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Abstract

Neuronal remodelling during development involves changes in the structure and
connectivity of neurons as the brain matures. This includes the dynamic formation of
new synapses, the refinement of existing ones, and the elimination of inactive
connections, the brain’s circuitry to enable efficient communication and facilitate
cognitive and motor skills development. How molecular programs control the precise
neuronal remodelling is poorly understood. In Drosophila melanogaster, commissural
SA"" neurons in the central brain undergo unilateral pruning to build a bilaterally
asymmetric circuit organization. A mutation in the conserved wingless pathway
component Wnt4 (wnt4£523) disrupts SAU" lateralization, while a defined wnt4 loss-of-
function allele does not interfere with the remodelling process. By testing for genetic
interaction of wnt4tM522with other components of the Canonical Wnt Signalling Pathway,
the mutant’s function was determined. The results show that wnt4f"52% acts as a gain-of-
function mutant, indicating enhanced Wnt4 signalling with the addition of enhanced
release of Armadillo, and that Arrow, a co-receptor to frizzled, plays a crucial role in
neuronal remodelling. Additionally, the APC protein, which regulates the Wnt pathway
and maintains cellular stability, contributes to the remodelling process. These
interactions between wnt4523, Armadillo, Arrow, and APC are vital for the structural

changes necessary for proper lateralization of neuronal development.



Zusammenfassung (Deutsch)

Die neuronale Umstrukturierung wahrend der Entwicklung umfasst Veranderungen in
der Struktur und Konnektivitat von Neuronen, wahrend das Gehirn heranreift. Dazu
gehoren die dynamische Bildung neuer Synapsen, die Verfeinerung bestehender
Verbindungen und die Eliminierung inaktiver Synapsen, wodurch die Schaltkreise des
Gehirns effizientere Kommunikation erméoglichen und die Entwicklung kognitiver und
motorischer Fahigkeiten fordern. Wie molekulare Programme diese prazise neuronale
Umstrukturierung steuern, ist bislang nur unzureichend verstanden. Bei Drosophila
melanogaster unterziehen sich die kommissuralen SA“"-Neuronen im Zentralgehirn
einer einseitigen Pruning-Phase, um eine bilateral asymmetrische
Schaltkreisorganisation aufzubauen. Eine Mutation in der konservierten Wingless-
Signalweg-Komponente Wnt4 (wnt4£523) stort die Lateralisation der SA“™-Neuronen,
wahrend ein definierter wnt4-Loss-of-Function-Allel den Umstrukturierungsprozess
nicht beeintrachtigt. Durch das Testen genetischer Interaktionen zwischen wnt4t522 und
anderen Komponenten des kanonischen Wnt-Signalwegs konnte die Funktion der
Mutante bestimmt werden. Die Ergebnisse zeigen, dass wnt4t"52% als Gain-of-Function-
Mutante wirkt, was auf eine verstarkte Wnt4-Signalisierung hinweist, einschlieBlich
einer erhdhten Freisetzung von Armadillo. Zudem spielt Arrow, ein Korezeptor von
Frizzled, eine entscheidende Rolle in der neuronalen Umstrukturierung. Zusatzlich tragt
das APC-Protein, das den Wnt-Signalweg reguliert und die zellulare Stabilitat
aufrechterhalt, zum Remodelling-Prozess bei. Diese Interaktionen zwischen wnt4ts23,
Armadillo, Arrow und APC sind essenziell fur die strukturellen Veranderungen, die fur

eine korrekte Lateralisation der neuronalen Entwicklung erforderlich sind.



1. Introduction

1.1 Asymmetric Bilateria

Most animals are considered bilaterally symmetric. In fact, most metazoans, which
make up the Bilateria, are named for their bilateral body symmetry. This symmetry arises
from the intersection of two orthogonal axes: the anterior-posterior axis and the dorsal-
ventral axis (Finnerty 2003). While this assertion appears accurate at first, a deeper
examination reveals that these animals may be more asymmetrical than previously

thought.

Externally, humans may appear symmetrical, yet internally, asymmetries are common.
For instance, the spleen is located only on the left side, and the left lung has two lobes,
while the right lung has three. Additionally, both our heart and stomach are positioned to
the left of the body's central axis. This asymmetry extends beyond anatomy to behaviour
as well; approximately one in ten people are left-handed instead of right-handed. This
preference for one hand over the other highlights the asymmetry in our behaviour (Held,

20009).

Lateralization in the brain refers to the functional dominance of one side over the other
(Noggle and Hall, 2011). The two hemispheres process information differently and
govern distinct patterns of behaviour (Rogers, 2021). The left hemisphere is recognized
for having a higher concentration of grey matter and greater cell density, featuring more
non-myelinated fibres and specialized areas for motor and specific sensory functions. In
contrast, the right hemisphere is characterized by a greater number of myelinated axons
that connect different brain regions (Brownell et al., 2000). Altered hemispheric
asymmetry is linked to various mental illnesses, including Alzheimer’s, ADHD, autism,
psychotic disorders, and others (Kong et al., 2022). Thus, these asymmetries play a

crucial role in maintaining a healthy brain.

These asymmetries are observed not only in humans but also in other metazoans, many
of which are being studied for their asymmetrical traits. One well-known model
organism is the zebrafish, or Danio rerio. This tropical freshwater fish exhibits significant
asymmetry in its epithalamus, which can be genetically modified to track the

development of structural asymmetries. The epithalamus includes a portion of the



diencephalon and the habenula, which connects the forebrain to the ventral brain
(Gunturkun and Ocklenburg, 2017). Another model organism studied for brain

asymmetry is the fruit fly, or Drosophila melanogaster.

Although the majority of the neuropils in the central complex are symmetrical, the
complex contains a bilateral structure called the asymmetric body (AB) (Scheffer et al.,
2020). The AB is a pair of synaptic neuropils with interacting axons, dendrites, and glial
cells (Hirase and Shinohara, 2014), on each side of the midline, which differ in size
(Wolff and Rubin, 2018). This area plays a crucial role in spatial control and motor
activity (Lapraz, 2023). It appears that asymmetries are a general concept in nature, not

limited to just vertebrates (Gunturkin and Ocklenburg, 2017).

1.2 Asymmetric body in Drosophila melanogaster

To further investigate the development of the brain asymmetry, the fruit fly, Drosophila
melanogaster, serves as an excellent model organism. It has been used in research for
over a century due to its cost-effectiveness and rapid generation time. Additionally, the
availability of advanced genetic tools has made the fruit fly indispensable in scientific
studies, with an increasing number of molecular techniques being developed,

enhancing its value as a model organism (Tolwinski, 2017).

The left-right structure of the asymmetric body (AB) of Drosophila melanogaster was
first described in 2004 (Pascual et al., 2004). The AB is situated within the central
complex, which also includes the fan-shaped body (FB), protocerebral bridge (PB),
ellipsoid body (EB), and noduli (NO). Researchers observed that the AB, a neuropil, is

located at the midline, in front of the ventral FB (Wolff and Rubin, 2018).

The majority of wild-type flies show a right-directed bilateral asymmetric body, with the
neuropil being larger in the right hemisphere compared to the left. The AB consists of
three cell types, two of which exhibit a unilateral phenotypic pattern (Wolf and Rubin,
2018). The SA“"-neurons display a unilateral phenotype, while the Sa-neurons show a
bilateral phenotype. Approximately 10% of brains exhibit a bilateral phenotype,
contrasting with the more common unilateral phenotype of the AB. SA""- neurons

express Fasciclin Il (Fas Il) (Coutelis et al., 2008). Fas Il is a cell-adhesion molecule that



regulates motoneuron innervation of muscle fibers (Turrigiona, 1999). This allows
researchers to stain brains with an anti-Fas Il antibody, making the expression of the

unilateral neuron types of the AB visible.

early pupa 40 h apf

Figure 1: Remodelling of the SAuni neurons: FB1B are neurons of the Fan-shaped body (FB). SAuni and
SAbi are distinct cell types of the Asymmetric body (AB). At 40 hours after puparium formation (apf), the
left neuropil of SAuni neurons has already retracted to the right side, resulting in a unilateral phenotype.
Created in https://BioRender.com

In 2014, it was suggested that the development of unilateral innervation of the AB occurs
during morphogenesis (Géminard et al., 2014), a concept that was later further
investigated by the Hummel lab. Their research revealed that the AB consists of distinct
groups of neurons, namely the SA"" and SA". During the early pupal stage, both exhibit a
bilateral innervation in the AB (Fig.1). However, during metamorphosis, the SA""
undergoes remodelling and shifts to one side, a process that appears to occur around

the 30-hour APF (after pupa formation) (Johann Markovitsch, Msc thesis, 2019).

