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Abstract
Autism spectrum disorders can be clinically defined in part by impairments of social
interactions. Social interactions can be modeled in Drosophila melanogaster with behaviours
such as social spacing. Here, I examined the effects of autism-related gene neuroligin 3 on fly
social spacing. I hypothesized if neuroligin 3 is mutated or gene expression is targeted for
knockdown, then flies will have altered social space in males and females at different ages.
Using the social space assay, I found that different mutations to neuroligin 3 change the fly’s
behavior, in a mutation and sex-specific manner. Using an antibody against Nlg3, I localized
the protein within the mushroom bodies and protocerebral bridge of the fly brain. Using
targeted knockdown, I determined that the nlg3 gene in the protocerebral bridge was necessary
for proper climbing. The results were inconclusive with regard to an effect on social space.
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Summary for Lay Audience
In this research, I am studying one of the geneticists’ favorite model, the vinegar fly
a.k.a. the fruit fly (Drosophila melanogaster). Although we do not fly ourselves, comparable
behaviours such as movement, sleep, or aggression can be studied. Flies also have social
behaviours, for example when a male fly courts a female, or in a group setting, flies will prefer
to settle at a specific distance to another fly. Just as humans can have a personal bubble or
social space, flies too have a preferred distance to other flies. We can study and learn about
this behaviour by looking at the contributing genetic factors or how the brain leads to the
decision for creating this personal bubble. Since fruit flies share around 60% of their DNA
sequence with us, and 75% of disease-related gene have a counterpart in the fly, we can look
at which of these genes alter the fly’s behaviour. If we study genes altering social space
behaviour in the fly we can characterize the fundamental function of these genes, and
potentially this knowledge could be relevant for human disorders, and possibly allow us to test
potential therapies for this disorder. Indeed, there are human disorders, genetically inherited,
that are clinically defined by symptoms of impaired social interactions. I am studying one of
these genes called neuroligin, which in humans is linked to autism. This family of genes has a
conserved function from human to worms, including flies: the protein it encodes facilitates
communication between the brain to other parts of the brain or the rest of the body. Here, I
show that one of these genes, Drosophila nlg3, affects the fly behaviour. I establish where this
gene functions in the fly brain and its presence in those different brain structures can lead to
different behavioural outcomes. This new information gives us more insight into the
fundamental molecular underpinnings of social interactions, and potentially of autism
spectrum disorders.

.
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Chapter 1

1

Introduction

1.1 Social behaviour
Social interactions amongst individuals within a group are important for the
development of normal social behaviour (Levitis et al. 2009). Animal behaviours are
connected to an individual’s ability to perceive an external stimulus and have that
stimulus integrated and processed in the nervous system (Ferreira & Moita 2019).
For social behaviours, the stimulus can come from another individual. Being able to
respond to others is evolutionarily conserved and important for survival and
reproduction (Kokko & Monaghan 2001; Kacsoh et al. 2015). It is known that an
individual’s ability to respond to others relies on the integration of attractive and
repulsive social cues (Lough et al. 2015). However, we are only beginning to
understand how the neural circuitry, or brain’s ability to process environmental
signals, facilitates this integration.
Behaviour can be affected by both genetic and environmental factors. Genetic
variability within a population and social experience to a group are modulating
factors in an individual’s behaviour. Animal behaviour can range from simple
behaviours, such as locomotion, to complex social behaviours, such as courtship
(Mogilner et al. 2003; Levitis et al. 2009; Abou-Shaara 2014; Brenman‐Suttner et al.
2019). The behavioural aspects of both vertebrates and invertebrates have been
studied (Levitis et al. 2009). With this we have a better understanding of the neural
and genetic linkage of perception and interpretation of sensory information with the
corresponding response. Frequently studied behaviours include foraging, courtship,
aggression, and aggregation (Sokolowski 2010). These all have an underlying neural
integration in the brain from an external stimulus.
Insects have been particularly beneficial for behavioural studies that
investigate genetics and neural integration. Honeybees have a very structured social
hierarchy and are regularly used for observation of social behaviour (Johnson 2010).
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Genetic screens have identified genes that are important for this social hierarchy and
brain size and structure is correlated to learning tasks (Perk & Mercer 2006; Mullen
et al. 2014).

1.2 Drosophila as a model
1.2.1

Genetic tools in Drosophila
The Drosophila model presents the benefits of a fast generation time, genetic

malleability, and relatively low cost. They are easy to maintain in large quantity
allowing large sample sizes (Allocca et al. 2018). This is beneficial when natural
genetic variation in populations can affect results (Anholt & Mackay 2004; Colomb
& Brembs 2015). Indeed, Drosophila is often chosen for genetics research due to its
completely sequenced, well-annotated genome (Adams et al. 2000), and vast array
of genetic tools (Thurmond et al. 2019). Since it can be difficult to study social
behaviours in higher organisms due to their complexity, Drosophila is an excellent
simplified model with representative behaviours (Sokolowski 2001).
For example, a useful tool discovered in Drosophila are random insertions of
P-element transposons into the genome (Robertson et al. 1988). The insertion
location can be identified, and the landing site of the P-element can disrupt gene
expression. These mutants are mapped on the Drosophila database flybase
(Thurmond et al. 2019) and can be ordered from Bloomington Drosophila Stock
Center for experimentation.
Piggy backing on those transposable elements, the Gal4-UAS system was
then developed, as a powerful genetic tool for manipulating gene expression (Figure
1). Gal4-UAS is a two-part system that utilizes specifically chosen subsets of
enhancer sequences (driver) to express Gal4 protein. Gal4, a transcription factor, then
binds and activates a UAS (upstream activating sequence) to express any gene of
interest (Gene X). Different drivers can be selected to activate the system with precise
tissue specificity (Barwell et al. 2017).
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Figure 1. Schematic for controlling gene expression using the
Gal4-UAS system.
Using this system allows specific control of Gene X (GFP or RNAi
for example) by fusing that gene to an upstream activating sequence
(UAS). A tissue specific promoter is also fused or close to the Gal4
transcription factor, which binds UAS and drives Gene X expression.
When these two transgenic parts are incorporated into the same fly
line, the system is activated.

Therefore, an activated Gal4-UAS system controls Gene X expression to a
targeted area. Gene X could be green fluorescent protein (GFP) providing fluorescent
illumination or can be RNA interference (RNAi) to knockdown gene expression
within the driver defined tissue (Dietzl et al. 2007). RNAi is a naturally occurring
process which has been harnessed as genetic technology to target and degrade
specific messenger RNA (mRNA) molecules. This essentially knocks down a chosen
gene without damaging the DNA. Transgenic RNAi Drosophila lines transcribe short
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hairpin RNA (shRNA) molecules that are then processed by a Dicer protein into small
interfering RNA (siRNA) fragments. The siRNA then incorporates with RISC and
targets complementary mRNA. Targeted mRNA is cleaved and degraded inhibiting
translation (Figure 2).
The fly also provides a useful model for identifying neural circuitry
underlying behaviour (O’Kane 2011). In addition, many basic mechanisms and
pathways are conserved through evolution (O’Kane 2011). The Drosophila brain is
much less complex than the mammalian brain, which makes flies useful for study,
but is evolutionarily comparable to certain regions of the human brain (Reichert
2009). Genetic conservation can be shown when homologous neural genes from
humans replace endogenous Drosophila genes and remain functional (Okray &
Hassan 2013). Along with conserved genetics to mammals, the fly exhibits basic
needs and behaviours that are shared among organisms such as sleep, learning and
memory, aggression, and other social behaviours (Sokolowski 2010).
Using the versatility of the Gal4-UAS system, along with these benefits of
Drosophila as a model, will enable me to study the genetic and neural basis of the
social spacing behaviour (Figure 3). In the aggregation of groups, flies maintain their
preferred social space. To study this behaviour we can use a social space assay
established by Dr. Simon in 2012 to obtain a quantifiable measure of social
distancing.
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Figure 2: Schematic of RNAi targeting and degrading specific
mRNA sequences.
Transcribed short hairpin RNA (green) is exported from the nucleus
and processed by Dicer (purple) to create small interfering RNA. The
small interfering RNA incorporates with RISC (yellow) and targets
specific mRNA (blue) for degradation.
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This relatively new assay can be used to analyze neural or genetic
manipulations in Drosophila to understand what drives social spacing behaviour
(Brenman‐Suttner et al. 2019).

1.2.2

Social behaviour in Drosophila
Drosophila melanogaster also display an array of behaviours that are studied,

from simple locomotor assays (Madabattula et al. 2015) to aggression towards others
(Baxter & Dukas 2017) or complex courtship behaviours (Laturney & Moehring
2012). An extensive review of social behaviours of Drosophila to which I contributed
has been published recently (Brenman‐Suttner et al. 2019).

1.3 Social space:
Drosophila

studying

social

interactions

in

One interesting aspect of Drosophila social interactions within a group is
social spacing behaviour. In the Simon laboratory, we use a social space assay to
assess the interactions flies display by measuring the distance of a fly to its closest
neighbour, the distance to all neighbours, and the number of flies within four body
lengths (4BL) in an undisturbed group. The preferred distance of the Canton-S (Cs)
laboratory strain of Drosophila melanogaster is approximately two body lengths
apart, considered as standard social spacing (Simon et al. 2012). Other research
groups have used this assay as a behavioural analysis to reveal the basic underlying
neural circuitry involved in social behaviours (Burg et al. 2013; Fernandez et al.
2017).
The environment is one factor that can influence social behaviours. Social
experience with other individuals can affect social space. Both honeybees (Okada et
al. 2015) and mice (Hewlett et al. 2018) are less social when isolated from others and
this holds true for Drosophila . Male and female flies have an increase in social space
when isolated from eclosion. This phenotype can then be rescued with social
enrichment with other flies (Simon laboratory, unpublished). Mating status of the fly
also affect social behaviours where flies that are virgin are less social (Simon et al.
2012).
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Lastly, the age of the fly can lead to variability in a Cs population’s social
space. Compared to younger flies, both male and female flies that are 14-21 days old
are statistically closer together and then statistically further apart at 28 days and older
(Brenman-Suttner et al. 2018).

