotype upon Peep knockdown, while the rough eye phenotype remained similar to that of 

each HDAC4 mutant when expressed independently. This showed that the developmental 

rough eye phenotype and the necrotic lesion phenotype, result from disruption of two different 

pathways. Changes in expression levels of Peep did not rescue the developmental rough eye 

phenotype induced by HDAC4, however the necrotic phenotype induced by Peep depletion was 

rescued by increasing the nuclear pool of HDAC4, the mechanism by which remains unknown. 

Nuclear accumulation of HDAC4 correlates with increased cell death in Parkinson’s disease 

(Wu et al., 2017), impaired cognitive function in Alzheimer’s disease (Herrup et al., 2013; Shen 

et al., 2016), and neurodegeneration in ataxia telangiectasia (J. Li et al., 2012). However, as 

nuclear HDAC4 rescues retinal necrotic damage induced by Peep knockdown, it is important 

to note that nuclear HDAC4 also plays a neuroprotective role under certain circumstances by 
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regulating neuronal death and modulating synaptic plasticity, a process that is specifically 

important during stroke recovery (Kong et al., 2018). 

Nuclear HDAC4 also confers a neuroprotective role during mouse eye development. In the 

mouse model of retinitis pigmentosa, expression of a short N-terminal fragment of HDAC4 

played a neuroprotective role in preserving rod and cone photoreceptors through the 

suppression of apoptosis-related genes, resulting in partial restoration of visual function (Guo 

et al., 2015). It is therefore possible that apoptosis in the eye may be the leading cause of the 

necrosis induced by depletion of Peep; if so, it may be likely that nuclear HDAC4 rescues the 

phenotype by suppressing expression of pro-apoptotic genes.  

The following chapters attempt to further the limited understanding of the role that Peep plays 

in Drosophila development and neural function. Chapter four establishes the expression pattern 

of Peep and further investigates the phenotypes and behavioural role that Peep plays through a 

battery of well-established analyses. Chapter five includes an in-depth approach to understand 

the role of Peep in eye development. This approach led to potential pathways that may be 

disrupted upon knockdown of Peep, all of which warrant further investigation. 
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4 Characterising the importance of Peep in 
neural function via a battery of well-
established behavioural and morphological 
analyses in Drosophila 

 

In the previous chapter, Peep was identified as a potential interactor of HDAC4, which 

suggested it could be involved in the regulation of the HDAC4-induced phenotypes in both the 

eye and mushroom body. It was hypothesised that the overexpression of Peep would rescue the 

HDAC4-induced phenotypes, however this was not observed. 

As there is currently little known about this gene, and given the severe developmental defects 

and cell death in the eye resulting from Peep knockdown, the role that Peep plays in both 

neuronal and non-neuronal function warrants further investigation. This chapter examines the 

expression of Peep during development in different tissues via immunohistochemistry and 

western blot. These studies were then followed by confirmation of the specificity and efficiency 

of the peepRNAi, which was then utilised to determine the impact that Peep knockdown had on 

survival, longevity, brain morphogenesis, and learning and memory. The role that Peep plays 

in eye development will be further investigated in Chapter five. 

 

4.1 Peep is endogenously expressed at low levels both spatially and 

temporally 

Little is known about the temporal or spatial pattern or level of expression of Peep. Previous 

large scale Microarray (Robinson et al., 2013) and RNA-seq (Krause et al., 2022) data show 

relatively low expression of Peep in both adult and larval tissues, including the brain and eye. 

Recent adult-specific single cell-RNA-seq data demonstrates moderately low expression in 

both neurons and all glia with only 1% of these cells having detectable expression (Li et al., 

2022). 

There is currently a lack of available tools to validate these previous analyses and further 

examine the endogenous expression pattern of Peep due to its uncharacterised nature. To 
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remedy this, a polyclonal antibody targeting a Peep epitope was generated (Genscript), however 

this failed to detect Peep via either immunohistochemistry or western blot. An alternative 

strategy was then devised in which two transgenic lines were generated to analyse expression 

driven by the endogenous peep promoter. There are two isoforms of peep (RA and RB) which 

are in the antisense orientation. The longer 5’ untranslated region (UTR) of the peep-RB isoform 

overlaps with the 5’ UTR of the neighbouring gene locus CG4658 isoform RD which is in the 

sense orientation (Figure 8.3, Appendix 8.3). The peep promoter region that was used included 

the 5’ region of CG4658 up to the start codon and the overlapping 5’ UTR of both peep isoforms 

(Figure 8.4, Appendix 8.4 and Figure 8.5, Appendix 8.5). For the first line, a construct was 

generated in which the peep promoter was fused upstream of the sequence encoding the peep 

gene, minus the stop codon, after which a 6x Myc tag was fused followed by a stop codon. This 

peep-Promoter-Peep-Myc (Peep-Myc) construct therefore drives Peep expression under the 

direct control of the endogenous peep promoter and allows for detection of Peep with an 

antibody against the Myc-tag (Section 2.1.2, Figure 8.4, Appendix 8.4). A peep-GAL4 driver 

was also generated in which the peep promoter was fused upstream of GAL4 (Section 2.1.2, 

Figure 8.5, Appendix 8.5). Transgenic flies were generated via PhiC31-mediated homologous 

recombination into the VK22 landing site, which facilitates robust transgene expression (Main 

et al., 2021; Tan et al., 2024; Wilson et al., 2023). 

To characterise the endogenous pattern of distribution in the Drosophila adult brain, 

immunohistochemistry using an anti-Myc antibody was carried out following isolation of brains 

from Peep-Myc flies (Section 2.2.4), however no specific signal was detected (Figure 4.1A). 

This was compared to a negative Canton Special (CS) control (Figure 4.1B) and positive control 

containing elav-GAL4 driven Myc tagged HDAC43SA, which is localised specifically to the 

Kenyon cells at the posterior of the brain (Figure 4.1C (bottom panel)), as has previously been 

established (Tan et al., 2024). 

peep-GAL4 flies were crossed to the UAS-CD8::GFP line, and anti-GFP 

immunohistochemistry was carried out on brains of the progeny (Section 2.2.4). While not 

directly detecting Peep, any detection of GFP would indicate regions in which Peep was 

endogenously expressed, as was performed previously in Section 3.4.1, however, no staining 

was observed (Figure 4.2A). This was compared to the negative CS control (Figure 4.2B) and 

positive control containing elav-GAL4 driven UAS-CD8::GFP (Figure 4.2C). These results 

suggest that Peep was either too lowly expressed to be detected, or that the promoter was 

missing important tissue-specific enhancer regions. 
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Figure 4.1. Peep-Myc was not detected via immunohistochemistry. Microdissected brains were 
subject to immunohistochemistry using an anti-Myc antibody (green) and counterstained with anti-brp 
(magenta) to highlight the structure of the brain. A. Peep-Myc showed faint, non-descript staining in the 
anterior of the brain (top panels). B. The negative CS control showed no Myc staining. C. elav-GAL4 
crossed to HDAC43SA was used as an anti-Myc antibody positive control and showed predominant 
localisation to neuronal nuclei in the anterior of the brain (top panels) and specific localisation to Kenyon 
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cell nuclei (bottom panels). Images were taken using 20x objective, 1 µm sections, scale bar = 100 µm. 
Anterior = top panels. Posterior = bottom panels. Control = CS. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. peep-GAL4 driven CD8::GFP was not detected via immunohistochemistry. 
Microdissected brains were subject to immunohistochemistry using an anti-GFP antibody (green) and 
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counterstained with anti-brp (magenta) to highlight the structure of the brain. A. peep-GAL4 crossed to 
UAS-CD8::GFP showed no CD8::GFP staining. B. The negative CS control showed no GFP staining. 
C. elav-GAL4 crossed to UAS-CD8::GFP was used as an anti-GFP antibody positive control and showed 
predominant CD8::GFP localisation to the mushroom body axons in the anterior of the brain (top panels) 
and specific localisation to Kenyon cell bodies (bottom panels), as was established in Figure 3.7. Images 
were taken using 20x objective, 1 µm sections, scale bar = 100 µm. Anterior = top panels. Posterior = 
bottom panels. peep = peep-GAL4, Control = CS. 
 

As western blotting is more sensitive than immunohistochemistry, tissues were dissected from 

Peep-Myc flies and whole cell lysates were generated. Peep expression was detected in the 0-

2-hour old embryo (Section 2.3.2) via western blot with anti-Myc (Figure 4.3, left panel). Peep 

was also detected in the dissected larval eye/brain complex as well as the adult brain following 

microdissection of these tissues (Sections 2.3.3, 2.3.4). Furthermore, Peep expression in the 

whole pupa 48-hours APF (Section 2.3.5), the isolated adult eye (Section 2.3.6), head, and body 

(Section 2.3.1) were all independently confirmed (Figure 4.3, right panel). These results show 

that the promoter elements that drive Peep expression in each tissue were present, albeit at low 

levels, which is consistent with what was previously observed via Microarray (Robinson et al., 

2013) and RNA-seq (Krause et al., 2022). This was evidenced by the appearance of non-

specific protein bands present in both the control and Peep-Myc lanes, which are routinely 

observed following prolonged exposure and in the absence of highly expressed proteins. Anti-

Tubulin was used as a loading control, however the whole-pupa and adult body samples both 

showed reduced Tubulin expression, indicative of low or unequal protein loading, however, 

this can be attributed to irregularities in BCA protein quantification. In a previous study it was 

shown that lipids in the presence of BCA produce an absorbance peak not too dissimilar to that 

of proteins, and therefore samples containing high proportions of lipids would cause errors in 

protein quantification (Kessler & Fanestil, 1986). The whole-pupa and adult body both contain 

large quantities of fats (ie. lipids), and therefore the protein quantification for these samples was 

disproportionately increased. This unknowingly led to comparatively less protein loaded 

resulting in a lower level of Tubulin detection which was consistent between the negative 

control and Peep-Myc samples. 
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Figure 4.3. Western blot showing endogenous expression of Peep. Peep-Myc was expressed using 
the endogenous peep promoter and showed low level of expression in several tissues and developmental 
stages, and the protein was detected at approximately 47 kDa. On the left, Peep was expressed in the 0-
2 hour embryo. On the right, Peep was expressed in the third instar larval eye/brain complex (lane 2) as 
well as the adult brain (lane 4) following isolation of dissected tissues. Lane 5 was a gap between 
samples. Peep was also expressed in the whole isolated pupa (lane 7), isolated adult eye (lane 9), isolated 
adult head (lane 11) and body (lane 13) (red arrowheads), 30 µg protein loaded, anti-Tubulin was used 
as a loading control. 
 

Collectively these data show the first validation that Peep is endogenously expressed in both 

the adult brain and eye as well as in embryos, and the third instar larval eye/brain complex, 

however the expression level in all tissues remains low.  

 

4.2 peepRNAi efficiently targets peep mRNA to reduce Peep protein 

levels 

Prior to investigating whether Peep is important for Drosophila survival, development, and 

brain function, the efficacy of the two RNAi constructs was evaluated. Since Peep expression 

was detected at an extremely low level, and it would be difficult to assess a further reduction in 

expression, therefore, the efficacy of knocking down the HA-tagged PeepOE construct was 

tested. PeepOE alone or in combination with either peepRNAi1 or peepRNAi2 was expressed in the 

eye with GMR-GAL4, followed by western blotting (Section 2.3.8) on whole cell lysates of eyes 

dissected from the progeny (Section 2.3.6). A significant reduction of PeepOE was observed 

similarly between both RNAi constructs, with little protein detected following prolonged 

exposure, demonstrating that both peepRNAi constructs target and efficiently knock down peep 

mRNA (Figure 4.4A).  
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It should be noted that the necrotic eye phenotype was unable to be rescued by co-expression 

of PeepOE with either peepRNAi (Figure 4.4B, C (peepRNAi1 was shown for simplicity)), which 

was unsurprising as peepRNAi almost entirely eliminated PeepOE protein expression (Figure 

4.4A). In order to show a rescue in the necrotic eye phenotype, a PeepOE construct with silent 

mutations within the peepRNAi target region would have to be generated. This would render the 

RNAi inefficient in knocking down expression of PeepOE and therefore the phenotype may be 

rescued. Furthermore, an uncharacterised homozygous lethal Peep mutant is available from 

BDSC (CG5846G3334) which could be characterised and utilised for rescue experiments with 

either PeepOE or Peep-Myc. Given that peepRNAi1 was verified by PCR (Section 2.8.4), and 

peepRNAi2 confers a similar phenotype in both the brain and eye, and both lines efficiently 

reduced Peep expression (Figure 4.4A), there is confidence in concluding that the eye 

phenotypes induced by these two RNAi lines are a direct result of Peep knockdown, and not 

due to off-target effects. 
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Figure 4.4. peepRNAi efficiently targets peep mRNA to decrease Peep protein levels. A. Western blot 
showing the efficiency of peepRNAi1 and peepRNAi2 to degrade HA-tagged PeepOE in the Drosophila eye, 
30 µg protein loaded, anti-Tubulin was used as a loading control. B. Co-expression of PeepOE and 
peepRNAi1 in the eye with GMR-GAL4 result in a rough eye phenotype with a similar level of necrosis 
compared to peepRNAi1 expression alone. The area of necrosis was measured for each genotype and the 
percentage of the eye with necrosis was plotted to show a significant level of necrosis observed upon 
knockdown of Peep and no significant difference upon co-expression with PeepOE. Error bars indicate 
mean ± SEM, n=10, (one-way ANOVA, post-hoc Tukey HSD, * = p<0.05, ** = p<0.01, GMR-GAL4/+ 
; GMR-GAL4>peepRNAi1 = 0.02467, GMR-GAL4>PeepOE ; GMR-GAL4>peepRNAi1 = 0.02467, GMR-
GAL4/+ ; GMR-GAL4/PeepOE>peepRNAi1 = 0.001537, GMR-GAL4>PeepOE ; GMR-
GAL4/PeepOE>peepRNAi1 = 0.001537). C. Representative light microscopy images of the eyes quantified 
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for B. GMR = GMR-GAL4. GMR/+ = Control. GMR-GAL4 was recombined with PeepOE and crossed 
to peepRNAi1. 
 

4.3 Functional analysis of the importance of Peep in survival, 

development, motor function, and behaviour 

The Peep mutant, CG5846G3334 is homozygous lethal, which suggests that peep is an essential 

gene for survival, however, as this mutant remains uncharacterised, it is also possible that this 

fly line may contain other mutations that are important for survival. The importance of Peep in 

survival as well as development, motor function, and behaviour, therefore, requires further 

investigation. 

Motor function and coordination relies on a tightly regulated series of processes and actions 

that are important for survival of higher-class organisms. In Drosophila, these movements 

include walking, flying, feeding, courtship, and eclosion, all of which involve a number of 

muscle groups and neuronal circuitries to deliver the desired responses. Motor neurons and 

neuropeptides are at the centre of these neuronal circuitries and are reorganised during 

metamorphosis to establish new neural connections throughout the different stages of 

development. Remodelling of neural circuitries have been well studied in the holometabolous 

insect Manduca sexta, a tobacco hornworm which proceeds through a similar lifecycle to 

Drosophila with an embryonic stage, a range of larval stages, as well as a pupal and adult stage. 

These studies show nervous system reorganisation in larvae prior to metamorphosis (Levine & 

Truman, 1982). Similar studies have been shown in the Drosophila larval abdomen, where early 

remodelling events at the neuromuscular junction result in muscle patterning through motor 

neuron innervation to their target muscles (Currie & Bate, 1991; Hebbar et al., 2006). This 

circuitry and patterning was then altered again upon metamorphosis into the adult fly through 

a coordinated process of muscle destruction and regeneration (Kimura & Truman, 1990; Wasser 

et al., 2007). Similar remodelling of the mushroom body occurs during pupal development 

(Technau & Heisenberg, 1982). The γ Kenyon cells are first to form during the early third instar 

larval stage where the axons bifurcate to form both a dorsal and medial projecting lobe. 

Immediately upon pupation the number of larval γ Kenyon cell axons drops by 40%, however 

the Kenyon cell bodies remain intact and regeneration and medial extension of these axons 24 

hours into pupal development has been established (Armstrong et al., 1998; Technau & 

Heisenberg, 1982). 
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4.3.1 Peep is required for adult survival  

To initially investigate whether Peep is required for survival, the ubiquitous arm-GAL4 driver 

was selected. Armadillo is a transcription factor that plays a role in cell adhesion, is an important 

component in wingless signalling (Orsulic & Peifer, 1996), and is a homologue of b-catenin, 

which is a central player of cell proliferation and differentiation (Liu et al., 2022). Based on 

previous RNA-seq data, Armadillo is expressed highly and ubiquitously throughout all stages 

of development and into adulthood with the highest expression observed in the larval central 

nervous system and the adult brain (Krause et al., 2022). A reporter assay in the adult fly was 

performed using the arm-GAL4 driver which showed moderate expression in the adult brain 

(Legan et al., 2008). Furthermore, Armadillo expression has been localised to the mushroom 

body lobes, calyx, and antennal lobes of the brain (Tan et al., 2013) with much weaker 

expression in the ventral nerve cord, salivary glands, and muscles (Legan et al., 2008). A 

previous study performed in this laboratory demonstrated the widespread expression pattern of 

arm-GAL4 driven expression of CD8::GFP throughout the larval, pupal, and adult stages of life 

(Figure 4.5) (Hura, 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.5. Expression pattern of the ubiquitous arm-GAL4 driver. arm-GAL4 crossed to UAS-
CD8::GFP showed ubiquitous expression in all stages of development. Image modified and reproduced 
with permission from Hura (2018). 
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arm-GAL4 is homozygous infertile, therefore the stock was maintained over a chromosome 

balancer which contains multiple inversions to block crossing over and recombination events, 

and recessive mutations whereby only progeny heterozygous for these mutations survive 

(Miller et al., 2019). Most balancer chromosomes also contain a dominant phenotypic marker. 

arm-GAL4 is maintained over the third multiple (TM3) chromosome with the dominant markers 

Sb (Stubble) and Ser (Serrate), meaning that fertile heterozygotes will have stubble bristles and 

a serrated wing phenotype. arm-GAL4 virgin females were crossed to peepRNAi1 (located on the 

third chromosome) (Figure 4.6) or peepRNAi2 (located on the second chromosome) in a 

preliminary study to determine whether ubiquitous expression of Peep is required for survival 

(Section 2.5.1). If arm-GAL4 driven expression of peepRNAi had no effect on survival, equal 

numbers of stubble Sb and non-Sb progeny would be expected. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 4.6. Crossing scheme for arm-GAL4 to peepRNAi1. arm-GAL4 is homozygous infertile therefore 
is maintained as a heterozygote over the TM3, Sb, Ser balancer chromosome. arm-GAL4 virgin females 
were crossed to males homozygous for peepRNAi1. Half of the progeny is expected to carry one copy of 
the peepRNAi1 gene over the TM3, Sb, Ser balancer (Sb). These progeny will have stubble bristles and 
serrated wings, and peepRNAi1 is not expressed as the arm-GAL4 driver is not present. The other half of 
the progeny is expected to carry the arm-GAL4 driver and one copy of the peepRNAi1 gene, therefore 
driving expression of peepRNAi (Non-Sb). w+ = mini-white, TM3 = Third Multiple 3, Sb = Stubble, Ser 
= Serrated. 
 

A slightly higher number of progeny expressing either peepRNAi1 or peepRNAi2 (Non-Sb) 
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upon ubiquitous reduction of Peep (Figure 4.7), and no gross phenotypic abnormalities were 

observed. Furthermore, there were no obvious differences between the number of surviving 

female progeny compared to male progeny.  

 

Figure 4.7. Ubiquitous expression of peepRNAi with arm-GAL4 does not affect adult survival. arm-
GAL4 is homozygous infertile, therefore heterozygous females carrying a single copy of arm-GAL4 over 
a TM3, Sb, Ser balancer were crossed to w(CS10) (control) or peepRNAi males in a preliminary study. 
Similar numbers of adult flies survived harbouring either the transgene alone (Sb) or with arm-GAL4 
driving peepRNAi (Non-Sb). Sb = Stubble, arm = arm-GAL4, arm/+ = Control. 
 

Given that arm-GAL4 is a relatively weak driver, this experiment was replicated with the 

stronger da-GAL4 driver (Legan et al., 2008). Daughterless is a nuclear transcription factor 

expressed in all developmental stages (Cronmiller & Cummings, 1993) specifically in the brain, 

where it is more highly expressed than Armadillo (Legan et al., 2008), and during photoreceptor 

determination (Brown et al., 1996). A previous study performed in this laboratory demonstrated 

the widespread expression pattern of da-GAL4 driven expression of CD8::GFP throughout the 

larval, pupal, and adult stages of life (Figure 4.8), which was increased compared to arm-GAL4 

(Figure 4.5) (Hura, 2018). 
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Figure 4.8. Expression pattern of the ubiquitous da-GAL4 driver. da-GAL4 crossed to UAS-
CD8::GFP showed increased ubiquitous expression in all stages of development, compared to arm-
GAL4 (Figure 4.5). Image modified and reproduced with permission from Hura (2018). 
 

The da-GAL4 driver was crossed to either UAS-PeepOE or UAS-peepRNAi to investigate whether 

Peep is required for survival. Overexpression of Peep did not affect adult survival as compared 

to control, however upon knockdown of Peep there was a significant decrease in progeny 

survival, with expression of peepRNAi1 resulting in almost a complete loss of adult survival 

(Figure 4.9). Similar to arm-GAL4 there were no obvious differences in the number of surviving 

female progeny compared to male progeny.  
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Figure 4.9. Ubiquitous expression of peepRNAi with da-GAL4 significantly affects adult survival. da-
GAL4 was crossed to either UAS-PeepOE or UAS-peepRNAi and the number of eclosed adult flies were 
tallied. Knockdown of Peep with peepRNAi2 resulted in a significant decrease in the number of adults, 
and knockdown with peepRNAi1 resulted in an almost complete loss of survival. Error bars indicate mean 
± SEM, n=3, (one-way ANOVA, post-hoc Tukey HSD, f(3,11) = 44.79, ** = p<0.01, **** = p<0.0001, 
da-GAL4/+ ; da-GAL4>peepRNAi1 = 0.00002, da-GAL4/+ ; da-GAL4>peepRNAi2 = 0.0037, da-
GAL4>peepRNAi1 ; da-GAL4>peepRNAi2 = 0.0022). da = da-GAL4, da/+ = Control. 
 

To determine at which point during development reduced expression resulted in lethality 

(peepRNAi1) or partial lethality (peepRNAi2), both eclosed (empty) pupal casings and dead pupae 

were quantified (Section 2.5.1) and it was observed that the significant reduction in adult 

survival (Figure 4.10A) was a result of death at the pupal stage (Figure 4.10B, red arrowhead).  
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Figure 4.10. Widespread knockdown of Peep results in a significant reduction in pupal survival. 
A. Overexpression of Peep with the da-GAL4 driver resulted in no difference in pupal survival, however 
peepRNAi1 resulted in almost complete pupal lethality, and a slightly less severe pupal lethal phenotype 
was observed upon peepRNAi2, both of which had significantly reduced pupal survival compared to the 
da/+ control. Error bars indicate mean ± SEM, n=3, (one-way ANOVA, post-hoc Tukey HSD, f(3,11) = 
941.64, ***** = p<0.00001, da-GAL4/+ ; da-GAL4>peepRNAi1 = 3.33E-10, da-GAL4/+ ; da-
GAL4>peepRNAi2 = 3.01E-6, da-GAL4>peepRNAi1 ; da-GAL4>peepRNAi2 = 7.16F-9). B. Image showing 
pupal casings following eclosion of the vast majority of adult control progeny (left). A significant 
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proportion of dead pharate adults inside their pupal casings were observed following Peep knockdown 
(rightmost two bottles). Inset: close up of the dead pharate adults that do not have heads extended 
towards the anterior portion of the pupal casing (red arrowhead). da = da-GAL4, da/+ = Control. 
 

In addition, a preliminary study was performed with tub-GAL4, the strongest ubiquitous driver 

(Legan et al., 2008). The tub-GAL4 driver line is homozygous lethal and was therefore 

maintained as a heterozygous stock over the TM3, Sb, Ser balancer chromosome. As tub-GAL4 

is a weak stock, duplicate crosses were set in vials for analysis. If tub-GAL4 driven expression 

of peepRNAi has no effect on survival, approximately equal numbers of non-Sb (ie. expressing 

peepRNAi) and Sb (control) progeny would be expected, (see Figure 4.6 where arm-GAL4 can 

be substituted for tub-GAL4 on the third chromosome). Knockdown of Peep with both peepRNAi 

lines, resulted in no adult progeny and furthermore, no dead pupae or larvae were observed 

indicating death during embryogenesis. 
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Figure 4.11. Ubiquitous expression of peepRNAi with tub-GAL4 significantly affects adult survival. 
tub-GAL4 is homozygous lethal, therefore heterozygote females carrying a single copy of tub-GAL4 
over a TM3, Sb, Ser balancer were crossed to w(CS10) (Control) or peepRNAi males in a preliminary 
study. A. The number of adults that do not harbour tub-GAL4 (Sb). Error bars indicate mean ± SEM, 
n=2 (one-way ANOVA, post-hoc Tukey HSD, f(2,3) = 5.15, p = 0.107). B. Knockdown of Peep with both 
peepRNAi lines (Non-Sb) resulted in a no adult progeny, a result of an embryonic lethal phenotype. Error 
bars indicate mean ± SEM, n=2, (one-way ANOVA, post-hoc Tukey HSD, f(2,3) = 118.08, ** = p<0.01, 
tub-GAL4/+ ; tub-GAL4>peepRNAi1 = 0.0019, tub-GAL4/+ ; tub-GAL4>peepRNAi2 = 0.0019). Sb = 
Stubble, tub = tub-GAL4, tub/+ = Control. 
 

These data demonstrate that Peep is an essential protein for survival. Furthermore, an advantage 

of an RNAi approach that does not result in a complete knockout is that some progeny survive 
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through to adulthood and can be utilised for further studies. As da-GAL4 driven knockdown of 

Peep resulted in a significant pupal lethal phenotype, which could be due to defects in eclosion 

behaviour, it was of importance to utilise the survivors for further investigation into the 

importance of Peep in motor function (Section 4.3.2). 