1.3 Wnt4 shows involvement in remodelling of SA"" neurons

Following the discovery of AB remodelling, the Hummel lab began investigating potential

pathways involved, including those related to Wnt molecules. Wnt proteins are involved


https://biorender.com/

in 3 main pathways, the Canonical Wnt-Pathway, the Non-Canonical Planar Cell Polarity

Pathway and the Non-Canonical Wnt/Ca?* Pathway (Komiya and Habas, 2008) (Fig.2).
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Figure 2: Two of the main Wnt Pathways. The PCP pathway (left) involves activation of small GTPases (Rho,
Rac) via Dishevelled (Dsh), affecting cytoskeletal dynamics and gene transcription. The Wnt/Ca® *pathway
(right) triggers intracellular calcium release through G-protein signalling, leading to activation of effectors
like PKC, CamKIl, and calcineurin, ultimately influencing transcription factors such as NFAT and TCF
(Figure from: Le Bras et al., 2010).

The Non-Canonical Planar Cell Polarity Pathway is divided into three Pathways (Fig.2).
Whnt signalling activates Dishevelled (Dsh) through Frizzled (Fz) receptors, independent
of the co-receptor Arrow. Dsh then triggers multiple pathways. Rho Activation: Dsh
activates Rho via Daam1, leading to Rho kinase (ROCK) activation, Actin
Polymerization: Daam1 also promotes actin polymerization through Profilin and Rac
Activation: Dsh activates Rac, which in turn activates JNK. These pathways (ROCK, JNK,
and Profilin) are known to work together to coordinate cytoskeletal changes essential for

cell polarization and motility during gastrulation (Komiya and Habas, 2008).

The Non-Canonical Wnt/Ca?* Pathway also follows multiple pathways once activated
(Fig.2). Wnt signalling through Fz activates Dsh via G-proteins. Dsh triggers several
pathways. First PDE Activation: Dsh activates PDE, inhibiting PKG and reducing Ca2+
release, secondly IP3 and Ca2+ Release: Dsh activates PLC, producing IP3, which
releases intracellular Ca2+, activating CamK11 and calcineurin. Calcineurin activates
NF-AT to regulate ventral cell fates. CamK11 activates TAK and NLK, inhibiting 8-
catenin/TCF to control dorsal axis formation. Lastly DAG/PKC/CDC42 Pathway: DAG
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activates PKC, which activates CDC42, driving tissue separation and cell movements
during gastrulation. These signalling events coordinate cell fate determination and

morphogenetic movements during development (Komiya and Habas,2008).
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Figure 3: The Canonical Wnt-Signalling Pathway. When activated, a cascade of events occurs, leading to
the release of B-catenin, which subsequently promotes the expression of target genes. In the absence of
Whnt, B-catenin is phosphorylated by the Axin complex and is then degraded (Komiya and Habas, 2008).

The Canonical Wnt-Pathway is also known as the Wnt/ 3 -catenin Pathway (Fig.3). In the
absence of Wnt, the destruction complex, consisting of Axin, APC, GSK3-B, and CK1,
remains active and promotes the degradation of B-catenin (known as Armadillo in
Drosophila melanogaster). CK1 and GSK3-p phosphorylate Armadillo, creating a binding
site for the ligase B-TrCP, which then facilitates its degradation. In contrast, when Wnt is
present, it binds to a Frizzled receptor and a co-receptor complex, leading to the
recruitment of Disheveled (Dsh) to the cell membrane. The co-receptor becomes
phosphorylated and binds to Axin, removing it from the destruction complex. This
disassembles the complex and releases Armadillo, which is then transported to the
nucleus. There, Armadillo binds to the transcription factor TCF, initiating gene

expression (Qin et al., 2023).

In Drosophila, four Frizzled receptors have been identified: Fz, Fz2 (Graba et al., 2000-
2013), Fz3 (Sun et al., 2023), and Fz4 (McElwain et al., 2011). Additionally, three co-
receptors play a key role: Arrow (also known as LRP5/6, Graba et al., 2000-2013), and
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two Drosophila Ror homologs, Ror and Neurospecific receptor kinase (Nrk) (Ripp et al.,

2018).

Wnt4 signalling in the Drosophila brain has been shown to regulate various aspects of
neuronal development, including neurogenesis, axon guidance, and synaptic function
(Wu et al.,2013). Inthe vertebrate cerebellum, Wnt signalling operates as a retrograde
cue originating from granule cells, promoting presynaptic differentiation of mossy fibres
and functioning as a key synaptogenic factor (Rosso and Inestrosa, 2013). Wnt4 is
involved in establishing the proper patterning of cells through long range directional
signalling. It helps ensure the correct differentiation of neural cells in specific regions of

the developing nervous system (Wu et al., 2013).

As mentioned, Wnt4 plays a significant role in the directional guidance of axons during
neural development. It acts through the Wnt signalling pathway, where it interacts with
receptors on the growth cones of axons, influencing their movement toward specific
targets. It contributes to establishing axonal polarity and ensuring correct axon
pathfinding to form functional neural circuits. Thus, Wnt4 provides essential signalling
cues that help neurons navigate their environment and form accurate connections

within the developing nervous system (Schnorrer and Dickson, 2004).

Lastly, Wnt4 is shown to play a key role in synapse formation and the development of
neuronal circuits. It regulates the assembly of presynaptic and postsynaptic sites,
facilitating effective neuron communication. Furthermore, it helps refine and stabilize
neural connections, ensuring proper neuronal circuit wiring and communication, which

are crucial for behaviour and cognitive function (Park and Shen, 2012).

Wnt4 was identified as a candidate gene in a screen of RNAi knockdowns and mutant fly
lines for asymmetric development of the AB. They showed a significantly increased rate

of bilateral asymmetric bodies (AB) in the brain.

Subsequently, they tested two Wnt4 mutants, wnt4°’ and wnt4£523 to assess whether
any effect on AB could be observed (Fig. 4). Although both mutants are described as a
Loss-of-function mutant, only wnt4523 exhibited a significant difference compared to

the wild-type fly, posing a question of its real function.
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Developmental temperature changes also influenced the mutations impact on bilateral
innervation of SA'". At 18°C, wnt4f"52% demonstrated over 90% bilateral SA™
phenotypes, whereas the wildtype flies showed only about 10% bilaterality. At 25°C, the
bilaterality effect decreased, but it remained notably higher than that of the control

(Johann Markovitsch, unpublished).

Figure 4: Ratio of bilateral Phenotypes of SA" at two experimental temperatures for different Wnt4 related
lines. Wnt45™2% show an increase bilaterality rate compared to the other lines at both temperatures. CS =
Canton S, """"%-jso = jsogenised wildtype (most common genetic background), Iso-1 = isogenised wildtype,
Df(Whntdfz1fz2) = Wnt45ms2% with fz17%2 hypomorph and fz2 deletion, Wnt4(EMS23) = wnt4 mutant. Made by
Johann Markovitsch

This led the lab to investigate the strength of the mutation. To do so, they crossed the
mutant flies to wildtype flies, until only a heterozygous copy of wnt4t"523 was present. To
eliminate the influence of genetic background on the bilateral phenotype, the stocks

were isolated by crossing the mutant lines with different Balancer lines. For instance,

t4EMS23 py,1 . . TM3 .
the wnt4 mutant (; VmCTW;) was crossed with a Balancer line (;; m). After six

successive crosses with the same Balancer stock, approximately 99% (1 — 0,5 = 0,98)
of the genetic background was derived from the Balancer stock. This process was
repeated for each chromosome until the majority of the genetic background was
removed. The isolated stock showed a reduced rate of bilateral phenotypes. The rate

dropped to around 45% (Johann Markovitsch, unpublished).
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1.4 Aim of Thesis

This thesis explores the effect of wnt4£523 mutation on AB remodelling. Its goal is to
determine whether the mutant truly represents a loss-of-function mutation for Wnt4 as
described or rather a causing a constant activation of Wnt4. This will be determined by
calculating the percentage of bilateral AB phenotypes of SA""-neurons. My investigation

will focus on key components of the Canonical Wnt Signalling Pathway (Fig. 3).