Figure 3. Schematic of fly social space.
This behaviour, as well as others, can be used to study the neural basis
underlying the fly’s actions. The number of flies within four body lengths
can be valuable to measure to examine social interactions. Grey circles
represent the social bubble of a fly. Schematic of brain is enclosed in
green square.

Social spacing can be modified by mutations to the Drosophila genome as
well. Mutants for genes affecting the eye, w1118 and trp301, cause the fly to be less
social (Simon et al. 2012). Modifications to odor sensing genes however, do not alter
social space. Other genes that are expressed in the brain do affect Drosophila social
behaviour. Knockdown of channels or receptors restricted to specific brain structures
reveal their importance to social space (Burg et al. 2013). For example, multiple
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neural genes that are important for synaptic transmission and formation cause
changes to social space (Robertson et al. 1988; Neckameyer 1998; Rinn & Chang Y
2012; Wise et al. 2015). Many of these genes which are required for transmission and
synaptic functioning are also implicated as candidate genes from neuropsychiatric
disorders (Grant 2012).
There are proteins that modulate the level of neurotransmitters at the synapse
and alter social spacing by indirectly affecting synapse transmission (Figure 4).
Tyrosine hydroxylase (TH), the rate limiting enzyme in the dopamine synthesis
pathway, and vesicular monoamine transporter (VMAT), which packages dopamine
into synaptic vesicles for release, can regulate the levels of dopamine present in the
synapse (Simon et al. 2009; Lawal et al. 2010). Both proteins modulate the levels of
dopamine (DA) at the synapse and both change social space in Drosophila (Fernandez
et al. 2017). The human neurobeachin, a candidate gene for autism spectrum
disorders (ASD), encodes for a structural scaffolding protein at the synapse
(Castermans et al. 2003). The Drosophila homolog rugose, when mutated, leads to a
reduction of social space in flies (Wise et al. 2015). Proteins directly facilitating
transmission at the synapse such as Neuroligin or Neurexin by aiding in the formation
of, and recruit receptor proteins to, the synapse are also seen to alter social behaviour
(Hahn et al. 2013). Some of the human homologs of neuroligin are correlated to ASD
(Table 1; Jamain et al. 2003; Südhof 2008), while in Drosophila, these synaptic
proteins alter social behaviours (Corthals et al. 2017).
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Tyrosine Hydroxylase
Vesicular Monoamine Transporter

Narrow-abdomen
Dopamine

Neurexin

Neuroligin

Receptors
Rugose

Figure 4: Protein that directly or indirectly affect synaptic transmission
can change social spacing behaviour in Drosophila. Synaptic proteins and
molecules known to affect social space are Neuroligin (Simon laboratory,
unpublished; Corthals et al. 2017; Wu et al. 2018), Rugose (Wise et al.
2015), Narrow-abdomen (Burg et al. 2013), dopamine (Fernandez et al.
2017), Vesicular Monoamine Transporter (Fernandez et al. 2017), and
Tyrosine Hydroxylase (Fernandez et al. 2017).
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Table 1: Comparison of Drosophila Nlg3 with human homologs shows the
closest related NLGN4X is associated with autism spectrum disorders.
Human orthologs are presented in the order of closest to furthest homology (of
amino acid sequence) to Nlg3 as determined in Appendix A. Human mutations
in NLGN4X and NLGN3 are correlated to autism spectrum disorders.
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1.4 Drosophila neuroligin family
The neuroligin (nlg) gene family encodes postsynaptic cell adhesion proteins
that regulate signal transmission at the synapse of neurons. In Drosophila, there are
four paralogs of nlg. Neuroligin is located at the postsynaptic terminal within either
the central nervous system (CNS) and/or the peripheral nervous system at the
neuromuscular junction (NMJ). While nlg1 expresses protein only at the NMJ, nlg2,
nlg3, and nlg4 encode proteins located in both the CNS and NMJ of Drosophila (Sun
et al. 2011b; Chen et al. 2012; Mozer & Sandstrom 2012; Xing et al. 2014; Zhang et
al. 2017). In the CNS, only specific localization of Nlg4 has been determined within
the clock neurons (Li et al. 2013), while nlg2 and nlg3 have yet to be characterized
within the brain.
The functionality of these genes has been studied as well. Mutations to nlg
modify fly social and non-social behaviours. Neuroligin 2 and 4 are shown to be
important for courtship behaviour (Corthals et al. 2017), while nlg2 also affects social
space (Hahn et al. 2013). These mutations also contribute to synaptic dysfunction of
signal transmission, albeit in different manners. There is an increase in synaptic
transmission for nlg2 mutants (Sun et al. 2011a). However, nlg1, nlg3, and nlg4
mutants all show a reduced amplitude of recorded excitatory action potentials at the
synapse of larvae (Mozer & Sandstrom 2012; Xing et al. 2014; Zhang et al. 2017), a
measure of synaptic transmission. Xing and colleagues (2014) have characterized
nlg3 in the larval NMJ and have shown a reduction in locomotor activity in knockout
mutants, but it has yet to be characterized with social behaviours or localized within
the adult fly brain.

1.5 Overview of the Drosophila brain
The adult fly brain contains approximately 16,000 neurons (Lee & Luo 1999).
Comparison of the Drosophila brain and the human brain, which contains 100 billion
neurons, may seem farfetched at first, however breaking down the conservation of
molecular mechanisms underlying related behaviours (for example sleep,
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locomotion, or aggression) can reveal evolutionarily similar subdivisions of the brain
(Jennings 2011; O’Kane 2011).
Drosophila has the protocerebrum, deutocerebrum, and tritocerebrum which
have parallels to the forebrain, midbrain, and hindbrain of humans, respectively
(O’Kane 2011).

1.5.1

Tritocerebrum
The tritocerebrum is a small section on ventral side of the fly brain. This

region contains sensory and motor elements that connect the nerves from the brain to
the labrum and digestive tract (Rajashekhar & Singh 1994). As there are many
innervations to the mouthparts, the principle function of the tritocerebrum is in
feeding behaviours (Bullock & Horridge 1965). The tritocerebrum also synaptically
connects to the ventral nerve cord leading to motor control to the rest of the fly body
(Candy & Kilby 1975). Above this region is the deutocerebrum.

1.5.2

Deutocerebrum
The deutocerebrum is comprised of the antennal lobes and the antennal

mechanosensory and motor center. The antennal lobes are densely packed synaptic
neuropils that form glomeruli (Candy & Kilby 1975). Motor neurons from the
antennal lobe control the movement of the antenna while olfactory receptors receive
antenna stimulus and project to regions of the protocerebrum such as the calyx of the
mushroom bodies (MB; Galizia & Rössler 2010). This is one example of how
Drosophila can perceive sensory stimulus and integrate it into the processing center
of the brain.

1.5.3

Protocerebrum
The protocerebrum consists of multiple neuropil masses with distinct

functions. Incorporated in the protocerebrum are the optic lobes (visual inputs),
central complex (locomotor control), and mushroom bodies (sensory integration and
learning and memory).
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1.5.3.1

Optic lobes

The lateral extension of the protocerebrum are the optic lobes (OL; Chapman
1998). The OL consist of three layered neuropils: the lamina, medulla, and lobula.
Visual stimulus signals are transduced in the lamina and neurons carry the
signal to the medulla. Different visual signals penetrate to different levels of the
medulla suggesting the beginning of parallel pathways. The lobula has either smallor wide-field neurons and only retains a coarse representation of the visual stimulus.
Interneurons connect both neurons to the deutocerebrum (Chapman 1998). Signals
are carried through the OL layers and projected to other regions in the brain (Borst et
al. 2010).

1.5.3.2

Central complex structures

The central complex is a signal integration center receiving inputs from many
brain regions and controls motor behaviour. The central complex can be subdivided
into four parts: the fan-shaped body, ellipsoid body, pair of noduli, and protocerebral
bridge. The main outputs from these structures connect to descending interneurons
that lead to locomotor behavioural outputs (Wolff & Rubin 2018). The fan-shaped
body and ellipsoid body, collectively known as the central body, are the premotor
outflow of information from the brain. The protocerebral bridge, which has a
handlebar-like appearance (Figure 5), receives and integrates light cues for visual
targeting and leads to locomotor control (Triphan et al. 2010).
Consisting of 662 neurons, the connectivity of the PB to the central body
relates to its functionality of motor control (Lin et al. 2013). The PB is made up of
16 symmetric glomeruli that receive multiple sensory cholinergic, dopaminergic, and
glutamatergic inputs (Lin et al. 2013). Deficits in locomotion were first attributed to
the PB when mutants of larval and adult flies had asymmetric walking strides (Roland
Strauss 2002). Two other genetic mutants, ocelliless and tay bridge, which cause
structural defects in the PB also inhibit the fly’s ability to accurately orient its body
position and target visual cues (Triphan et al. 2010). These movement and targeting
disruptions were also seen to be altered in Drosophila courting behaviour. Accuracy
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in movements to court, and even the control in form and stability of the Drosophila
courting song are under the control of the PB (Popov et al. 2003). All this research
shows that PB is more involved with proprioception and stimuli related to locomotor
behaviour and less involved with higher-order processing and sensory integration.
Sensory integration mainly falls under the purview of the mushroom bodies.