 

4.3.1.1 Expression of Peep in neurons is not required for survival 

tub-GAL4, da-GAL4, and arm-GAL4 all drive expression in many different cell types and since 

survival of eclosion requires neural function through reorganisation and development of neural 

circuitry as well as neuronal function specifically for motor coordinated muscle contraction, it 

was examined whether the reduced survival phenotype observed with both da-GAL4 and tub-

GAL4 could be attributed to reduced expression of Peep in neurons and/or glia. 

Pan-neuronal expression of peepRNAi was induced by either elav-GAL4 or nSyb-GAL4. While 

both drive pan-neuronal expression, nSyb-GAL4 drives approximately 2.5 fold higher 

expression in the brain than elav-GAL4 (Hawley et al., 2023). Knockdown of Peep with nSyb-

GAL4 (Figure 4.12A) or elav-GAL4 (Figure 4.12B) did not result in a significant decrease in 

the total number of adult survivors. It should also be noted that expression of peepRNAi2 with 

elav-GAL4 did result in a significant decrease specifically in the number of male progeny, with 

an increase in female progeny (Figure 4.12C). These results show that a depletion of Peep in 

neurons can be tolerated and collective adult survival was unaffected. 
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Figure 4.12. Pan-neuronal knockdown of Peep does not affect adult survival. A. nSyb-GAL4 driven 
expression of peepRNAi did not affect the total number of surviving adult progeny. Error bars indicate ± 
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SEM, n≥2, (one-way ANOVA, post-hoc Tukey HSD, f(2,6) = 0.38, p = 0.71). B. elav-GAL4 driven 
expression of peepRNAi did not affect the total number of surviving adult progeny. Error bars indicate ± 
SEM, n=3, (one-way ANOVA, post-hoc Tukey HSD, f(2,8) = 0.36, p = 0.71). C. elav-GAL4 driven 
expression of peepRNAi2 resulted in a significant decrease in the number of male progeny compared to 
female progeny, indicating a mild male toxic phenotype. Error bars indicate ± SEM, n=3, (one-way 
ANOVA, post-hoc Tukey HSD, f(5,17) = 3.15, * = p<0.05, elav-GAL4>peepRNAi2 (male) ; elav-
GAL4>peepRNAi2 (female) = 0.0405). nSyb = nSyb-GAL4, nSyb/+ = Control, elav = elav-GAL4, elav/+ 
= Control. 
 

4.3.1.2 Expression of Peep in glia is required for embryonic survival 

Glial cells have not been directly investigated for their role in ecdysis and adult eclosion, 

however, defects in glial cell function have been associated with defects in motor coordination 

and function, which could contribute to ecdysis and eclosion, as they play an essential role in 

supporting neurons, specifically motor neurons. Neuroglioblast progenitor cells generate both 

neurons and glia, and in a recent study it was shown that in Drosophila, neuroglioblasts 

simultaneously give rise to both leg motoneurons and the surrounding neuropil glia (Enriquez 

et al., 2018), highlighting how closely intertwined neurons and glia are and how they may be 

essential in the processes of ecdysis and adult eclosion. Ensheathing glia, which have similar 

functions to mammalian oligodendrocytes and Schwann cells (Yildirim et al., 2019), migrate 

to the peripheral nervous system to engulf and insulate the abdominal and thoracic motoneuron 

and sensory neuron axons in the Drosophila larvae (Matzat et al., 2015). These play central 

roles in coordinating muscle movements in ecdysis through larval stages and may persist 

through to adult eclosion. Defects in glial function have been implicated in a variety of 

behavioural traits in the adult fly, including circadian rhythm. Period (Per) is essential in 

maintaining the circadian clock as it determines the length of rhythmicity. Per was found to be 

expressed in both neurons and glia, and glial expression was deemed sufficient for the upkeep 

of rhythmicity (Ewer et al., 1992). As circadian rhythm plays a role in adult eclosion, it could 

be hypothesised that glial defects could cause deficiencies in both motor neurons and muscle 

connectivity as well as circadian rhythm, resulting in eclosion deficits. 

With the exception of midline glia, all central nervous system derived lateral glia express the 

nuclear homeodomain transcription factor Repo (Halter et al., 1995; Xiong et al., 1994), 

therefore, repo-GAL4 is an ideal driver to investigate glial function. 

To determine whether the reduction of Peep in glia had an effect on survival and/or eclosion, 

Peep was knocked down in all glial cells with repo-GAL4. The repo-GAL4 driver line is 
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homozygous lethal and was therefore maintained as a heterozygote over the TM3, Sb, Ser 

balancer. Similarly to arm-GAL4 and tub-GAL4, if repo-GAL4 driven expression of peepRNAi 

had no effect on survival, approximately equal numbers of non-Sb (ie. expressing peepRNAi) and 

Sb (control) progeny would be expected, (see Figure 4.6 where arm-GAL4 can be substituted 

with repo-GAL4 on the third chromosome). Expression of peepRNAi1 resulted in a significant 

reduction in adult survival, which was further exacerbated, with few surviving female flies, 

upon expression of peepRNAi2 (Figure 4.13).  

 

Figure 4.13. Glial specific expression of peepRNAi results in a significant reduction in adult eclosion. 
The pan-glial driver repo-GAL4 is homozygous lethal and therefore maintained as a heterozygous stock 
over a TM3, Sb, Ser balancer. The average number of progeny without repo-GAL4 are indicated and 
have stubble bristles (Sb) (top graph) and the average number of progeny with repo-GAL4 driven 
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expression are indicated and do not have stubble bristles (Non-Sb) (bottom graph). repo-GAL4 driven 
peepRNAi1 resulted in fewer surviving adult progeny, which was exacerbated upon expression of 
peepRNAi2. Bars indicate mean ± SEM, n=3, (one-way ANOVA, post-hoc Tukey HSD, f(2,8) = 56.51, * = 
p<0.05, ** = p<0.01, *** = p<0.001, repo-GAL4/+ ; repo-GAL4/peepRNAi1  = 0.016, repo-GAL4/+ ; 
repo-GAL4/peepRNAi2 = 0.00011, repo-GAL4/peepRNAi1 ; repo-GAL4/peepRNAi2 = 0.0015). Sb = Stubble, 
repo = repo-GAL4. 
 

Taken together, depletion of Peep in neurons with the strong pan-neuronal nSyb-GAL4 driver 

had no effect on development, eclosion, and pharate adult survival, whereas reduced expression 

of Peep in glia was almost entirely lethal (peepRNAi2), demonstrating that Peep is essential in 

glia for survival. Unlike ubiquitous expression with da-GAL4, there were few dead pupae and 

no dead larvae as a result of knockdown with either peepRNAi construct, indicating that glial-

specific knockdown of Peep is predominantly embryonic lethal.  

In summary, Peep plays an essential role in Drosophila survival (Table 4.1). It was of 

importance to note that there is a difference in knockdown efficiency between RNAi lines, when 

expressed with different GAL4 drivers. With da-GAL4, peepRNAi1 resulted almost no adult 

survival, whereas with repo-GAL4, peepRNAi2 resulted in almost no adult survival. In both 

instances the alternative RNAi line induced a significant decrease in survival, indicating that 

the phenotypes exhibited by each RNAi are the same, however, have differing levels of 

efficiency, depending on the tissue in which it is being expressed. As experiments to test 

efficacy were performed in the eye with GMR-GAL4, which is a strong driver (Section 4.2), in 

order to assess the efficiency of each GAL4-dependent RNAi knockdown, additional efficacy 

testing via western blot or RT-qPCR is required. 

 

Table 4.1. Summary of peepRNAi on adult survival 

 

 

 Ubiquitous Pan-neuronal Glial 
 arm-GAL4 da-GAL4 tub-GAL4 elav-GAL4 nSyb-GAL4 repo-GAL4 
peepRNAi1 No effect Mostly 

pupal lethal 
Entirely 
embryonic 
lethal 

No effect No effect Partially 
embryonic 
lethal 

peepRNAi2 No effect Partially 
pupal lethal 

Entirely 
embryonic 
lethal 

Less male 
progeny, 
more 
female 
progeny 

No effect Mostly 
embryonic 
lethal 
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4.3.1.3 Overexpression of Peep extends lifespan 

As ubiquitous expression of peepRNAi using the arm-GAL4 driver resulted in viable progeny, 

this allowed a longevity assay to be performed to determine whether overexpression or 

knockdown of Peep affects a flies’ lifespan. As outlined in Section 2.5.2, a total of three 

independent replicate crosses were generated for each genotype with 25 males and 25 females 

collected per replicate at one-day old. The data shown is a collective survival plot containing 

the data from all replicates, resulting in a starting total of 150 flies. Death was tallied every two-

three days over the course of the experiment until all flies were dead. Interestingly, knockdown 

of Peep did not significantly impact lifespan, however increased expression of Peep resulted in 

enhanced longevity where over 100 flies were alive at day 80 compared to 70 flies in the control 

(arm-GAL4/+) (Figure 4.14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.14. Overexpression of Peep enhances the flies lifespan. Ubiquitous knockdown of Peep with 
arm-GAL4 did not affect the flies lifespan, however ubiquitous overexpression of Peep did significant 
enhance longevity, n=150, (log rank test, post-hoc Bonferrroni, ** = p<0.01, arm-GAL4/+ ; arm-
GAL4>peepOE = 0.005). arm = arm-GAL4, arm/+ = Control. 
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These results show that following ubiquitous knockdown of Peep with the relatively weak arm-

GAL4 driver, which does not result in a sufficient knockdown to result in embryonic lethality 

or eclosion defects (Section 4.3.1), flies have normal lifespans. Furthermore, increased 

expression of Peep extended the flies lifespan, further indicating a pro-survival role for Peep.  

 

4.3.2 Peep is dispensable for adult locomotor function 

Vertebrate motor function deteriorates with age and is also accelerated in diseases such as 

Parkinson’s disease (Mazzoni et al., 2012), spinocerebellar ataxia (Smeets & Verbeek, 2016), 

and motor neuron disease (Talbot, 2009). The locomotor function of a fly can be tested using 

the negative geotaxis climbing assay, as the innate response of a fly is to escape through 

directional movement against gravitational cues by climbing to the top of a vial (Inagaki et al., 

2010; Kamikouchi et al., 2009; Sun et al., 2009). 

As described in Section 4.3.1, ubiquitous knockdown of Peep using the da-GAL4 driver resulted 

in severe eclosion defects in peepRNAi1 progeny, where insufficient flies eclosed for analysing 

locomotor function. Knockdown with peepRNAi2 resulted in a 69% survival rate and escapers 

were able to be assessed further in a negative geotaxis assay (Section 2.5.3). The climbing 

ability of five-day-old flies was measured at ten intervals with a four-minute rest period between 

each interval. The proportion of flies that climbed to 5 cm or above were deemed to have intact 

climbing ability. From these results, both PeepOE and peepRNAi2 maintained intact climbing 

ability as compared to the control (Figure 4.15), demonstrating that Peep was dispensable for 

normal locomotor function. 
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Figure 4.15. Ubiquitous knockdown of Peep does not decrease climbing proficiency. A negative 
geotaxis climbing assay to assess motor coordination was performed on flies with da-GAL4 driven 
PeepOE and peepRNAi2. Error bars indicate mean ± SEM, n=3 independent crosses, 10 flies per cross, 
(One-way ANOVA, post-hoc Tukey HSD, f(2,8) = 1.71, p = 0.26). da = da-GAL4, da/+ = Control. 
 

4.3.3 Peep is required for mushroom body development  

The importance of mushroom body development has been described in Section 1.3.1.1, 

detailing how normal axonal projection is important for learning and memory acquisition 

(McBride et al., 1999). It was determined in Section 3.2.1 that the pan-neuronal knockdown of 

Peep with elav-GAL4 resulted in modest mushroom body defects (Table 3.4) with less than 

15% of total brains having β lobe fusion (Figure 3.3). Additional mushroom body abnormalities 

were observed in a small proportion of brains, including β lobe shortening and axon guidance 

defects. These defects induced by pan-neuronal elav-GAL4 were minimal, however elav-GAL4 

is a relatively weak driver (Hawley et al., 2023). Dicer-2, which cleaves long inverted repeat 

hairpins (Elbashir et al., 2001; Lee et al., 2004; Schwarz et al., 2003), is moderately expressed 

in neurons (Li et al., 2022), therefore, the efficacy of Peep knockdown was enhanced upon pan-

neuronal overexpression of Dicer-2. 
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4.3.3.1 Increased efficacy of pan-neuronal Peep knockdown results in more severe 

mushroom body defects 

The transgenic lines imported from VDRC for RNAi knockdown contain long inverted repeat 

hairpin RNAs designed to target peep mRNA. The UAS/GAL4 bipartite system allows for 

tissue specific expression of these RNAi fragments which are enzymatically cleaved by Dicer-

2 to generate siRNAs (Elbashir et al., 2001; Lee et al., 2004; Schwarz et al., 2003) (discussed 

in Section 1.3.4.3). It has previously been shown that co-expression of Dicer-2 enhances the 

potency of the RNAi (Dietzl et al., 2007), therefore, to determine whether a more efficient 

knockdown increases the mushroom body defects induced by peepRNAi, Dicer-2 was 

overexpressed. elav-GAL4;Dicer-2 virgin females were crossed to males carrying either of the 

peepRNAi constructs, followed by immunohistochemistry using anti-FasII to highlight the 

mushroom body lobes for quantification (Section 2.2.4). Pan-neuronal overexpression of Dicer-

2 alone did not disrupt mushroom body development, and the total proportion of mushroom 

body defects was increased when Dicer-2 was co-expressed with each peepRNAi (Figure 4.16). 

This increase in defects was predominantly attributed to an increase in β lobe fusion (Table 

4.2), with some instances of short or missing a or b lobes. Together these data demonstrate that 

Peep is required in neurons for normal mushroom body axon elongation and termination.  

 

Table 4.2. Overexpression of Dicer-2 increases mushroom body defects induced by knockdown of 
Peep 

Genotype elav> 
peepRNAi1 

elav> 
peepRNAi2 

elav>Dicer-2; 
peepRNAi1 

elav>Dicer-2/ 
peepRNAi2 

Short α lobe (%) - - 5 5 
Short β lobe (%) 3.7 - 5 - 
Missing α lobe (%) - - 5 - 
Missing β lobe (%) - - 10 - 
Guidance (%) 3.7 2.9 5 - 
Total β lobe fusion (%) 10 5.9 20 25 
No defects (%) 81 91 60 70 
n 27 34 20 20 

elav = elav-GAL4. 
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Figure 4.16. Percentage of brains displaying mushroom body defects. Pan-neuronal overexpression 
of Dicer-2 enhanced peepRNAi efficiency which significantly increased the proportion of mushroom body 
defects, n≥19, (one-tailed Fisher’s exact test- *** = p<0.001- elav-GAL4>peepRNAi1 ; elav-GAL4;Dicer-
2>peepRNAi1 = 0.0003, elav-GAL4>peepRNAi2 ; elav-GAL4;Dicer-2>peepRNAi2 = 0.0001). elav = elav-
GAL4, elav/+ = Control, elav-GAL4>Dicer-2 = Dicer-2 control. 
 

4.3.3.2 Reduced expression of Peep in glia results in severe mushroom body defects  

Given that Peep is required in neurons for normal mushroom body development, and that 

expression of Peep in glia is important for overall survival, the role of glial-specific Peep in 

mushroom body development was also assessed. As there were a small number of adult 

survivors following glial-specific knockdown of Peep (Section 4.3.1.2), a preliminary 

immunohistochemistry study on brains isolated from these adults was performed. Brains were 

stained with either an anti-repo antibody to investigate differences in the number and 

distribution of glia in the brain, or with anti-brp to analyse defects to the structure of the brain 

(Section 2.2.4). Upon both overexpression and knockdown of Peep, a qualitative assessment of 

the brains showed no obvious differences in the number of glial cells observed.	

These glia were localised to the external surface of the brain which were predicted to be surface 

glia, and also throughout the cortex region which were predicted to be cortex glia (further 

discussed in Section 1.3.1.2). The only point of interest was that the single brain that was 

isolated and imaged from repo-GAL4 driven peepRNAi2 was smaller in overall brain volume 
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compared to the control, which could be attributed to a loss of structural integrity, as the brain 

was fragile, tacky, and easy to tear during the dissection process (Figure 4.17).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.17. The distribution of glia in the brain remained unchanged upon repo-GAL4 driven 
peepRNAi. Both overexpression and knockdown of Peep in glia resulted in no obvious alterations to the 
distribution of glial cells, identified by anti-repo staining (green) in the posterior (top panels) or anterior 
(bottom panels) of the adult brain. Brains were counterstained with DAPI (blue) to highlight the structure 
of the brain and analyse brain volume. A single peepRNAi2 brain was isolated, therefore an anterior brain 
was unable to be imaged, however the posterior-imaged brain appeared to be smaller in brain volume. 
Images taken using 20x objective lens, 1 µm sections, scale bar = 100 µm. repo = repo-GAL4, repo/+ 
= Control. 
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(Figure 4.18A) or anterior (Figure 4.18B) maximum projections. However, analysis of the 

optical sections through the medially projecting b lobes showed that knockdown of Peep 

resulted in 100% severe b lobe fusion in the five brains analysed (Figure 4.18C, white 

arrowhead, Figure 4.18 insets C’, C’’ white arrowhead). These results show that Peep 

expression in glia is required for embryonic survival and that any adult escapers display severe 

defects in mushroom body development, demonstrating the requirement of glia, and Peep 

expression in glia for neurodevelopment and survival, both of which warrants further 

investigation. 

 

 
Figure 4.18. Pan-glial reduction of Peep results in a severe β lobe fusion defect. Using an antibody 
that highlights the synaptic neuropil (anti-brp), the structure of the dissected adult brain can be analysed. 
Upon depletion of Peep there were no gross morphological defects observed A. through the posterior of 
the brain, or B. to the overall structure of the anterior of the brain, aside from C. overextension and 
fusion of the β lobes (white arrowhead), was normal. C’, C’’ insets display a magnified view of the 
mushroom body, highlighting the fused β lobes (white arrowhead). Images are maximum projections 
through the whole brain and isolated sections (C) using the 20x objective lens, Zoom 1.25x, 1 µm 
sections, scale bar = 100 µm. Insets are cropped, magnified projections of the mushroom body, scale 
bar = 50 µm. repo = repo-GAL4, repo/+ = Control. 
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4.3.4 Peep is not required for courtship learning or memory 

Knockdown of Peep, similarly to overexpression of HDAC4, knockdown of Ankyrin2, and 

mutation of Moesin, all result in significant mushroom body defects, which is an important 

structure for learning and memory formation (McBride et al., 1999). Overexpression of 

HDAC4, knockdown of Ankryin2, and mutation of Moesin all also affect long-term courtship 

memory formation when expressed in the adult brain (Fitzsimons et al., 2013; Freymuth & 

Fitzsimons, 2017; Wilson et al., 2023), it was therefore hypothesised that Peep may also play a 

role in learning and/or memory processes. In order to assess whether Peep is required for 

learning or memory, the courtship suppression assay was employed. This involves a classical 

conditioning process whereby a male fly learns and remembers experience-dependent rejection 

behaviours to suppress efforts to mate with a non-receptive female. Male courtship behaviour 

involves a distinct set of ritualistic behaviours performed to attract a mate and result in 

successful breeding, further discussed in Section 1.3.3.1 (Figure 1.7). The type of courtship 

behaviour and memory tested in this present study involved the male-specific cVA pheromone. 

Pairing olfactory processing of cVA with female rejection behaviour by an unreceptive, mated 

female to a male’s courtship advances post-copulation by another male, results in suppression 

of male courtship further described in Section 1.3.3.1. 

Mushroom body ablation has been shown to impair both short-term and long-term courtship 

memory (McBride et al., 1999), therefore, to avoid developmental mushroom body defects 

induced by peepRNAi (Section 3.2.1), the TARGET system was employed to restrict pan-

neuronal Peep knockdown to the adult brain. The TARGET system allows for temporal control 

of gene expression (McGuire et al., 2004) and was further described in Section 1.3.4.2. All fly 

lines used for courtship behaviour testing were outcrossed for five generations into the w(CS10) 

genetic background. Virgin females harbouring the elav-GAL4 driver and tubP-GAL80ts (elav-

GAL80ts) were crossed to UAS-peepRNAi males. To control for learning and memory defects 

attributed to GAL80ts and GAL4 expression, a control cross was set between elav-GAL80ts 

virgin females and CS (Control) males. To control for learning and memory defects induced by 

the presence of peepRNAi, virgin CS females were crossed to UAS-peepRNAi males. All flies were 

raised at 19°C (McGuire et al., 2004) and virgin male progeny to be trained and/or tested were 

immediately housed, following eclosion, in separate vials containing standard fly media for up 

to four days before being transferred to 30°C for 72-hours to induce transgene expression in the 

adult brain (Section 2.7). 
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4.3.4.1 Courtship activity and learning remained intact following adult-specific 

knockdown of Peep 

Following 72-hours of peepRNAi induction at 30°C, courtship suppression activity and learning 

was assayed. A single mated wild-type female was placed with each male to be tested (Section 

2.7.1) and the first (pre-training) and final (post-training) 10 minutes of the hour were analysed 

for the proportion of time the male displayed any courtship behaviours previously described in 

Section 1.3.3.1 (Figure 1.7). A male with intact learning would court the unreceptive female for 

less time during the final post-training 10-minutes of the hour based on his learning of courtship 

rejection behaviours and olfactory processing of cVA. Courtship activity itself was first 

analysed because if Peep altered courtship behaviours, the courtship suppression assay would 

not be appropriate to measure learning and memory, as any defects could be attributed to 

alterations to courtship ability. There were no significant differences in courtship activity during 

pre-training across genotypes (Figure 4.19A), indicating that Peep is dispensable for courtship 

activity. 

To assess courtship learning capabilities, the proportion of time the male spent performing 

courtship behaviours toward the mated female during the final (post-training) 10-minutes was 

compared to the proportion of time the male spent courting during the first (pre-training) 10-

minutes. A learning index of zero would indicate no learning (ie. males did not reduce courtship 

activity during post-training compared to pre-training), and the higher the index, the better the 

male learnt to associate cVA with failure to mate and thus reduced his courtship efforts (Section 

2.7.2). There were no significant differences in courtship learning following adult-induced Peep 

knockdown (Figure 4.19B), indicating that Peep is also dispensable for learning of cVA-

dependent courtship suppression.  
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Figure 4.19. Courtship activity and learning remain intact following adult-induced knockdown of 
Peep. A. Knockdown of Peep in the adult brain did not impair courtship activity. Error bars indicate 
mean ± SEM, n≥19, (one-way ANOVA, post-hoc Tukey HSD, f(9,197) = 8.36. No significant difference 
on arcsine-transformed data between both controls; transgene control (peepRNAi1 or peepRNAi2), and driver 
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control (elav-GAL80ts/+), and the driver-induced transgene knockdown (elav-GAL80ts>peepRNAi1 or 
elav-GAL80ts>peepRNAi2)). B. Knockdown of Peep in the adult brain also did not impair learning of 
cVA-dependent courtship suppression. Error bars indicate mean ± SEM, n≥19, (one-way ANOVA, post-
hoc Tukey HSD, f(4,98) = 1.7, p = 0.157. No significant difference on arcsine-transformed data between 
both controls; transgene control (peepRNAi1 or peepRNAi2), and driver control (elav-GAL80ts/+), and the 
driver-induced transgene knockdown (elav-GAL80ts>peepRNAi1 or elav-GAL80ts>peepRNAi2)). elav-
GAL80ts = elav-GAL4;tub-GAL80ts. 
 

4.3.4.2 Short-term and long-term courtship memory remained intact following adult-

specific knockdown of Peep 

Following 72-hours of peepRNAi induction, both short-term and long-term courtship training 

was performed (Section 2.7.3). To examine memory, two groups of flies were tested, one group 

were trained, while the other group remained naïve (sham). For training, a mated wild-type 

female and a male of the genotype to be tested were transferred and housed in a training 

chamber at 30°C for one-hour for STM or seven hours for LTM. Simultaneously, sham males 

were housed alone in a training chamber, under identical conditions. For STM testing, following 

one-hour of training, the males were immediately removed from the training chamber and 

transferred into a testing chamber containing a new freshly mated wild-type female, and 

courtship behaviour was analysed over a 10-minute period. For LTM testing, females were 

removed and discarded, and all males were incubated at 30°C overnight in the training chamber. 

After 24 hours, each male was placed with a new freshly mated wild-type female in a testing 

chamber and courtship activity was measured over a 10-minute period. The courtship behaviour 

of sham males should be similar to that of males pre-training in the learning assay (Section 

4.3.4.1), whereas a trained male with intact short-term and/or long-term memory would reduce 

his courtship behaviour due to experience-dependent learning and memory. A memory index 

was calculated by comparing the proportion of time each trained male spent courting verses the 

proportion of time each sham male spent courting. A low memory index score of zero indicates 

impaired memory that is no better than that of a sham male, whereas a memory index closer to 

one indicates intact memory acquisition. Adult-specific Peep knockdown did not significantly 

impair short-term (Figure 4.20A) or long-term courtship memory (Figure 4.20B). 
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Figure 4.20. cVA-retrievable courtship memory remained intact upon adult-induced knockdown 
of Peep. A. Knockdown of Peep in the adult brain did not impair STM following courtship conditioning. 
Error bars indicate mean ± SEM, n≥19, (one-way ANOVA, post-hoc Tukey HSD, f(4,98) = 0.485, p = 

0

0.2

0.4

0.6

0.8

1

peep RNAi 1 elav-GAL80/
peep RNAi 1

elav-GAL80/+ elav-GAL80/
peep RNAi 2

peep RNAi 2

ST
M

 In
de

x
A

peepRNAi1 peepRNAi2elav-GAL80ts>
peepRNAi1

elav-GAL80ts>
peepRNAi2

elav-
GAL80ts/+

0

0.2

0.4

0.6

0.8

1

peep RNAi 1 elav-GAL80/
peep RNAi 1

elav-GAL80/+ elav-GAL80/
peep RNAi 2

peep RNAi 2

LT
M

 In
de

x

B

peepRNAi1 peepRNAi2elav-GAL80ts>
peepRNAi1

elav-GAL80ts>
peepRNAi2

elav-
GAL80ts/+



  Results  

177 

0.746. No significant difference on arcsine-transformed data between both controls; transgene control 
(peepRNAi1 or peepRNAi2), and driver control (elav-GAL80ts/+), and the driver-induced transgene 
knockdown (elav-GAL80ts>peepRNAi1 or elav-GAL80ts>peepRNAi2)). B. Knockdown of Peep in the adult 
brain did not impair long-term memory following courtship conditioning. Error bars indicate mean ± 
SEM, n≥19, (one-way ANOVA, post-hoc Tukey HSD, f(4,98) = 1.92, p = 0.113. No significant difference 
on arcsine-transformed data between both controls; transgene control (peepRNAi1 or peepRNAi2), and driver 
control (elav-GAL80ts/+), and the driver-induced transgene knockdown (elav-GAL80ts>peepRNAi1 or 
elav-GAL80ts>peepRNAi2)). elav-GAL80ts = elav-GAL4;tub-GAL80ts. 
 