The experiments will focus on key components of the pathway, including the receptors,

co-receptors, Armadillo, and APC.

| hypothesize that an active Canonical Wnt-Signalling Pathway disrupts the initiation of
the remodelling in SA"" neurons, resulting in a bilateral phenotype. To test this, | will
knock down various components of the pathway in Frizzled-expressing cells and those
connected to the Asymmetric Body. My objective is to develop a model that contributes

to understanding the remodelling process of SA“" neurons.

If the mutant is a gain-of-function, then the presence of the activated form of Armadillo,
which would promote an active Wnt pathway, should increase the rate of bilaterality in
the asymmetric body. If the statement proves true, it will indicate that the Canonical Wnt
Signalling Pathway indeed plays a role in the remodelling process of the asymmetric

body in SA“" neurons.
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2. Material and Methods

2.1 Material

2.1.1 Fly constructs

Experimental Drosophila melanogaster constructs were maintained at 25 °C, standard

lab conditions, or at 18 °C. An overview of the fly constructs used in this project and

their sources is provided in Table 1. A total of 7 Gal4-lines were utilized in my

experiments, of which 3 are directly linked to the Asymmetric body (AB) and 4 are

associated with Wnt molecules.

To visualize the expression patterns of the various Frizzled receptors, 10x UAS-

mCD8::GFP was coupled with the respective Gal4 lines. To determine whether the

Canonical Wnt-Signalling Pathway influences the bilateral phenotype of the SAuni

neurons, | employed both a constitutively active form of Armadillo, also known as B-

catenin, and a knockdown of it, using the mentioned Gal4 lines. Another approach |

used to investigate the potential involvement of this pathway in remodelling was the

knockdown of APC in AB-involved or Frizzled-expressing cells. For some of the Gal4

experiments, | labelled SA"" neurons with a marker, produced by meiotic recombination

of R72A10-lexA and 10xlexaAop-mCD8::GFP. Finally, various mutants were tested;

wnt4£523 was coupled with both UAS-Armadillo and crossed with the Gal4 lines. The

other mutants used were null alleles (Nrk*°, fz4%7, Ror?, arr?).

Table 1: Fly Constructs

Name Source Reference

Fz-Gal4d Bloomington Drosophila Bellen et al., 2011
Stock Center

Fz2-Gal4 Bloomington Drosophila Bellen et al., 2011
Stock Center

Fz3-Gal4 Bloomington Drosophila Sivasankaran et al., 2000
Stock Center

Fz4-Gal4d Bloomington Drosophila Kanca et al., 2022

Stock Center



R72A10-Gal4

R66A02-Gal4

R16E08-Gal4

UAS-armfNAi

UAS-armsact

UAS-APCRM

10x UAS-mCD8::GFP

Wnt4EMS23
NrkX©

Ror*

arr?

Fz43"

R72A10-lexA

10x lexAop-mCD8::GFP

Bloomington Drosophila
Stock Center
Bloomington Drosophila
Stock Center
Bloomington Drosophila
Stock Center
Bloomington Drosophila
Stock Center
Bloomington Drosophila
Stock Center
Vienna Drosophila
Resource Center
Bloomington Drosophila
Stock Center
Not known
Bloomington Drosophila
Stock Center
Bloomington Drosophila
Stock Center
Bloomington Drosophila
Stock Center
Bloomington Drosophila
Stock Center
Bloomington Drosophila
Stock Center
Bloomington Drosophila

Stock Center

Jenett et al., 2012

Jenettetal., 2012

Jenett et al., 2012

Perkins et al., 2015

Pai et al., 1997

Dietzel et al., 2007

Hadjieconomou et al., 2011

Fradkin, L., 2023

Ripp et al., 2018

Tearle, R.G., Nusslein-

Volhard, C., 1987

McElwain et al., 2011

Jenett et al., 2012

Hadjieconomou et al., 2011



2.2 Methods

2.2.1 Binary Expression Systems

Almost all the experiments utilize binary expression systems (Gal4/UAS, LexA/LexAop).
This system consists of two constructs: one drives the expression of the gene encoding
Gal4 through a cell-specific promoter, while the second construct uses the UAS
(upstream activation sequence) to regulate the desired transgene. The GAL4 complex
binds to the UAS sequence, facilitating the expression, knockdown, or activation of the
gene. As a result, only the cells regulated by the Gal4 promoter will express the
transgene (Carter and Shieh, 2015). The LexA/LexAop expression system works the

same way.

2.2.3 RNAi Knock Down

Dicer E ;
dsRNA
e oo T

4
_@‘ siRNA unwinding(RISC
¥

“activation)

mRMA TTF ' PUTTUTTeDDY .
~ RN, recagnition
¥
Target cleavage
PP TTUDTD

"Q“D miRMA degradation
&

Proteins will not be expressed

Figure 5: Mechanism of RNAi (Ambesajir et al., 2012)

RNA interference (RNAI) is a mechanism for regulating gene expression (see Fig. 5).
Double-stranded RNA (dsRNA) inhibits the production of its target protein. This dsRNA is
processed into short interfering RNAs (siRNAs) by the endonuclease Dicer. These
siRNAs are then incorporated into the RNA-induced silencing complex (RISC). The
helicase within RISC unwinds the siRNA, allowing it to bind to complementary antisense
mMRNA strands. This interaction leads to the cleavage of the mRNA, preventing it from

proceeding to translation (Ambesajir et al., 2012). Researchers have developed a
17



method to achieve targeted knockdown in specific cells by integrating this system with
the GAL4/UAS binary system (Dietzl et al., 2007). In my project, | applied this approach
to knock down both Armadillo and APC.

2.2.4 Constantly active gene

In my project, | utilized a continuously active form of Armadillo, which was developed by
Pai and his colleagues through the deletion of 54 amino acids from the N-terminal
domain using an in vitro mutagenesis kit. The deleted regions include the GSK/Zw3
phosphorylation site, which, together with APC, leads to the degradation of Armadillo,
as well as a binding site for cactus, the fly homolog of IkB (Pai et al., 1997), which

regulates ubiquitination IkB (Bergmann et al., 1996).

2.2.5 Immunohistochemistry

To visualize the expression of various proteins, | employed immunohistochemistry (IHC),
specifically using an indirect IHC approach to amplify the signal. This method allows
multiple secondary antibodies to bind to a single primary antibody. It's important that
the two antibodies are produced in different species, and the secondary antibody must
be directed against the correct immunoglobulin molecule of the primary antibody

(Carter and Shieh, 2015).

Drosophila melanogaster flies were dissected when they were 3 to 5 days old, or during
the pupal stage at approximately 30 to 50 hours after pupa formation. The dissections
were carried out in phosphate-buffered saline (PBS). After extracting the brains, they
were fixed in a 4% paraformaldehyde (PFA) solution in PBS for 30 minutes on a rotator at
room temperature. Following fixation, the PFA was removed, and the samples were
washed 3 to 4 times for 10 minutes each using 0.3% PBT (PBS with Triton X-100) to
ensure thorough PFA removal. The samples were then blocked with 10% goat serum
(diluted in PBT) for about 30 minutes. After blocking, the brains were incubated overnight
at 4°C on a shaker with primary antibodies (as detailed in Table 2), which were diluted
to the appropriate concentration in goat serum. The following day, the tissues were
washed again 3 to 4 times for 10 minutes in PBT and then incubated overnight at 4°C on

18



a shaker with secondary antibodies. The specific antibodies and their sources are
listed in Table 2. On the next day, the samples underwent a final series of washes (3 to
4 times for 10 minutes each) and were then ready to be mounted. The brains were
mounted in Vectashield® (Vector Laboratories) oriented either anterior to posterior or
vice versa. To prevent damage to the brains, modelling clay was applied to the corners of
the cover slip before placing it on top of the samples. The cover slip was pressed down
until the Vector Shield made contact and a bubble formed around the brains. The brains

were then ready for imaging.