Figure 5. Schematic expanding the MB and central complex
structures.
The MB can be broken down into different subsections (alpha lobe - α,
beta lobe - β, gamma lobe - γ, pedunculus, and calyx). The protocerebral
bridge (orange) and mushroom bodies (light blue) control social and nonsocial behaviours.
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1.5.3.3

Mushroom bodies

The mushroom bodies, a structure within the insect brain which functions
similarly to the human hippocampus, is primarily known to be involved in learning
and memory (Menzel 2014). The MB have a flexible organization in response to
experience and are the central processing structure of the Drosophila brain. The MB
receive and integrate sensory information from dopamine, GABA, glutamate, and
acetylcholine inputs (Figure 6). Extensive neural plasticity is seen in the MB as the
number of neurons depends on sex, experience, and age (Brenman‐Suttner et al.
2019). Neural fiber number increases until seven days after eclosion, plateaus for 34 weeks, then steadily decreases with age (Technau 1984). Social experience also
contributes to the MB anatomy as flies isolated from eclosion have a reduced fiber
number (Technau 1984). Recent work has allowed fine characterization of MB
subregions, identifying different functions associated to individual lobes or even
within specific compartments of each lobe (Aso et al. 2014a).
The MB is comprised of approximately 2,500 neurons and its unusual but
structured shape suggests a highly specialized organization of neurons with specific
functions (Erber et al. 1987; Heisenberg 1998). The neurons that make up the MB,
titled intrinsic MB neurons or Kenyon cells (Kenyon 1896; Heisenberg 1998), create
a cup shaped protrusion (similar to a mushroom cap) on the posterior end of the brain
called the calyx. These dendritic regions of the MB intrinsic neurons (calyx) are
connected, via the pedunculus, to two orthogonally pointed lobes (dorsal and medial
directions) on the anterior side of the brain (Figure 6). The MB were established as a
center for sensory integration (Erber et al. 1987) receiving many inputs from other
brain regions with multiple different types of neurotransmitters (Aso et al. 2014a).
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Figure 6. Schematic emphasizing the molecular inputs into specific
locations of the MB.
Certain dopaminergic clusters (PAM, PPL1, and PPL2ab; yellow) are
known to innervate and control behaviour. The MB also has known input
from GABA (red), Ach (purple), and Glut (green) neurotransmitters.
Also shown are specific mushroom body output neurons (MBONs) that
can affect behaviour.
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Innate behaviours can still be seen in socially isolated Drosophila without any
learning or experience from the environment (Kim et al. 2017). However, sensory
information allows flies to respond appropriately to the environment and even modify
some innate behaviours (Masek & Scott 2010; Kim et al. 2017). Therefore many
experience-based behaviours require an element of learning and memory from
previous sensory information (Tompkins et al. 1983; Aso et al. 2014b). The general
function of learning and memory attributed to the MB in Drosophila involved
isolating mutant fly lines that had defective odor-driven behaviour (Heisenberg
1998). Structural examination of these Drosophila brains observed anatomical
deformities within the MB (Strausfeld et al. 1998). Specific MB functionality has
been examined through connectivity and genetic manipulation studies. Initially
through lesioning the MB, behavioural defects such as atypical reflexes and
impairments to flight and locomotion were observed (Erber et al. 1987). Genetic
mutation of flies also showed a 90% reduction to MB intrinsic neurons. There was
remarkably normal behaviours observed in flies except for an amnesia to odour
learning (Heisenberg et al. 1985). Here, flies were classically conditioned to pair a
stimulus (commonly a shock) to an odour, and mutants would no longer able to be
conditioned this way. It was found that mushroom body deranged and mushroom
body reduced were genes that had large structural changes to the MB and led to the
suppression of odour-learning phenotypes (Heisenberg 1998).
Although it was determined that functions of the MB are likely very closely
connected to the chemosensory system, learning and memory specifically are
controlled by the MB. Chemical ablation of the MB leads to a loss of the classical
conditioning paradigm, however flies still maintained olfactory and shock sensitivity,
and locomotion was not affected (de Belle & Heisenberg 1994). This was shown
again, when DA was depleted from the MB of male flies, they would no longer have
experience-dependent learning in courtship behaviours (Neckameyer 1998). Another
study looked at a targeted reduction of DA within the MB and observed flies with a
loss of cold temperature avoidance (Bang et al. 2011). This research all demonstrates
the complexity of the MB controlling fly behaviour beyond odour-specific learning,
which it is primarily known for.
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The MB have also been identified as important for social space. Mutations in
narrow abdomen, a gene coding for an ion channel at the synapse, make Drosophila
less social (Burg et al. 2013). Social space assays were then conducted on flies that
had a mutation in the narrow abdomen gene selectively in the MB, that too lead to a
decreased social spacing. It was also observed that the cholinergic signaling on its
own can rescue this altered phenotype in social spacing. These results exemplify that
modification of signaling inputs to the MB can alter social spacing behaviour when
mutations are focused to this specific brain region or down to a specific
neurotransmitter (Burg et al. 2013).

1.6 Rationale, Hypothesis, and Objectives
It has been shown that Neuroligins, which are synaptic cell adhesion
molecules, affect behaviour, including social behaviours, in animal models. Human
genetic screens have shown mutations in the neuroligin gene family are correlated
with individuals who have ASD, which are clinically defined as difficulties with
social interactions and associated behaviours. I used Drosophila as a model to
examine how Neuroligins are affecting social behaviours using social space as a
quantifiable measure. The closest protein homology to human NLGN4X, one of the
human homologs that is implicated in individuals with Autism, is Nlg3 making it a
good candidate to study its effects in the brain and behaviour in the fly model. Other
neuroligins have already been well characterized and the location of Nlg3 in the fly
brain is still unknown. Therefore, I hypothesized that nlg3 is enriched in Drosophila
brain structures known to control social behaviour and if nlg3 is mutated or gene
expression is targeted for knockdown, then flies will have altered social space in
males and females at different ages.
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In this study, I aim to:
1. Assess the effects of three different mutations in nlg3 (nlg3def, nlg3L04, and
nlg3GS32) to investigate whether nlg3 is controlling Drosophila behaviour with
the social space assay and a climbing assay.
2. Identify specific structures of Nlg3 enrichment in the adult brain and assess
how targeted expression knockdown at these structures will affect Drosophila
behaviours, again with the social space assay and the climbing assay.
This research is the first to identify any involvement of nlg3 in social behaviours
of Drosophila. I also am the first to identify specific localization of Nlg3 enrichment
in specific brain structures and examine the behavioural effects of modifications to
gene expression specifically at the identified brain structures. Since autism is known
to be derived from the disruption of synaptic pathways (Grant 2012), this project can
lead to future research into specific neural circuitry pathways that can be controlling
social behaviours and identify molecular conservation between species that lead to
this disorder in humans.
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Figure 7. Overview of how genetic and neural factors can contribute
to the social behaviours of Drosophila.
This overview schematic illustrates the factors contributing to social
space behaviours like social space. Genetically encoded synaptic proteins
can modulate neural signaling and synaptic functioning. Modifications
can occur in multiple different brain regions of the fly brain and can cause
changes to their behaviour. This figure I created has been published in
Brenman-Suttner et al. (2019) and presented here with authorization from
the editor.
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Chapter 2

2

Materials and Methods

2.1 Fly stocks and husbandry
All flies are reared mixed sex in bottles containing Jazz mix TM media (brown
sugar, corn meal, yeast, agar, benzoic acid, methyl paraben, and propionic acid;
Fisher Scientific, Whitby, ON). Rearing conditions are controlled during
development and aging at 50% humidity, 25⁰C, and on a 12:12 hour light:dark cycle.
Flies are rotated on a cycle of either discarding or transferring every week. Parents
are removed after seven days of egg laying resulting in a maximum parental age of
14 days. This controls for variation in behaviour observed with parents of older ages
(Brenman-Suttner et al. 2018).
Three mutant nlg3 genotypes of Drosophila melanogaster were tested (Figure
8): a deficiency line (obtained from Dr. Brian Mozer; hereafter named nlg3def), a line
with a p-element insertion into the 4th intron (obtained from Dr. Brian Mozer;
hereafter named nlg3L04), and a line with p-element insertion into the regulatory
region of the gene (obtained from Dr. Brian Mozer; hereafter named nlg3GS32). Flies
from a Cs population (obtained from Dr. Seymour Benzer) are the laboratory strain
used for control treatments. All mutants have been outcrossed five times to the Cs
background to control for genetic background causing changes in behaviour (Table
2). Ryley Yost, a colleague in the Simon laboratory, assessed the effects of these
mutants on protein levels through Western blot (Appendix D).
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Figure 8. Mapping the mutant lines tested to the nlg3 gene and
transcript.
Scale bar shows length for 20 kb. nlg3 resides within 7640 kb and 7570 kb
nucleotide region of the 3R chromosome. Presence of lncRNA:CR44332
within first intronic region of gene. Mutant lines are highlighted below on
blue chromosome schematic. Represented are the complete deletion of gene
(nlg3def), p-element insertion with stop codon (nlg3L04) into the 4th intron,
and large p-element insertion into the regulatory region (nlg3GS32). A trojanGal4 is also highlighted (nlg3MI00445-TG4.2) which will be used in future
experiments. Figure adapted from flybase.org release date: FB2019_03
(Thurmond et al. 2019).

many times outcrossed to Cs background.