Although knockdown of Peep results in morphological defects to the developing mushroom 

body, pan-neuronal knockdown of Peep in the adult brain does not affect cVA-retrievable 

courtship learning or memory, indicating that Peep is not essential for these behavioural 

processes. 

 

4.3.5 Peep is dispensable for wing development 

Drosophila imaginal discs make for ideal models to study development and growth, with the 

larval eye disc being further investigated in Section 5.1.1. The wing imaginal disc in third instar 

larvae do not contain neurons, however immediately following pupation a number of neurons 

are born and play an important role in creating the adult wing hinge, and the sensory bristles 

which disperse around the periphery of the wing (Jan et al., 1985). The wing disc and developed 

adult wing structure are therefore often used as a model for neurodegeneration due to the large 

number of sensory neurons that reside in the wing vein with axons that project towards the 

central nervous system (Ghysen, 1978, 1980). Neural axon injury can be studied in this model 

through non-lethal ablation, and the wing, similar to the eye, is easily perturbed and live 

imaging can be utilised to study axonal degeneration (Fang et al., 2012). 

The en-GAL4 driver was used in a preliminary study to determine whether Peep is involved in 

wing development. Engrailed is a transcription factor that plays an important role in neuronal 

development with specific localisation to cells in the posterior compartments of tissues, and in 

Drosophila was first established as a regulator of body segmentation (Kornberg, 1981). en-

GAL4 has been detailed to have an extensive expression pattern in the adult fly, with strong 

expression in the antennae, proboscis, and ocelli as well as in all leg segments, halteres, and in 

the posterior hindgut and genitalia, as well as in the wing hinge and the posterior wing veins 

(Blagburn, 2008). As there is strong expression in the wing, this driver was used to overexpress 
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and knockdown Peep and assess the requirement of Peep for adult wing development. Wings 

were imaged and assessed (Section 2.4.5) and compared to control wings (en/+), no defects to 

wing development and vein patterning were observed (Figure 4.21). These data indicate that 

Peep is likely not required for wing development.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21. Wing morphology was normal upon overexpression and knockdown of Peep. en-GAL4 
expression of PeepOE and peepRNAi does not affect wing morphology and vein patterning. en = en-GAL4, 
en/+ = Control.
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4.4 Discussion 

This chapter involved characterisation of Peep expression and its contribution to normal 

development and adult function via a battery of well-established behavioural and morphological 

analyses. 

Peep was found to be endogenously expressed throughout different stages of development and 

in a range of tissues, albeit at a very low level, including in the adult retina and adult brain. 

Ubiquitous depletion of Peep with tub-GAL4 was lethal during embryogenesis, indicating that 

Peep plays an essential role in embryogenesis. Peep is also required at later stages of 

development as knockdown with da-GAL4, which drives widespread expression but at a lower 

level than tub-GAL4 (Legan et al., 2008), allowed survival through embryogenesis but was 

lethal at the pupal stage. The motor function of adult escapers, however, was not affected. Post-

developmental, pan-neuronal depletion of Peep did not affect courtship learning and memory 

acquisition. In contrast, glial expression of Peep was required for survival through 

embryogenesis and interestingly, adult escapers, displayed severe developmental defects in the 

mushroom body, which warrants further investigation. 

 

4.4.1 Peep is required for survival through eclosion 

Drosophila eclosion begins during the last 10-hours of adult development where the area 

between the pupal cuticle and pharate adult fills with a moulting fluid and over the course of 

approximately three-hours this fluid is reabsorbed, which changes the appearance of the head 

area of the pupal cuticle from a smooth texture to a grainy wrinkled texture. Within an hour, 

the newly formed adult trachea fills with air and expands causing extension of the ptilinum, a 

membranous sac, that breaches the anterior portion of the pupal casing. These events are 

followed by a 40-minute quiescent period before eclosion proceeds (Kimura & Truman, 1990; 

McNabb et al., 1997). Eclosion relies on the precise coordination of motor neurons and muscles, 

and takes place in three main stages, the first being movement of the pharate adult further 

towards the anterior portion of the pupal case followed by a series of head expansions to break 

open the operculum. The second stage involves head thrashing movements and thoracic and 

abdominal contractions to propel the pharate adult forward to push the head out through the 

operculum. During the third and final stage, the remainder of the fly is propelled out of the 
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pupal casing, which occurs through large bouts of abdominal contractions (McNabb et al., 

1997).  

Knockdown of Peep with da-GAL4 resulted in a significant decrease in adult survival due to 

either defects in ecdysis or pharate adult development, with expression of peepRNAi1 or peepRNAi2 

resulting in 97.3% and 31.1% pupal lethality respectively. The pupal lethal phenotype was not 

observed upon knockdown with the weaker ubiquitous driver arm-GAL4, thus the use of drivers 

that confer different temporal and spatial expression profiles and expression levels is important 

for determining the role that Peep plays at different developmental stages and in different 

tissues. Overall, these results show that wild-type levels of Peep are not required for survival 

into adulthood (ie. a modest level of knockdown was tolerated), as knockdown with arm-GAL4 

did not alter survival. It would therefore be of interest to examine the hallmark processes that 

occur during eclosion, including hormone production, circadian rhythm, and motor neuron 

function and coordination, to assess whether the pupal lethality resulting from da-GAL4 driven 

Peep knockdown could be attributed to a failure of one or more of these processes during 

eclosion itself, or whether other processes during the final stages of pupal development or 

physiological defects, unrelated to ecdysis and eclosion, result in death prior to initiation of 

eclosion. 

Eclosion is a timed process that is regulated by pulses of the steroid hormone ecdysone 

(Baehrecke, 1996). The precise timing of events is closely related to circadian rhythm and the 

presence of three additional hormones. The Drosophila ecdysis-triggering hormone (Eth) 

shares similarities with the Manduca (Park et al., 1999; Zitnan et al., 1996) and is only 

expressed in the epitracheal Inka cells which persist throughout development and into adulthood 

(Meiselman et al., 2017). Eth plays a pivotal role in regulating eclosion, and its activation is 

achieved through the ecdysone receptor and pulses of ecdysone hormone release. Eth hormone 

expression has been shown to be important for both cuticle loosening (pre-ecdysis) and 

shedding (ecdysis) throughout development, as a reduction results in a high degree of lethality 

(Zitnan et al., 1996). The eclosion hormone (Eh) was first identified in the silkmoth (Truman 

& Riddiford, 1970) and was shown to be instrumental in all ecdyses throughout larval and adult 

development in holometabolous insects (Truman et al., 1981). There are two pairs of ventral 

medial (VM) neurons that secrete Eh and their cell bodies are located in the brain and their 

axons extend the length of the central nervous system (Truman & Copenhaver, 1989). 

Interestingly, ablation of Eh producing neurons in Drosophila lead to a significant reduction in 

adult eclosion due to a failure of tracheal inflation, with one-third surviving (McNabb et al., 
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1997), indicating that while the Eh can be required for ecdysis, it is not necessary. The Eh 

targets the Inka cells to release Eth resulting in Eth targeting of the VM neurons to release Eh, 

therefore, the precise timing and release of these hormones generates a positive feedback loop 

for ecdysis control (Ewer et al., 1992), whereby, a loss of either hormone leads to early lethality 

(McNabb et al., 1997; Zitnan et al., 1996). The Crustacean cardioactive peptide (CCAP) is 

expressed in a small subset of neurons in the ventral nervous system and is believed to be the 

master control peptide that turns on ecdysis motor function. Ablation of CCAP neurons prior 

to larval ecdysis was not lethal, however the pre-ecdysis period was significantly longer than 

the control, indicating that CCAP expression is not essential for survival (Park et al., 2003), but 

may be of importance for the execution of ecdysis (Kim et al., 2006). CCAP ablation prior to 

pupal ecdysis, which occurs upon head eversion in during which time the imaginal disc 

appendages take on their adult form, resulted in the majority of pharate adults dead within their 

pupal cases, which was due to failure of adult body expansion, including extension of the head, 

legs, and wings, rather than a defect in the ecdysis motor function or eclosion. Ablation of 

CCAP post-eclosion resulted in only a small proportion of flies with inflated wings, indicating 

that CCAP is also required post-ecdysis (Park et al., 2003).  

To determine whether Peep is required for hormone signalling during eclosion, Peep could be 

knocked down in cells that express hormones required for eclosion and/or ecdysis (Scott et al., 

2020), and the resulting hormone levels in these cells could be measured.  

The circadian clock is another main player in the process of eclosion as it gatekeeps and 

promotes eclosion during specific windows of time. Eclosion for most insects occurs at dawn 

or dusk due to the circadian clock, and flies are normally raised in a 12-hour light/dark cycle 

(Mark et al., 2021). Interestingly, wild-type flies under constant darkness retain their internal 

clock and eclose at 24-hour intervals even when there is no light exposure. However, flies with 

a non-functional circadian clock eclose at any time throughout the day and night. The circadian 

clock has been shown to control the final stages of metamorphosis in order to initiate adult 

ecdysis and eclosion in a daily 24-hour rhythm (Mark et al., 2021). Knockout of either Eh or 

CCAP, by using an Eh or CCAP cell-specific enhancer to induce expression of pro-apoptotic 

genes reaper (rpr) or hid to ablate these cells, did not disrupt circadian rhythm (McNabb et al., 

1997; Park et al., 2003). However, Eh knockouts failed to respond to rapid bursts of light, 

known as the lights-on response which normally results in a rapid increase of eclosion as light 

is an important environmental cue for eclosion timing (McNabb et al., 1997), furthermore, 

CCAP mutants had abnormal timing of eclosion events throughout the day (Park et al., 2003). 



Discussion 

182 

Peep has previously been shown to be regulated by the circadian clock in the fat body (Xu et 

al., 2011), therefore further studies of whether Peep plays a role in circadian rhythm in neurons 

could be performed. Pupae lacking Peep could be monitored throughout the regular 12-hour 

light/dark cycle to determine whether peepRNAi induces an abnormal circadian rhythm resulting 

in abnormal eclosion timing, leading to a pupal lethal phenotype.  

Upon closer inspection, the dead pharate adult heads were not in close proximity to the 

operculum (Figure 4.10B, inset), and therefore movement towards the anterior portion of the 

pupal casing may be defective, which implicates muscle coordination, motoneuron circuitry, 

and hormone signalling. It does however require mention that the positioning of the pharate 

head may either be the cause of eclosion failure, or consequence of late-stage pupal death, the 

latter would result in degradation and shrinkage of the pharate adult inside the pupal casing. 

Aside from this, no obvious phenotypic defects were observed, and visually the pharate adults 

appeared to be fully developed. Analysing survival upon Peep knockdown with the motor 

neuron driver D42-GAL4 (Parkes et al., 1998; Sanyal, 2009) would be of interest to determine 

the requirement of Peep in motor neurons. 

 

4.4.2 Peep is dispensable for adult motor function 

To identify whether depletion of Peep affected motor function, the negative geotaxis climbing 

assay was performed to evaluate the motor function of adult flies. This assay is quantitative and 

reproducible (Hura, 2018; Patel & Tamanoi, 2006)  and has been used to evaluate motor 

function in Drosophila models of Parkinson’s and Alzheimer’s diseases (Song et al., 2017; 

Zhang et al., 2017). Following overexpression and knockdown of Peep with da-GAL4 no 

deficits in climbing ability were observed, indicating that Peep is not an important contributor 

to motor strength and/or coordination required for climbing. However, a limitation to this study 

is that there is internal bias towards escapers that had the capacity to eclose in the first place, 

meaning that if peepRNAi impaired motor function, it is likely that eclosion would be affected. 

This suggests incomplete penetrance such that if the pharate adult can survive pupal 

development and the eclosion process, then motor function of the adult fly would be sufficiently 

intact. Therefore, from these results it is impossible to discern whether knockdown of Peep 

affects motor skills involved in eclosion and post-developmental climbing ability. It would be 

informative to repeat this experiment using a motor neuron driver such as D42-GAL4 (Parkes 
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et al., 1998; Sanyal, 2009) as it is possible that although da-GAL4 is expressed in motor 

neurons, the level of expression may not be high and may not include all important motor 

neurons  required for both eclosion and climbing. Furthermore, these results also require 

repetition with a pan-neuronal driver (elav-GAL4 or nSyb-GAL4) as a previous study has shown 

that clusters of dopaminergic neurons that innervate the mushroom body modulate startle-

induced negative geotaxis (Sun et al., 2018) 

Further experiments could include investigating muscle expansion and contraction in third 

instar larvae. Analysing larval locomotion may reveal early indications of motor control 

dysfunction, and offer insight into whether the pupal lethal phenotype is due to motor 

dysfunction, resulting in eclosion failure. Similarly, dissection of pharate adult progeny from 

pupal casings at the normal time of eclosion to first, determine whether these adults survive, 

and second, analyse climbing behaviour. These analyses would further shed light on whether 

defects in eclosion behaviour are due to motor coordination and muscle function. 

 

4.4.3 Peep expression in glia but not neurons is essential for embryonic survival  

Glia are non-neuronal cells of the central and peripheral nervous systems that maintain and 

support neuronal function by providing cues through the secretion of neurotropic factors for 

neuronal conduction, axon guidance, neurotransmitter recycling, cell morphology, and the 

overall maintenance of homeostasis (Rahman et al., 2022) (Section 1.1.1). Glia play a critical 

role in early development and survival, specifically during the development of the embryonic 

central nervous system, where neuronal survival relies on the presence of glia, as impaired glial 

function or ablation has been shown to result in neuronal death (Booth et al., 2000).  

In the current study, expression of Peep in glia was determined to be essential for embryonic 

survival. The embryonic lethal phenotype was also observed when Peep was knocked down 

with tub-GAL4, but not the weaker da-GAL4 driver. Although Daughterless is expressed in glia, 

da-GAL4 may not drive expression in all glia and/or to as high of a level as repo-GAL4 (which 

drives expression in all glia). If this is the case, it would provide a possible explanation as to 

why knockdown with da-GAL4 result in progeny that survive through to the pupal stage, 

whereas knockdown with repo-GAL4 is embryonic lethal. Although Peep expression in glia is 

essential for embryonic development, it is as yet unclear whether the pupal lethal phenotype 
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induced by da-GAL4-driven knockdown of Peep is a result of reduced Peep in glia. It is possible 

that knockdown of Peep in other da-GAL4-expressing cell types is responsible for this 

phenotype, and further delineating the specific cell types in which Peep expression is required 

during pupal development would be informative.  

Peep has been shown in single cell RNA-seq data to be lowly expressed in glia (Li et al., 2022), 

however its endogenous expression in different glial subtypes is yet to be explored. From these 

data it is likely that Peep is expressed in glia early in development, and reduced expression may 

impair normal glial function in shaping the central nervous system. 

Given these results, it would be important to determine the glial subtypes in which Peep is 

expressed, to elucidate the role that Peep plays in glia during early development and embryonic 

survival, discussed further in Section 6.1.  

Pan-neuronal knockdown of Peep with elav-GAL4 or nSyb-GAL4 drivers resulted in 

predominantly normal survival. As nSyb-GAL4 drives 2.5-fold higher expression than elav-

GAL4, it can be concluded that flies can tolerate a large depletion of Peep in neurons and survive 

(Hawley et al., 2023). However, while the overall total number of progeny was not reduced, 

elav-GAL4 driven knockdown of Peep resulted in a reduced number of male survivors. This 

could be due to a difference in survival fitness as there is limited capacity for progeny due to 

space and resources. This means that if females are physically fitter, they would outcompete 

the males, resulting in less male progeny and more female progeny. The temporal expression 

patterns of the two pan-neuronal drivers differ, whereby elav gene expression turns on earlier 

than nSyb (DiAntonio et al., 1993; Robinow & White, 1988), and there is variation in the spatial 

patterns of expression in the brain (Hawley et al., 2023). As stated above, nSyb-GAL4 drives a 

higher overall level of expression, but there are some brain areas in which elav-GAL4 

expression is higher. To that end, it is possible that reduced expression of Peep is less tolerated 

in one (or more) of the cell types in which elav-GAL4 is expressed more highly. This could also 

be due to dosage compensation which is a mechanism specific to male Drosophila to balance 

gene expression related to the unequal distribution of sex chromosomes. A male Drosophila 

will double the expression of genes residing on the X chromosome (Muller, 1932) and as elav-

GAL4 is located on the X chromosome males will express twice as much GAL4 which can often 

result in lethality. This experiment should be repeated to determine whether the male lethality 

result is reproducible.  
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In order to examine the importance of Peep in survival of both glia and neurons throughout 

development, a comprehensive analysis of the expression pattern of Peep during 

embryogenesis, larval, and pupal development should be performed, following the generation 

and validation of a new Peep antibody, or using fluorescence in situ hybridisation. Furthermore, 

tissue-specific conditional knockout studies using CRISPR/Cas9 to knockout Peep expression 

in all neurons and also in specific subsets of central nervous system glia could be compared to 

the current knockdown studies. This would indicate whether the phenotypes are further 

exacerbated upon complete loss of Peep, to determine which cells are specifically important for 

development and survival through to adulthood. 

 

4.4.4 Peep expression is required for mushroom body development but is not 

required for learning and memory  

4.4.4.1 Peep depletion in neurons results in mushroom body morphological defects 

While neuronal Peep is required for mushroom body development, it does not appear to be 

required in neurons for the formation and/or storage of courtship memory. The mushroom body 

morphological defects resulting from pan-neuronal Peep knockdown that were initially 

observed in Section 3.2.1, were exacerbated upon overexpression of Dicer-2 (Dietzl et al., 

2007). The phenotypes induced by Peep knockdown with Dicer-2 included reduced elongation 

of a and b lobes with the predominant phenotype attributed to b lobe fusion.  

The mushroom body is comprised of the extending axonal processes from the neuronal Kenyon 

cell bodies that are clustered at the posterior of the brain. These mushroom body axons extend 

through the pedunculus and bifurcate to form bisymmetric dorsal and medial projecting 

neuropil structures (Section 1.3.1.1) (Crittenden et al., 1998). 

To further understand the requirement of Peep in each Kenyon cell neuronal subgroup, GAL4 

drivers that drive expression in each of the different Kenyon cell subgroups (a/b, a’/b’, or g) 

could be utilised (Aso et al., 2009). These drivers are not fully restricted to these cells, as 

expression is also often observed in the ellipsoid body, subesophageal ganglion, and lobula 

plate in the optic lobes (Aso et al., 2009). Therefore, to avoid confounding non-specific defects 

induced by Peep depletion, the Split-GAL4 system could be utilised. GAL4 is comprised of 

two domains, the DNA binding domain (DBD) and the AD. The DBD binds directly to the 
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UAS, positioned upstream of the transgene of interest, and the AD drives transgene 

transcription. The traditional UAS/GAL4 system employs a tissue-specific promoter to drive 

GAL4 (consisting of a DBD and AD) expression of a UAS transgene in a tissue-specific manner 

(Brand & Perrimon, 1993) (Figure 1.8). The Split-GAL4 system is an alternative approach for 

manipulating gene expression targeted to a specific subset of cells and removing background 

expression (Luan et al., 2006). The DBD and AD are independently targeted by two different 

promoters and transgene expression will only occur if the DBD and AD are at overlapping 

expression zones where a DBD-AD heterodimer can form through a leucine zipper (Luan et al., 

2006). There are Split-GAL4 drivers available for a/b, a’b’, and g Kenyon cell neurons, and 

these were recently validated by expression of UAS-GFP, and the expression pattern in the 

mushroom body of each Split-GAL4 driver was specific to its intended cell type (Tan, 2022). 

Peep knockdown in specific Kenyon cell neurons would demonstrate the requirement of Peep 

in each subgroup and demonstrate whether a reduction of Peep in one set of Kenyon cell 

neurons non-autonomously regulates the growth and extension of axons from other Kenyon cell 

populations. 

The processes involved in guiding mushroom body axonal growth involve chemotropic 

guidance cues, cell-cell contact and adhesion, and cytoskeletal regulator proteins.  

NetB was a candidate in the initial mushroom body and eye screen to identify genes that interact 

with HDAC4 and was selected from a previously performed rough eye phenotype screen 

(Schwartz et al., 2016). Netrins guide axon growth through chemotropic repulsion cues 

(Colamarino & Tessier-Lavigne, 1995), and NetB, one of two Drosophila homologues, is 

highly expressed in the mushroom body and has been shown to regulate mushroom body 

morphogenesis, where knockdown of NetB resulted in severe b lobe shortening (Kang et al., 

2019), the phenotype of which was unable to be recapitulated in this current study (Table 3.4). 

Frazzled and Uncoordinated-5 are Drosophila Netrin receptors and knockdown of either results 

in short a lobes and short a and b lobes respectively, however an interaction with NetB has not 

been identified, indicating that the axonal defects induced by NetB reduction may not be 

mediated by these receptors (Kang et al., 2019), 

The L1 cell adhesion molecule (L1-CAM) Drosophila homologue Neuroglian (Bieber et al., 

1989) is required for mushroom body development (Goossens et al., 2011) specifically in 

regulating axon extension by mediating protein-protein and axon-axon interactions 

(Siegenthaler et al., 2015). A neuroglian mutant lacking the capacity for intracellular protein-
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protein interactions resulted in a loss a/a’ and b/b’ projection into the pedunculus. Furthermore, 

Neuroglian mediates an interaction between different axon populations during navigation into 

the pedunculus for normal axonal projection and guidance (Siegenthaler et al., 2015). 

Moesin and Ankyrin2 (Ank2) are both cytoskeletal proteins that have also been shown to play 

a role in mushroom body axon regulation (Freymuth & Fitzsimons, 2017; Wilson et al., 2023). 

Both Moesin and Ank2 knockdown disrupts mushroom body morphology resulting in a number 

of deficits, including guidance defects, missing lobes, and b lobe fusion (Freymuth & 

Fitzsimons, 2017; Siegenthaler et al., 2015; Wilson et al., 2023), and both have been shown to 

interact with Neuroglian. The Ank2-Neuroglian interaction is important for synapse growth 

(Enneking et al., 2013) and the Ank2-Moesin-Neuroglian interaction is important for guidance 

of mushroom body axons (Siegenthaler et al., 2015). 

Moesin is part of the ezrin-radixin-moesin (ERM) family of proteins and has been characterised 

as an adaptor protein with roles in signal regulation and synaptic development (Seabrooke & 

Stewart, 2008) as well as cell shape maintenance, by playing a crucial part in cytoskeletal 

rearrangement (Edwards et al., 1997) and regulating photoreceptor morphology (Karagiosis & 

Ready, 2004). Ank2 is part of the ankyrin family of proteins that contain an N-terminal ankyrin 

repeat domain and shares homology with human ANK3, which has been implicated in a number 

of neurological disorders (Bi et al., 2012; Iqbal et al., 2013; Morgan et al., 2008; Tesli et al., 

2011). Ank2 has also been characterised as an adaptor protein with roles in mediating the link 

between the actin cytoskeleton, ion channels, and cell adhesion signalling molecules, a process 

that involves cytoskeletal rearrangement (Cunha & Mohler, 2009). Rearrangement of the actin 

cytoskeleton promotes structural changes and synaptic plasticity, both of which are required for 

neuronal morphogenesis and memory formation (Lamprecht & LeDoux, 2004). 

Genetic interaction studies during mushroom body development between peep and the above-

mentioned genes would provide further insight into whether Peep acts in similar molecular 

pathways in regulating normal axon growth and guidance. Identification of regulator pathways 

and Peep interacting proteins is further discussed in Section 6.3. 
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4.4.4.2 Peep depletion in glia results in mushroom body morphological defects 

Preliminary immunohistochemistry studies on the brains of progeny that survived to adulthood 

following pan-glial knockdown of Peep showed severe β lobe fusion, which requires further 

investigation using an anti-FasII antibody and quantifying mushroom body lobe defects. As the 

mushroom body is comprised of neuronal Kenyon cell axon projections (Crittenden et al., 

1998), Peep knockdown in glia results in non-autonomous mushroom body defects. It is 

therefore important to determine which glia Peep expression is specifically required in during 

mushroom body development, discussed further in Section 6.1. 

Memory testing following post-developmental pan-glial Peep knockdown could give further 

insight into the function of Peep in non-neuronal cells. These analyses would further the 

understanding of the requirement of glial cells and the role that Peep plays in mushroom body 

morphogenesis and the processes of learning and memory. Thus far few studies have 

investigated the requirement of glia in mushroom body development, however it has been 

shown that ensheathing glia are more concentrated around mushroom body axons and extend 

their processes to the ellipsoid body and antennal lobes. Furthermore, cortex glia are 

concentrated at the posterior of the brain and extend their processes to the neuronal cell bodies 

(Ou et al., 2016). A glial-specific Smad E3 ubiquitin protein ligase SMURF has been shown to 

induce Hedgehog signalling to suppress the proliferation of neuronal mushroom body 

neuroblasts, which sheds light on the communication between neurons and glia in mushroom 

body cell proliferation (Yang et al., 2021). The immunoglobulin transmembrane protein Plum 

is required to regulate axon pruning of the mushroom body g lobes (Yu et al., 2013) and regulate 

b lobe midline termination, as a loss-of-function mutation and knockdown of Plum resulted in 

midline crossing of b lobe axons (Marmor-Kollet et al., 2019). These studies demonstrate the 

importance of glia in maintaining mushroom body structure, in a cell non-autonomous manner. 