Table 2: Antibodies used for staining

Antibody Antigene Origin Source
Primary GFP Rabbit Invitrogen
Primary N-cadherin (NCAD) Rat Homemade
Primary Fasciclin 2 (FAS2) Mouse Homemade

Secondary Mouse 488 Goat Invitrogen
Secondary Mouse 568 Goat Invitrogen
Secondary Rabbit 488 Goat Invitrogen
Secondary Rat 647 Goat Invitrogen

2.2.6 Image acquisition and analysis

Images were captured using a Leica Confocal Microscope TCS SP5Il with a 20x
objective. Stacks were taken from the ellipsoid body to the end of the fan-shaped body
at a spacing of 1.51 pm. The images were collected at a resolution of 512x512 pixels
with a speed of 400 Hz. The obtained images were processed using Fiji, an image
processing software (Schindelin et al., 2012). The fluorescence levels were adjusted,
and the images were rotated and flipped to ensure proper left-right orientation.
Statistical analysis was conducted using R (R Core Team, 2021), focusing primarily on

the significance of the bilaterality rate, which was assessed using the Chi-squared test.
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3. Results

3.1 Wnt4 and Frizzled 3 expression overlaps in a layer of the fan-shaped body

Whnt4 expression was previously investigated by the lab. An expression was shown in the
adult and the developing central complex (CX) during time of remodelling (Fig.6). More
specifically its expression was present in the noduli and in the fan-shaped body. It
showed that Wnt4 is present in the central complex during the critical remodelling step,
suggesting Wnt4 could be in some way involved in AB lateralisation, even though there is
no expression in the AB. This suggests an indirect role in remodelling (Johann

Markovitsch, unpublished).

Wnt4-T2A-nlsGFP Wnt4-Gal4>Flag R24B05-Gal4>Flag

Sophie

pupa

adult

late pupa!

Figure 6: Expression data of Wnt4 expressing neurons. The upper line of pictures shows Wnt4 expression
during the remodelling stag of the AB. The pictures beneath them show the same lines during the adult fly
stage. One Wnt4 GFP tagged Drosophila line was used, and two different Wnt4-Gal4 lines were crossed with
Flag to show the expression pattern. Wnt4 in green, Fasll in red/grey. In green the noduli and part of the fan-
shaped body are labelled. In red/grey SA"" neurons are labelled as well as a layer of the fan-shaped bodly.
Made by Johann Markovitsch.

Since classical Wnt Signalling is mediated by interaction of secreted Wnt4 and
transmembrane Frizzled (fz) receptor proteins, | first investigated the distribution of
receptors fz1-fz4 in the Drosophila brain and explore their potential role in the

remodelling of the asymmetric body (AB). Frizzled Gal4 lines were crossed with UAS

10xUAS—-mcD8::GFP  fz—Gal4
"TM2/TM6B

reporter lines to visualize the expression (Frizzled 1 (;

),
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10xUAS—mcD8::GFP fz2—-Gal4 + . 10xUAS—mcD8::GFP  UAS-y

Frizzled 2 (; ; ), Frizzled 3 ( ; ; ),
TM2/TM6B fz3—Gal4 + TM2/TM6B
. + 10xUAS—mcD8::GFP +
Frizzled 4 ( ; ; )).
fz4—KO—Gal4 + TM2/TM6B

Frizzled 1, 2, and 4 exhibit a similar expression pattern in pupal Drosophila
melanogaster (Fig. 7), mostly observed in the glial cells surrounding the central
complex, but not within the neuropiles itself. The pupae examined were between 30 and
40 hours old, a range selected due to the AB remodelling that takes place around 30

hours after pupal formation (APF).

Frizzled 1 Frizzled 2 Frizzled 3 Frizzled 4

FASII
NCAD

Figure 7: Different Frizzled Expression Pattern in 30-40-hour pupa. Images A, C, D; & D,, E, Gand H; & H>
depict individuals in which AB remodelling has already occurred, suggesting they are older than 40 hours.
Images B; and B, as well as F; and F, show two individuals in which remodelling has not yet occurred, with
B, and F; highlighting the ellipsoid body. Images D,and H, display an already formed ellipsoid body. In
these images, Frizzled is labelled in green, FAS Il in red, and NCAD in grey. Created in
https://BioRender.com

In contrast, Frizzled 3 shows a more distinct expression pattern (Fig. 7). During pupal
stage (30-40hrs), Frizzled 3 is expressed in a layer of columnar neurons within the fan-
shaped body. Although not shown in the figure, the protocerebral bridge is the only other
area of the central complex where Frizzled 3 is found and notably, outside the central

complex, the mushroom bodies also exhibit green fluorescence.
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Comparing the expression data of Frizzled 1-4 (Fig.7) and Wnt4 (Fig.6) two key overlaps
are revealed. First, both Fz3 and Wnt4 are expressed in a layer of the fan-shaped body
during both development and in the adult stage. Second, Fz4 expression is observed in
the glia above the noduli, which surrounds the expression pattern of Wnt4. Here it is not

possible to determine if they coincide, but they are expressed closely to each other.

In summary, there is one certain overlap between the Frizzled 3 receptor and Wnt4.
Additionally, Fz, Fz2 and Fz4 are present in the glia in the central complex and Fz3 is

presentin the fan-shaped body and protocerebral bridge.

The absence of Frizzled receptor expression in the asymmetric body (AB) during the
remodelling phase suggests that Frizzled is not directly involved in the remodelling

process.

3.3 Canonical Wnt Signalling in AB neurons regulates asymmetric remodelling

Armadillo as well as APC are key components of the Canonical Wnt Signalling Pathway
(Fig.3). The potential role of Armadillo in the remodelling of the AB was tested by either
activating or knocking it down in AB-associated neurons. Armadillo is typically active
when the Canonical Wnt Signalling Pathway is activated, and thus, this experiment aims

to determine whether the pathway is involved in the remodelling process.
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Figure 8: Armadillo knockdown in AB associated neurons at 18°C and 25°C. Y-Axis shows the percentage
of bilateral phenotypes of SA“". Control being SA“"-GFP-recombinant crossed with the UAS-arm™™4. No
significant effect can be seen. Created in https://BioRender.com

ABllexA,leonp::GFP_ R72A10-Gal4
+ ’ UAS—armRNAL

Armadillo knockdown in SA“" neurons(; ) and SA” neurons

(_ ABllexAlexAop::GFP R66A02-Gal4
’ + " UAS—armRNAL

) at 25°C results in a marginal effect on the bilateral

AB1llexA,lexAop::GFP +
+ ’ UAS—armRNAi

innervation of the AB compared to the control (; ) (Fig. 8),

without statistical significance.

AB1lexAlexAop::GFP R16E08-Gal4
+ " UAS—armRNAi

At this temperature FB1B neurons (; ) show almost the

same number of bilateral innervations as the control.

Overall, the percentage of bilateral phenotypes ranges from 15% to 25% across all the
knockdowns involving the AB-associated neurons. This suggests that Armadillo has no
role in remodelling through these neurons, thus indicating Canonical Wnt Signalling is

not involved.
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Figure 9: Armadillo activation in AB associated neurons at 18°C and 25°C. Y-Axis shows the percentage of
bilateral phenotypes of SA"". Control being SA""-GFP-recombinant crossed with the UAS-arm?®'. Armadillo
activation in FB1B-neurons causes lethality in flies. No significant effect can be seen. Created in
https://BioRender.com

The activation of Armadillo in the same neurons leads to a slightly higher incidence of
bilateral phenotypes, ranging from 20 to 25 percent (Fig. 9) at 25°C. No significant

difference is observed between the experimental lines SA”!

(

+ . ABllexAlexAop::GFP R66A02—-Gal4
UAS—armact’ + ’ +

+ . AB1llexA,lexAop::GFP . R72A10-Gal4
UAS—armact’ + ’ +

AB1llexA,lexAop::GFP . . . .
* ; eXLerrop ;). At 18°C, there is no significant difference, although a
UAS—armact +

), SAuni

(

), and their control

(

slight trend can be observed. SAuni shows a 10% lower frequency compared to its
control at the specified temperature. Additionally, it's important to note that crossing

FB1B-Gal4 with UAS-arm®®* leads to complete lethality in the offspring

(

potential impact on bilaterality.

+ _ABllexA,leonp::GFP . R16E08—-Gal4
UAS—arm@ct’ + ’ +

), preventing the determination of any
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In summary, the data indicates that Armadillo does not have a significant impact on the
remodelling process of SAuni neurons. Despite being a key component of the Canonical
Whnt Signalling Pathway, the results suggest that the presence or absence of Armadillo
does not appear to affect the structural changes or the transformation of these neurons.
Therefore, Armadillo may not play a critical role in the remodelling process of SAuni

neurons, at least under the conditions tested in this study.