Full genotypes of control laboratory strain Cs and mutant strains. Provided are the source of origin, type of mutation, and how

Table 2: List of control and mutant strains used in behavioural and molecular tests.
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2.2
2.2.1

Experimental design
Driver specificity

I first tested the Gal4 specificity by driving UAS-mcD8:GFP with desired
drivers ordered from Bloomington Stock Center. UAS-mcD8:GFP is an engineered
gene fused with a UAS sequence (Figure 6). This gene fuses GFP with CD8 antigen
(mouse-derived protein targeted to the membrane of cells). Female flies homozygous
for the driver were crossed with male flies homozygous for UAS-mcD8:GFP. Three
biological replicates were tested (separated by at least a week) with five technical
replicates imaged. All progeny will have an activated Gal4-UAS system due to both
parental strains being homozygous for either driver or UAS. Presence of GFP visible
in the membrane of desired structures confirms driver specific expression (Figure 9).

2.2.2

RNAi generation
The RNAi line was generated by graduate student Josh Isaacson in a

collaboration with the Moehring laboratory (Western University). I provided the
exonic sequence of nlg3 to Josh Isaacson who generated the RNAi target sequence
for nlg3 using the model provided by Vert et al. (2006). The RNAi targeted sequence
is complementary to the first coding exon of nlg3 transcript. Josh Isaacson then
cloned the construct into the vector pVALIUM20 (Ni et al., 2011) using the protocol
in Chang et al. (2014). The DNA was injected into y[1] v[1] P{y[+t7.7]=nosphiC31\int.NLS}X; P{y[+t7.7]=CaryP}attP40 (Bloomington Stock #: 25709)
embryos and mated to the balanced line w[1118]/Dp(1;Y)y[+]; CyO/nub[1] b[1]
sna[Sco] lt[1] stw[3]; MKRS/TM6B, Tb[1] (Bloomington Stock #: 3707; Figure 10).
I then backcrossed the offspring containing the balanced RNAi transgene into the
control Cs background (backcrossed five times to have 96.88% genetic background
similarity).

2.2.3

Crossing scheme to drive RNAi in targeted tissues
Experimental treatments were created by crossing female flies homozygous

for the specified driver (either MB or PB) with male flies homozygous for the RNAi
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(Figure 11). This results in an activated Gal4-UAS system driving RNAi in the
specified brain structure.
Genetic controls were used for behaviour assays to account for the effect of
genetic background variability that comes with the driver lines, the effect of insertion
site, or the potential “leaky” effect of RNAi lines. Both RNAi and driver lines were
crossed with Cs to generate flies with 50% Cs genetic background and 50% the
experimental genotype (inactivated system). Creating these genotype controls reduce
variability in the genetic backgrounds that could alter behaviour as well as puts the
tested lines into 50% of a genetic background that all our mutants were outcrossed
into (Table 3).

A

B

Figure 9. Illustration of expected brain structures to express GFP
under the control of MB or PB drivers.
Brain outlined in red with white background. (A) The MB>GFP
treatment will fluoresce both the lobe system and calyx of the MB as
confirmation that the RNAi can be driven at the calyx. (B) The PB>GFP
treatment will fluoresce in all 16 glomeruli of the PB.
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Figure 10. Schematic of RNAi generation procedure and crossing
scheme to create stable shRNA stocks.
Horizontal bars represent chromosomes and forked bars represent Y
chromosomes. Phenotypic markers are as follows, Sco represents scutoid,
Cyo represents curly, Sb represents stubble, and Tb represents tubby.
AttP represents the docking sites for recombination, shRNA represents
the short hairpin RNA gene insertion, v- represents vermillion loss-offunction allele, and w- represents white loss-of-function allele. This cross
produces a stable stock of shRNA transgenic line which is then
outcrossed five times into the genetic background of our Cs control.
Figure taken and adapted from Josh Isaacson’s thesis (“Creating Tools to
Determine Whether Katanin 60 Affects Female Rejection of Males in
Drosophila”) with permission.
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Table 3: Genetic controls that are specific to each knockdown
treatment.
The control genotypes are created to account for genetic background
variability influencing behaviour. This table lists which treatment will be
associated with which control and knockdown genotypes.
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F1

Figure 11. Illustration of the crossing scheme required to create the
control and experimental treatments used in behavioral assays.
Different colours represent the different genetic backgrounds and
horizontal bars represent the associated chromosomes. Black colour
represents the control strain (Cs), blue represents the MB driver line (MB
– blue star on chromosome represents insertion site of MB-Gal4
transgene), orange represents the PB driver line (PB – orange star
represents insertion site of PB-Gal4 transgene), grey represents the RNAi
line (RNAi – grey star represents UAS-RNAi insertion site) which was
outcrossed five times to have 96.88% of the genetic background of Cs
(represented in black). Black “x” indicates the crossing or mating of fly
lines shown. The final F1 genotypes were then used in behavioural assays
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2.3 Behaviour Assays
2.3.1

Social space assay and ImageJ analysis
Flies were collected after eclosion and aged to either 3 to 4 (“young” flies) or

7 to 10 (“old” flies) days old for experiments. These ages were chosen to examine
the interaction age has with genotype while avoiding age-related innate variations
seen with the social space assay (Brenman-Suttner et al. 2018). These ages also allow
time for flies to mate to avoid social effects of mating status (Simon et al. 2012). 24
hours prior to assay, flies were sexed under cold anesthesia and separated into vials
with food containing 12-17 flies for each treatment tested. The day of testing, two
hours before the assay, each treatment was transferred into new vials and acclimated
to testing conditions (25⁰C and 50% humidity). Each treatment was added to the
social space apparatus and images are taken at 40 minutes or as soon as flies have
settled (McNeil et al. 2015).
The assay was performed, and photos are then processed with the imaging
software ImageJ (National Institute of Health, Bethesda, Maryland, United States) as
described in McNeil et al. (2015). Distance to closest neighbour (CN) and number of
flies within four body lengths (4BL) were calculated from macros (described in
McNeil et al. 2015 and modified by Ramtin Hakimjavadi to calculate 4BL distances)
and imported into sheets on GraphPad Prism 8 (Prism version 8.1.2 for PC, GraphPad
Software, La Jolla California, USA, www.graphpad.com) for analysis. Three
technical replicates are run once a week containing 12-17 flies per treatment. This
was repeated on three independent weeks for a summation of nine biological
replicates totaling between 108-153 flies.

2.3.2

Quantification and statistical analysis of social space
using Graphpad Prism 8
Statistical analysis and graphical representation were done in Prism 8.1.2. CN

data were presented as a violin plot and 4BL data was show as a bar graph (Appendix
C). The CN data did not follow a normal distribution but 4BL data did. There are
frequently flies on the peripheries of the social space chamber which add a skew to
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the CN data. However, 4BL data was a mean of the number of flies within 4BL for
every fly in the chamber. Due to the nature of each assay being the mean number of
all flies in the assay, this reduced the amount of variation from skewed data points.
Normality was tested by plotting a Q-Q plot of the 4BL data. This visual
representation tests the normality of the data by comparing the number of quantiles
in the data set to an equal number of quantiles in a normal curve. This was plotted for
both males and females of nlg3def to examine if the data sets followed this normal
distribution. The data was then tested for normality by the D’Agostino and Pearson
Omnibus K2 test (Appendix B).
Hereafter, only 4BL bubble data was shown. 4BL data does not show the
specific distances of flies (CN) which can provide information of pairs within the
chamber but 4BL data does give a representation of how the group is acting as a
whole. This may be more biologically representative of fly aggregation in groups
(Bengtsson 2008; Soto-Yé ber et al. 2018). Bar graphs were created to show the mean
values of the number of flies within 4BL and error bars show the standard error to
the mean. For mutant fly lines either a two-way analysis of variance (ANOVA)
looking at the interaction of genotype and age with a Tukey’s post hoc test to correct
for multiple comparisons or a t-test was used for the normally distributed data. For
RNAi fly lines a one-way ANOVA comparing experimental treatments to their
genetic controls with a Tukey’s post hoc test to correct for multiple comparisons was
used.

2.3.3

Climbing assay
Flies are collected after eclosion and aged to 2-4 days old (instead of 3-4 days

old to help collect necessary number of flies needed for assay). 24 hours prior to
assay, flies are sexed under cold anesthesia and separated in vials with food
containing 40 flies for each treatment. The day of testing, two hours before the assay,
each treatment is transferred into new vials and acclimated to testing conditions (25⁰C
and 50% humidity). Each treatment is transferred into a testing tube and inserted into
the climbing assay. Flies were forced to the bottom of the tube and given 10 seconds
to climb to the tube on top of the apparatus. This timeframe was chosen to allow
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approximately 80% of Cs flies to climb to the top vial. Flies with proper climbing
will set a baseline and flies that have a reduction in climbing will have a decreased
number of flies in the top vial. The apparatus is then closed and the number of flies
in the top and bottom tubes are counted (Madabattula et al. 2015). Three technical
replicates are run once a week containing 40 flies. This is repeated on three
independent weeks for a summation of nine biological replicates totaling 360 flies.