In examining the processes of learning and memory, most studies focus on synaptic plasticity 

and activity-dependent transcriptional changes in neurons with little reported on the 

requirement of glia. One study however, showed that during olfactory associative LTM there 

was an acute increase in repo transcription in glia which was necessary for the formation of 

memories, suggesting a role for glia in LTM formation (Matsuno et al., 2015). These data from 

this current study demonstrate that Peep expression in glia is important for maintaining normal 

mushroom body morphology, as the pan-glial knockdown of Peep resulted in fusion of the b 

lobes, suggesting that Peep, similarly to Plum, may also play an important role in the processes 
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involved in learning and memory. To that end, additional studies into the non-neuronal role of 

Peep in learning and memory could be analysed using the repo-GAL4 driver or other subtype 

specific glial-GAL4 drivers (Jenett et al., 2012; Kremer et al., 2017) (Section 6.1). 

The following Chapter will delve further into understanding the importance of Peep for normal 

eye development, specifically in ommatidial patterning and cell survival, as previously 

established in Section 3.3.2. The role that Peep plays in the developing eye will be investigated 

by analysing the structure and organisation of the larval, pupal, and adult eye followed by an 

analysis of potential pathways implicated as a result of Peep knockdown, using the eye as a 

model. 
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5 Functional dissection of the role that Peep 
plays in the Drosophila compound eye 
 

The Drosophila eye is an ideal model for dissecting the molecular mechanisms underlying 

neuronal processes. The eye is comprised of 800 individual facets called ommatidia, each 

containing both neuronal and non-neuronal cells that are organised into 32-34 vertical columns. 

The lattice structure of the eye is highly organised, whereby disruptions are easily identified, 

resulting in a “rough” appearance, often a result of structural defects where the precise 

boundaries separating ommatidia are lost. Each ommatidium is comprised of eight 

photoreceptor neurons, four lens secreting cone cells and two primary pigment cells. 

Surrounding these, each ommatidium shares six secondary pigment cells as well as three tertiary 

pigment cells and three bristle cell groups which are present at alternating interommatidial 

vertices (Figure 1.5B, B’) providing structure to the ommatidial lattice (Ready et al., 1976). 

Cone and pigment cells are derived from non-neuronal cell types and function as intrinsic glia 

(Charlton-Perkins & Cook, 2010; Chaturvedi et al., 2014) similarly to those in the honeybee 

compound eye (Baumann, 1992) (Section 1.3.2.2). 

As previously observed in Section 3.3.2, disruption to ommatidial patterning as well as severe 

necrosis were observed when Peep was knocked down in the developing eye by two 

independent peepRNAi constructs. The aims of this Chapter were to determine the cell types in 

which Peep is required for normal eye development, by investigating whether Peep is required 

at the larval, pupal and/or adult stages, and to further characterise the developmental and 

necrotic defects resulting from a loss of Peep, to determine the pathway(s) in which Peep acts 

to promote normal eye development and cell survival, and protect against necrosis. 

 

5.1 The role of Peep in the developing Drosophila eye 

The GMR-GAL4 driver promotes expression in all cells posterior to the morphogenetic furrow 

(Freeman, 1996) therefore it was important to determine whether Peep is required in specific 

cell types in the developing eye. As previously shown in Section 3.3.2, GMR-GAL4 driven Peep 

knockdown resulted in defects in ommatidial patterning, loss of pigmentation and necrosis 

along the posterior side of the adult eye (Figure 5.1A). As opposed to GMR-GAL4, eyeless-
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GAL4 (ey-GAL4) drives expression in undifferentiated cells anterior to the morphogenetic 

furrow, and expression of peepRNAi with ey-GAL4 (Figure 5.1B) resulted in no change in the 

adult eye phenotype as compared to control. These results demonstrate that Peep expression is 

not required in the undifferentiated cells anterior to the morphogenetic furrow (Section 1.3.2.1) 

for normal ommatidial patterning, therefore Peep may not be essential for growth and 

proliferation, which occurs anterior to the furrow, but may play an important role during cell 

differentiation, which occurs posterior to the furrow. 

GMR-GAL4 drives expression in the developing larval eye disc and also throughout pupal 

development and in the adult retina (Escobedo et al., 2021), therefore it was important to 

determine at which stage(s) of development Peep is required in order for normal development 

of the adult eye.  
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Figure 5.1. Peep expression is required posterior and not anterior to the morphogenetic furrow. 
A. GMR-GAL4 expression of peepRNAi in all differentiating cells posterior to the morphogenetic furrow 
induces a severe rough eye phenotype with large areas of necrotic lesions. B. ey-GAL4 expression of 
peepRNAi in undifferentiated cells anterior to the morphogenetic furrow resulted in an unperturbed eye. 
There is a significant difference in eye colour between the ey-GAL4 control and ey-GAL4 driven 
peepRNAi eyes, which is unrelated to expression of Peep itself. The ey-GAL4 control progeny were 
generated by crossing the driver to the w(CS10) control which is mutant for the white gene (ie has white 
eyes), and the ey-GAL4 driven peepRNAi progeny were generated by crossing the driver to the RNAi line 
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which contains an additional copy of the mini white gene, resulting in a darker red eye. All images were 
attained seven days post-eclosion. 
 

5.1.1 Knockdown of Peep does not alter the gross structure of the larval eye disc 

It was of interest to examine whether Peep is required for the correct development of the third 

instar larval eye imaginal disc in which the adult eye develops from. To do this, following 

knockdown of Peep with GMR-GAL4, the organisation of the differentiating cells posterior to 

the morphogenetic furrow and overall eye disc structure was analysed using two different 

markers, anti-FasII and anti-disc-large 1 (Dlg-1). Dlg-1 is a tumor suppressor member of the 

membrane-associated guanylate kinases which have roles in cell-cell contact junctions (Bilder 

et al., 2000). FasII is expressed in differentiating cells posterior to the morphogenetic furrow, 

with stronger expression observed immediately posterior to the furrow (Mao & Freeman, 2009) 

(Figure 5.2A, panel 1 and 2) and also localises to the photoreceptor axons that descend basally 

before projecting posteriorly through the optic stalk (data not shown), while Dlg-1 localises to 

the cell membrane of all cells (Figure 5.2A, panel 3). Staining with FasII and Dlg-1, therefore, 

allows for visualisation of the structure and organisation of the cell population within the eye-

antennal disc, and upon knockdown of Peep, there were no gross cellular array abnormalities 

(Figure 5.2B, C). On closer inspection, FasII staining of the cone cell membranes (see Figure 

5.2A, panel 2 inset) at the apical surface revealed no defects to cone cell clusters or in the 

organisation of ommatidial columns (Figure 5.2B, C, panel 2). Similarly, using Dlg-1 as a 

second membrane-associated marker of cells across the entire eye disc, no overall structural 

defects to the eye disc upon knockdown of Peep were observed (Figure 5.2B, C, panel 3). These 

results demonstrate that Peep does not affect the gross structure and cellular organisation of the 

larval eye disc.  

 

 

 

 

 

 

 

 



  Results 

195 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.2. peepRNAi in the larval eye disc does not induce gross structural and organisational 
defects. A. Using anti-FasII as a membrane marker of cells posterior to the morphogenetic furrow and 
photoreceptor axonal projections, a stacked maximum projection through the apical region of the eye 
disc shows no structural or organisational defects. Images taken using 40x objective lens in oil, 1 µm 
sections, scale bar = 100 µm. B. Single slice images through the apical region with anti-FasII highlights 
the cone cell membranes and demonstrated no obvious defects to cone cell clusters and ommatidial 
column organisation, inset shows one cone cell cluster. Images taken using 63x objective lens in oil, 
Zoom 3x, scale bar = 30 µm. C. Stacked maximum projections through the entire eye-antennal disc 
using anti-Dlg-1 as a membrane associated marker of all cells shows no structural or organisational 
defects to the eye disc following Peep knockdown. Images taken using 40x objective lens in oil, 1 µm 
sections, scale bar = 100 µm. GMR = GMR-GAL4, GMR/+ = Control, C = cone cell, AF = antennal 
field, MF = morphogenetic furrow, EF = eye field. 
 

5.1.1.1 Peep is required for retinal basal glia development and/or migration  

The retinal basal glia are a subset of glia that populate the larval eye disc and are comprised of 

carpet, surface, and ensheathing glia. Ensheathing glia are important for ensheathment of 
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photoreceptor axons for projection and guidance through the optic stalk to innervate the brain 

(Rangarajan et al., 1999) and therefore play an important role in maintaining neuronal 

complexities (Section 1.3.2.1.1). GMR-GAL4 drives expression in all differentiating cells 

posterior to the morphogenetic furrow (Freeman, 1996), however as glial cells migrate into the 

eye disc in order to populate it, GMR-GAL4 does not express in these cells (Velarde et al., 

2021). To examine whether Peep plays a non-autonomous role in the development and/or 

migration of the retinal basal glia, following GMR-GAL4 knockdown, glial cells in the third 

instar larval eye disc were labelled using an anti-repo antibody, which highlights the nucleus of 

almost all glia. In the control group the number of retinal basal glia were quantified and revealed 

to contain up to two carpet glia (mean = 186), which were identified based on their large nuclei. 

Upon overexpression of Peep, there was a significant decrease in the number of glial cells (mean 

= 120), and a further significant decrease resulted from knockdown of Peep, peepRNAi1 (mean = 

62) and peepRNAi2 (mean = 43) (Figure 5.3A, B). The identity of the glial cells populating the 

eye disc is unknown, however it is likely these are surface glia. A lack of surface glia suggests 

there could be defects in carpet glial migration or function (Silies et al., 2007) (Section 

1.3.2.1.1). Although the carpet glial membranes have not been stained in this study, their 

membranes have been detailed to spread and cover the differentiating field posterior to the 

morphogenetic furrow providing contact points for surface glia migration and ultimate 

proliferation (Ho et al., 2019; Silies et al., 2007). If there is a loss of this carpet glial membrane 

spread, the surface glia would not migrate correctly into the eye field which could potentially 

affect downstream proliferation. When there is a complete loss of these carpet glial cells, the 

migration of surface glia into the eye field is not controlled, whereby the surface glia migrate 

randomly ahead of the differentiating photoreceptors (Silies et al., 2007). Interestingly, under 

conditions of increased and decreased expression of Peep, the large carpet glia at the posterior 

of the eye disc were not observed (Figure 5.3A), but migration remained unaffected. 
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Figure 5.3. Both PeepOE and peepRNAi induce a decrease in retinal basal glia counts in the larval 
eye disc. A. An anti-repo antibody was used to label retinal basal glia in the third instar larval eye disc. 
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Glia are localised posterior to the morphogenetic furrow and both PeepOE and peepRNAi result in reduced 
glial numbers. GMR/+ controls contain up to two large carpet glia (white arrow) close to the OS. Images 
are maximum projections through the larval eye disc using the 40x objective lens in oil, 0.5 µm sections, 
scale bar = 100 µm. B. Box-and-whisker plot showing the number of retinal basal glia (excluding glia 
in the OS) (red datapoint shows the mean). A significant reduction in glia was observed upon both 
PeepOE and peepRNAi, n=6, (one-way ANOVA, post-hoc Tukey HSD, f(3,23) = 38.86, ** = p<0.01, ***** 
= p<0.00001, GMR-GAL4/+ ; GMR-GAL4>peepOE = 0.0011, GMR-GAL4/+ ; GMR-GAL4>peepRNAi1 
= 2.72E-7, GMR-GAL4/+ ; GMR-GAL4>peepRNAi2 = 2.58E-8). OS = optic stalk, GMR = GMR-GAL4, 
GMR/+ = Control. 
 

Based on these results in the larval eye, knockdown or overexpression of Peep with GMR-GAL4 

does not result in overall gross structural defects, however these do significantly reduce the 

number of retinal basal glial cells in a non-autonomous manner.  

 

5.1.2 Peep is required for pupal eye development 

The pupal eye was next examined to determine whether altered expression of Peep disrupts its 

development. The pupal eye is comprised of hexagonal ommatidia, each consisting of a 

collection of accessory cells including, four cone cells surrounded by two primary pigment 

cells, encased by six secondary pigment cells with three tertiary pigment cells and three bristle 

cells positioned at alternating vertices (Cagan & Ready, 1989a) (Figure 1.5B, B’). The 

secondary and tertiary pigment cells are collectively known as the interommatidial pigment 

cells (IPCs), as they are shared by either two or three ommatidia (Johnson & Cagan, 2009). 

Perturbations to the pupal ommatidial lattice are easily visualised and could result from defects 

in photoreceptor or accessory cell development, which may contribute to the adult rough and 

necrotic eye phenotype. Although there is minimal evidence of retinal basal glia function 

following larval eye disc development, the pupal ommatidium is comprised of both neuronal 

and glial-like cells. To investigate the requirement of Peep during pupal eye development, the 

highly organised and structured glial-like cone and pigment accessory cells can be assessed for 

perturbations (Charlton-Perkins et al., 2017). 

At 48-hours APF the pupal eye was isolated (Section 2.2.3) and the apical accessory cells 

membranes were visualised with anti-Dlg-1 as maintenance of the apical pupal eye structure is 

important in generating the adult retinal structure, which was severely disrupted in Peep 

knockdown flies. GMR-GAL4, controls when raised at the permissive temperature of 25°C, 

result in no adult eye phenotype when observed under light microscopy, minus the few 
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instances of misplaced bristles. Upon investigation of the pupal eye, if a bristle cell was not 

formed at the correct vertex and was instead formed where a tertiary pigment cell would 

normally reside, a tertiary pigment cell would be generated in the bristle cell place (Figure 

5.4A). Although there were some minor abnormalities in accessory cell number, for consistency 

and clarity the GMR-GAL4 control eye was scored as ‘normal’. Overexpression of Peep resulted 

in minimal defects to accessory cell number, similarly to the control, with the overall 

ommatidial lattice remaining intact (Figure 5.4B). Upon knockdown of Peep there was a 

significant difference in the number of accessory cells per ommatidium. peepRNAi1 induced 

numerous accessory cell defects, most of which were a result of abnormal numbers of IPCs, 

which resulted in some ommatidia with more accessory cells than controls, and also some with 

fewer (Table 5.1, Figure 5.4E). In addition, some ommatidia displayed additional primary 

pigment cells within a cluster (Figure 5.4C, red arrowhead). Expression of peepRNAi2 resulted 

in a more widespread distribution of accessory cell number than peepRNAi1 (Figure 5.4E), which 

was also attributed to abnormal numbers of IPCs as well as abnormal numbers of cone cells 

(Figure 5.4D, red arrowhead). Ommatidia were analysed and quantified from four regions 

within each eye, anterior, posterior, dorsal, and ventral. It was surprising to note that there were 

no noticeable differences in the number of accessory cells per ommatidium in one region over 

another, indicating that the observed pupal eye phenotype may not be the primary contributor 

to the posterior-localised adult eye phenotype. 

 

Table 5.1 Table showing the proportion of ommatidia per genotype with fewer, normal, and excess 
numbers of accessory cells 

Number of 

accessory cells 

GMR/+ GMR>PeepOE GMR>peepRNAi1 GMR>peepRNAi2 

Fewer (≤17) 0.01 0.05 0.10 0.11 

Normal (18) 0.82 0.84 0.38 0.40 

Excess (≥19) 0.17 0.11 0.52 0.49 

Ommatidia (n) 352 393 344 437 

GMR = GMR-GAL4. 

 

 

 

 



Results 

200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 5.4. GMR-GAL4 driven peepRNAi induces abnormal accessory cell numbers in the pupal eye. 
Pupal eyes dissected 48-hours APF display an organised ommatidial lattice. Cell membranes were 
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labelled with anti-Dlg-1 and the number of accessory cells from four regions of each eye (anterior, 
posterior, dorsal, and ventral) were quantified. A. The ‘normal’ control pupal ommatidial lattice. B. The 
lattice remains unchanged upon overexpression of Peep. C. peepRNAi1 resulted in abnormal numbers of 
accessory cells with some instances of extra primary pigment cells (red arrowhead). D. peepRNAi2 
resulted in a similar lattice array to C. with some abnormalities attributed to defects in cone cell numbers 
(red arrowhead showing a missing cone cell). Images were maximum projections taken using the 40x 
objective lens in oil, Zoom 8x, 0.5 µm sections, scale bar = 20 µm. E. Violin plot showing the 
distribution in the number of accessory cells per ommatidium, n³344 ommatidia from four regions of 
the eye with four independent eyes per genotype. GMR = GMR-GAL4, GMR/+ = Control. 
 

These data show that knockdown of Peep results in dysregulation in the number of accessory 

cells. Under basal conditions excess interommatidial potentials are born and subsequently 

cleared if the correct cell-cell contacts are not generated, suggesting that Peep may play a role 

in regulating clearance of excess cells via apoptosis. The cone cells and primary pigment cells 

are specified and defined from the late larval/early pupal stage and are therefore not targeted 

for degradation. The secondary and tertiary pigment cell lattice, however, forms during mid 

pupal development prior to the two waves of apoptosis, in which DIAP1 plays an essential role. 

Hid represses DIAP1 in order to activate downstream caspase cleavage pathways (S. L. Wang 

et al., 1999), to rid the lattice of excess interommatidial potentials that make minimal cell 

contacts and are therefore insufficient to terminally differentiate as secondary and tertiary 

pigment cells. Given the role that DIAP1 plays in regulating apoptosis, the phenotype resulting 

from expression of DIAP1 in the eye was compared to the phenotypes resulting from Peep 

knockdown. 

Overexpression of DIAP1 in the eye inhibits apoptosis, blocking the clearance of extra 

interommatidial potentials, often resulting in three cells at each tertiary pigment vertex which 

have equal potential to be maintained in the final lattice following apoptosis, and at least two 

cells equally fated to become secondary pigment cells (Figure 5.5B), as compared to the control 

where apoptosis eliminates excess interommatidial potentials (Figure 5.5A). Overexpression of 

DIAP1, therefore, results in an average of 23 accessory cells when the normal number of 

accessory cells is 18 (Figure 5.5C). Although there was an increase in IPCs upon overexpression 

of DIAP1 the overall lattice organisation remains intact, as the rows of ommatidia are all neatly 

aligned, with the excess cells changing their defined elongated shape to tightly pack together.  
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Figure 5.5. Overexpression of DIAP1 resulted in an increase in interommatidial pigment cells. 
Pupal eyes dissected 48-hours APF display an organised ommatidial lattice. Cell membranes were 
highlighted with anti-Dlg-1 and four regions of each eye (anterior, posterior, dorsal, and ventral) were 
quantified. A. The ‘normal’ control pupal ommatidial lattice with few misplaced bristle cells (red 
arrowhead). B. Overexpression of DIAP1 resulted in an overabundance of accessory cells, 
predominantly IPCs. Images were maximum projections taken using the 40x objective lens in oil, Zoom 
8x, 0.5 µm sections, scale bar = 20 µm. C. Violin plot showing the distribution in the number of 
accessory cells per ommatidium, n³256 ommatidia from four regions of the eye with four independent 
eyes per genotype. GMR = GMR-GAL4, GMR/+ = Control. 
 

5.1.2.1 Peep overexpression does not rescue the DIAP1-induced increase in 

interommatidial pigment cells 

Reduced expression of Peep resulted in an increase in the number of accessory cells in 

approximately 50% of ommatidia. Given the similarities in phenotypes, it was hypothesised 
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that if Peep acts upstream of DIAP1 to repress its activity, then overexpression of Peep may 

reduce the DIAP1-induced overexpression phenotype in the pupal eye through inhibition, 

resulting in caspase cleavage mediated apoptosis of excess interommatidial potentials.  

This experimental protocol involved comparison of pupal eyes expressing DIAP1 in the 

presence and absence of PeepOE. Given that expression of both DIAP1 and PeepOE is induced 

by GAL4, it is possible that if GAL4 is not sufficiently in excess, there may be more GAL4 

available to bind UAS-DIAP1 when expressed alone, compared to when co-expressed with 

UAS-peepOE, which may result in a higher level of DIAP1 protein when expressed 

independently, which would confound the interpretation of the results. Therefore, to avoid any 

GAL4 titration-mediated differences in phenotype, flies were generated that carried both GMR-

GAL4 and either benign UAS-GFP (GFP) or UAS-peepOE to ensure an equal number of 

transgenes were expressed between the controls and testing groups. GMR-GAL4 driven 

expression of GFP resulted in no difference in ommatidial array (Figure 5.6A) or the number 

of accessory cells compared to the GMR-GAL4 control (compare Figure 5.4E and Figure 5.6E). 

Overexpression of Peep resulted in a similar ommatidial pattern and number of accessory cells 

when compared to previous results (compare Figure 5.4B, E to Figure 5.6B, E). In addition, 

overexpression of DIAP1 resulted in a similar pattern and distribution of excess IPCs as 

compared to previous results (compare Figure 5.5B, C to Figure 5.6C, E). Co-expression of 

Peep with DIAP1 however, did not reduce the DIAP1-induced increase in IPCs (Figure 5.6C, 

D). Although there was a slight decrease in the mean accessory cell number (Figure 5.6E), these 

data indicate that Peep does not interact with DIAP1 to regulate the number of interommatidial 

cells in the pupal eye. Therefore, the increased number of accessory cells resulting from 

knockdown of Peep in the pupal eye may not be due to defects in the regulation of DIAP1-

controlled apoptosis of interommatidial potentials. 
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Figure 5.6. Peep overexpression does not rescue the DIAP1-induced increase in interommatidial 
pigment cells. Pupal eyes were dissected 48-hours APF. Cell membranes were labelled with anti-Dlg-

GMR>GFP

Dlg-1

GMR>GFP/PeepOE

GMR>GFP;DIAP1 GMR>PeepOE;DIAP1

BA

C D

N
um

be
r o

f a
cc

es
so

ry
 c

el
ls

18

20

22

24

GMR>GFP GMR>GFP/
PeepOE

GMR>GFP;
DIAP1

E

26

28

30

GMR>PeepOE;
DIAP1



  Results 

205 

1 and four regions of each eye (anterior, posterior, dorsal, and ventral) were quantified. A. The normal 
pupal ommatidial lattice remained unchanged upon expression of UAS-GFP. B. Co-expression of Peep 
and GFP resulted in a similar phenotype to what was previously observed (Figure 5.4B, E). C. Co-
expression of DIAP1 and GFP resulted in a similar phenotype to what was previously observed (Figure 
5.4B, C). D. Co-expression of Peep and DIAP1 did not rescue the DIAP1-induced increase of IPCs. 
Images were maximum projections taken using the 40x objective lens in oil, Zoom 8x, 0.5 µm sections, 
scale bar = 20 µm. E. Violin plot showing the distribution in the number of accessory cells per 
ommatidium, n³239 ommatidia from four regions of the eye with four independent eyes per genotype. 
GMR = GMR-GAL4. 
 

5.1.3 Peep is required for cell survival in the adult eye 

Thus far these data demonstrate that depletion of Peep in the eye did not result in obvious 

structural defects in third instar larvae, but resulted in major defects in the pupal eye, with 

individual ommatidia displaying both increased and decreased numbers of IPCs. This 

demonstrates that the structural integrity of the eye is likely reduced during pupal development, 

however there is discordance with the adult eye, as the defects in the adult eye are localised to 

the posterior region whereas the pupal eye defects were observed across the entire eye. Given 

this, it was hypothesised that the pupal eye defects may only play a part in contributing to the 

rough and necrotic adult eye phenotype, and other yet unknown defects result in the posterior 

placement of these adult eye phenotypic abnormalities.  

To determine the requirement of Peep in neuronal photoreceptors, Peep was knocked down in 

the developed R3, R4, and R7 photoreceptor neurons with the sevenless-GAL4 (sev-GAL4) 

driver (Bowtell et al., 1989), and no adult eye phenotype was observed (Figure 5.7), indicating 

that Peep expression in these photoreceptors once terminally differentiated is not required for 

normal adult eye development. 
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Figure 5.7. Peep expression in few terminally differentiated photoreceptors is dispensable for 
normal adult eye development. Expression of peepRNAi with sev-GAL4, which expresses in R3, R4, 
and R7 terminally differentiated photoreceptor neurons, does not affect adult eye development. 
 

Since GMR-GAL4 induces expression in all photoreceptor cells (Escobedo et al., 2021), this 

driver was employed to examine the impact of Peep overexpression and knockdown on the 

presence and structure of all photoreceptors in the adult eye. The formation and structure of the 

R1-R7 rhabdomeres, which are an apical specialised compartment of the photoreceptor neuron 

(Section 1.3.2.2) was visualised using Nile Red as a marker (Moulton et al., 2021) (Section 

2.2.7). R8 was not analysed as it lies below R7 and therefore is not in the same focal plane. As 

expected, overexpression of Peep (Figure 5.8B) did not alter the normal array of ommatidia 

column organisation and all seven rhabdomeres that could be visualised from the apical surface, 

were all of normal shape and displayed in a uniform trapezoid arrangement, similar to that of 

the control (Figure 5.8A). Upon knockdown of Peep, the ommatidial arrangement was 

compromised, which appeared to be attributed to a loss of structural integrity which may be a 

result of abnormal IPC numbers. Interestingly, peepRNAi1 did not appear to have a detrimental 

effect on the shape and organisation of R1-R7 rhabdomeres, however, it must be noted that 

although a number of R7 rhabdomeres were not visualised, this may not indicate missing 

rhabdomeres, rather that, due to the curvature of the retina, these rhabdomeres may have been 
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positioned above or below the plane of focus and therefore not imaged (Figure 5.8C). peepRNAi2 

resulted in misshapen rhabdomeres (white arrowhead) and impaired the organisation of 

photoreceptors, generating a loose trapezoid cluster of rhabdomeres (Figure 5.8D). The size of 

each rhabdomere was measured (Section 2.2.7.1) and the combined average area was 

significantly reduced upon knockdown with either RNAi line (Figure 5.8E). These data 

demonstrate that Peep is required for normal rhabdomere formation in the adult eye. 