APC, among other functions, operates in the destruction complex, which degrades
Armadillo in the Canonical Wnt Signalling Pathway. Knocking APC down in the same

neurons should yield a result like Armadillo activation if it is involved in this pathway.
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Figure 10: APC knockdown in AB associated neurons at 18°C and 25°C. Y-Axis shows the percentage of
bilateral phenotypes of SA"". Control being SAuni-GFP-recombinant crossed with the UAS-APC™N4, APC
knockdown in FB1B-neurons causes lethality in flies. Knockdown in SA"-neurons causes an extremely
high bilaterality rate. Created in https://BioRender.com
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RNAi-mediated knock down of APC in the AB-associated neurons (Fig.10):

ABllexAlexAop::GFP R72A10—-Gal4
UAS—ApcRNaL +

- SAu(; ) shows no significant effect.
AB1lexA,lexAop::GFP R66A02—-Gal4

- SAPi(: _
G UAS—ApcRNAL +

), a strong increase of bilateral phenotypes is

AB1lexA,lexAop::GFP

observed compared to the control (; UAS—ApcRNAL

) at both 18°C and 25°C.

At 18°C, the SA" crossed offspring exhibit a 90% bilateral phenotype, while the control
group shows no bilateral brains (X-squared =50.792, df =1, p-value = 1.027e-12, and n =
62). At 25°C, the rate is slightly reduced to 80%, but the difference remains highly
significant (X-squared = 41.75, df =1, p-value = 1.037e-10, and n = 68). Similar to
Armadillo activation in FB1B neurons, APC knockdown in these neurons also leads to

lethality, making it impossible to assess its role in neuronal remodelling.

These results suggest a strong effect of APC knockdown in SAbi-expressing neurons,

leading to a notable and highly significant bilateral phenotype.

R=L R<L fused L

Figure 11: Unique SA“" neuron Phenotypes when APC is knocked down in SA* neurons at 18°C and 26°C.
GFP in green, FAS Il in red and NCAD in grey. The phenotypes are arranged by percentage of occurrence
from left to right. FAS Il staining in fused example was not good. Created in https://BioRender.com.

The high frequency of bilateral phenotypes is not the only significant finding when APC is
knocked down in SA® neurons. The SA“" neurons also exhibit distinct phenotypes, which

barely appear in the normal development (Fig. 11). Most commonly was the appearance
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of same size left-right-AB. In about 10% of dissected brains the left AB is larger than the
right AB at both temperatures tested. A rarer phenotype is the fused AB, where the
commissures between the AB are so thick that they appear fused. Finally, the most

distinctive phenotype is the unilateral AB on the left side, instead of the usual right side.

3.3 Frizzled 4 receptor Knockout influences AB remodelling

Armadillos and APCs effect on frizzled expressing cells were tested to determine

whether the Canonical Wnt Signalling Pathway is generally involved in AB remodelling.
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Figure 12: Armadillo knockdown in Frizzled expressing cells at 18°C and 25°C. Y-Axis shows the
percentage of bilateral phenotypes of SA"". Control being Canton S crossed with the UAS-arm®™™. No
significant effect can be seen. Created in https://BioRender.com

fz—Gal4

When Armadillo is knocked down in the Frizzled 1-3 expressing cells ((; ; U AS—armRNAL

)

fz2—Gal4 ) and ( + . _UAS—armRNAi
fz3—-Gala’’ UAS—y

(..

e vp— )) ,there are little bilateral phenotypes

observed (Fig. 12). The controls' (;; ) bilateral innervations range from 5to 10

UAS—armRNAL
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percent at the experimental temperatures. The experimental groups also fall within this

range, showing no significant difference between the Frizzled lines and their controls.
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Figure 13: Armadillo activation in Frizzled expressing cells at 18°C and 25°C. Y-Axis shows the percentage
of bilateral phenotypes of SA“". Control being Canton S crossed with the UAS-arm?®'. Armadillo activation
in Frizzled 3 expressing-neurons causes lethality in flies. No significant effect can be seen. Created in
https://BioRender.com

+ .. fz—Gal4
UAS—armact’’

Activation of Armadillo in the Frizzled 1 ( ) and Frizzled 2

+ .. fz2-Gal4
UAS—armact’’

(

) Gal4 lines also has no significant effect on bilaterality. However,

fzZ3—-Gal = UAS-y
UAS—armact’’ 4

like the FB1B-Gal4 line crossed with UAS-arm?®, the Frizzled 3 ( ) Gald

line crossed with it, also results in lethality in the flies, thus its effect on remodelling

cannot be determined (Fig.9 and Fig. 13). Overall, the percentages range from 0 to 10

).

+

percent, with no significant difference compared to the control (W; ;

28


https://biorender.com/

ns ns

100 ~ B frizzled 1

90 - ns ns B frizzled 2
- | frizzled 3
% 80 1 B Control
E 70 4
®
= 60 -
S5  50-
[«}]
g 40 -
o 30 - - ,
=4 g 5
§

10+

0 n=35 n=—32 E n=37 n=32 n=35 E n=34
o R O QO QO QO QO QO
NIPOIICINOLIG SN S )
5({/\ S({)/ S(\ib (s') 5(\'/\ ﬁ{\‘} &'{/b {S')
Q\ Q\ Q\ ’\.0 Q\ Q\ Q\ \0
A Y P AR\ SRN\S B
L L L ELL WP
L S U S S
K g

Figure 14: APC knockdown in Frizzled expressing cells at 18°C and 25°C. Y-Axis shows the percentage of
bilateral phenotypes of SAuni. Control being Canton S crossed with the UAS-APCRN. APC knockdown in
Frizzled 3 expressing-neurons causes lethality in flies. No significant effect can be seen. Created in
https://BioRender.com

When APC is knocked down in Frizzled-expressing cells, the cross for Frizzled 3

(

fz3-Gal + L UAS-y
+ ' UAS—ApcRNAL? 4

) leads to early lethality and could not be analysed for the

adult AB phenotype (Fig. 14). Aside from this, there are virtually no bilateral phenotypes

. . . +  fz—Gal4 . . +  fz2-Gal4
observed in Frizzled 1 (; UAS—ApcRNAD 1 ), Frizzled 2 (; UAS—ApcRNAL ) and the
Control (; ———=xxz;;), indicating that the APC knockdown does not lead to significant

UAS—-Apc t

developmental abnormalities in the other Frizzled lines.
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Figure 15: Frizzled 4 Receptor Knockout mutant at 18°C and 25°C. Y-Axis shows the percentage of bilateral
phenotypes of SA"". Created in https://BioRender.com.

Due to time constraint, Frizzled 4 was only investigated through a mutation. The
mutation was induced by P-element mobilization by Delta2-3 transposase. Through
Imprecise excision of the progenitor insertion a deletion, which removes fz4 sequences,

was created, making an amorphic allele (McElwaine et al., 2011).

Additionally, the Frizzled 4 Knockout mutant (fz43~1;;) displays a bilaterality rate of 21%
at 18°C, which increases to 29% at 25°C, indicating a slight but consistent temperature-

dependent change in its phenotype (Fig. 15).

The data shows that a Knockout of Frizzled 4 could indirectly halt SA“" remodelling.
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3.3 Interaction between wnt4t523 and Armadillo
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Figure 16: Armadillo knockdown with wnt4t523 background in AB associated neurons at 18°C and 25°C. Y-
Axis shows the percentage of bilateral phenotypes of SAY". Control being SA“"-GFP-recombinant crossed
with the UAS-arm™ ¥ including the wnt4552% as a mutant background. No significant effect can be seen.
Created in https://BioRender.com

In isolated wnt4£M52% heterozygous flies, the bilateral rate of SA“"-neurons was observed
to be approximately 48% when the flies were maintained at 18°C. In contrast, when the
temperature was raised to 25°C, the bilateral rate increased to around 75% (Data from
Johann Markovitsch and Daniel Mitic). With these isolated lines, a stock was established
containing either Armadillo RNAi for knockdown or constant activation of the protein.
These stocks were used to investigate the outcome on the AB with the interaction

between the mutant and Armadillo.