2.3.4

Quantification and statistical analysis of climbing data
using Graphpad Prism 8
A performance index is calculated by dividing the number of flies in the top

tube by the total number of flies. The performance index was then input in Prism and
bar graphs were created to show comparison treatments with error bars representing
the standard error to the mean.

2.4 Immunocytochemistry
To determine where Nlg3 is localized in the adult Drosophila brain, I
established an immunocytochemistry protocol new to the Simon laboratory, based on
classical immunocytochemistry protocols (Janelia Research Campus 2015). I used a
polyclonal antibody against the entire C-terminal domain Nlg3 (Figure 12), which
was received as a gift from Dr. Brian Mozer, NIH. After a few months of
troubleshooting, the protocol I set up and now use is as follows: whole brains were
dissected from 3-4 day old male flies in a dissecting dish with 1X PBS and
immediately fixed in 800 µL Bouin solution for 10 minutes. Immunocytochemistry
protocols are performed on 3-4 day old flies as this age has the highest level of nlg3
expression from modENCODE data (Thurmond et al. 2019). Brains were separated
into baskets specific to each treatment being tested. Baskets were transferred through
a series of 800 µL of fresh 1X PBS six times to wash the brains of the fixative. The
baskets were then transferred to 800 µL of blocking solution (5% NGS, 0.2% TritonX, and 1X PBS) for 1-2 hours. Blocking solution was removed and brains were
incubated in 500 µL of 1:1000 primary antibody (anti-Nlg3 polyclonal antibody) with
fresh blocking solution overnight at 4⁰C. The next morning, brains were washed again

32

in a series of 800 µL of 1X PBS six times with 0.2% Triton-X followed by exposure
to 50%, 70%, and 90% sequential glycerol dilutions. Whole brains were mounted on
a glass slide in FluoroshieldTM mounting media.

2.5 Microscopy
Fluorescence imaging was performed on an Imager Z1 Zeiss compound
fluorescent microscope and confocal imaging was performed on a Zeiss LSM 5 Duo
Vario confocal microscope in the Biotron Imaging Facility (Western University).
Images within individual fluorescent figures were captured and processed with
identical exposure time and magnification.

2.6 Amino acid analysis
To examine protein homology of the Neuroligin family, preliminary amino
acid analyses and comparisons between human and Drosophila were created into
homology trees (Appendix A-1, A-2). A dissimilarity score was created between each
comparison by BLASTing the amino acids sequences for each gene and dividing the
number of mismatched amino acids by the length of homology. This dissimilarity
score was then input into R to create amino acid homology trees and scatterplots to
visualize the comparison of Drosophila Nlg3 to the other proteins in the family
(Appendix A). A summary of the analysis between human and Drosophila neuroligin
was input into Table 1 and OMIM data was added to relate to human disorders.
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Figure 12. Polyclonal antibody against the entire C-terminal domain
Nlg3 that was used in immunocytochemistry experiments.
Blue and orange bars represent the polyclonal anti-Nlg3 antibody raised
in guinea pig. Yellow and purple lines represent transmembrane Nlg3
protein. Black bars with green stars represent fluorescent secondary
antibody raised in rabbit against guinea pig antibodies. Figure adapted
from Sudhof (2008).
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3

Results

3.1 Assessing the role of nlg3 in behaviour
The goal of this chapter is to characterize how nlg3 affects Drosophila
behaviours. Here, I assess how nlg3 mutants (Figure 5) differ in social spacing and
locomotor behaviour from Cs controls.

3.1.1

Neuroligin 3 mutants affect social space in a sexually
dimorphic manner with age
Neuroligin 3 deficiency mutants were tested in the social space assay to

determine the effect on social space. The experiment compared male and female flies
at 3-4 days old and 7-10 days old for both Cs and nlg3def flies. Using a two-way
ANOVA to compare the interaction between age and genotype, the effect of genotype
had a statistically significant effect (p=0.0227) on males. Males at a younger age (34 days old) had fewer flies within 4BL of each individual compared to the Cs controls
of the same age. Males at the older age (7-10 days old) also had this decrease in the
number of flies within 4BL. For females, the effect of age depends on the genotype.
There was a statistically significant effect of the interaction where the effect of age
depends on the genotype (p=0.0076). Females at a younger age showed a decrease in
flies within 4BL but older females had a greater number of flies within 4BL, the only
treatment to do so (Figure 13).
A complete deletion of neuroligin 3 modified the social space behaviour of
both males and females but the removal of genes may change fly physiology to
upregulate compensatory pathways. As well, there may be flanking regions of DNA
that are lost in the deletion process which could affect behaviour. Therefore, it was
then interesting to look at how different mutants of neuroligin 3 would alter
behaviour while still having the gene and surrounding regions intact. Hence, the
nlg3L04 mutant was tested and compared to the genetic background control Cs to
determine this mutant’s effect on social spacing behaviour (Figure 14). Males did
have a strong trend showing an effect of the genotype in a two-way ANOVA
(p=0.0855). Both young and old males have the same trend seen in the deficiency

35

with a decrease in number of flies within 4BL. The females however did not show
the same pattern as exhibited by female deficiency mutants, no longer showing a
sexually dimorphic effect. Neither young nor old female nlg3L04 mutants had any
significant difference (two-way ANOVA) in the number of flies within 4BL
compared to Cs controls.
Another mutant, nlg3GS32, was tested in the social space assay. The gene is
intact in this mutant but there is a P element disruption in the regulatory region of
nlg3. There is no statistical significance in a two-way ANOVA (Figure 15). However,
using a one-tailed t-test, one treatment, males at a young age, have a statistically
greater number of flies within 4BL compared to Cs (p=0.0474). This difference is
opposite to what has been seen in the other male mutants tested. All other treatments
did not differ from their Cs controls.
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A
Effect of genotype p = 0.0227

B

Interaction between the effect
of age on genotype p = 0.0076

Males

Females

Figure 13. Male nlg3def flies are significantly further apart and
females have a statistically significant interaction effect.
Bars represent the average number of Cs (grey) and nlg3def (red) flies that
are (A) male and (B) female within 4BL (n=9 trials of 12-17 flies, errors
bars are S.E.M.; two-way ANOVA: A - effect of interaction p=0.88,
genotype p=0.02, and age p=0.38; B - effect of interaction p=0.007,
genotype p=0.17, and age p<0.0001; Tukey’s post hoc test accounted for
multiple comparisons).
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A

Males
Effect of genotype p = 0.0855

B

Females

Figure 14. Male nlg3L04 flies have a trend of further apart but females
no longer have an effect with age or genotype.
Bars represent the average number of Cs (grey) and nlg3L04 (green) flies
that are (A) male and (B) female within 4BL (n=9 trials of 12-17 flies,
errors bars are S.E.M.; two-way ANOVA: A - effect of interaction
p=0.79, genotype p=0.08, and age p=0.35; B - effect of interaction
p=0.75, genotype p=0.66, and age p=0.31; Tukey’s post hoc test
accounted for multiple comparisons).
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A

Males
p = 0.0474

B

Females

Figure 15. Young male nlg3GS32 flies have a significantly increased
number of flies within 4BL.
Bars represent the average number of Cs (grey) and nlg3GS32 (purple) flies
that are (A) male and (B) female within 4BL (n=9 trials of 12-17 flies,
errors bars are S.E.M.; two-way ANOVA: A - effect of interaction
p=0.25, genotype p=0.13, and age p=0.38; B - effect of interaction
p=0.58, genotype p=0.10, and age p=0.13; two-tailed t test: p-value
reported).
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3.1.2

nlg3def have locomotor deficits
The behaviour of flies is dependent on their ability to perceive social stimulus

from others, process that information in their brain, and respond with the appropriate
actions. To determine how specific nlg3 is to social spacing behaviour, I tested
deficiency mutants in a climbing assay. We know that locomotion speed doesn’t
affect social space (Simon et al. 2012), but does having proper climbing play a role?
Both male and female 2-4 day old deficiency mutants have a significantly (p=0.0002
and p<0.0001 respectively) reduced performance index in a climbing assay as
compared to Cs controls (Figure 16).

3.2 Adult brain localization and targeted knockdown of
nlg3
In this section, I identify the localization of Nlg3 in adult brains and assess
how knocking down nlg3 expression in these areas affects social spacing and
locomotor behaviour.