Consideration, however, of the validity of rhabdomere size should be taken into account, as the 

overall structural integrity of the adult retina upon peepRNAi was compromised. This means, the 

retina may not have remained convex following mounting on a glass microscope slide and 

instead may have been flattened which would result in rhabdomeres in these eyes sitting lower 

in the plane of focus, compared to the control eyes, which remained convex, leading to the 

appearance of smaller rhabdomeres. 

Overall, these data demonstrate that Peep is required for normal eye development, as a reduction 

throughout development resulted in defects in ommatidial patterning and necrosis in the adult 

eye. No gross structural defects were observed in the third instar larval eye disc, however there 

was a non-autonomous reduction in retinal basal glia upon aberrant expression of Peep. 

Furthermore, knockdown of Peep resulted in abnormalities in the number of accessory cells in 

the 48-hour pupal eye lattice, which was predominantly attributed to abnormal numbers of 

IPCs. Peep however was shown to not play a role in regulating the DIAP1-induced inhibition 

of caspase cleavage mediated programmed cell death in the pupal eye, indicating that the 

abnormal numbers of IPCs upon a reduction of Peep may not be due to apoptosis failure. As 

the abnormal accessory cell numbers were observed across the entire pupal eye, it is unlikely 

that these are the primary cause of the posterior-localised adult eye phenotype, and instead some 

other additional unknown mechanism dysfunction induced by Peep knockdown is at play. Adult 

rhabdomeres were misshapen upon Peep reduction, however it remains unclear whether this 

spans the entire eye due to difficulties in rhabdomere imaging based on the convex curvature 

of the retina, therefore the images attained were from the centre of the eye. Furthermore, it also 

remains unknown whether the rhabdomeres were smaller in eyes with a knockdown of Peep, 

due to the lack of structural integrity of these eyes, resulting in what appear to be smaller 

rhabdomeres. 
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Figure 5.8. GMR-GAL4 driven peepRNAi resulted in ommatidial disruption and misshapen 
rhabdomeres. Nile Red staining of rhabdomeres was performed on dissected adult retina. Images 
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captured R1-R7 rhabdomeres, R8 was excluded as it lies below the plane of focus. A. GMR/+ control 
eye displaying the normal trapezoid organisation of R1-R7 rhabdomeres and a highly uniform 
ommatidial array. B. PeepOE showed no changes to rhabdomere formation and organisation. C. 
Expression of peepRNAi1 and D. peepRNAi2 result in abnormal ommatidial organisation with large gaps 
between rhabdomere clusters. The normal trapezoid arrangement of rhabdomeres was observed, 
however these rhabdomeres appeared smaller than the controls and there were few that were misshapen, 
displayed as oval and heart shaped (white arrowhead) in D. Single optical section images were attained 
with the 40x objective lens in oil, Zoom 8x, scale bar = 20 µm. E. Graph showing the combined average 
area of R1-R7 rhabdomeres in peepRNAi samples is significantly reduced. Error bars indicate mean ± 
SEM, n≥8, (one-way ANOVA, post hoc Tukey HSD, f(3,34) = 16.73, ** = p<0.01, **** = p<0.0001, 
GMR-GAL4/+ ; GMR-GAL4>peepRNAi1 = 0.00007, GMR-GAL4/+ ; GMR-GAL4>peepRNAi2 = 0.003). 
GMR = GMR-GAL4, GMR/+ = Control. 
 

5.2 The role of Peep in adult eye degeneration 

These results demonstrate that Peep is required during eye development for normal ommatidial 

patterning in the pupal and adult eye, and for survival of cells in the posterior of the adult eye. 

Accidental cell death through internal or external factors results in necrosis, which is the 

morphological resting state of the cell after it has died, however the processes that predate this 

final resting state are often unknown. Necrosis in the eye resulting in physically smaller eyes 

due to mass peripheral cell death, a result of tumour necrosis factor (TNF) induced c-Jun N-

terminal kinase (JNK) caspase-dependent and independent cell death (M. Li et al., 2019; Li et 

al., 2020; Wu et al., 2015; Yang et al., 2013), has been widely studied, however large necrotic 

lesions within an area of fused ommatidia on an otherwise normal eye have not been so well 

studied, and therefore the pathways involved are yet to be elucidated.  

Although it is not yet understood how this necrosis occurs, it was hypothesised that there may 

be a degenerative element to these lesions as necrosis often affects neighbouring cells due to 

the uncontrollable release of toxic factors (Yang et al., 2013). To determine whether the 

necrosis observed on the adult eye was progressive, peepRNAi was driven in the eye with GMR-

GAL4 throughout development and necrosis progression was imaged and documented at 

different timepoints post-eclosion (Section 2.4.3). The GMR-GAL4 control eyes appeared 

unaffected at all time points (Figure 5.9A). Over the course of seven to 14 days, the necrotic 

lesions induced by peepRNAi1 grew significantly, with only minor regions of necrosis one day 

post-eclosion (Figure 5.9B, D). As peepRNAi2 induced large areas of necrosis during the final 

stages of pupal development, which was visually observed through the pupal casing, there was 

no significant progression in these lesions over the 14 days post-eclosion (Figure 5.9C, D).  
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Figure 5.9. Peep knockdown resulted in a degenerative necrotic lesion phenotype. Over the course 
of seven days, individual flies were imaged every two days to analyse degeneration across the eye and 
were again imaged at 14 days post-eclosion. A. GMR/+ control showed no sign of necrosis. B. 
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Expression of peepRNAi1 with GMR-GAL4 showed a minimal area of necrosis one day post-eclosion 
which progressively spread over the course of 14 days. C. Expression of peepRNAi2 with GMR-GAL4 
induced a severe necrotic phenotype late in pupal development resulting in one day old adult progeny 
with large areas of necrosis which progressed modestly over 14 days. D. Graph showing the percent 
increase in necrotic lesion area over the span of 14 days. Error bars indicate mean ± SEM, n≥7, (one-
way ANOVA, post-hoc Tukey HSD, f(9,95) = 7.58, *** = p<0.001, ***** = p<0.00001, GMR-
GAL4>peepRNAi1 (Day 1) ; GMR-GAL4>peepRNAi1 (Day 7) = 0.0001, GMR-GAL4>peepRNAi1 (Day 1) ; 
GMR-GAL4>peepRNAi1 (Day 14) = 3.92E-7). GMR = GMR-GAL4, GMR/+ = Control. 
 

It is of interest to note that the progressive phenotype induced by peepRNAi1 surpassed that of 

peepRNAi2 at 14 days post-eclosion (Figure 5.9D), and although this was not to an overall 

significant level, the phenotype in some individual eyes was largely more severe, due to 

incomplete penetrance. Furthermore, at day 14, the necrotic lesions induced by both peepRNAi1 

and peepRNAi2 extended past the vertical midline of the eye, encroaching on the anterior region 

of the eye, demonstrating that the necrosis continued to spread across the eye and is not 

exclusively restricted to the posterior of the eye as was previously observed. In addition, as 

opposed to the control in which all flies were alive, by day 14, three flies harbouring peepRNAi1 

and one fly harbouring peepRNAi2 were dead. 

Since it has been demonstrated that Peep is important during development, it was next 

determined whether expression of Peep was required for cell survival in the adult eye post-

eclosion. GMR-GAL4 expresses not only during third instar larval development but also in 

photoreceptors, interommatidial accessory cells, and bristle groups in the pupal and adult retina 

(Escobedo et al., 2021; Plautz et al., 1996). To that effect, in order to restrict RNAi expression 

to the adult eye, the TARGET system (Section 1.3.4.2) was employed, with virgin female flies 

harbouring GMR-GAL4 and tubP-GAL80ts. As a control, a subset of flies were maintained at 

19°C for 72 hours following eclosion and imaged without expression of peepRNAi. The 

remainder of the flies were moved to 30°C to induce GAL4-mediated Peep knockdown for 72 

hours or seven days. No necrosis was observed in control eyes (Figure 5.10A), nor on 

expression of either peepRNAi transgene for either 72 hours (Figure 5.10B) or seven days (Figure 

5.10C) 	
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Figure 5.10. Adult-specific knockdown of Peep did not affect the adult eye. The TARGET system 
was employed to restrict expression of peepRNAi to adulthood. Flies were raised at 19°C, once emerged, 
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flies were either A. maintained at 19°C for 72 hours before being processed or B. transferred to 30°C 
for 72 hours before being processed or C. transferred to 30°C for seven days before being processed. A 
rough eye phenotype was not observed upon any treatment. GMR-GAL80ts = GMR-GAL4,tub-GAL80ts, 
GMR-GAL4,tubGAL80ts/+ = Control. 
 

These data show that Peep may not be required for maintenance of the retina post-eclosion, 

demonstrating that specific expression of Peep in the eye during development is important for 

cell survival, specifically those in the posterior of the eye. To further these conclusions it would 

be of interest to further utilise the TARGET system and induce Peep knockdown during larval 

development and silence the knockdown from pupal development onwards to further analyse 

the requirement of Peep during larval and pupal development. 

 

5.2.1 Necrosis was reduced by expression of factors that improve mitochondrial 

function, reduce apoptosis and reduce the production of reactive oxygen species 

As necrotic cell death is an end product of cellular dysfunction resulting from cellular 

inflammation and lysis that can be induced via a range of different mechanisms, it was of 

importance to highlight the potential pathways through which Peep acts to prevent the necrosis 

originating at the posterior of the eye. Mitochondrial dysfunction, apoptosis and increases in 

ROS are all interconnected, and all have implications in necrotic cell death. Apoptosis or 

programmed cell death is a normal cellular process in which old or defective cells are degraded 

via caspase cleavage (Parrish et al., 2013). Apoptosis can be initiated by mitochondrial 

dysfunction which can result from a loss of mitochondrial integrity, furthermore, mitochondrial 

dysfunction can be attributed to a loss of membrane dynamics and increases in oxidative stress, 

often a result of increased ROS (Misrani et al., 2021). 

One source of ROS is the electron transport chain (ETC) which is located at the mitochondria 

and generates oxidative adenine triphosphate (ATP) as an energy source via oxidative 

phosphorylation, during which time oxygen is reduced to water (Zhao et al., 2019). Superoxide 

radicals are produced by electron leakage at complex I and III whereby the transference of an 

electron to an oxygen molecule generates a superoxide radical. These superoxide radicals are 

highly reactive and under basal conditions are quickly converted to non-reactive H2O2 through 

mitochondrial expressed superoxide dismutase 1 (SOD1), the pool of H2O2 is then detoxified 

by Catalase into water molecules. ROS are therefore a by-product of normal cell activity and 
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have an important role in long-term potentiation, synaptic plasticity, and memory formation, as 

observed in mouse models (Levin et al., 1998; Thiels et al., 2000). 

Both SOD1 and Catalase are conserved among species and are involved in the decomposition 

of highly reactive superoxide radicals to less reactive H2O2, and further breakdown of H2O2 

into water, respectively (Nandi et al., 2019; Wang et al., 2018). High concentrations of 

superoxide radicals and H2O2 are a result of dysregulation induced oxidative stress, and often 

cause irreversible cell damage and death (McCord & Fridovich, 1968, 1969). Mitochondrial 

dynamics are important for maintaining organelle shape and connectivity networks. 

Mitochondrial morphological changes occur during the processes of fission, to divide and 

regenerate, and fusion, to combine two mitochondria for the transfer of metabolites and DNA 

to repair respiratory machinery, with both processes being important for mitochondrial 

maintenance (Green et al., 2022). These processes are undertaken by a range of GTPases 

Mitofusin 1 and Mitofusin 2 which play an essential role in outer membrane mitochondrial 

fusion. The Drosophila homologue Mitochondrial associated regulatory factor (Marf) has also 

been shown to also be required for mitochondrial fusion, as a loss of Marf results in 

mitochondrial morphological defects (Katti et al., 2021) and impairments to neuromuscular 

junction synaptic transmission (Sandoval et al., 2014). Marf reduction early in muscle 

development results in decreased muscle function (Katti et al., 2021) as mitochondria are the 

main source of ATP, which is essential for muscle movement. Furthermore, ubiquitous ablation 

of Marf was larval lethal (Debattisti et al., 2014) suggesting that a loss of mitochondria fusion, 

leading to mitochondrial dysfunction, ultimately results in death. As previously detailed in 

Section 1.3.2.2, in Drosophila, expression of the pro-apoptotic gene, hid, as well as grim, and 

rpr results in repression of DIAP1, leading to activation of the caspase initiator Dronc, which 

in turn regulates expression of caspases Drice and Dcp-1 resulting in degradation of target cells 

(Muro et al., 2002; S. L. Wang et al., 1999). Apoptosis relies on phagocytes to engulf and 

eliminate apoptotic bodies containing cellular components from caspase-mediated cleavage. If 

scavenging fails, these apoptotic bodies lose membrane integrity resulting in rupture and 

leakage of pro-inflammatory contents which is referred to as secondary necrosis, demonstrating 

the pathway disruption in which apoptosis can result in necrosis (Poon et al., 2014). It has been 

shown that during third instar larval eye development, differentiating photoreceptor neurons 

accumulate DIAP1 in order to escape apoptosis under increased expression of Hid (Fan & 

Bergmann, 2014), demonstrating how DIAP1 can rescue cells from ectopic induction of 

apoptosis.  
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In order to identify new avenues for investigating the role that Peep plays during eye 

development, Catalase, SOD1, Marf, and DIAP1, all of which have all been shown to promote 

cell survival (hereafter called survival factors), were co-expressed with peepRNAi to determine 

whether rescue of the peepRNAi-induced necrosis could be achieved. 

To co-express peepRNAi with each of the survival factors, the UAS-peepRNAi transgenes were 

first recombined with GMR-GAL4,tub-GAL80ts to maintain a homozygous stock that when 

raised at low temperatures, facilitated low expression of peepRNAi (Figures 8.8 and 8.9, 

Appendix 8.6). This was required for stock maintenance as constitutive expression of peepRNAi 

with GMR-GAL4 was semi-lethal (Section 5.2.2). 

This homozygous line was then crossed to lines carrying each survival gene under UAS control. 

Flies were initially raised at 30°C, however, this temperature induced a total pupal lethal 

phenotype in flies with a knockdown of Peep, therefore, flies were raised at 27°C. At this 

temperature there was adequate pupal survival however under these conditions the expression 

of peepRNAi1 was not sufficient to induce large areas of necrosis (Figure 8.11, Appendix 8.7), 

therefore the experiment was only carried out with peepRNAi2. Expression of Catalase, DIAP1, 

and SOD1 did not individually induce a rough eye phenotype, however, expression of Marf 

resulted in a very mild rough eye phenotype consisting of depigmentation and ommatidial 

misalignment (Figure 5.11A). As expected, expression of peepRNAi2 alone induced a posterior 

localised moderate rough eye phenotype with a region of necrosis along the posterior edge of 

the eye. Upon co-expression with Catalase, DIAP1, Marf, or SOD1 there was no obvious 

improvement to the rough eye phenotype, however the area of necrosis was significantly 

reduced (Figure 5.11B, C). This indicated that the knockdown of Peep triggers a necrotic 

phenotype which occurs as a result of apoptosis dysregulation, mitochondrial dysfunction, and 

increased levels of ROS as overexpression of each of these survival factors rescued the necrotic 

eye phenotype.  

An additional control was later tested to account for any GAL4 titration differences upon 

knockdown of Peep and expression of survival genes, whereby GMR-GAL4,tub-

GAL80ts,peepRNAi2 was crossed to a benign transgene, UAS-GFP (GFP). A similar level of 

necrosis was observed, however due to the incomplete penetrance induced by peepRNAi2, the 

severity of necrosis varied between individual eyes (Figure 5.11D). 
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Figure 5.11. Genes involved in maintaining cell survival, rescue peepRNAi-induced necrotic lesions 
on the adult eye. All flies were raised at 27°C throughout development to induce a necrotic phenotype 
upon Peep reduction. A. GMR-GAL4,tub-GAL80ts was crossed to overexpression constructs of genes 
involved in the breakdown of ROS (Catalase and SOD1), mitochondrial function (Marf), and apoptosis 
inhibition (DIAP1). All, excluding Marf, lacked a rough eye phenotype. B. GMR-GAL4,tub-
GAL80ts,peepRNAi2 was crossed to Catalase, DIAP1, Marf, and SOD1 and all maintain the rough eye 
phenotype but reduce the area of necrosis. C. The area of necrosis was measured using ImageJ and was 
represented as a percentage proportion of the total eye area. All overexpressed survival genes 
significantly reduced the area of necrosis. Error bars indicate mean ± SEM, n=10, (one way ANOVA, 
post-hoc Tukey HSD, f(4,49) = 24.3, **** = p<0.0001, GMR-GAL4,tub-GAL80ts,peepRNAi2/+ ; GMR-
GAL4,tub-GAL80ts,peepRNAi2>Catalase = 4.827E-9 GMR-GAL4,tub-GAL80ts,peepRNAi2/+ ; GMR-
GAL4,tub-GAL80ts,peepRNAi2>DIAP1 = 3.393E-8 GMR-GAL4,tub-GAL80ts,peepRNAi2/+ ; GMR-
GAL4,tub-GAL80ts,peepRNAi2>Marf = 4.323E-10 GMR-GAL4,tub-GAL80ts,peepRNAi2/+ ; GMR-GAL4,tub-
GAL80ts,peepRNAi2>SOD1 = 3.803E-7). D. GMR-GAL80ts-driven expression of two transgenes (peepRNAi2 
and GFP) resulted in a similar level of necrosis on the eye as GMR-GAL80ts-driven expression of one 
transgene (peepRNAi2). GMR = GMR-GAL4,tub-GAL80ts. 
 

To link these results back to the structure of the pupal eye (Section 5.1.2), it was of interest to 

note that DIAP1 expression in the adult retina resulted in an uncompromised ommatidial array 

(Figure 5.11A) yet during pupal development there was a significant increase in the number of 

IPCs (Figure 5.5B). This demonstrates that in this case an excessive number of accessory cells 

does not induce an adult rough eye phenotype, which provides further evidence that the pupal 

eye phenotype resulting in abnormal numbers of accessory cells on knockdown of Peep, is not 

necessarily causative of the adult rough and necrotic eye phenotype.  
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5.2.2 H2O2 exposure does not affect the severity of the necrotic eye phenotype  

Based on these data it appears that expression of Catalase and SOD1, both of which are involved 

in the breakdown of superoxide radicals and H2O2 into non-reactive water molecules, represses 

the necrotic lesion phenotype induced by peepRNAi2, leading to the hypothesis that Peep may be 

involved in the regulation and/or clearance of ROS in the eye and that the necrotic lesions 

observed are, at least in part, due to increased levels of ROS.  

As stated earlier, GMR-GAL4 driven expression of peepRNAi was semi-lethal, as a significant 

number of pharate adults were dead inside their pupal cases (Figure 5.12A). Upon dissection of 

these dead adults, it was observed that the insides of the pupal casings encapsulating the head 

remained adhered to the large necrotic lesions on the eyes, which indicated that if the fully 

developed pharate adult eyes have significantly large areas of necrosis prior to eclosion, these 

flies become stuck and die inside of their pupal casings. 

As the GMR-GAL4 driven peepRNAi2-induced necrosis on the eye was rescued by both Catalase 

and SOD1, whose primary function is the breakdown and removal of ROS, it was hypothesised 

that if the levels of ROS were enhanced by exposure to exogenous H2O2, the level of pupal 

lethality would indirectly increase, which may be attributed to ROS-induced increases in the 

onset and/or spreading of eye necrosis prior to eclosion, resulting in fewer surviving adults with 

an enhanced necrotic phenotype. To induce necrosis, Peep must be knocked down in the eye 

throughout development, therefore, the fly media was supplemented with 1% H2O2 resulting in 

peepRNAi2 expressing progeny ingesting H2O2 in order to increase internal levels of ROS 

(Section 2.6.1). Upon exposure to H2O2 there was a significant increase in the proportion of 

pupal lethality upon expression of peepRNAi2 compared to the peepRNAi2 control raised on 

standard media (Figure 5.12B). This, however, cannot be confirmed to be a direct result of 

increased spreading or earlier onset necrosis as there was also an increased proportion of pupal 

lethality in the driver control (GMR-GAL4/+) (Figure 5.12B), indicating that exposure to H2O2 

results in increased pupal death regardless of genetic makeup. Interestingly, exposure of H2O2 

had a close to significant decrease in the average total number of pupae (ie a count of the total 

number of larvae that pupated regardless of whether they emerged from their pupal cases or 

not) in the GMR-GAL4/+ control compared to the GMR-GAL4/+ control raised on standard 

media (Figure 5.12C). Upon closer inspection, this was attributed to a number of first and 

second instar larvae that were dead on the walls of the bottles (Figure 5.12D), which was only 

observed in the GMR-GAL4/+ control. There was however a comparable number of total pupae 
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upon expression of peepRNAi2 when raised on standard media and H2O2 supplemented media 

(Figure 5.12C), therefore, it could be concluded that knockdown of Peep may result in flies that 

are more susceptible to increases in ROS specifically during pupal development through 

exposure of H2O2, leading to an increase in pupal lethality. These flies, however, were protected 

against the H2O2-induced larval lethality that was observed in the GMR-GAL4/+ control (Figure 

5.12C, D). The eye phenotype from adult escapers upon knockdown of Peep was not obviously 

more severe following exposure of H2O2 (Figure 8.12, Appendix 8.7), and as there was also an 

increase in pupal lethality in the GMR-GAL4/+ control it is unlikely that knockdown of Peep 

upon exposure to H2O2 increased pupal lethality through an increase in necrotic lesions. Instead 

it could be hypothesised that similar to the GMR-GAL4/+ control, increased ROS may be 

affecting other eclosion related processes, leading to an increase in pupal death. 
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GAL4/+ ; GMR-GAL4>peepRNAi2 = 0.0001). B. The proportion of pupal death was significantly 
increased upon H2O2 exposure in both control flies and flies expressing peepRNAi2, n=3, (one-tailed 
Fisher’s exact test, * = p<0.05, ** = p<0.01, GMR-GAL4/+ (std) ; GMR-GAL4/+ (1% H2O2) = 0.165, 
GMR-GAL4>peepRNAi2 (std) ; GMR-GAL4>peepRNAi2(1% H2O2) = 0.0064). C. The total number of 
pupae (eclosed and dead) show a decrease in larval propagation to the pupal stage in the GMR-GAL4 
driver control when exposed to H2O2 compared to the GMR-GAL4 driver control raised on standard 
media. There are similar total pupal counts for peepRNAi2 between standard media and H2O2 
supplemented media. Error bars indicate mean ± SEM, n=3, (one-way ANOVA, post-hoc Tukey HSD, 
f(5,17) = 4.84, * = p<0.05, GMR-GAL4/+ (std) ; GMR-GAL4/+ (1% H2O2) = 0.0529, GMR-GAL4/+ (1% 
H2O2) ; GMR-GAL4>peepRNAi2 = 0.0163). D. Image showing larval death upon H2O2 exposure in GMR-
GAL4 driver control flies. Inset: close-up showing death of first and second instar larvae (red 
arrowheads). GMR = GMR-GAL4, GMR/+ = Control, std = standard, H2O2 = hydrogen peroxide. 
 

5.2.2.1 peepRNAi2 post-developmental survival is reduced upon H2O2 exposure 

An alternative approach was taken to assess susceptibility to increases in ROS, by analysing 

survival rates following ubiquitous knockdown or overexpression of Peep with arm-GAL4. To 

measure longevity, three-to-four-day old adult progeny driving ubiquitous knockdown or 

overexpression of Peep were placed in empty plastic vials, and a long strip of Whatman filter 

paper soaked with 5% sucrose and 1% H2O2 was added to each vial as a fly media substitute 

(Section 2.6.2). Fly death counts were recorded each day until all flies were dead. Total death 

occurred by the end of day 22, with accelerated death occurring between days five and ten. A 

statistically significant difference in death rate in the presence of H2O2 occurred between the 

control and peepRNAi2, however this was not observed with peepRNAi1 (Figure 5.13A). This death 

rate could be attributed to increased oxidative stress as a control assay was performed in 

conjunction where flies were fed 5% sucrose, and no differences in mortality was observed 

between peepRNAi1 or peepRNAi2 and the control (Figure 5.13B). This assay requires replication 

to determine whether there is a reproducible difference in survival capacity between RNAi 

lines. Surprisingly, there was also a significant increase in the rate of death in the presence of 

H2O2 in flies overexpressing Peep compared to the control (Figure 5.13A), however, in the 

control assay, where flies were fed only sucrose, there was also a significant increase in the rate 

of death in flies overexpressing Peep compared to the control (Figure 5.13B). These results 

indicate that the increased death rate upon overexpression of Peep, when exposed to H2O2, is 

likely not due to increases in oxidative stress, rather this accelerated death could be due nutrient 

deprivation.  
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Figure 5.13. Ubiquitous peepRNAi2 increased the death rate upon exposure to H2O2. A. Ubiquitous 
expression of PeepOE or peepRNAi2 resulted in rapid death upon increased levels of ROS via feeding adult 
flies 5% sucrose supplemented with 1% H2O2, n≥276, housed at a maximum of 20 per vial, (log rank 
test, Bonferroni correction, ** = p<0.01, *** = p<0.001, arm-GAL4/+ ; arm-GAL4>peepOE = 0.0002, 
arm-GAL4/+ ; arm-GAL4>peepRNAi2 = 0.0034). B. Ubiquitous expression of PeepOE had an enhanced 
death rate upon feeding adult flies 5% sucrose, n≥267, housed at a maximum of 20 per vial, (log rank 
test, Bonferroni correction, ***** = p<0.00001, arm-GAL4/+ ; arm-GAL4>peepOE = 0). arm = arm-
GAL4, arm/+ = Control, H2O2 = hydrogen peroxide. 
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5.2.3 Proteasome activity was reduced upon knockdown of Peep 

The confinement of the rough and necrotic eye phenotypes to the posterior region of the eye is 

unusual and unique and an extensive literature review failed to find many examples of this 

phenotype. Interestingly, however, the few reports that were found involved proteasomal 

subunit mutants (Fernandez-Cruz et al., 2020; Muller et al., 2006; Tonoki et al., 2009; 

Velentzas et al., 2013). 