Armadillo knockdown in wildtype flies resulted in a bilaterality rate ranging from 15 to
25% at 18°C for the AB (Fig. 8). At 25°C, the bilaterality rate was 10% for both control and
FB1B neurons, and about 25% for SA""- and SAP-neurons. In wnt4£523 heterozygous flies

with Armadillo knockdown, the overall rate of bilateral phenotypes increased in
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comparison (Fig. 16). Specifically, Knockdown in SA"" Gal4 lines

23
T wnt4EMS™ pw!  R72A10-Gal4

 ABllexAlexAopnGFP Uas—armrnai) Showed the same rate of bilateral phenotypes as the

WntaEMS?? py 1 + o bi .
control (; ; —;) at both temperatures. At 18°C, SA” Gal4 lines
AB1lexA,lexAop::GFP " UAS—arm t

23 23
wnt4EMS® pyt R66A02—Gal4 . wnt4EMS®* py1 R16E08—Gal4
; ; =na;) and FB1B Gal 4 lines (; ; T
AB1lexA,lexAop::GFP " UAS—arm t AB1lexA,lexAop::GFP " UAS—arm t

( )

showed a 15% increase in bilaterality compared to controls. At 25°C, SA® showed a 25%
increase in bilaterality over the control, and statistical analysis (X* = 4.6937, df =1, p-
value =0.030, N = 67) indicated a significant difference. However, after correcting for
multiple tests (Bonferroni correction: p-adjusted = 0.09), the difference was no longer

significant.

When compared to wildtype flies (Fig. 8), only the experimental group showed a
difference. The bilaterality rate for all experimental groups at 18°C increased by 10-20%,
suggesting a tendency for higher bilaterality in the mutant background. At 25°C, SAu"-
neurons showed a 15% decrease in bilaterality, while the other experimental groups

exhibited a 10% increase.
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Figure 17: Armadillo activation with wnt4t"S2 packground in AB associated neurons at 18°C and 25°C. Y-
Axis shows the percentage of bilateral phenotypes of SAY". Control being SA“"-GFP-recombinant crossed
with the UAS-arm® including the wnt45"523 as a mutant background. Armadillo activation in FB1B-neurons

causes lethality in flies. No significant effect can be seen. Created in https://BioRender.com

Armadillo activation in wildtype flies proved lethal for FB1B neurons. At 18°C, the

bilaterality rate for SA""-neurons was 15%, while the control and SA”-neurons showed a

bilaterality rate of around 30%. At 25°C, all three groups exhibited a bilaterality rate
within the range of 20-25%.

Similar to the normal Armadillo activation in the AB-associated Gal4 lines, activating
Armadillo in this case is also lethal for the FB1B line

23
UAS—arm®t — wntaEMS™ pw!  R16E08-Gal4

( ) (Fig. 17). Otherwise, both the Control

+ ’ ABllexA,lexAop::GFP’ +
23 23
(UAS—armaCt_ wnt4EMS™ pwt ) and SAU (UAs—arm“Cf_ wntaEMS™ pyt _R72A10—Gal4)
+ ’ AB1lexA,lexAop::GFP’ + ’ ABllexA,lexAop::GFP’ +

crosses show a bilaterality rate of 33% at 18°C, with SA’

23
UAS—arm®t  wnt4EMS™ pw!  R66402-Gals
+ " ABllexA,lexAop::GFP’ +

( ) exhibiting a slightly higher rate of 50%. At
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25°C, the bilaterality rate decreases across all lines: SAuni at 18%, SA” at 25%, and the

Control at 6%.

When comparing the flies with wnt4f523 to the ones without this mutation (Fig. 9), the
experimental groups SA"" and SA" show an approximate 20% increase in bilateral
phenotypes in flies with the wnt4t"52® mutated background at 18°C. However, at 25°C,
the control group exhibits a decrease of about 15% in bilateral phenotypes, indicating a
temperature-dependent variation in the expression of bilaterality between the mutated

and control groups.
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Figure 18: Armadillo knockdown with wnt452¢ background in Frizzled expressing neurons at 18°C and
25°C. Y-Axis shows the percentage of bilateral phenotypes of SA". Control being Canton S crossed with
the UAS-arm™ including the wnt45"52% gs a mutant background. At 18°C all experiments were
significantly different to the control. However, at 25°C only Fz3 shows a significant difference. Created in
https://BioRender.com

Armadillo knockdown in Frizzled-expressing cells resulted in a bilaterality rate ranging

from 0% to 10% (Fig. 12).
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All three Frizzled Gal4 lines show a notable difference when Armadillo is knocked down
in a heterozygous wnt4£523 mutant background at 18°C (Fig. 18). Frizzled 1

23
] Wnt4EMS®" pyl . fz—Gal4
’ + ’ UAS—armRNAL

highly significant result (X-squared = 10.513, df =1, p-value =0.001, n = 67). Frizzled 2

) shows a 30% difference compared to the control, with a

23
(_Wnt4EMS bwl  fz2-Gal4
’ + " UAS—armRNAL

control (X-squared =6.0296, df =1, p-value =0.014, n = 68). Frizzled 3

) shows a modest but significant decrease compared to the

23
fz3—-Gal Wnt4EMS™ pwt UAS-y

( ;

+ + " UAS—armRNAi

) also exhibits a slight, significant reduction relative
to its control (X-squared = 7.3045, df = 1, p-value = 0.007, n = 65). At 25°C, only Frizzled 3
(X-squared = 6.1066, df = 1, p-value = 0.013, n = 70) demonstrates a slight but significant
difference from the control. Due to the Bonferroni correction Frizzled 1 only shows a

tendency at 25°C.

When comparing the bilateral phenotypes of Armadillo knockdown in Frizzled-
expressing cells (Fig. 12) to these data, in general the control groups show a higher

bilaterality rate by approximately 20% higher at both experimental temperatures.
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Figure 19: Armadillo activation with wnt4f"S2% packground in Frizzled expressing neurons at 18°C and
25°C. Y-Axis shows the percentage of bilateral phenotypes of SA“". Control being Canton S crossed with
the UAS-arm?®tincluding the wnt4552% as a mutant background. Armadillo activation in Fz3 expressing
neurons causes lethality in flies. No significant effect can be seen. Created in Created in
https://BioRender.com

Armadillo activation in Frizzled-expressing cells also resulted in a bilaterality range from
0% to 10% at both experimental temperatures (Fig.13). However, the cross involving Fz3

turned out to be lethal.

When Armadillo is activated in Frizzled-expressing cells within a wnt4f52 heterozygous
background, no significant difference is observed compared to the control (Fig. 19). Itis
worth noting that, although none of the lines show a statistically significant difference,

+ Wnt4EMS® bl f20_Gala . .
. 4 . 0,
Py rEp— " ; " ) tends to be approximately 25% higher than

Frizzled 2 (

. UAS—arm@ct Wnt4E’V'SZ3,bW1 o .. L. .
its control ( " ; " ;) at 18°C. Similar to the activation with normal

z3-Gal  Wnt4EMS® pwl yas—y, . .
! ; ; y) is lethal with the mutant
UAS—arm@act + +

background, Frizzled 3 (
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+ Wnt4EMS® pwl fz—Gala .
; ;f ) shows a reduction of
UAS—armact + +

background as well. Frizzled 1 (

bilateral phenotypes at both temperature of about 10 percent compared to the control.
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Figure 20: Comparison of frizzled 2 enhancer driven armadillo activation with Wnt4EMS2-background. Y-
Axis shows the percentage of bilateral phenotypes of SAU™. Statistical comparison two experimental

—Gal EMS? byt £22-Gal . .
- . [726a 4) and (- * , ntd s ;fz2 ga 4). Created in https://BioRender.com.

UAS—arm@ct’’ 4 UAS—arm@act’ + +

groups (
When comparing the percentage of bilateral AB phenotypes through armadillo
activation (Fig. 13) in Frizzled 2 to the same activation with Wnt4&523 notably,
expression in Fz2-Gal4 demonstrates a highly significant difference (X-squared = 12.838,
df =1, p-value =0.0003397, n = 67) (Fig. 20). In neurons expressing Frizzled 2, armadillo
activation causes a 40% higher bilaterality AB rate when the Wnt4&"52® mutant
background is present, compared to when it is absent. In comparison the control of
armadillo activation with CantonS shows a slighter difference to armadillo activation
with CantonS in Wnt4f52 mutants. With the mutant background the bilaterality rate of

the AB is approximately 20% higher at 18°C.
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3.4 Co-receptor Knockout effects on the AB

Wnt molecules often do not bind solely to Frizzled receptors; co-receptors are as
mentioned also often needed. In this chapter, various knockout mutants are tested to
determine whether they are involved in the remodelling of the AB. Arrow? is a mutant
which was induced by exposure of ethyl methane sulfonate (Tearle and Nusslein-
Volhard, 1987). Through this a premature stop codon is introduced between EGF-like
repeats 2 and 3, making a Knockout mutant (Wehrli et al., 2000). Nrk*© is a mutant
created through CRISPR/Cas9. Most of its endogenous coding sequence was deleted,
making it a loss of function allele (Fradkin, 2023). Lastly Ror“ is a mutation induced by P-
element activity. Through the deletion most of the sequence including the start codon

and most of the first three exons of Ror were removed (Ripp et al., 2018).