3.2.1

Nlg3 is enriched in the mushroom bodies and the
protocerebral bridge of adult brains
I used a fluorescence microscope to image whole brains that are fluorescently

labeled with my immunocytochemistry protocol. As seen in Figure 17 the antibody
highlights two specific structures of the brain that are enriched with Nlg3, the calyx
(dendritic ends of the MB neurons) and the protocerebral bridge (containing dendritic
arbourizations throughout). Discovering the calyx as the subcellular localization of
Nlg3 is of particular interest because Neuroligins are dendritic proteins. The nlg3def
mutants were used as a negative control to ensure the identified structures were not
due to nonspecific binding of the polyclonal antibody. No specific binding was seen
in adult brains of nlg3def. A schematic (Figure 17c, d) of the central complex
structures illustrates the structures identified on immunostained brains.
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p = 0.0002

A

Climbing

Males

Females

Climbing

B

p < 0.0001

Figure 16. Both male and female nlg3def have a significantly reduced
capacity to climb.
Bars represent the average performance index of 2-4 days old flies in the
top vial (n=9 trials of 40 flies, errors bars are S.E.M.). (A) Males and (B)
females of Cs (red) and nlg3def (black) flies (two-tailed t test: p-values
reported).
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B

A

C

D
Figure 17. Fluorescent imaging of dissected adult Drosophila brains
highlights the protocerebral bridge and calyx of the mushroom body.
Fluorescence microscopy of Cs (A) and nlg3def (B) dissected brains of
male flies at 3-4 days old. Stained using an immunocytochemistry
protocol with a polyclonal primary antibody for the C-terminal domain
of Nlg3 and a fluorescent secondary antibody (488 nm). Images are
magnified 20X and have an exposure of 200 ms fluorescent microscope.
Grey arrows label the calyx of the mushroom bodies, blue arrow labels
the lobes of the mushroom bodies, and orange arrows label the
protocerebral bridge. Schematic drawings of the anterior (C) and
posterior (D) view of adult Drosophila brain structures in the central
complex. (A) Cs brains with normal nlg3 expression show enriched
protein levels at the protocerebral bridge and the calyx of the mushroom
bodies. (B) nlg3def brains act as a negative control and do not show nonspecific binding.
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Canton-S

Figure 18. Confocal imaging of dissected adult Drosophila brain
reveals Nlg3 enrichment in the optic lobes.
Confocal imaging of dissected at 3-4 days old. Brain is stained using an
immunocytochemistry protocol with a polyclonal primary antibody for
the C-terminal domain of Nlg3 and a fluorescent secondary antibody (488
nm). Image is magnified 20X. White arrow labels the medulla of the optic
lobe.
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3.2.2

Confocal imaging identified protein enrichment within the
optic lobes
Due to the low signal:noise nature of imaging whole mounted Drosophila

brains on fluorescence microscope I wanted to confirm the specificity of Nlg3 to the
identified structures. I thought it would be better to have higher resolution images of
identified structures taken through confocal imaging. Enriched regions of Nlg3 are
observed in the PB and MB (Figure 18). While the entire region of the PB shows
enrichment of Nlg3, it is unknown whether the entire calyx has protein enrichment.
A double staining protocol with complete staining will be needed to confirm if all or
only partial coverage of the calyx has Nlg3 enrichment. The medulla region of the
optic lobes is also enriched with Nlg3.

3.2.3

Pan-neuronal knockdown of nlg3 results in a lethal
phenotype
I first tried a knockdown of nlg3 throughout the entire brain to see if a

phenocopy of nlg3def would be observed with just CNS reduced expression. I used
the pan-neuronal driver Elav-Gal4 and RNAi ordered from Vienna RNAi stock center
(VDRC #: 100376 and 102055 respectively). This results in a lethal phenotype, (see
discussion) so I initiated a collaboration with Josh Isaacson from the Moehring
laboratory to generate an RNAi line with specific focus on avoiding off-target effects.

3.2.4

Confirmation of MB and PB specific Gal4 drivers
Now that specific adult brain structures are seen to be enriched in Nlg3 we

can target these areas using the Gal4-UAS system to drive our generated RNAi.
Confirmation of driver efficacy is determined by driving GFP in the MB (Figure 19a)
and PB (Figure 19b). GFP expression in adult brains are imaged on a fluorescence
microscope. With functioning Gal4 drivers, we can control RNAi expression in these
regions to tease apart which structures may be controlling which behaviours.
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3.2.5

Targeted knockdown of nlg3 at either identified brain
region does not change social space
Next, RNAi was driven in the MB and PB to knockdown nlg3 expression

levels and assess the behavioural response on social spacing. Neither males nor
females at young and old ages show any significant difference from their respective
controls. An intermediate phenotype was observed in knockdown mutants of all
experimental treatments when compared to their driver and RNAi genetic
backgrounds (Figure 20-21).
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MB>GFP

A

PB>GFP

B

Figure 19. Fluorescent imaging of dissected GFP driven adult
Drosophila brains confirms driver efficacy.
Fluorescence microscopy of MB>GFP (A) and PB>GFP (B) dissected at
3-4 days old. Blue arrow labels the lobes of the mushroom bodies, grey
arrow labels the calyx of the mushroom bodies, and orange arrow labels
to the protocerebral bridge. Images are magnified 20X and have an
exposure of 200 ms on the fluorescent microscope.
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Males
A
Young
ns
0.003

B
Old
ns

Figure 20. Male PB and MB RNAi knockdowns show no change to
social space when compared to genotype controls.
Bars represent the average number of PB>RNAi (orange), MB>RNAi
(blue), and genotype control (grey) flies that are (A) 3-4 and (B) 7-10
days old within 4BL (n=9 trials of 12-17 flies, errors bars are S.E.M.;
one-way ANOVA: ns; p-value reported; Tukey’s post hoc test accounted
for multiple comparisons).
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Figure 21. Female knockdowns also show no change to social space
when compared to genotype controls.
Bars represent the average number of PB>RNAi (orange), MB>RNAi
(blue), and genotype control (grey) flies that are (A) 3-4 and (B) 7-10
days old within 4BL (n=9 trials of 12-17 flies, errors bars are S.E.M.;
one-way ANOVA: ns; p-value reported; Tukey’s post hoc test accounted
for multiple comparisons).
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3.2.6

Targeted knockdown of neuroligin 3 at the protocerebral
bridge specifically results in reduced climbing
Since deficiency mutants have a significant reduction in climbing compared

to Cs, I tested nlg3 targeted knockdown at the two identified structures to see if either
had control on this behaviour. In males, there is no significant difference between
MB>RNAi flies and the genotype controls. However, male PB>RNAi treatment have
a statistically significant (p=0.0012) reduction in climbing compared to genotype
controls (Figure 22a). Females mirror this outcome as there is no statistical difference
between the MB>RNAi treatment and any of the control genotypes, but PB>RNAi
again resulted in a statistically significant (p<0.0001) reduction in their climbing
(Figure 22b).
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0.0012

Males

Climbing

A

ns
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<0.0001

Figure 22. Both male and female PB>RNAi flies have a significantly
reduced capacity to climb.
Bars represent the average performance index of 2-4 days old flies in the
top vial (n=9 trials of 40 flies, errors bars are S.E.M.). (A) Males and (B)
females of RNAi knockdown flies in the MB (blue) and PB (orange) as
well as genotype controls (grey; one-way ANOVA: p-values reported).
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Chapter 3

4

Discussion

4.1 Summary of results
In this study, I demonstrated that mutation to the DNA sequence of the nlg3
gene changes Drosophila social space in a sex-specific manner with age. I identified
Nlg3 enrichment in the MB, PB, and OL of adult Drosophila brains. Although, MBspecific knockdown of nlg3 did not change social space or affect climbing, PBspecific knockdown did significantly reduce fly climbing in both males and females.
While the genetic mutation of nlg3 changes social space behaviour, the knockdown
of expression restricted to specific brain structures enriched with Nlg3 do not alter
social space. There seems to be a complex or compensatory circuitry pathway in the
brain that is controlling the response of flies to others in a group.

4.2 Interpretations
4.2.1

Genetic mutation of nlg3 changes behaviour in a
mutation-specific manner
Three nlg3 mutants were tested in the social space assay. Deletion of nlg3

leads to a sex-specific effect with age where males and females respond to the
deletion differently. Males at both a young and old age reduce the number of flies
within 4BL. This results in the group as a whole getting further apart. However,
female clusters at an older age get much closer together. The results of nlg3def have a
sexually dimorphic response to nlg3def in social spacing behaviour. This sexually
dimorphic response to a loss of nlg3 could indicate the presence of Nlg3 within, or
synaptically in contact with, fruitless-expressing neurons. These neurons have
connections to the MB have been identified to alter other sexually dimorphic social
behaviours (Demir & Dickson 2005). Subsets of fruitless-expressing neurons are
dopaminergic. Since a sex-specific response to social space was also seen in
dopamine modulation (Fernandez et al. 2017) and subsets of fruitless-expressing

51

neurons are dopaminergic, manipulating signaling through these neurons could be
targets for future experiments to examine circuitry affecting social space behaviour.
The other two mutants provided puzzling results potentially due to their
unexpected protein translations. Ryley Yost, a graduate student of the Simon
laboratory, found with Western Blot analysis (Appendix D) that full length
Neuroligin 3 protein was present with both nlg3L04 and nlg3GS32 which was not
expected. Indeed, in nlg3L04 mutants, there is approximately a 3-4 kb p-element
insertion into the 4th intron of the nlg3 transcript. Incorporated into this insertion are
stop codons along with splice acceptors in both the sense and antisense directions.
The result of this insertion into an intron is expected to be a truncated protein, likely
resulting in a null phenotype. If that was the case, I would expect to see a phenocopy
of the nlg3def sexually dimorphic social space. Since we did however see full length
protein in the Western Blot (Appendix D) we can expect, and in fact did see, deviation
from the deficiency phenotype observed. Male nlg3L04 at both a young and old age
did show a reduction of flies within 4BL, similar to nlg3def males. However, the
sexually dimorphic effect that was observed in old nlg3def females was no longer seen
in nlg3L04 females.
The third mutant (nlg3GS32) I tested in the social space assay was also expected
to have a null phenotype. This fly line has a p-element insertion of about 5.3 kb into
the regulatory region of the nlg3. Due to such a large insertion, disruption of gene
expression would be expected (Bellen et al. 2011). Again, Western Blot analysis
(Appendix D) revealed a full-length protein with no significant quantifiable change
visible. These mutants also no longer have the sexually dimorphic effect with age as
expected for the null phenotype. Unexpectedly, the young male nlg3GS32 flies do
however have a significantly increased number of flies within 4BL. The group as a
whole is closer together compared to the Cs control which is the opposite of what is
seen in nlg3def young males. This could be explained by the insertion landing site
being a regulatory region that is controlling expression of the gene in males at a
younger age.
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The nlg3L04 and nlg3GS32 fly lines both were expected to be null mutants, but
both were confirmed to have full length proteins and no change in abundance on
Western Blots. To better understand how these mutant lines are causing these social
behavioural changes, a more in depth look at gene regulation and protein
functionality is needed. Sanger sequencing would also be compulsory to confirm the
presence of both insertion mutations.
As expected, climbing is also affected in nlg3def flies. An analysis from Xing
et al. (2014) of nlg3 at the neuromuscular junction found that nlg3 knockout flies
have locomotor deficits. Both larval crawling and adult locomotion was significantly
reduced in nlg3 mutants. My results recapitulate this by showing both male and
female adult nlg3def have a statistically significant reduction in climbing. The
climbing assay involves proper response to stimulus, an escape response, and proper
geotaxis, but also incorporates the need for proper locomotion. My mutants did
behave as expected with a reduction in climbing.