The 26S proteasome is an ATP-dependent protease complex which functions to degrade 

ubiquitin tagged proteins and is comprised of two multi-subunit complexes. The 20S catalytic 

core contains four stacked rings two inner β rings and two outer α rings. Each ring is comprised 

of seven individual subunits (α1-α7, β1-β7). The outer α rings act as gate keepers to block 

untagged substrate entrance into the catalytic inner β ring core. There are three catalytic active 

sites within the catalytic chamber, all of which contain different substrate specificities and 

hydrolytic properties. β1 contains caspase-like activity, β2 contains trypsin-like activity, and β5 

contains chymotrypsin-like activity. The 19S complex forms from two smaller complexes, the 

base and the lid, which are located on either end of the outer α rings and contain either 

Regulatory particle of triple-ATPase (Rpt) subunits or Regulatory particle of non-ATPase 

(Rpn) subunits or both. α, β, Rpt, and Rpn are all systematic nomenclature and are referred to 

by different nomenclature depending on the organism. The lid is comprised of nine Rpn 

subunits that differ from those in the base (Rpn3, Rpn5-Rpn9, Rpn11, Rpn12, and Rpn 15) 

which form a semi-circle structure and function by removing the ubiquitin tag from proteins 

that are targeted for degradation by the proteasome. The base contains six Rpt (Rpt1-Rpt6) and 

four Rpn (Rpn1, Rpn2, Rpn10, and Rpn13) subunits which form a ring, and function as 

ubiquitin receptors and therefore recognise and capture ubiquitin tagged proteins. The base also 

uses ATP hydrolysis for protein unfolding and transfer facilitation into the catalytic core 

(Livneh et al., 2016) (Figure 5.14). 

Protein degradation via the ubiquitin-proteasome pathway is an important quality control 

process for basic cell function, however there is both age-related decline in assembly and 

function as well as early-onset aberrant degradation which contributes to a variety of diseases, 

resulting from accumulation of unfolded and misfolded proteins (McNaught et al., 2003; 

McNaught et al., 2002; Tonoki et al., 2009). 
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Figure 5.14. The components of the 26S proteasome. The proteasome is comprised of the 20S 
catalytic core which contains four stacked rings of seven outer a-subunits and seven inner b-subunits. 
The b subunits packed in the centre generate the catalytic core. Stacked on the a-subunit rings are the 
19S base, comprised of the Rpt 1-6 and Rpn 1, 2, 10, and 13 subunits, which is capped by the 19S lid, 
comprised of the Rpn 3, 5-9, 11, 12, and 15 subunits. 
 

ROS have been shown to lead to proteasomal dysfunction, where increases in internal ROS 

levels results in a decrease in 20S subunit generation (Parajuli, 2019) and dissociation of the 

26S proteasome complex, ultimately leading to reduced proteasomal activity, all of which were 

reversible on reduction of ROS (Livnat-Levanon et al., 2014). Proteasome dysfunction, via 

oxidative damage, loss of subunit production, or mutations to the polyubiquitination process 

result in increases in mitochondrial ROS and accumulation of poly-ubiquitinated proteins in 

mitochondria (Livnat-Levanon et al., 2014; Maharjan et al., 2014; Parajuli, 2019). These 
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studies show the cyclic nature of mitochondrial and proteasomal dysfunction in the production 

of ROS, which often ultimately results in cell death. 

Both Muller et al. (2006) and Fernandez-Cruz et al. (2020) showed that a reduction in the 19S 

base subunit Rpt2, which is highly conserved from yeast to humans (Hölzl et al., 2000), resulted 

in a posterior-localised rough eye phenotype with areas of necrosis. In Drosophila, Rpt2 

reduction specifically in the dopaminergic neurons resulted in a shortened lifespan, reduced 

locomotion, disordered sleep, and degeneration of dopaminergic neuron clusters (Fernandez-

Cruz et al., 2020). Additional subunits of the 19S base, Rpn1 and Rpn2 also result in a posterior 

localised rough and necrotic eye phenotype upon depletion (Velentzas et al., 2013). 

Rpn11, a subunit of the 19S lid is also important for proteasome function and its reduction also 

resulted in a rough and necrotic posterior-localised eye phenotype. In addition, rhabdomeres 

were shown to degenerate over a ten-day timeframe and the Rpn11 reduction resulted in a 

decrease in chymotrypsin-like activity which led to premature accumulation of poly-

ubiquitinated proteins. Furthermore, the normal age-related decline of proteasome assembly 

and subsequent activity, was mitigated by overexpression of Rpn11 (Tonoki et al., 2009). 

Knockdown of the a5, b5, and b6 subunits of the 20S proteasome also induced a rough necrotic 

phenotype in the posterior of the eye (Velentzas et al., 2013), and targeted depletion of b5 

resulted in a decrease in protein degradation (Kisselev et al., 2006), which was unsurprising as 

the chymotrypsin-like active site resides within the β5 subunit. These results show that subunits 

of both the 19S and 20S proteasome, including those that comprise the catalytic core are 

required for normal eye development, as defects to proteasome assembly and function result in 

severe impairments.  

As the adult eye phenotypes induced following reduction of proteasomal subunits mirrors those 

induced by peepRNAi, it was hypothesised that Peep may play an important role in proteasomal 

function, and that reduced expression of Peep may result in impairments to proteasome activity. 

The chymotrypsin-like proteolytic activity of the proteasome was assessed by measuring the 

fluorescence of the N-succinyl-leucine-leucine-valine-tyrosine-7-amino-4-methylcoumarin 

(Suc-LLVY-AMC) substrate. AMC is a fluorescent probe, where conjugation via its amino 

terminal to a chymotrypsin targeted peptide (Suc-LLVY) quenches the fluorescence 

(Zimmerman et al., 1977; Zimmerman et al., 1976) (Section 2.9). Chymotrypsin enzymes have 

an affinity for aromatic amino acids due to a hydrophobic pocket (Bergmann & Fruton, 1937; 
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Fruton & Bergmann, 1942), therefore cleavage of the Suc-LLVY-AMC peptide occurs at the 

tyrosine residue of the peptide, in turn releasing the fluorescent AMC probe to be detected at 

355 nm/460 nm (ex/em). Proteasome activity was first measured in the eye using GMR-GAL4 

to drive expression of peepRNAi. Whole fly heads were homogenised and incubated with Suc-

LLVY-AMC. Fluorescence readings from the cleaved AMC probe were recorded on a 

fluorogenic plate reader, and the change in fluorescence per minute per µg of protein was 

determined, and a significant reduction in chymotrypsin-like activity following expression of 

peepRNAi2 in the eye was observed. peepRNAi1, which induces a less severe necrotic phenotype 

upon adult eclosion, also resulted in a decrease in activity, however not significantly (Figure 

5.15A). These results suggest that Peep plays a role in regulating proteasomal activity in the 

eye. 

To examine whether Peep is required for proteasome activity in other tissues, Peep was 

ubiquitously knocked down with arm-GAL4, and proteasome activity was assayed on whole fly 

lysates, however no significant change in proteasome activity was observed, although there was 

a general decreasing trend (Figure 5.15B).  
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Figure 5.15. Box-and-whisker plots showing the reduction in chymotrypsin-like activity upon eye 
specific induction of peepRNAi2. Chymotrypsin-like proteasome activity was measured through the 
cleavage of a fluorescent peptide (Suc-LLVY-AMC). Each biological replicate was measured in 
triplicate and a proteasome inhibitor (MG132) was measured alongside each replicate. A. peepRNAi1 and 
peepRNAi2 were expressed in the eye with GMR-GAL4, whole heads were assayed, and peepRNAi2 
significantly reduced chymotrypsin-like proteasome activity, n=9 samples from three independent 
crosses, mean is shown in red, (One-way ANOVA, post-hoc Tukey HSD, f(2,26) = 4.88, * = p<0.05, 
GMR-GAL4/+ ; GMR-GAL4>peepRNAi2 = 0.0132). B. peepRNAi1 and peepRNAi2 were expressed 
ubiquitously with arm-GAL4 and raised at 23°C, whole flies were assayed, and no difference in activity 
was observed between samples, n=9 samples from three independent crosses, mean is shown in red, 
(One-way ANOVA, post-hoc Tukey HSD, f(2,26) = 2.68, p = 0.089).  
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5.3 Discussion 

Depletion of Peep with GMR-GAL4 resulted in a non-autonomous reduction in the number of 

retinal basal glia in the larval eye disc and an alteration in the number of accessory cells in the 

pupal eye, suggestive of a role for Peep in the regulation of apoptosis. These findings combined 

with the observation that reduced expression of Peep results in necrosis in the adult eye, led to 

the hypothesis that Peep is acting as a survival factor. To provide insight into the pathways in 

which Peep may be acting, genes involved in apoptosis inhibition, mitochondrial function, and 

oxidative stress resistance were co-expressed with peepRNAi and expression of all four survival 

genes rescued the necrotic phenotype, induced by peepRNAi, suggesting that Peep may play a 

pro-survival role in each of these pathways. The unique posterior-localised necrotic eye 

phenotype was found to be similar to that induced by reduction of proteasomal subunit 

components, and peepRNAi2 in the eye resulted in a decrease in proteasomal activity, indicative 

of a role for Peep in regulating proteasomal protein degradation in the eye. 

 

5.3.1 Reduced expression of Peep in the developing eye results in a range of 

deficits 

Expression of Peep in the differentiating cells posterior to the morphogenetic furrow was shown 

to be essential for normal pupal and adult eye development and for the general survival of cells 

at the posterior edge of the adult eye, as knockdown with GMR-GAL4, induced a severe rough 

and necrotic eye phenotype. Peep expression both anterior to the morphogenetic furrow and in 

a subset of photoreceptor cells was dispensable for normal eye development as knockdown of 

Peep with ey-GAL4 and sev-GAL4 both resulted in a normal eye with no morphological defects. 

 

5.3.1.1 Peep is required for glial proliferation and/or migration 

As the rough eye necrotic phenotype was apparent immediately following eclosion, these 

defects were attributed to developmental impairments. The structural organisation of cells in 

the larval, pupal, and adult eye were further investigated to identify the developmental 

timeframe at which expression of Peep is necessary for normal eye development. 
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As previously mentioned, (Section 1.3.2.1) the eye-antennal imaginal disc provides the 

framework for generating head structures including, the antennae, compound eye, and ocelli 

(de Bruyne et al., 1999; Nayak & Singh, 1985; Venkatesh & Singh, 1984). As post-

developmental Peep knockdown did not induce a rough eye phenotype, it was hypothesised that 

Peep expression during either larval and/or pupal development is important for the generation 

of a normal adult eye. The gross structure and cell organisation posterior to the morphogenetic 

furrow was investigated using markers to highlight cell membranes, and no obvious defects 

were observed. For the most part, in the present study, many experimental approaches were 

neuron focused with few experiments performed on non-neuronal cell types. Glia have been 

demonstrated to be instrumental in the central nervous system for modulating neuronal activity 

(Doherty et al., 2009; Hakim et al., 2014; Paolicelli & Gross, 2011; Tasdemir-Yilmaz & 

Freeman, 2014) and have been implicated in neurodevelopmental (Zhan et al., 2014) and 

neurodegenerative disease (Cinar et al., 2022; Zhang et al., 2021) (Sections 1.1.1, 1.3.1.2). 

In the previous chapter, reduced expression of Peep in all glia was predominantly embryonic 

lethal and the brains of those flies that survived to adulthood displayed severely fused b lobes 

which warrants further investigation to uncover the part that glial Peep plays in the Drosophila 

brain, specifically in a learning and memory capacity. In this chapter it was shown that Peep is 

required in the larval eye disc for normal retinal basal glia proliferation and/or migration. The 

data presented demonstrated that both increased and reduced expression of Peep with GMR-

GAL4, in all cells posterior to the morphogenetic furrow, results in a decrease of repo-

expressing retinal basal glia, indicating that loss of wild-type levels of Peep disrupts either 

proliferation and/or migration of glia. As glial precursors do not reside in the eye disc and 

instead migrate from the optic stalk to populate and proliferate posterior to the morphogenetic 

furrow, GMR-GAL4 does not express in these cells (Velarde et al., 2021), therefore Peep acts 

non-autonomously to regulate glial cell proliferation and/or migration in the eye disc. Although 

this is yet to be confirmed, it also appears as though aberrant Peep expression also results in a 

potential loss, or the generation of non-functional carpet glia.  

There are two carpet glia, identifiable by their large nucleus, which migrate through the optic 

stalk and reside at the anterior-most part of the larval eye disc and extend their membranes 

posterior to the morphogenetic furrow. It was previously shown that removal of carpet glia, by 

expressing the pro-apoptotic gene hid specifically in carpet cells, resulted in over migration of 

surface glia (Silies et al., 2007), however, this was not what was observed in this current study. 
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This, therefore, may indicate that these carpet glia are in fact present, however these glia may 

be smaller and indistinguishable from surface and ensheathing glia when using an anti-repo 

antibody to identify glial cells. If these carpet glia are present but non-functional, surface glia 

proliferation may be repressed resulting in an overall loss of in total glia populating the eye 

field, yet the carpet glial membranes may remain intact allowing for normal coordinated 

migration of the few glial cells that are born. The small sample size in this present study may 

also play a role in not observing these carpet glia as it has previously been shown that 30% of 

wild-type controls do not have two identifiable carpet glial cells with 10% containing none at 

all (Torres-Oliva et al., 2018). 

Further, as rhabdomeres were identified, and ommatidia in the anterior region of the eye 

remained intact, it was hypothesised that the photoreceptor axons were encapsulated by 

ensheathing glia, which would suggest that there were some surface glia that migrate into the 

eye field and differentiate to generate the pool of ensheathing glia. As the identification of these 

glia in the eye disc are yet to be determined, it remains unknown which glial cells are non-

autonomously affected by the knockdown of Peep. 

It also remains unclear whether this loss of in glia plays a part in generating the rough and 

necrotic adult eye phenotype, however repo-GAL4 driven peepRNAi did not induce any 

noticeable adult eye phenotypes (data not shown). As repo-GAL4 is homozygous lethal and is 

therefore maintained as a heterozygous stock over a balancer chromosome with adult 

phenotypic traits, phenotypic abnormalities due to Peep depletion during larval eye 

development require repo-GAL4 to be heterozygous over a balancer chromosome with a larval 

phenotypic marker or recombined with a fluorescent marker to indicate the presence of repo-

GAL4 driven expression. Any defects induced by Peep knockdown could then be analysed to 

determine whether Peep is also required in glia for larval eye development and 

proliferation/migration of the retinal basal glia in the eye disc.  

Future experiments to further understand the requirement of Peep expression for glial 

development and glial-mediated eye development are described in Sections 6.1 and 6.1.1. 
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5.3.1.2 Peep is required for development of the pupal eye lattice 

To further investigate the role that Peep plays in eye development, the pupal eye was also 

analysed for structural defects which may give rise to the rough and necrotic adult eye 

phenotype. 

Pupation follows the third instar larval stage in the Drosophila melanogaster life cycle and 

occurs through the hardening and conversion of the final larval cuticle into the puparium 

exoskeleton which covers and protects the pupa during pupal development. The mechanical 

properties of extracellular matrix regulating proteins can be attributed to the drastic changes in 

the shape that the pupa undergoes during the first few hours of pupal formation. The 

longitudinal axis shrinks while the lateral axis widens to allow for metamorphosis from larvae 

to pharate adult (Tajiri et al., 2017). The Drosophila pupal eyes are oval and connected to the 

optic lobes of the pupal brain via the optic stalk. It has been illustrated that the final ommatidial 

lattice at the apical region of the eye consists of four lens secreting cone cells, two primary 

pigment cells, six secondary pigment cells, and three bristle and three tertiary pigment cells at 

alternating vertices (Figure 1.5B, B’), and is complete at approximately 40 hours APF when 

raised at 25°C (DeAngelis & Johnson, 2019; Tea et al., 2014) and 60 hours APF when raised 

at 20°C (Cagan & Ready, 1989a). In pupal eye development, an overabundance of cells are 

differentiated in the wake of the morphogenetic furrow, however, not all form the correct cell-

cell contacts to terminally differentiate as a specified accessory cell. These cells, called 

potentials, are then targeted for degradation via caspase-cleavage directed programmed cell 

death (Cagan & Ready, 1989a) (Section 1.3.2.2). To be certain that the final lattice formation 

was imaged and that all excess cells were removed by apoptosis, pupal eyes were analysed at 

48 hours APF when raised at 25°C. Knockdown of Peep in the pupal eye had a significant effect 

on the number and position of bristle cells and IPCs, which include the secondary and tertiary 

pigment cells, and was not localised to a specific region of the eye, rather these defects were 

spread across the entire eye. As the phenotype was not restricted to the posterior of the eye, it 

is unlikely that the observed pupal eye phenotype is the primary contributor to the adult 

posterior localised rough and necrotic eye phenotype. The total number of accessory cells per 

ommatidia were quantified and although on average the same number of total accessory cells 

per ommatidia were present as in controls, there were numerous instances of excess or too few 

accessory cells upon knockdown of Peep. The excess accessory cell phenotype was reminiscent 

of the phenotype induced by overexpression of DIAP1; therefore it was hypothesised that Peep 
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may be regulating accessory cell number by inhibiting DIAP1 during apoptosis of 

interommatidial potentials. Co-expression, however, of Peep and DIAP1 did not show a 

regulatory interaction, as Peep did not inhibit or rescue the DIAP1 overexpression-induced 

increase in IPCs. 

Interestingly, although pupa were staged and dissected at the same point in the developmental 

timeline, some pupal eyes with a knockdown of Peep displayed excess IPCs that were of similar 

size and shape of those at an earlier developmental timepoint, prior to one or both waves of 

apoptosis (Johnson & Cagan, 2009). Given this, it would be of interest to examine the lattice 

formation at multiple different timepoints throughout pupal development to determine whether 

Peep knockdown affects cell adhesion or signal transduction, leading to more than one 

interommatidial potential generating the necessary contacts to escape apoptosis and terminally 

differentiate as an extra IPC.  

To further our understanding of the function of Peep in the developing eye and the role that glia 

play, both increased and decreased expression of Peep could be driven in pigment cell glia with 

the 54C-GAL4 driver (Liu et al., 2017) or in the cone cells, which express the homeoprotein 

cut, with the cut-GAL4 driver (Kumar et al., 2015). Expression in these specific accessory cells 

would aid in elucidating whether the adult necrotic eye phenotype is due to Peep expression in 

these specific glial-like cells, and whether a knockdown results a similar phenotype to that 

observed following depletion with GMR-GAL4.  

Based on the pupal eye phenotype induced by Peep knockdown it was hypothesised that Peep 

may be an important regulator of IPC patterning via cell adhesion or signalling as studies have 

shown that the Notch, Dpp, and DE-cadherin signalling pathways are all important for IPC 

patterning (Bao, 2014; Cagan & Ready, 1989b; Cordero et al., 2004; Cordero et al., 2007). 

Notch signalling is conserved among species (Zhou et al., 2022) and during Drosophila eye 

development, Notch plays a vital role in regulating cell fate through cell-cell contacts, adhesion, 

and cell death (Bao, 2014; Cagan & Ready, 1989b; Cordero et al., 2004). Dpp, is part of the 

Bone morphogenetic protein (BMP) family of proteins important for cell growth, patterning, 

and stabilising cell-cell contacts during Drosophila development (Arora et al., 1995; Dai et al., 

2000; Gao et al., 2005). Downregulation of Dpp in the eye results in similar phenotypes to that 

observed upon Peep knockdown and have been attributed to defects in IPC patterning, including 

deficits in IPC cell-cell contacts, misplaced bristle groups, and incorrect secondary/tertiary 

pigment cell placement (Cordero et al., 2007). 
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DE-cadherin and Armadillo are integral components of adherens junctions that mediate cellular 

rearrangement and cell-cell adhesion (Bauer et al., 2006; Cox et al., 1996; Peifer et al., 1992). 

DE-cadherin, encoded by the gene shotgun, regulates roughest during active cell rearrangement 

(Cordero et al., 2007). Roughest is expressed in the junction between primary pigment cells 

and IPCs and mediates cell movement in the eye (Reiter et al., 1996). Mutant DE-cadherin 

prevents Roughest expression which results in improper cell sorting and persistence of 

interommatidial potentials (Grzeschik & Knust, 2005). Roughest mutants with a deletion of the 

C-terminal domain, impair cell sorting and block apoptosis, resulting in a rough eye phenotype 

(Reiter et al., 1996). 

IPC organisation has been shown to require a finely tuned balance between Roughest and Dpp 

signalling to generate the regular ommatidial array, where Roughest directs cell movement and 

Dpp stabilises the cell-cell contacts (Cordero et al., 2007). As Peep knockdown impairs IPC 

organisation, it is hypothesised that Peep may be implicated in one or more of these interlocking 

pathways involved in regulation of IPC patterning. A genetic interaction screen in the eye could 

be employed to determine whether peep interacts with any of the known components implicated 

in regulating IPC patterning. To further this, if Peep is shown to interact in the same molecular 

pathway as any of the selected candidates, it would be important to determine whether this is 

in a transcriptional capacity via RNA-seq or whether Peep physically interacts with these 

proteins via co-immunoprecipitation coupled mass spectrometry (discussed further in Section 

6.3). 

 

5.3.1.3 Peep is required for adult eye development 

Knockdown of Peep results in fewer glial cells populating the third instar larval eye disc and 

abnormal numbers of accessory cells in the pupal eye 48 hours APF. These defects, however, 

are yet to be linked to the rough and necrotic eye phenotypes in the adult eye. Curiously, the 

pupal phenotype was not restricted to the posterior region of the eye and was instead spread 

across the entire eye, suggesting that the defects observed in the pupal eye may not be the 

primary contributor of the adult eye phenotype and instead, additional as of yet unknown 

dysfunctional mechanisms may play a part in restricting this phenotype to the posterior edge of 

the eye. To further assess the defects in the adult eye below the necrotic surface, an investigation 

of the appearance and organisation of photoreceptors was performed. Adult eyes in which Peep 
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had been knocked down with GMR-GAL4 were isolated and stained with Nile Red, which 

highlights the rhabdomeres of the R1-R7 photoreceptor cells, which all lie within the same 

plane of focus, therefore R8 photoreceptor morphology was not assessed. The areas in which 

necrosis had covered the eye were devoid of any Nile red staining, indicating in these regions, 

the photoreceptor cells were dead. Rhabdomeres in regions of the eye without necrosis were 

slightly misshapen and the neatly arranged boundaries between photoreceptor clusters were no 

longer present, which was reflective of ommatidial fusion localised to the posterior of the eye 

around the necrotic patches. Strikingly, there was a significant reduction of the quantified total 

area of the seven visible rhabdomeres. However, it should be noted when retina were prepared 

for imagining and analysis, the eye remains convex as it is when it is attached on either side of 

the head capsule, and images were taken at the centre apex of the eye in order to gain maximal 

ommatidia in the same focal plane. Rough and necrotic eyes are fragile and easily torn when 

microdissected. It is likely that the fragility of the necrotic eyes resulted in retina squishing, 

leading to images of an eye that was no longer convex, meaning that the plane of focus would 

be further away resulting in what appeared to be smaller rhabdomeres. It was therefore difficult 

to discern whether peepRNAi results in a reduction in rhabdomere size and whether this 

contributes to the external rough and necrotic eye phenotype, therefore, further studies to assess 

photoreceptor degeneration are warranted as discussed in Section 6.2. 

These results show that Peep expression is required for normal larval, pupal, and adult eye 

development. Both overexpression and knockdown of Peep resulted in a non-autonomous 

decrease in retinal basal glial cells in the developing larval eye disc and a knockdown of Peep 

lead to both excess and reduced numbers of accessory cells across the entire pupal eye and 

abnormally shaped adult rhabdomeres in non-necrotic areas of the adult eye. Knockdown of 

Peep anterior to the morphogenetic furrow and in a subset of terminally differentiated 

photoreceptor neurons as well as post-eclosion all led to a normal adult eye, further indicating 

that Peep is essential from larval development in all differentiating cells posterior to the 

morphogenetic furrow for the generation of a normal eye. 
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5.3.2 The necrotic eye phenotype induced by peepRNAi is degenerative and can be 

rescued by expression of factors involved in mitochondrial function, apoptosis 

inhibition and the removal of reactive oxygen species 

The exact cause of the necrotic lesions observed on the adult eye are yet to be determined, 

however it was concluded that this phenotype is dependent on the knockdown of Peep during 

eye development and once necrosis has been established at the posterior of the eye, the 

surrounding cells become affected, resulting in necrosis spreading and retinal neural cell 

degeneration. 

Uncontrollable cell death or necrosis can be induced by a range of different mechanisms, 

through primary necrosis or apoptotic induced secondary necrosis, where necrosis instead of 

apoptosis is responsible for spreading cell death across the eye disc (Yang et al., 2013). The 

necrotic lesion phenotype is unique and not well documented, proving difficult to determine 

how these lesions occur. Necrosis can be induced by defects in programmed cell death which 

is an essential tightly regulated process required for cell growth and proliferation and also by 

oxidative stress through elevated levels of ROS (Wu et al., 2015; Yang et al., 2013). 

Independent expression of four different ‘survival factor’ genes which play roles in oxidative 

stress resistance, mitochondrial function, and inhibition of apoptosis rescued the necrotic eye 

phenotype, however the ommatidial patterning and fusion defects that comprise the rough eye 

phenotype remained, further indicating that the rough eye phenotype induced at the posterior 

of the eye is the result of different pathway disruptions to that of the necrotic cell death 

phenotype. These results show that Peep is implicated in the regulation of apoptosis, oxidative 

stress response, and mitochondrial function.  