100 ~ B Arrow
90 - B Nrk

80 4 E Ror
70 4
60 -
50
40 -
30 -
20 -
10 +
0 -

Percentage of Bilaterality
[%]

Figure 21: Percentage of SAuni bilaterality in Co-receptor Mutants at 18°C and 25°C. Arr (Arrow), Nrk
(Neurospecific receptor kinase) and Ror (RTK-like orphan receptor) are Co-receptors. The Y-Axis shows the
percentage of bilateral phenotypes of SAuni. Arrow and Fz4 shows a heightened bilaterality rate. Created
in https://BioRender.com
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Among the co-receptors tested, only heterozygous arrow? mutants ( tyo

exhibits an increased bilateral AB rate (Fig. 21). When comparing arrow to the other co-
receptors, Ror (; Ror*;) and Nrk (; NrkX9;), a noticeable difference of 35-40% higher
bilaterality rate is observed at 18°C. At 25°C the difference decreases to 20% for the

bilateral phenotypes.

The fact that the Arrow mutant is heterozygous yet still exhibits a strong effect suggests a

dominant phenotype.

This data implies that Arrow has an effect on the remodelling of SA“"-neurons. However,
in this case a knockout of said co-receptor causes the halt on remodelling, raising the
question if it works in an antagonistic fashion to Fz2 or having a role outside of the

Canonical Wnt Signalling Pathway.
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4. Discussion

Do the findings show that wnt4f%52% a gain-of-function mutant as hypothesized?

Firstly, the expression of Wnt4 and the frizzled receptors do not overlap with the AB, but
Whnt4 and Frizzled 3 show an overlap of expression in the fan shaped body. A key finding
of this study is that Armadillo activated in Frizzled 2 expressing glial cells increases
bilaterality rate of the AB only in the presence of the wnt4f"52* mutant background. This
showed that Wnt4 has no function for this specific remodelling in wildtype flies. Another
a significant and independent discovery is that knocking down APC in SA* " neurons
results in a high rate of bilaterality in SA“" neurons. Lastly a Co-receptor Knockout
mutant of arrow (arr?) and a receptor Knockout of Frizzled 4 (fz4°") showed an increased

bilateral AB rate.

These data showed that the activation of Armadillo in Frizzled 2 expressing neurons, in
combination with the wnt4f52> mutant, increases the percentage of bilaterality

immensely.

Isolated wnt4£528 mutants with UAS-arm?° crossed with CantonS showed a bilateral AB
Fas2 expression of about 15%. Following the interference of Armadillo function in
Frizzled 2 expression cells it increased to about 45%. Indicating the importance of the

interaction between Wnt4, Frizzled 2 and Armadillo.

Interestingly, when armadillo is activated in the fz2 expressing neurons, it does not lead
to the cessation of the remodelling process on its own. This suggests that while
armadillo activation is a crucial component of the signalling cascade, its activation in
this context is not sufficiently robust or potent to directly halt the remodelling process. It
indicates that additional factors or sighals may be necessary to amplify the armadillo
response, or that the activation of armadillo in this specific context may not fully mimic

the physiological conditions required to halt remodelling.

This data suggests that the wnt4t"52® mutant is a gain-of-function mutant as
hypothesised, due to the increase of bilateral SA"" phenotypes in armadillo activated
frizzled 2 expressing cells, when wnt4£523 is present. Thus, Canonical Wnt Signalling

plays a key role in regulating the asymmetric remodelling of SA“" neurons.
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A reduction in APC within SAP neurons may interfere with normal asymmetric
development, leading to a more symmetric phenotype in SAuni neurons. This process
appears not to involve Wnt Signalling but may instead be mediated through the
cytoskeleton. This is a non-autonomous effect. SA® is known to be a progenitor neuron
for SA'". This means the interference in SA* neurons can inevitably cause the

interference in SAuni neurons as well.

Arrow most likely plays a role in the remodelling outside of the Canonical Wnt Signalling
Pathway. Due to the fact, that its Knockout causes the heightened effect of bilateral

phenotypes in the AB.

4.1 Armadillo activated in specific Glia affect the Remodelling of SAuni neurons

Glia plays a crucial role in guiding neuronal remodelling. Research has demonstrated
that glia secretes Myoglianin, a TGF- ligand, which directs neural remodelling in the
mushroom bodies (ref). It has been shown that glia coordinate developmental neural
remodelling not only through the engulfment of excess neurites but also by facilitating
neuronal remodelling. By knocking down Myoglianin in larval cortex and astrocyte-like
glial cells, thus causing a disruption of the TGF-B signalling, the remodelling process of
mushroom bodies was halted during pupal stage (Awasaki et al., 2011). The same glia
celltypes are known to be present in the central complex, making it possible to have an

influence on the remodelling of the SA“"-neurons (Marc Freeman, 2015).

Wnt4 could be secreted and collected by glia through Frizzled 2 receptors. This causes a
down cascade resulting in gene expression which causes the secretion of Myoglianin

from the cells.

Myoglianin, when bound to the Babo receptor, is known to trigger the phosphorylation of
Mad (Mothers against dpp), among other effects. Mad is an R-Smad (receptor-activated

Smad) that transmits the BMP (Bone Morphogenetic Protein) Signalling Pathway. Mad is

also known to form a complex with Armadillo, which regulates the expression of Wnt

target genes (Upadhyay et al., 2017).

When Armadillo is activated in glia expressing Frizzled 2 receptors, it leads to a
disruption in the remodelling of the AB. This effect occurs only when excess Armadillo is

present in conjunction with the Wnt4&52% packground. This observation suggests that
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Armadillo and Mad might collaborate in regulating the target genes that drive the
remodelling process. Their combined activity may play a crucial role in coordinating the
molecular signals necessary for proper neuronal remodelling. By cooperating, Armadillo
and Mad could influence the expression of specific genes that are involved in the

structural changes required for neural development and adaptation.

4.2 APC involvement in Remodelling of SA"" nheurons

APC knockdown in SA® neurons disrupts the remodelling of the SA“" neurons. The lack
of disruption caused by active Armadillo in SA® neurons suggests APC has a function

independent of the canonical Wnt signalling pathway.

Canonical Wnt Signalling is not its only role, as a wide range of other partners have been
identified over the years (Abbott and Nathke, 2023). Over a hundred interaction partners
have been revealed, its involvement being in diverse cellular processes including
Migration, Adhesion, Transpost, Gene expression, Protein synthesis, Cell division and

Life and death (Nelson and Nathke, 2013).

Although APC is most prominently known for the Wnt Signalling Pathway, itis also a
regulator for the cytoskeleton with links to both actin and myosin (Fang and Svitkina,

2022).

A possible function of SA"" remodelling is through the signal from SA” which does cell
migration through the cytoskeleton. Actin filaments, often with myosin, drive many cell
movements. Myosin, a molecular motor, converts ATP into mechanical energy,
generating force and movement. While muscle contraction is the most notable example,
actin-myosin interactions also drive various nonmuscle cell movements, including cell
division, playing a key role in cell biology. Additionally, the actin cytoskeleton enables
cell crawling, powered by actin polymerization and actin-myosin interactions, which is

significant for neurons (Cooper, 2000).
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Figure 22: APCs functions and localisation in cell migration. (a) APC clusters at microtubule tips trigger
branched actin assembly at the cell's leading edge for membrane protrusion. (b) APC clusters near focal
adhesions nucleate linear actin filaments, promoting focal adhesion turnover via an unknown
mechanism. (c) APC can localize to cell-cell junctions, but its role there is unclear. APC accumulates at
microtubule tips through interactions with EB family +TIPs or kinesin motors. (Made by Fang and Svitkina,
2022).

APC regulates both actin and microtubules (Fig. 22) stabilizing microtubules while
maintaining their dynamics at the plus ends. It also promotes actin-based protrusion by
activating the APC-Cdc42-N-WASP-Arp2/3 complex pathway. Additionally, APC appears
to enhance focal adhesion dynamics, though the mechanism remains unclear (Fang

and Svitkina, 2022).