4.2.2

Modifications to Nlg3 levels in the brain affects behaviour
but in a complex manner
The complexity of how nlg3 in the brain controls social behaviours is revealed

with this research. There has been previous research showing knockdown
experiments focused to the MB alters social space in flies (Burg et al. 2013). In the
initial part of this study, nlg3 mutants affect social space with respect to genotype
and age, and Nlg3 is enriched in the calyx of the MB, so it seems to follow that
knocking down expression in the MB would lead to altered social space. However,
what was observed was that knocking down expression in either the MB or the PB
did not show any significant change in social space with respect to both of their
genetic controls. It is worth noting that females at a young and old age both have a
statistically significant difference between the experimental groups and the RNAi/+
control. However, since this difference is an intermediate phenotype between both of
the genetic background controls (accounting for the genetic background of the driver
and RNAi), no biological significance can be concluded. The female RNAi/+ controls
at both ages do show a much larger number of flies within 4BL and this could be the
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result of a “leaky” effect of the RNAi insert. New systems have been developed for
non-leaky expression of transgene (Akmammedov et al. 2017) but this effect can and
has been accounted for with the correct genotype controls. Creating a crossing
scheme that controls for genetic background will allow us to compare our
experimental treatments to an RNAi/+ control, which will account for any leaky
effects seen with the RNAi (Figure 11).
Several conclusions can be made from the RNAi results in the social space
assay. The first and most obvious being that nlg3 expression in either the PB or MB
is not necessary for fly social spacing; however, other conclusions can be made.
Social spacing could be determined by the signaling through both the MB and the PB
and knocking down nlg3 expression in only one structure might not be sufficient to
alter the behaviour. Alternatively, as there are no known direct connections between
the MB and PB (Lin et al. 2013), one pathway could be compensatory for the other.
To test this, driving RNAi in both the MB and PB can see if there is a necessity for
nlg3 expression in both structures to change social space.
Another possibility as to why we do not see an effect of social space is the
enrichment of Nlg3 in the optic lobes (Figure 17). Simon et al (2012) saw that w1118
mutants in the visual system did affect social space but also concluded that w1118
would alter other behaviours such that the specificity of visual acuity in social spacing
was unclear. Driving RNAi to knockdown nlg3 in strictly the optic lobes could result
in a change in fly social space. It should also be considered that, just as stated before,
this could be another potential compensatory pathway in the neural circuitry. A driver
that encompasses all three structures (MB, PB, and OL) should be considered.
Another nlg3 mutant line has a Trojan-Gal4 inserted into the third intron of the gene
(nlg3MI00445-TG4.2). This line has an inserted Gal4 gene under the control of nlg3
regulation. Using a splice acceptor, Gal4 is then transcribed and can be used to
activate the Gal4-UAS system mimicking the expression of endogenous nlg3 (Diao
et al. 2015). RNAi can then be expressed in all tissues that nlg3 is expressed and can
encompass all three identified structures.
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4.3 Limitations
4.3.1

Technical limitation: optimizing immunocytochemistry
An important aspect of my project was to determine where Nlg3 protein is

enriched

in

the

adult

brain.

To

accomplish

this,

I

established

an

immunocytochemistry protocol for the Simon laboratory. There were many
troubleshooting and optimization steps along the way. Only one polyclonal antibody
against Nlg3 was available, so setting up this protocol required optimization around
this antibody which was raised in guinea pig. To get the protocol working, different
types of fixatives were explored. Paraformaldehyde, which is the standard fixative
for immunofluorescence of adult Drosophila brains, cross-links proteins to maintain
their stability throughout the immunocytochemistry protocol. Paraformaldehyde did
not show any specific anybody binding when comparing Cs and nlg3def brains. After
discussing with other laboratories and reading many published protocols, other
reagents such us Bouin and cold methanol were tested. Bouin was the only fixative
to produce an image with the structures seen. This may be due to the mixture of
paraformaldehyde, picric acid, and acetic acid that Bouin is comprised of. This
fixative contains paraformaldehyde to cross-link the proteins but also uses acetic acid
as a penetrating agent. Therefore, Bouin can better fix the intracellular domain of
Nlg3 through the cell membrane. This is where our primary polyclonal antibody
needs recognize for my immunocytochemistry protocol. The picric acid, which is a
protein coagulant, helps to maintain protein morphology but can also lead to higher
background noise due to autofluorescence from its yellow colour (Wilcox 1994).
After the protocol began to work, there was a low signal:noise ratio from the
high levels of background noise and a need for optimization. My next steps attempted
to lower this background noise. To do this, many avenues were explored. The most
effective step was incubating the samples in blocking solution for longer time periods
which reduced non-specific binding of the primary antibody. Other optimizations
steps included increasing the detergent (Triton-X) concentration to permeabilize the
membrane better and washing the brains in PBS longer to remove previous step
reagents. Both of these did benefit the protocol but only minimally. Lastly, a titration
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with multiple secondary antibodies determined which fluorophore wavelength and
what concentration produced the best quality image. Even after these attempts to
increase signal:noise ratio, there remained a lot of background noise. This could be
explained by data collected by Liam Brown an undergraduate Honors Thesis in the
Simon laboratory (Appendix E). Liam uncovered the very low expression levels of
nlg3 using ddPCR (digital droplet PCR). Due to this low expression, there may be
low protein enrichment at the identified structures. Low enrichment results in
minimal binding of antibody which in turn requires the microscope light intensity to
be higher to observe fluorescent signal. This by nature will increase background noise
and have a lower signal:noise ratio in images.

4.3.2

Limitations of the model
Due to some statistically non-significant results that were observed in the

social space assay of the mutants nlg3L04 and nlgGS32 (two-way ANOVAs), it will be
necessary to confirm the presence of the p-element insertions. This will be done by
designing primers that incorporate regions of the insertions and conducting a PCR
analysis of these fragments of designed sizes. The presence of a visible band of the
PCR fragment can confirm if the insertion is in the fly lines ordered.
I was also able to identify specific structures with Nlg3 enrichment and test
targeted knockdown at these structures, but this research has some limitations. One
large limitation was the time requirement needed for troubleshooting and to establish
the immunocytochemistry protocol. It was necessary before beginning my second
objective to first identify regions of protein enrichment.
The use of designed controls for RNAi fly lines with nlg3 is another
limitation. An effective control for off-target effects is to use multiple RNAi lines
with different target sequences to the same gene. Then if both knockdown lines give
the same phenotype then off-target effects can be excluded. Another control for RNAi
is to use a shamRNA. This contains the same nucleotides used in the actual RNAi but
in a scrambled order and simply controls for the abnormal exogenous expression of
RNA. Both controls were considered for this project and were generated for use but
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due to a mite infestation these lines were lost and need to be created again. Due to
the timeframe of regenerating these lines they were not tested here but will be in the
near future.
An Elav>RNAi experimental treatment would have been very useful to
express the RNAi throughout the adult brain. This could confirm what was seen in
the nlg3def mutants. When first setting up this cross with two different RNAi lines
ordered from the Vienna RNAi Stock Center. The resulting flies had a lethal
phenotype resulting in no offspring to test. The possibility of off-targets effects was
discovered when the target sequences of the RNAi were blasted.
With this in mind, I collaborated with Josh Isaacson from the Moehring
laboratory to generate new RNAi lines with the specific intent on having no known
off-target binding. However, when this line was crossed with an Elav driver as before,
a lethal phenotype was again observed. This is puzzling due to the viability of
complete deletion of the gene in nlg3def mutants, and the careful planning done to
minimize potential off-targets. Looking into the literature, this may be explained by
the presence of long non-coding RNA (lncRNA) within the nlg3 gene (Figure 5).
lncRNAs can interact with transcription factors and modify gene expression or can
regulate expression at the level of the transcript (Kondo et al. 2017). Due to this
lncRNA being in the same orientation of the gene, it would not have homology to the
mRNA but in fact the DNA itself. This makes its interaction with the nlg3 gene itself
more likely (Rinn & Chang Y 2012). There could be some feedback pathway that is
in balance with nlg3 mRNA and the lncRNA that controls gene expression. When
RNAi is activated, and mRNA is no longer as abundant, the balance of lncRNA and
mRNA is disrupted which could lead to a lethal phenotype. One potential solution to
this problem is to incorporate a temperature sensitive Gal80 system with the Gal4UAS control on RNAi. This would enable temporally-specified expression of the
RNAi. If the RNAi is only activated at the time of behavioural testing, then the lethal
phenotype may not be present and behaviour can be assessed.
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4.4 Future directions
4.4.1

Controlling potential off-target effects and exogenous
mRNA
During my PhD, I will explore the neural and molecular pathways associated

with nlg3 in Drosophila. Future experiments will be set up to conclude RNAi studies
and further explore neural connectivity affecting social space. As discussed
previously, the knockdown of the structures identified did not alter the social spacing
of flies. Future projects will focus on using multiple different drivers specific to each
structure as expression level can vary, even between drivers of the same target. A
second RNAi and shamRNA will be generated in my collaboration with Josh
Isaacson which I will then outcross five times to our Cs background as done before.
These will then be used in subsequent testing to control for both off-target effects
(second RNAi) and exogenous DNA expression (shamRNA).