 

5.3.2.1 Investigating the role of Peep in oxidative stress response 

To further the understanding of whether increases in oxidative stress contributes to the necrotic 

phenotype in the eye and elucidate the role that Peep plays in regulating oxidative stress, 

eclosion survival and adult longevity was examined. As previously discussed, oxidative stress 

can be induced by increases in ROS, including non-reactive H2O2, a product of superoxide 

radicals. It was of interest to determine whether increasing the level of ROS by exposure to 
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supplemented H2O2 in the fly resulted in a more severe eye phenotype upon knockdown of Peep 

in the eye, which was analysed by quantifying eclosion rate. 

Throughout these studies, it was observed that constitutive expression of peepRNAi in the eye 

was semi-pupal lethal, and upon dissection a possible explanation for this was observed, as the 

eyes of the pharate adults with significant areas of necrosis, prior to eclosion, were adhered to 

the insides of their pupal cases, restricting the adult fly from eclosing, resulting in pupal death. 

This occurred in a low but significant proportion of flies as the area and severity of the necrosis 

varied due to incomplete penetrance of the RNAi. It was hypothesised that if the necrosis was 

a result of increased oxidative stress, then further increasing the level of H2O2 would result in 

an increase in phenotype severity which could lead to an exacerbated rate of pupal lethality. As 

it has previously been stated, the necrotic phenotype arises due to a depletion of Peep during 

development of the eye with GMR-GAL4, as post-developmental adult-induced Peep 

knockdown did not affect the appearance of the adult eye. Given this, H2O2 was supplemented 

into the standard fly media in order for progeny to ingest H2O2 to increase internal ROS levels. 

Exposing H2O2 to flies expressing peepRNAi2 resulted in an increase in pupal death when 

compared to peepRNAi2 flies raised on standard media, however as an increase in pupal lethality 

was also observed in the control, it cannot be concluded that this increase in pupal death is due 

to an exacerbated necrotic eye phenotype. Interestingly, H2O2 exposure resulted in larval 

lethality in control flies, a phenotype that was mitigated by a depletion of Peep, indicating a 

potential lethal role for Peep during larval development in the presence of exogenous H2O2. 

GMR-GAL4 has been shown to express in a variety of third instar larval tissues including the 

eye disc, wing disc, and trachea (W. Z. Li et al., 2012), therefore it is possible that the 

knockdown of Peep, which rescues the larval lethal phenotype in the control, during early larval 

development is driven in a wide range of cells, not just in the eye disc. Of those controls that 

survived larval development, pupation and eclosion appeared normal, as normal Peep 

expression during pupal development is required for the development of a normal eye. 

As exposure to H2O2 resulted in an increase in pupal death regardless of genetic makeup, and a 

high level of larval death in the controls, these variables made it difficult to draw conclusions 

about the requirement of Peep in the eye under conditions of increased oxidative stress. 

Therefore, an additional study to examine the effect of increased H2O2 on adult lifespan was 

administered to elucidate the role that Peep plays in oxidative stress response. These results 

showed that peepRNAi2 and PeepOE had reduced lifespans compared to control when exposed to 

H2O2. peepRNAi and PeepOE were ubiquitously expressed, and following eclosion, flies were 
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maintained on a diet of either sucrose alone or sucrose supplemented with H2O2. Interestingly, 

regardless of whether flies were exposed to H2O2 or not, overexpression of Peep showed a 

significant reduction in lifespan, compared to the negative control, indicating that H2O2 was not 

the primary cause of reduced survival in these flies, and instead premature death may be due to 

nutrient-deprivation. 

It is also possible that the reduced longevity upon exposure to increased levels of H2O2 may in 

fact be due to external factors like food aversion. A recent study in adult flies by Harrison et al. 

(2020) showed that certain metabolic pathways play crucial roles in survival under stress-

induced conditions, specifically when exposed to H2O2. Genes involved in nutrient signalling 

in both glycogen and folate metabolism are implicated in survival, where glycogen reserves 

may be depleted in response to stress, resulting in death via stress-induced starvation. It is 

important to keep in mind that food aversion and nutrient content can play major roles in early 

death when supplementing a flies diet, which as a result, cannot be entirely attributed to 

increased oxidative stress via exposure to H2O2. Therefore, these results could be attributed to 

metabolic stress resistance pathway failure and/or food aversion-induced starvation. In 

addition, motor neurons are not only important in eclosion and climbing behaviour (Sections 

4.4.1, 4.4.2), but also in feeding behaviour as motor neurons have been shown to innervate the 

muscles involved in proboscis extension and retraction, which is part of the sensory-motor taste 

circuitry, whereby the proboscis is used as the feeding organ (Schwarz et al., 2017). Therefore, 

if Peep is important in motor neuron function, when ubiquitously knocked down, this may 

induce feeding defects, resulting in premature death. 

There were also limitations to the statistical testing used for analysing these data. The log rank 

statistical test uses the area under the curve to measure differences in survival. When the curve 

is extended, due to increased survival, and analyses are not taken through to when all flies are 

dead, like what was observed for those maintained on sucrose alone, the differences in survival 

become less accurate. It would therefore be necessary to repeat these analyses and account for 

the death of all flies (H2O2 supplemented and sucrose alone) over the entire survival period to 

gain more robust statistical data. 

Together these  preliminary data suggest a possible role for Peep in oxidative stress resistance, 

however due to limitations in both assays, further investigation is warranted to fully elucidate 

whether Peep is involved in regulating levels of oxidative stress in the fly and whether the 
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necrotic phenotype is attributed, at least in part, to increases in ROS, which was further detailed 

in Section 6.2. 

 

5.3.3 Peep may play a role in proteasome function 

To further uncover the cause of the necrotic eye phenotype upon Peep knockdown, the 

proteasome was investigated as mutations in proteasomal subunits have been demonstrated to 

result in a similar posterior localised necrotic eye phenotype.  

The proteasome fluorogenic peptide assay was performed on two different tissue types to test 

chymotrypsin-like activity. Peep was first knocked down in the eye and a significant decrease 

in chymotrypsin-like activity was observed following knockdown with peepRNAi2 compared to 

control, with a more modest reduction upon knockdown with peepRNAi1. Given that peepRNAi1 

induces a more degenerative phenotype, the time at which the flies were harvested may have 

resulted in different levels of proteasome dysfunction. Necrosis is a result of total cell death, 

which is hypothesised to result in a decrease of proteasome activity. Therefore, if the loss of 

proteasome activity is directly correlated with the area of necrosis, peepRNAi2, which induces an 

larger areas of necrosis immediately post-eclosion, would result in a larger decrease in 

proteasome activity as compared to peepRNAi1, which induces little necrosis immediately post-

eclosion. This proteasome dysfunction could be further assessed by isolating retina, rather than 

whole heads, as the remainder of the head capsule and brain tissues may have diluted out the 

eye specific decrease in chymotrypsin-like activity, leading to a more mild decrease in activity. 

MG132 was used to eliminate background fluorescence emission induced by eye pigment, to 

generate a more robust study. Chymotrypsin-like activity was shown to be reduced by 98% 

upon addition of 10 µM MG132, both trypsin- and caspase-like proteolytic activities were also 

reduced, albeit, to a lower level in the mouse liver and two human cancer cell lines, A549 and 

HL60 (Wu et al., 2013). MG132 can also inhibit the growth of tumours through cell cycle 

regulation and apoptosis induction via ROS formation (Han & Park, 2010), which generates a 

link between proteasome dysfunction, apoptosis, and the formation of ROS. Further, as 

previously described in Section 5.2.3, mitochondrial dysregulation and increases in ROS can 

cause proteasomal dysfunction, and proteasomal dysfunction can result in increases in ROS and 

lead to mitochondrial dysfunction (Livnat-Levanon et al., 2014; Maharjan et al., 2014; Parajuli, 

2019), therefore Peep may play a role in one or all aforementioned processes. 
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Parkinson’s disease as discussed in (Section 1.5.1) is a progressive neurodegenerative disorder 

that is associated with the loss of dopaminergic neurons in the substantial nigra, appearance of 

Lewy bodies and accumulation of a-synuclein inclusions (Spillantini et al., 1998), resulting in 

a loss of mobility and onset of dementia. Autosomal recessive early-onset Parkinson’s disease 

has been attributed to mutations in the PTEN-induced kinase 1 (pink1) gene (Valente et al., 

2004), and pink1 plays a role in mitochondrial dynamics (Deng et al., 2008; Yang et al., 2008). 

Knockdown of pink1 results in a posterior localised necrotic eye phenotype and loss of 

dopaminergic neuron clusters. Expression of SOD1 rescued this loss of dopaminergic neurons, 

indicating that knockdown of pink1 results in an increase in ROS (Wang et al., 2006). This 

current study shows that as the necrotic eye phenotypes are similar between pink1 and Peep 

knockdown, and if similarly, to pink1, Peep knockdown decreased the number of dopaminergic 

neurons in the brain, this may suggest a role for Peep in regulating mitochondrial dynamics and 

mitigating Parkinson’s disease-like phenotypes, which may or may not be attributed to 

increased ROS through regulation of pink1. This opens a new avenue of investigation as to 

whether Peep is important for the regulation and maintenance of the dopaminergic neuron 

clusters in the brain. 

Interestingly, when b5, the subunit in the proteasome catalytic core which harbours the active 

site for chymotrypsin-like activity, is knocked down, a posterior localised rough and necrotic 

eye phenotype results (Velentzas et al., 2013), similar to peepRNAi, and likely reduces 

chymotrypsin-like activity, similar to peepRNAi. It can therefore be hypothesised that Peep may 

regulate transcription, either directly or indirectly of the b5 subunit, to regulate proteasome 

assembly and activity in the eye. 

From these initial investigations, Peep is required for proteasomal function specifically in the 

eye, as chymotrypsin-like activity was decreased upon knockdown of Peep with GMR-GAL4, 

however activity was maintained upon ubiquitous knockdown with arm-GAL4. It is however, 

yet to be determined whether these results are a direct effect on the proteasome or a downstream 

result due to disruption of other cellular pathways. It would, therefore, be of interest to also 

determine whether the decrease in proteasomal function results in an accumulation of poly-

ubiquitinated proteins, as observed in other proteasomal mutants (Fernandez-Cruz et al., 2020; 

Muller et al., 2006; Tonoki et al., 2009; Velentzas et al., 2013), increases in ROS, and 

mitochondrial dysfunction, further discussed in Section 6.2. 
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6 Summary and Future Directions 
 

In an effort to further the understanding of the underlying molecular mechanisms through which 

HDAC4 regulates neurological processes, an RNAi-based candidate screening approach was 

taken to identify potential HDAC4 interacting proteins, which when knocked down display 

similar phenotypes to that of HDAC4 overexpression in the mushroom body and eye (Main et 

al., 2021; Tan et al., 2024). A similar phenotype would indicate that this candidate and HDAC4 

may function in similar molecular pathways and therefore overexpression of the candidate may 

rescue the HDAC4 overexpression-induced phenotype by overcoming the molecular pathway 

disruption. Based on similar phenotypes in the brain and eye, a single uncharacterised candidate 

(CG5846, named Peep) was selected for further investigation of the functional relationship with 

HDAC4.  

Co-distribution studies in the brain and a genetic screen in the eye demonstrated that Peep did 

not mitigate the HDAC4 overexpression-induced phenotypes and instead, HDAC4 regulated 

the subcellular distribution of Peep and rescued the eye phenotype induced by Peep depletion. 

Furthermore, no interaction was observed following co-immunoprecipitation. Based on these 

results it was considered that pursuing a more thorough characterisation of the function of Peep 

in Drosophila would be more fruitful than further investigating the interaction with HDAC4.  

A battery of well-established analyses were performed and Peep was shown to be essential in 

glia for survival, as well as for normal development of mushroom body morphology, and in 

neurons during mushroom body and compound eye development. Peep depletion in the eye 

resulted in a unique severe posterior-localised necrotic phenotype, which was rescued by 

expression of proteins with roles in regulating apoptosis, oxidative stress response, and 

mitochondrial function. In addition, this unique eye phenotype has been reported in mutants of 

the proteasome, and Peep was observed to be important in maintaining proteasomal function 

(Figure 6.1). 

Based on these analyses, the main findings of this thesis and future directions, based on 

questions that have arisen to further the functional characterisation of Peep, are summarised 

and described below. 
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Figure 6.1. Summary of the phenotypes and pathways in which Peep functions. Knockdown of Peep 
in the eye using the GMR-GAL4 driver resulted in a variety of phenotypes at different stages of 
development. In the third instar larval eye disc there were no perturbations to the regular cellular 
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organisation as shown with anti-FasII, however there was a non-autonomous significant decrease in the 
population of retinal basal glia, labelled with anti-repo. Peep knockdown in the pupal eye resulted in 
abnormal accessory cell numbers, often a result of both increased and decreased interommatidial 
pigment cells. In the adult eye, Peep knockdown induced a unique severe necrotic eye phenotype which 
was rescued by expression of DIAP1, Marf, SOD1, and Catalase. Eye-specific Peep knockdown also 
resulted in a decrease in proteasome activity, indicating that Peep plays an important role in regulating 
proteasomal and mitochondrial function, apoptosis, and oxidative stress. 

 

6.1 Peep expression in glia is essential for embryonic survival of 

Drosophila and for normal development of the mushroom body  

Pan-glial knockdown of Peep resulted in an embryonic lethal phenotype, indicative of a role for 

Peep in glial-mediated development from embryogenesis. Furthermore, of those adult escapers, 

the requirement for Peep in glia extended to the formation of the mushroom body, which 

resulted in total fusion of the b lobes and a novel g lobe fusion phenotype, a phenotype which 

has not previously been reported. Further investigation into the identity of the specific glial cell 

subtypes in which Peep expression is essential is required to further the understanding of the 

requirement of glia and the role that Peep plays during Drosophila development.  

A panel of glial GAL4 drivers have recently been reported to express in all types of glia 

including perineurial, subperineurial, cortex, astrocyte-like, and ensheathing glia, some of 

which have little to no expression in neurons (Jenett et al., 2012; Kremer et al., 2017). Each 

glial subtype could be fluorescently labelled for identification, and either following the 

generation of a new Peep specific antibody or by utilising fluorescence in situ hybridisation for 

Peep identification, expression patterns of Peep could be analysed. Furthermore, to determine 

the requirement of Peep in each glial subtype, knockdown could be induced with each of the 

glial-GAL4 drivers and survival measured. In addition, any escapers could be assessed for 

climbing impairments, to determine the requirement of Peep expression in glia for motor 

function, and learning and memory impairments, with brains also being dissected for 

assessment of mushroom body morphology. 
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6.1.1 Aberrant Peep expression in differentiating cells in the eye non-

autonomously regulate the population of retinal basal glia in third instar larvae 

Both overexpression and knockdown of Peep with GMR-GAL4 resulted in a non-autonomous 

decrease in the number of retinal basal glia populating the larval eye disc, hypothesised to be 

attributed to dysfunction in carpet cell-mediated migration and subsequent proliferation. A 

GAL4 driver line (moody-GAL4), which drives expression specifically in carpet cell glia in the 

larval optic stalk (Silies et al., 2007), could be used to investigate the requirement of Peep 

specifically in this subtype of glia to examine the downstream effects induced by both 

overexpression and knockdown of Peep on retinal basal glial cell migration in the larval eye 

disc and the resulting adult phenotypes. 

 

6.2 Peep plays a role in cell survival by regulating mitochondrial and 

proteasomal function, apoptosis and oxidative stress 

Thus far, a candidate approach has been taken to identify molecular pathways in which Peep is 

involved. Investigation of these pathways was initiated through a search of the literature for 

pathways where dysfunction resulted in necrosis, and therefore could be causative of the 

posterior-localised necrotic eye phenotype. Expression of DIAP1 (inhibitor of apoptosis) (S. L. 

Wang et al., 1999), SOD1 and Catalase (regulators of oxidative stress) (Nandi et al., 2019; 

Wang et al., 2018), and Marf (regulator of mitochondrial function) (Katti et al., 2021; Sandoval 

et al., 2014), all rescued the necrotic eye phenotype induced by Peep knockdown, indicating 

that Peep may play a role in each of these processes, and that the necrotic phenotype may be 

caused due to dysfunction of one or all of these processes. Apoptosis, levels of ROS, and 

mitochondrial function could all be assessed in the eye following knockdown of Peep. 

Apoptosis can be measured by caspase activity using the GFP-based variant of caspase 3-like 

proteases activity indicator (GC3Ai) apoptosis sensor in the larval eye disc which utilises a GFP 

reporter that fluoresces upon caspase cleavage (Schott et al., 2017). Mitochondrial function and 

ROS levels in different stages of eye development can be measured using dihydroethidium, a 

redox-sensitive fluorescent probe that detects the presence of superoxide radicals (Zhao et al., 

2003). Coenzyme Q8 (Coq8) is the Drosophila homologue of human Coenzyme Q8A, which 

is essential for the synthesis of Coenzyme Q10, an important component of the ETC (Hayashi 
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et al., 2014), mutations of which have been associated with onset of intellectual disability and 

cerebellar ataxia (Jacobsen et al., 2018; Traschütz et al., 2020). A recent study staining 

Drosophila retina, following knockdown of Coq8 which results in a centrally-localised necrotic 

eye phenotype, with dihydroethidium, indicated an increase in ROS in the eye (Hura et al., 

2022). Furthermore, assessing rhabdomere integrity in the adult eye with Nile Red or Phalloidin 

staining could be performed over time to investigate photoreceptor degeneration, as the necrosis 

on the eye becomes progressively worse. Studies have shown that degeneration of rhabdomeres 

can occur with the external surface of the eye remaining unperturbed (Richard et al., 2022), 

therefore, although the external surface of the anterior region of the eye, following Peep 

depletion, remains normal, there may be photoreceptor degeneration occurring below the 

surface. To assess mitochondrial function the fluorescent MitoTimer reporter gene can be used 

which targets mitochondria, and upon mitochondrial stress the fluorescent output shifts from 

green to red (Laker et al., 2014). 

The posterior-localised necrotic eye phenotype has been previously observed in proteasomal 

subunit mutants (Fernandez-Cruz et al., 2020; Kisselev et al., 2006; Muller et al., 2006; Tonoki 

et al., 2009; Velentzas et al., 2013), and knockdown of Peep in the eye resulted in a decrease 

in chymotrypsin-like proteasomal activity via a fluorogenic peptide assay. An additional study 

to assess the role of Peep in proteasome function, would be to analyse the level of poly-

ubiquitinated proteins via western blot with an anti-ubiquitin antibody in a sample of eyes 

following knockdown of Peep. In addition, immunohistochemistry with an anti-ubiquitin 

antibody on eyes at different stages of development could be assessed, as an accumulation of 

poly-ubiquitinated proteins has been associated with defects in proteasomal activity 

(Fernandez-Cruz et al., 2020; Kisselev et al., 2006; Muller et al., 2006; Tonoki et al., 2009; 

Velentzas et al., 2013).  

 

6.3 Identification of Peep interacting proteins and further identification 

of Peep-mediated regulatory pathways 

As discussed in Section 6.2, the Peep associated molecular pathways that have been established 

have utilised a candidate approach to identify pathway dysfunction that may cause the necrotic 

eye phenotype. Additional notable phenotypes associated with Peep depletion included 

abnormal interommatidial pigment cell number in the pupal eye lattice and defects in mushroom 
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body axon growth and guidance. Genetic interaction studies in the mushroom body and in the 

eye with genes that have unequivocally been shown to be involved in axon extension, 

interommatidial pigment cell dynamics, and adult eye development would shed light on the 

involvement of Peep in any of these processes. In addition, RNA-seq on larval brains and pupal 

or adult eyes would establish whether an interaction between peep and these genes involved in 

these processes is regulated at a transcription level or whether the interaction occurs on a protein 

level via co-immunoprecipitation coupled mass spectrometry. 

 

6.4 Characterising the functional relationship between Peep in 

Drosophila and its human homologues RFXANK and ANKRA2  

RFXANK and ANKRA2 are the closest homologues to Peep as they share homology across 

the ankyrin repeat regions, however as Peep contains no other characterised domains, there is 

little other sequence similarity. In order to further characterise the role that Peep plays in 

Drosophila, it is important to determine whether Peep is functionally similar to RFXANK and 

ANKRA2. ANKRA2 interacts with Megalin a member of the low-density lipoprotein receptor 

family (Rader et al., 2000), and CCDC8 which when mutated, results in the 3M growth disorder 

(Nie et al., 2015). RFXANK is an essential component of the RFX group which is responsible 

for regulating transcription of MHC genes, the proteins of which are involved in regulating 

adaptive immunity (Maternak et al., 1998). As there is no Drosophila homologue of CCDC8 

and Drosophila do not contain an adaptive immune system, rescue experiments of the necrotic 

eye phenotype by overexpression of either RFXANK and ANKRA2 could be carried out to 

determine whether supplementing the function of ANKRA2 or RFXANK can overcome the 

pathway disruptions induced by Peep depletion. If there are functional similarities between 

these proteins, the conclusions drawn in the current study may shed light on potential 

uncharacterised functions of both RFXANK and ANKRA2 in humans. 

RFXANK interacts with RFX5, which contains a DNA binding domain that specifically targets 

an X-box sequence in the promoter of MHC class II genes (Maternak et al., 1998), and 

ANKRA2 interacts with Megalin (Rader et al., 2000). As both of these interactions are 

mediated by the ankyrin repeats on RFXANK and ANKRA2 and the ankyrin repeat binding 

domain on RFX5 and Megalin, it could be of interest to select Drosophila candidates which 

may interact similarly with Peep. 
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There is a Drosophila homologue of human Megalin (GenBank accession P98164), which is 

Drosophila Megalin (GenBank accession A8JTM7), and these proteins share 56.9% sequence 

similarity (Pairwise Sequence Alignment, EMBOSS Water). There are also Drosophila 

regulatory factor X (Rfx) homologues of human RFX proteins. Drosophila Rfx, is a 

transcription factor that plays an essential function in ciliated sensory neurons which are 

required for signalling processes in sensory organs and is orthologous to human RFX1 

(Dubruille et al., 2002). RFX1 is expressed in neurons and plays a role in regulating brain 

tumour cell proliferation (Ohashi et al., 2004) and shares similarity with Drosophila Rfx 

through the DNA binding domain (Dubruille et al., 2002). Drosophila Rfx2 has no known 

mammalian homologue and has not been mapped to the Drosophila genome as it is 

hypothesised to be present in heterochromatin. One study has shown that expression of just the 

DNA binding domain of Drosophila Rfx2 in the eye resulted in disruptions in cell cycle 

progression and induction of apoptosis (Otsuki et al., 2004). Drosophila CG9727 is orthologous 

to human RFX5, which plays an important role in regulating MHC class II gene expression 

(Maternak et al., 1998), with similarities in both the DNA binding domain and also contains a 

conserved ankyrin repeat binding domain. CG9727, however, is yet to be characterised, 

although single cell-RNA-seq has established that CG9727 is expressed in neurons and glia in 

the adult fly (Li et al., 2022). Candidate investigation with Drosophila Megalin, Rfx, Rfx2, and 

CG9727 to explore additional binding partners of Peep could give further insight into the role 

that Peep plays in neural function and also further establish and characterise the roles that these 

candidates play in Drosophila neural function. 
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In conclusion, Peep does not regulate the HDAC4-mediated phenotypes induced in the brain 

and eye, and therefore the molecular mechanisms underlying the processes in which HDAC4 

regulates neurological dysfunction remain unknown. Peep, however, has been characterised to 

play an essential role in cell survival by regulating mitochondrial and proteasomal function, 

apoptosis, and oxidative stress. These studies provide the first documentation of the functional 

role that Peep plays in Drosophila neural development and provide the basis for further 

investigation into the underlying molecular mechanisms involved in brain and eye 

development. 
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8 Appendix 
 

8.1 pUAST plasmid for transgenic fly transformation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1. pUASTattB plasmid map. The pUASTattB plasmid was used for fly transformations. 
Features of the plasmid are highlighted, including the 5X UAS located upstream to promote expression 
of the transgene inserted into the XbaI and NotI restriction sites. The SphI restriction site is also 
highlighted which in combination with the NotI site removes the UAS allowing for the insertion of a 
different promoter sequence. 
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8.2 CG5846-HA sequence 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.2. Annotated sequence of CG5846-HA. 5’ NotI (pink) and 3’ XbaI (purple) restriction sites 
flank the CG5846 open reading frame (ORF) and allow for insertion into the NotI and XbaI restriction 
sites on the pUASTattB downstream of the 5X UAS. A Kozak consensus sequence (orange) was added 
just upstream of the CG5846 start site (green) which directs the pre-initiation complex to promote 
translation. At the 3’ end of the CG5846 ORF is a 3x glycine linker (blue) followed by a 3x HA tag 
(bold black) with the stop codon (red) just upstream of the 3’ XbaI restriction site. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5’
gcg gcc gcc aac atg gtg gca cca gca aac aca atc caa act aat gcg aat tcc gac gac

M V A P A N T I Q T N A N S D D
gat gag gga gtg cgg tcg gcg cct acc tcc atg ctg gtg ctg gac gcc aag cgg aag agc
D E G V R S A P T S M L V L D A K R K S
gcc ttc ttg ccg tac cgc ccc cag tcc acc gtg ctg acc aac ttg cag cgc ggc aat acg
A F L P Y R P Q S T V L T N L Q R G N T
gag gcc acc ttt tgc ccc gtc gaa gtt tcg ctc tcc ttt cac gaa cgc gct ggc caa ggc
E A T F C P V E V S L S F H E R A G Q G
gag atc acg gag gag cag gtg gca gcg gaa aga gcg cgt cag cag aac att gat tac aag
E I T E E Q V A A E R A R Q Q N I D Y K
gat gca cat ggt ttc aca gcc tta cat tgg gca gcc tcc tac ggt caa ctg gtt tcc gtg
D A H G F T A L H W A A S Y G Q L V S V
cag ctc ctc gtc gcg gct ggt gcc aat gtg aac act atg gct cca gat ttg att agt cct
Q L L V A A G A N V N T M A P D L I S P
cta ctc cta gct gcc gcc ggt ggg cat aac gag atc gtc cgc ttc ttg ctg gaa cac ggc
L L L A A A G G H N E I V R F L L E H G
gct gat tcg ggc cac atg gac atc gtt gga aac acg gcg ctt atg tac gca gcg gcc ggc
A D S G H M D I V G N T A L M Y A A A G
aat cat ccg cat act tgc aac gag ctc ctg gcc aaa gac ctg gat cta agt gcc acc aac
N H P H T C N E L L A K D L D L S A T N
gag gac gga gac acg gcc tac tcg ctg gcc gta gag cat ggg gct cat ctg gcg cag gcg
E D G D T A Y S L A V E H G A H L A Q A
cta ctg gag cag tac atg acg gcc ata atc aca gcg gga gcc ttc ggt agt att ggc gga
L L E Q Y M T A I I T A G A F G S I G G
ggc tac cca tac gat gtt cct gac tat gcg ggc tat ccc tat gac gtc ccg gac tat gca
G Y P Y D V P D Y A G Y P Y D V P D Y A
gga tcc tat cca tat gac gtt cca gat tac gct tag tct aga

G S Y P Y D V P D Y A - 3’ 
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8.3 CG5846 promoter region 

 
 
 
 
 
 
 
 
 
 
Figure 8.3. The CG5846 promoter region. There are two isoforms of CG5846 (RA and RB) which are 
in the antisense orientation. The CG5846-RB isoform contains a longer 5’ UTR (dark grey) which 
overlaps with the 5’ UTR (light grey) of the neighbouring gene CG4658 which is in the sense orientation. 
The boxed region indicates the promoter region that was included in CG5846-Myc and CG5846-GAL4. 
 