APC stabilizes microtubules by binding to their lattice via its basic domain, with support
from the APC-EB1 interaction. In terms of actin, APC seems to have several roles. Itis
thought to facilitate communication between microtubules and contractile actin
bundles linked to focal adhesions. Given that membrane protrusion at the leading edge
is driven by actin polymerization through the Arp2/3 complex, this suggests APC also

helps coordinate microtubules with protrusive branched actin networks. Such
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coordination is crucial for accurate cell migration, particularly in neurons, which grow
neurites over long distances to precise targets, forming functional neural circuits during
development and after injury. The high levels of APC expression in the brain, along with
the neuron-specific APC2 paralog, emphasize APC's central role in cell polarity and

navigation (Fang and Svitkina, 2022).

To conclude the data possibly points APC to have a cell migratory role in the remodelling
of SAuni neurons, either by collaborating with actin or myosin, through the migration of

SADbi.

4.3 Arrow’s possible functions in remodelling of neurons

The absence of LRP5/6 leads to various defects in humans, including an association
with Alzheimer's disease and abnormalities in the central nervous system (Joiner et al.,
2013). LDL receptor-related proteins 5 and 6 (LRP5/6), along with their Drosophila
homolog Arrow, are essential single-span transmembrane proteins that act as co-

receptors in the Canonical Wnt Signalling Pathway (Tamai et al., 2004).

In LRP6 mutant mice, reduced production of dentate granule neurons and abnormalities
in radial glial scaffolding were observed (Zhou et al., 2004). Glia are known to play a role
in neuronal remodelling, and mutations disrupting the scaffolding could impair this

process, leading to increased bilateral phenotypes of SA'".

Arrow’s role as a co-receptor was thought to be its sole function, but recent findings
suggest it may also have an additional role (Han et al., 2020), potentially explaining the
decreased remodelling when Arrow is absent. Exosomal Arrow appears to elevate the

extracellular levels of Sol narae (Sona) independently of Wnt Signalling. In arr2

chl,arr?,bwl speck?

G

Cyo ;) mutants, extracellular Sona levels were found to be reduced. A

proposed model suggests that Arrow, secreted via extracellular vesicles (EVs), signals
early endosomes to regulate Sona secretion through EVs or direct it toward lysosomal

degradation (Han et al., 2020).

Sona, a member of the ADAMTS (A Disintegrin And Metalloprotease with

ThromboSpondin motif) family, is thought to enhance Wnt Signalling by promoting its

44



secretion. Its primary function is to generate the Wg(-CTD) C-terminal domain, which is
believed to stabilize cytoplasmic Armadillo and interact with other components of the
Canonical Wnt Signalling Pathway (Won et al., 2019). However, further research is

needed to determine whether Sona has additional functions outside of Wg.

These findings suggest that Arrow is necessary in certain neurons to activate the
Canonical Wnt Signalling Pathway, initiating the remodelling process. This could have a
non-autonomous effect on SA"" remodelling, as we know that direct manipulation of the

Canoninal Wnt Signalling Pathway has no effect on it.

4.4 hypothesized model

By combining all the gathered data, a model (Fig.23) was created to explain the observed

processes and interactions between the cells.

In wildtype the presence of Wnt4 is insufficient to cause significant binding to the Fz2
receptors located on glial cells. As a result, the downstream signalling cascade is not
activated, and the Dishevelled protein does not inhibit the Axin complex. Consequently,
the Axin complex remains active and continues to phosphorylate Armadillo, leading to
its degradation. Because of this ongoing degradation, Armadillo cannot accumulate and
translocate to the nucleus, where it would normally interact with transcription co-
factors (TCF) to initiate specific gene expression. Without this the remodelling process
of SA'"-neurons proceeds normally and the neurons continue their typical development
without the alterations seen in conditions where an increased amount of Wnt4 is

released.
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Figure 23: Model of Remodelling SA“"-neurons in the presence of wnt4t523 mutation and wildtype
background. An active Canonical Wnt Signalling Pathway in wnt45523 flies halts the remodelling process of
SA“"-neurons. Created in https://BioRender.com
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In wnt4f523 mutants, Wnt4 is secreted from PFNs (protocerebral bridge Fan shaped
body neurons) and to Fz2 receptors, which are positioned on glia cells. This interaction
activates Dishevelled, which in turn inhibits the Axin complex, preventing it from
phosphorylating and degrading Armadillo (the Drosophila homolog of B-catenin). As a
result, Armadillo is stabilized, translocates to the nucleus, and binds with Mad to
transcription co-factors like TCF (T-cell factor), triggering the activation of specific target
genes. This causes the glia to send a signal, anchoring SA” prematurely in the tissue
through synapse formation. This prevents a signal being send to SA"" to retreat itself to

the right side, thus staying bilateral.

Glia cells are known for synaptic formation. Them being activated could cause an early
anchoring of SA* neurons in the tissue which are hypothesised to initiate the remodelling
in SA""neurons through synapses. This could prevent it from retreating later in

development.

4.5 Next Steps

There are still numerous unresolved questions in this research and addressing them will
require additional investigation and experimentation. To clarify some of these

uncertainties, | propose several further experimental approaches.

First, the crosses that previously resulted in lethal outcomes should be repeated, this
time using the Gal80 system. The advantage of this system is that it allows for precise
temporal control over gene activation and knockdown at specific time points. By
implementing the Gal80 system, activation or knockdown can be targeted shortly before
the remodelling process begins, potentially saving the offspring from death by more

accurate timing of gene expression.

Additionally, to more conclusively exclude the involvement of APC in the Canonical Wnt
Signalling Pathway in SA® neurons, it would be beneficial to pair the APC knockdown
with an Armadillo knockdown. Armadillo is a crucial component of the Wnt pathway,
and by knocking it down alongside APC, we could investigate whether this results in an
antagonistic effect on the remodelling process. Conversely, if remodelling does not

occur as expected, it would suggest that APC’s role in this pathway is more critical than
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initially thought. This experiment could provide a clearer understanding of APC’s specific

function in these neurons.

The results so far indicate that APC is involved in far more processes than originally
explored, suggesting that its role may extend beyond the Canonical Wnt Signalling
Pathway. To narrow down the potential interactions and pathways in which APC
participates, it would be important to further test its interactions with known partners,
such as actin, myosin, and other cytoskeletal components. By examining these
interactions more thoroughly, we may uncover additional functions of APC that were
previously overlooked, leading to a more comprehensive understanding of its role in the

remodelling of SA“" neurons.

Furthermore, it has been shown that Arrow is not only a co-receptor to Frizzled in the
Whnt Signalling Pathways but also operates independently of them in some contexts. This
finding suggests that Arrow might play a more complex role in cellular signalling than
initially realized. Given this new insight, further research should focus on investigating
the mechanisms by which Arrow functions independently of the Wnt pathway.
Understanding how Arrow contributes to cellular processes outside of Wnt signalling

could open up new avenues for exploring its role in development.

Finally, one potential issue that could be viewed as a limitation or flaw in these
experiments is the effect that the genetic manipulations might have had on the SA”
neurons themselves. For example, the APC knockdown in SA” neurons resulted in the
emergence of a bilateral phenotype in SAuni. This raises the possibility that the
appearance or properties of the SA? neurons might have been altered in ways that
influenced the phenotype of neighbouring SA"" neurons. It is important to consider
whether the changes observed in SA® neurons could have indirectly affected SAuni

neurons, leading to the different observed phenotype in these cells.

4.6 Conclusion

In conclusion, the role of the wnt4f523 mutant is more intricate than initially anticipated,
presenting unexpected challenges in both its characterization and the interpretation of
its effects. One particularly revealing aspect of this complexity is the activation of
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Armadillo in Frizzled 2-expressing glial cells in the presence of the wnt4£52> mutant. This
observation underscores the multifaceted nature of signalling interactions and
highlights the intricate crosstalk between various molecular components involved in
neurodevelopment. Additionally, the discovery that APC influences cellular remodelling
so strongly represents a significant breakthrough, offering new insights into the
molecular underpinnings of neural development. Together, these findings illuminate the
rich and interconnected network of regulatory mechanisms that govern
neurodevelopmental processes. They also mark the beginning of a promising line of
research aimed at unravelling how disruptions in these pathways might contribute to
neurodevelopmental disorders. Continued investigation will not only deepen our
understanding of fundamental developmental biology but also hold potential for
informing therapeutic strategies and interventions for neurological conditions rooted in

early developmental dysfunction, like epilepsy.
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