4.4.2

Rescue crossing scheme determine sufficiency
Once the necessity of Nlg3 in the adult brain is determined for social space, a

rescue cross can be set up in attempt to rescue any behavioural deficits seen. In
Drosophila, a crossing scheme can be set up to incorporate UAS-cDNA (for nlg3)
and Elav-Gal4 (for pan-neuronal expression) driver into the deficiency line
background. Therefore, in the deficiency background there will be no Nlg3 except
for exogenous cDNA expression. This allows us to express an exogenous copy of
nlg3 in the brain and assess if the behavioural changes are rescued in comparison to
nlg3def.

4.4.3

Confirmation of identified structures
The localization of the Nlg3 will also need to be confirmed. To further reduce

background noise, we are raising another polyclonal antibody for Nlg3. Instead of
using the entire C-terminal domain, we are restricting the targeted epitope to just 18
amino acids (as opposed to the entire 218 amino acids C-terminal domain). This will
reduce more non-specific binding that may be present in the former antibody as the
smaller epitope will be very specific to Nlg3 (Feinberg et al. 2008). A double-staining

58

immunocytochemistry protocol will be used as confirmation of the identified
structures and to examine the extent to which Nlg3 is localized to these structures
(Chen et al. 2010; Jensen 2014). For this protocol, I will use the Gal4-UAS system
to drive GFP within the MB and PB as seen in Figure 19. I will then simultaneously
incubate the new anti-Nlg3 polyclonal along with an anti-GFP monoclonal antibody
with GFP-driven dissected brains. These primary antibodies will be raised in different
animals as to not allow interactions between the secondary fluorescent antibodies.
Co-localization of fluorescence will act as confirmation of structures.

4.4.4

Emerging hypothesis on the neural circuitry underlying
social spacing behaviour
It will be possible in future studies to identify specific synaptic connections

with nlg3 and narrow down the neural circuitry controlling social space. The MB,
nlg3, and dopamine neurons (DANs) are all known to control social spacing in the
fly (Burg et al. 2013; Fernandez et al. 2017).
In both Caenorhabditis elegans and Mus musculus that DA and neuroligin are
at the same synapse. C. elegans deficient in neuroligin are unable to signal DA
effectively and lead to behavioural changes (Izquierdo et al. 2013). Immunolabelling
in M. musculus also reveals Neuroligin protein enrichment to dopaminergic synapses
(Uchigashima et al. 2016). Since Neuroligin and dopamine receptors are shown to be
in the same synapse, it is likely that Neuroligin is recruiting these receptors to the
synapse. This is indeed the case with metabotropic glutamate receptors which are
known to be brought, through postsynaptic density scaffolding proteins, to the
synapse by Neuroligin (Sudhof 2017). Lastly it is also seen that both mutants in DA
signaling and, as seen in my results, mutants of nlg3 have a sex-specific effect on
social spacing (Fernandez et al. 2017). With this rationale, we can hypothesize that
there is dopaminergic signaling through the structures I identified in the brain (MB
and PB) that is controlling social spacing behaviour (Figure 23). Based on this
evidence, as well as on my results in this thesis, I propose a new hypothesis: specific
DAN cluster, at Nlg3 synapses in the MB and the PB, affect social space.
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There is only one specific DAN cluster that innervates the calyx of the MB
(PPL2ab; Kuo et al. 2015) and another that innervates the protocerebral bridge
(CIVP; Lin et al. 2013). This hypothesis can be tested by reducing the signaling from
this specific circuitry and assess the change of social spacing in flies. This can be
accomplished by RNAi knockdown of TH in these neurons, inhibiting the production
of DA, and observing the fly social space. There are known Gal4 drivers that can
direct an RNAi for TH to these neurons. Since there are no known direct neural
connections between the PB and MB, it should also be considered that there may be
parallel pathways controlling social space here as well. Knockdown of nlg3 in one
structure doesn’t change social space, so knockdown of TH in one of these structures
may have the same affect. This can be overcome by a driver that can control RNAi
expression to both structures to inhibit potential compensation for this behaviour.

4.5 Conclusions
I have examined the different mutations of nlg3 and assessed how they affect
the social behaviour of Drosophila melanogaster. The immunocytochemistry
protocol I established in the Simon laboratory can be applied with different antibodies
and epitopes for fluorescently labelling a protein-of-interest or targeting specific
neurons with anti-GFP protocols. I have determined the importance Nlg3 at the
protocerebral bridge controlling climbing. However, the role of Nlg3 in adult fly
brains on social space behaviour is yet to be determined but the RNAi line generated
can be tested with different drivers to look at potential compensatory pathways. If
structures in the fly brain can be identified to modulate social space, then conserved
neural and molecular pathways can begin to be examined for this social behaviour.
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Figure 23: Emergent hypothesis to narrow down the specific neural
circuitry controlling social space.
DANs (dopaminergic neurons) are known to innervate the Nlg3
(Neuroligin 3; purple) enriched structures. PPL2ab (protocerebrum
posterior lateral 2 alpha beta) innervates the calyx of the MB (mushroom
bodies; dark green) and CIVP (cvlp-idfp-vmp-pb) innervates the PB
(protocerebral bridge; orange). Nlg3 recruits DopR (dopamine receptors;
maroon) to the synapse that DA (dopamine; blue) is released.
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Appendices
Appendix A: Amino acid comparison of Drosophila and human Neuroligin.
Amino acid analysis and comparison of the neuroligin families between human and
Drosophila. A dissimilarity score was created by comparing amino acid sequences
and dividing the number of mismatched amino acids by the length of homology. This
score was then input into R to create protein homology trees and scatterplots.

Nlg2

Nlg1

Nlg3

Nlg4
Appendix A-1: Protein homology tree comparing the Drosophila Neuroligin
family
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Appendix A-2: Protein homology tree comparing Drosophila Neuroligin family
with Human Neuroligin family
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Appendix A-3: Scatterplot showing dissimilarity scores between Drosophila
Nlg3 and the Human Neuroligins
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Appendix B: Q-Q Plots testing the normality of nlg3def 4BL bubble data. All
treatments pass the D’Agostino and Pearson normality test showing the data have a
normal distribution. Red squares are nlg3def young (3-4 days old) flies, dark red
triangles are nlg3def old (7-10 days old) flies, grey circles are Cs young (3-4 days old)
flies, and dark grey triangles are Cs old (7-10 days old) flies (predicted normal
distribution is not significantly different from actual normal distribution).
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Appendix B-1: Q-Q plots testing the normality of male nlg3def 4BL bubble
data.
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Appendix B-2: Q-Q plots testing the normality of female nlg3def 4BL bubble
data.
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Appendix C: Violin plots of nlg3def CN data showing similar trends as 4BL
bubble data. This data is a direct measurement of the distance of one fly to its
closest neighbour. Red plots are nlg3def young (3-4 days old) flies, dark red plots are
nlg3def old (7-10 days old) flies, grey plots are Cs young (3-4 days old) flies, and
dark grey plots are Cs old (7-10 days old) flies.

Males

Cs Young

nlg3def Young

Cs Old

nlg3def Old

Appendix C-1: Violin plot of male nlg3def CN data shows the same trend as
4BL bubble data.
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Appendix C-2: Violin plot of female nlg3def CN data shows the same trend as
4BL bubble data.
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Appendix D: Western blot analysis conducted by Ryley Yost (graduate student
in the Simon laboratory) showing no significant changes to protein abundance
of nlg3L04 or nlg3GS32 mutants. Blot shows all three mutants nlg3L04, nlg3GS32, and
nlg3def along with Cs flies at young and old age. Abundance was normalized to total
protein.

Males

Appendix D-1: Western blot of protein abundance of Cs, nlg3def, nlg3L04, or
nlg3GS32 male mutants.
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Appendix D-2: Western blot analysis showing no significant changes of protein
abundance of nlg3L04 or nlg3GS32 compared to Cs in male mutants.
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Females

Appendix D-3: Western blot of protein abundance of Cs, nlg3def, nlg3L04, or
nlg3GS32 female mutants.
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Appendix D-4: Western blot analysis showing no significant changes of protein
abundance of nlg3L04 or nlg3GS32 compared to Cs in female mutants.
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Appendix E: Scatterplot of ddPCR data conducted by Liam Brown
(undergraduate student in the Simon laboratory) showing the relative low
abundance of nlg3 compared to housekeeping gene rpl32 and no template
controls (NTC). Positive counts (blue) above the threshold (purple) show the count
of fluorescent droplets that had mRNA present. Testing was conducted on the Cs
Drosophila strain.
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