8.4 CG5846-Myc sequence 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5’ UTR

5’ UTR

5’
gca tgc ttg gtg atg ttt cga cgc taa ttt ggg gca gtg gaa acg tac aac gaa agg gca

taa aaa agg cca aac gca ggt ttg cac tga aaa caa att ggc gag gcg caa cag gtg cag

gga agt ttt ggc caa aga aac aac tgc gcc gcg tcg caa aac ctg tta tga aac aca caa

aca cag tgc taa caa atc ggg taa ata tat tta cat aat taa acg caa att aag ctt tga

aac gag aaa ata aaa aca aac caa tcg aat gtg acc gtg ctg gag ttg caa att aat gct

gat tac aat gtg gct tta cca cac cac aga aaa atc tac agc aac tag aag ata ggt gta

cca gtt ata tga tgc cct gtt att ttc tag ttt tat gat tat gtt agc gtt tga cat aaa

taa att ttt att tgt tta aaa tac gag aca ttt taa cgg taa atc aat ttt aaa ttt tat

att gaa aga att tat att aag atg gca ttt tat aat ctt gta tat cat taa gtt cga gct

att ata ccc ttt ggg gct tcc aat aca ggg tat taa tgg taa ata taa cca aaa caa atg
M

gtg gca cca gca aac aca atc caa act aat gcg aat tcc gac gac gat gag gga gtg cgg
V A P A N T I Q T N A N S D D D E G V R
tcg gcg cct acc tcc atg ctg gtg ctg gac gcc aag cgg aag agc gcc ttc ttg ccg tac
S A P T S M L V L D A K R K S A F L P Y
cgc ccc cag tcc acc gtg ctg acc aac ttg cag cgc ggc aat acg gag gcc acc ttt tgc
R P Q S T V L T N L Q R G N T E A T F C
ccc gtc gaa gtt tcg ctc tcc ttt cac gaa cgc gct ggc caa ggc gag atc acg gag gag
P V E V S L S F H E R A G Q G E I T E E
cag gtg gca gcg gaa aga gcg cgt cag cag aac att gat tac aag gat gca cat ggt ttc
Q V A A E R A R Q Q N I D Y K D A H G F
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Figure 8.4. Annotated sequence of CG5846-Myc. 5’ SphI (teal) and 3’ NotI (pink) restriction sites 
flank the promoter and coding region of the CG5846 gene. The promoter includes the 5’ region of the 
CG4658 gene, which is in the sense orientation, up until the CG4658 start codon (orange) and the 
CG5846 5’ UTR (purple) of the CG5846-RB transcript (transcription start site in bold dark blue), see 
boxed region in Figure 8.3. The CG5846-RA transcript’s 5’ UTR is located within this promoter region 
(bold dark green). The start site of the CG5846 ORF is indicated (green). A 3x glycine linker (blue) is 
inserted at the end of the ORF (minus the stop codon), followed by a 6x Myc tag (bold black) and a stop 
codon (red) just upstream of the 3’ NotI restriction site.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aca gcc tta cat tgg gca gcc tcc tac ggt caa ctg gtt tcc gtg cag ctc ctc gtc gcg
T A L H W A A S Y G Q L V S V Q L L V A
gct ggt gcc aat gtg aac act atg gct cca gat ttg att agt cct cta ctc cta gct gcc
A G A N V N T M A P D L I S P L L L A A
gcc ggt ggg cat aac gag atc gtc cgc ttc ttg ctg gaa cac ggc gct gat tcg ggc cac
A G G H N E I V R F L L E H G A D S G H
atg gac atc gtt gga aac acg gcg ctt atg tac gca gcg gcc ggc aat cat ccg cat act
M D I V G N T A L M Y A A A G N H P H T
tgc aac gag ctc ctg gcc aaa gac ctg gat cta agt gcc acc aac gag gac gga gac acg
C N E L L A K D L D L S A T N E D G D T
gcc tac tcg ctg gcc gta gag cat ggg gct cat ctg gcg cag gcg cta ctg gag cag tac
A Y S L A V E H G A H L A Q A L L E Q Y
atg acg gcc ata atc aca gcg gga gcc ttc ggt agt att ggc gga ggc gag caa aag ctc
M T A I I T A G A F G S I G G G E Q K L
att tct gaa gag gac ttg aat gaa atg gag caa aag ctc att tct gaa gag gac ttg aat
I S E E D L N E M E Q K L I S E E D L N
gaa atg gag caa aag ctc att tct gaa gag gac ttg aat gaa atg gag caa aag ctc att
E M E Q K L I S E E D L N E M E Q K L I
tct gaa gag gac ttg aat gaa atg gag caa aag ctc att tct gaa gag gac ttg aat gaa
S E E D L N E M E Q K L I S E E D L N E
atg gag agc ttg ggc gac ctc acc atg gag caa aag ctc att tct gaa gag gac ttg tag
M E S L G D L T M E Q K L I S E E D L -
gcg gcc gc
A A 3’
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8.5 CG5846-GAL4 sequence 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5’
gca tgc ttg gtg atg ttt cga cgc taa ttt ggg gca gtg gaa acg tac aac gaa agg gca

taa aaa agg cca aac gca ggt ttg cac tga aaa caa att ggc gag gcg caa cag gtg cag

gga agt ttt ggc caa aga aac aac tgc gcc gcg tcg caa aac ctg tta tga aac aca caa

aca cag tgc taa caa atc ggg taa ata tat tta cat aat taa acg caa att aag ctt tga

aac gag aaa ata aaa aca aac caa tcg aat gtg acc gtg ctg gag ttg caa att aat gct

gat tac aat gtg gct tta cca cac cac aga aaa atc tac agc aac tag aag ata ggt gta

cca gtt ata tga tgc cct gtt att ttc tag ttt tat gat tat gtt agc gtt tga cat aaa

taa att ttt att tgt tta aaa tac gag aca ttt taa cgg taa atc aat ttt aaa ttt tat

att gaa aga att tat att aag atg gca ttt tat aat ctt gta tat cat taa gtt cga gct

att ata ccc ttt ggg gct tcc aat aca ggg tat taa tgg taa ata taa cca aaa caa atg
M

aag cta ctg tct tct atc gaa caa gcc tgc gat att tgc cga ctt aaa aag ctc aag tgc
K L L S S I E Q A C D I C R L K K L K C
tcc aaa gaa aaa ccg aag tgc gcc aag tgt ctg aag aac aac tgg gag tgt cgc tac tct
S K E K P K C A K C L K N N W E C R Y S
ccc aaa acc aaa agg tct ccg ctg act agg gca cat ctg aca gaa gtg gaa tca agg cta
P K T K R S P L T R A H L T E V E S R L
gaa aga ctg gaa cag cta ttt cta ctg att ttt cct cga gaa gac ctt gac atg att ttg
E R L E Q L F L L I F P R E D L D M I L
aaa atg gat tct tta cag gat ata aaa gca ttg tta aca gga tta ttt gta caa gat aat
K M D S L Q D I K A L L T G L F V Q D N
gtg aat aaa gat gcc gtc aca gat aga ttg gct tca gtg gag act gat atg cct cta aca
V N K D A V T D R L A S V E T D M P L T
ttg aga cag cat aga ata agt gcg aca tca tca tcg gaa gag agt agt aac aaa ggt caa
L R Q H R I S A T S S S E E S S N K G Q
aga cag ttg act gta tcg att gac tcg gca gct cat cat gat aac tcc aca att ccg ttg
R Q L T V S I D S A A H H D N S T I P L
gat ttt atg ccc agg gat gct ctt cat gga ttt gat tgg tct gaa gag gat gac atg tcg
D F M P R D A L H G F D W S E E D D M S
gat ggc ttg ccc ttc ctg aaa acg gac ccc aac aat aat ggg ttc ttt ggc gac ggt tct
D G L P F L K T D P N N N G F F G D G S
ctc tta tgt att ctt cga tct att ggc ttt aaa ccg gaa aat tac acg aac tct aac gtt
L L C I L R S I G F K P E N Y T N S N V
aac agg ctc ccg acc atg att acg gat aga tac acg ttg gct tct aga tcc aca aca tcc
N R L P T M I T D R Y T L A S R S T T S
cgt tta ctt caa agt tat ctc aat aat ttt cac ccc tac tgc cct atc gtg cac tca ccg
R L L Q S Y L N N F H P Y C P I V H S P
acg cta atg atg ttg tat aat aac cag att gaa atc gcg tcg aag gat caa tgg caa atc
T L M M L Y N N Q I E I A S K D Q W Q I
ctt ttt aac tgc ata tta gcc att gga gcc tgg tgt ata gag ggg gaa tct act gat ata
L F N C I L A I G A W C I E G E S T D I
gat gtt ttt tac tat caa aat gct aaa tct cat ttg acg agc aag gtc ttc gag tca ggt
D V F Y Y Q N A K S H L T S K V F E S G
tcc ata att ttg gtg aca gcc cta cat ctt ctg tcg cga tat aca cag tgg agg cag aaa
S I I L V T A L H L L S R Y T Q W R Q K
aca aat act agc tat aat ttt cac agc ttt tcc ata aga atg gcc ata tca ttg ggc ttg
T N T S Y N F H S F S I R M A I S L G L
aat agg gac ctc ccc tcg tcc ttc agt gat agc agc att ctg gaa caa aga cgc cga att
N R D L P S S F S D S S I L E Q R R R I
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Figure 8.5. Annotated sequence of CG5846-GAL4. 5’ SphI (teal) and 3’ NotI (pink) restriction sites 
flank the promoter region of the CG5846 gene and GAL4 coding region. The promoter includes the 5’ 
region of the CG4658 gene, which is in the sense orientation, up until the CG4658 start codon (orange) 
and the CG5846 5’ UTR (purple) of the CG5846-RB transcript (transcription start site in bold dark 
blue), see boxed region in Figure 8.3. The CG5846-RA transcript’s 5’ UTR is located within this 
promoter region (bold dark green). The initiation codon (green) of the GAL4 ORF which has an a to c 
substitution to remove an SphI site from the GAL4 coding region, and changes the codon from gca to 
gcc, however does not change the amino acid sequence (blue). The GAL4 stop codon is indicated (red), 
followed by the 3’ NotI site.  

tgg tgg tct gtc tac tct tgg gag atc caa ttg tcc ctg ctt tat ggt cga tcc atc cag
W W S V Y S W E I Q L S L L Y G R S I Q
ctt tct cag aat aca atc tcc ttc cct tct tct gtc gac gat gtg cag cgt acc aca aca
L S Q N T I S F P S S V D D V Q R T T T
ggt ccc acc ata tat cat ggc atc att gaa aca gca agg ctc tta caa gtt ttc aca aaa
G P T I Y H G I I E T A R L L Q V F T K
atc tat gaa cta gac aaa aca gta act gca gaa aaa agt cct ata tgt gca aaa aaa tgc
I Y E L D K T V T A E K S P I C A K K C
ttg atg att tgt aat gag att gag gag gtt tcg aga cag gca cca aag ttt tta caa atg
L M I C N E I E E V S R Q A P K F L Q M
gat att tcc acc acc gct cta acc aat ttg ttg aag gaa cac cct tgg cta tcc ttt aca
D I S T T A L T N L L K E H P W L S F T
aga ttc gaa ctg aag tgg aaa cag ttg tct ctt atc att tat gta tta aga gat ttt ttc
R F E L K W K Q L S L I I Y V L R D F F
act aat ttt acc cag aaa aag tca caa cta gaa cag gat caa aat gat cat caa agt tat
T N F T Q K K S Q L E Q D Q N D H Q S Y
gaa gtt aaa cga tgc tcc atc atg tta agc gat gca gca caa aga act gtt atg tct gta
E V K R C S I M L S D A A Q R T V M S V
agt agc tat atg gac aat cat aat gtc acc cca tat ttt gcc tgg aat tgt tct tat tac
S S Y M D N H N V T P Y F A W N C S Y Y
ttg ttc aat gca gtc cta gta ccc ata aag act cta ctc tca aac tca aaa tcg aat gct
L F N A V L V P I K T L L S N S K S N A
gag aat aac gag acc gca caa tta tta caa caa att aac act gtt ctg atg cta tta aaa
E N N E T A Q L L Q Q I N T V L M L L K
aaa ctg gcc act ttt aaa atc cag act tgt gaa aaa tac att caa gta ctg gaa gag gta
K L A T F K I Q T C E K Y I Q V L E E V
tgt gcg ccg ttt ctg tta tca cag tgt gca atc cca tta ccg cat atc agt tat aac aat
C A P F L L S Q C A I P L P H I S Y N N
agt aat ggt agc gcc att aaa aat att gtc ggt tct gca act atc gcc caa tac cct act
S N G S A I K N I V G S A T I A Q Y P T
ctt ccg gag gaa aat gtc aac aat atc agt gtt aaa tat gtt tct cct ggc tca gta ggg
L P E E N V N N I S V K Y V S P G S V G
cct tca cct gtg cca ttg aaa tca gga gca agt ttc agt gat cta gtc aag ctg tta tct
P S P V P L K S G A S F S D L V K L L S
aac cgt cca ccc tct cgt aac tct cca gtg aca ata cca aga agc aca cct tcg cat cgc
N R P P S R N S P V T I P R S T P S H R
tca gtc acg cct ttt cta ggg caa cag caa cag ctg caa tca tta gtg cca ctg acc ccg
S V T P F L G Q Q Q Q L Q S L V P L T P
tct gct ttg ttt ggt ggc gcc aat ttt aat caa agt ggg aat att gct gat agc tca ttg
S A L F G G A N F N Q S G N I A D S S L
tcc ttc act ttc act aac agt agc aac ggt ccg aac ctc ata aca act caa aca aat tct
S F T F T N S S N G P N L I T T Q T N S
caa gcg ctt tca caa cca att gcc tcc tct aac gtt cat gat aac ttc atg aat aat gaa
Q A L S Q P I A S S N V H D N F M N N E
atc acg gct agt aaa att gat gat ggt aat aat tca aaa cca ctg tca cct ggt tgg acg
I T A S K I D D G N N S K P L S P G W T
gac caa act gcg tat aac gcg ttt gga atc act aca ggg atg ttt aat acc act aca atg
D Q T A Y N A F G I T T G M F N T T T M
gat gat gta tat aac tat cta ttc gat gat gaa gat acc cca cca aac cca aaa aaa gag
D D V Y N Y L F D D E D T P P N P K K E
taa gcg gcc gc
- A A 3’
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8.6 Crossing schemes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6. Simple genetic cross for the candidate mushroom body screen. elav-GAL4 is located on 
the X chromosome. Homozygous virgin females were crossed to a homozygous UAS-RNAi line, in this 
example the RNAi is located on the third chromosome. F1 progeny are heterozygous for elav-GAL4 and 
UAS-RNAi, resulting in pan-neuronal expression of the RNAi. Both male and female progeny were 
dissected and quantified for mushroom body defects. w+ = mini white. 
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Figure 8.7. Crossing scheme to generate variant HDAC4; PeepOE homozygotes. A. White eyed 
virgin females carrying CyO/Bl on second chromosome (with phenotypic markers of curly wings and 
short bristles) and TM2/TM6B, Tb on third chromosome (with phenotypic markers of ultrabithorax and 
tubby pupae), were crossed to male flies homozygous for UAS-PeepOE, (indicated here as PeepOE), on 
the second chromosome. Orange-eyed tubby virgin females with short bristles were collected. B. The 
same virgin females described in A were crossed to male flies homozygous for UAS-HDAC4WT, 
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(indicated as HDAC4) on the third chromosome. Orange-eyed males with curly wings and ultrabithorax 
were collected. C. Virgin females from the cross in A were crossed to males from cross in B, and red 
eyed tubby males and females with curly wings carrying one copy of UAS-PeepOE on the second 
chromosome and one copy of UAS-HDAC4WT on the third chromosome were selected for, and short 
bristles and ultrabithorax were selected against. Males and females were self-crossed and red eyed 
homozygous progeny were selected and crossed together to maintain a homozygous stock harbouring 
two copies of UAS-PeepOE on the second chromosome and two copies of UAS-HDAC4WT on the third 
chromosome. The same crossing scheme was performed to generate UAS-HDAC4DAnk; UAS-PeepOE. w+ 
= mini-white, CyO = Curly of Oster, TM2 = Third Multiple 2, Bl = Bristle, TM6B = Third Multiple 6B, 
Tb = Tubby. 
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Figure 8.8. Crossing scheme to generate GMR-GAL4,tub-GAL80ts;UAS-peepRNAi1 homozygotes to 
cross to ‘survival factors’. A. GMR-GAL4,tub-GAL80ts heterozygotes balanced over the second 
chromosome balancer CyO, were crossed, and non-curly male GMR-GAL4,tub-GAL80ts progeny were 
crossed to virgin CyO/Bl;TM2/TM6B, Tb females and orange eyed tubby females with short bristles 
were collected. B. CyO/Bl;TM2/TM6B, Tb virgin females were crossed to third chromosome UAS-
peepRNAi1 (indicated here as peepRNAi1) homozygotes and orange eyed males with curly wings and 
ultrabithorax were collected. C. Virgin females collected from A were crossed to males collected from 
B and red eyed tubby males and females with curly wings were collected, each carrying one copy each 
of GMR-GAL4 and tub-GAL80ts on the second chromosome and one copy of UAS-peepRNAi1 on the third 
chromosome. Males and females were crossed and red eyed homozygous progeny were selected and 
crossed together to maintain a homozygous stock harbouring two copies each of GMR-GAL4 and tub-
GAL80ts on the second chromosome and two copies of UAS-peepRNAi on the third chromosome. w+ = 
mini-white, CyO = Curly of Oster, TM2 = Third Multiple 2, Bl = Bristle, TM6B = Third Multiple 6B, Tb 
= Tubby. 
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Figure 8.9. Crossing scheme to generate GMR-GAL4,tub-GAL80ts,UAS-peepRNAi2 homozygotes to 
cross to ‘survival factors’. A. Virgin female GMR-GAL4,tub-GAL80ts heterozygotes over the second 
chromosome CyO balancer were crossed to second chromosome homozygous UAS-peepRNAi2(indicated 
here as peepRNAi2) males. Red eyed non-curly virgin females were collected, and B. crossed to white 
eyed w(CS10) males. Flies in which a recombination event occurred to generate a chromosome carrying 
GMR-GAL4,tub-GAL80ts and UAS-peepRNAi2 displayed darker red eyes due to the presence of three 
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copies of w+. The darkest red eyed males were collected and crossed to virgin w(CS10);CyO females 
which phenotypically have curly wings and a loss of thoracic bristles (Sco). Dark red eyed progeny 
carrying one copy of each GMR-GAL4, tub-GAL80ts and UAS-peepRNAi2 on the second chromosome 
over the CyO balancer were collected and males and virgin females were crossed and dark red eyed non-
curly progeny were collected and crossed together to maintain a homozygous stock harbouring two 
copies each of GMR-GAL4, tub-GAL80ts and UAS-peepRNAi2 on the second chromosome. w+ =mini-
white, CyO = Curly of Oster, Sco = Scutoid. 
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8.7 Supplementary data 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.10. Full western blot of the reverse co-immunoprecipitation further demonstrating that 
Peep and HDAC4 do not interact. Lysates were processed from pan-neuronal (elav-GAL4) co-
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expression of PeepOE and HDAC4WT and immunoprecipitation was performed using anti-HA to capture 
HA-tagged PeepOE. A. Co-expression of PeepOE and HDAC4WT or HDAC4ΔAnk did not show an 
interaction (lane 7 or 8, respectively). Immunoprecipitation samples were loaded alongside a control 
(lane 6) and 30 µg input samples (lanes 1-5). B. Successful immunoprecipitation was observed when 
probing with anti-HA (lanes 7 and 8). Immunoprecipitation samples were loaded alongside a control 
(lane 6). The immunoprecipitation detection with anti-HA was too bright to see the 30 µg input samples 
(lanes 1-5), therefore these immunoprecipitation lanes were removed, and a longer exposure was taken 
to detect the input bands (bottom panel). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.11. GMR-GAL80ts-induced expression of peepRNAi1 resulted in minimal necrosis. Flies were 
raised at 27°C to induce expression of peepRNAi1, and the area of necrosis was measured to determine 
whether co-expression of a ‘survival factor’ could rescue the peepRNAi induced necrotic eye phenotype. 
As peepRNAi1 expression under these conditions was not sufficient to induce a high level of necrosis, 
quantitative analysis was only performed on eyes expressing peepRNAi2. GMR-GAL80ts = GMR-
GAL4,tub-GAL80ts. 
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Figure 8.12. Exposure to H2O2 did not significantly affect the level of necrosis of escapers. When 
raised on standard fly media with no H2O2, GMR-GAL4 expression of peepRNAi resulted in a lower level 
of necrosis for peepRNAi1 compared to peepRNAi2, as expected. Upon exposure to 1% H2O2 during 
development, this level of necrosis was unchanged from those adults that escaped pupal death. GMR = 
GMR-GAL4, GMR/+ = Control. 
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8.8 Original western blot images 

 
Figure 8.13. Original western blot verifying the PeepOE construct. A. Confirming pan-neuronal 
expression of the HA-tagged PeepOE construct at approximately 38 kDa. A total of 30 µg protein was 
loaded and B. Anti-Tubulin was used as a loading control and detected at 55 kDa. 
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Figure 8.14. Original western blot of the co-immunoprecipitation of GFP- and Myc-labelled 
HDAC4WT. C-terminal Myc-tagged HDAC4 and N-terminal GFP-fused HDAC4 were both 
overexpressed pan-neuronally with elav-GAL4. Immunoprecipitation using an anti-Myc antibody 
captured the Myc-tagged HDAC4 as observed when probing with anti-Myc (lane 4). Co-
immunoprecipitation using anti-GFP identified GFP-HDAC4WT which directly interacted with 
HDAC4WT-Myc (lane 8). Immunoprecipitation samples were loaded alongside appropriate controls and 
30 µg input samples. Lanes 1, 3, 5, and 7 were negative control lanes (elav-GAL4/+). Non-specific 
bands were observed in both immunoprecipitation samples (Asterix). IP = immunoprecipitation, Co-IP 
= co-immunoprecipitation. 
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Figure 8.15. Original western blot showing Peep and HDAC4 do not interact via co-
immunoprecipitation. Lysates were processed from pan-neuronal (elav-GAL4) co-expression of 
PeepOE and HDAC4WT or HDAC4ΔAnk. A. Immunoprecipitation was performed using anti-Myc to 
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capture HDAC4. Successful immunoprecipitation was observed when probing with anti-Myc (lanes 7 
and 8) Immunoprecipitation samples were loaded alongside a negative control (lane 6, elav-GAL4/+) 
and 30 µg input samples (lanes 1-5). A non-specific anti-Myc band was detected in all input lanes 
(Asterix). B. An interaction between PeepOE and HDAC4WT was not observed upon probing with anti-
HA (lane 7). Furthermore, co-expression of PeepOE and HDAC4ΔAnk also did not show an interaction 
(lane 8). Immunoprecipitation samples were loaded alongside a negative control (lane 6, elav-GAL4/+) 
and 30 µg input samples (lanes 1-5). IP = immunoprecipitation. 
 

Figure 8.16. Original western blot showing endogenous expression of Peep. Peep-Myc was 
expressed using the endogenous peep promoter and showed low level of Peep expression in several 
tissues and developmental stages at approximately 47 kDa. A. On the left, Peep was expressed in the 0-
2 hour embryo. On the right, Peep was expressed in the third instar larval eye/brain complex (lane 2) as 
well as the adult brain (lane 4) following isolation of dissected tissues. Lane 5 was a gap between 
samples. Peep was also expressed in the whole isolated pupa (lane 7), isolated adult eye (lane 9), isolated 
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adult head (lane 11) and body (lane 13) (red arrowheads). A total of 30 µg protein was loaded and B. 
Anti-Tubulin was used as a loading control and detected in all lanes at 55 kDa. 

 
Figure 8.17. Original western blot showing peepRNAi efficiently targets peep mRNA to decrease 
Peep protein levels. A. Western blot showing the efficiency of peepRNAi1 and peepRNAi2 to target and 
degrade HA-tagged PeepOE in the Drosophila eye. A total of 30 µg protein was loaded and B. Anti-
Tubulin was used as a loading control and detected at 55 kDa. 
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