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Abstract

As the brain grows, neuronal number is coupled to the emergence of neural circuits ensuring
correct connectivity conducive to normal behaviour. Across animals, neurons are produced in
excess, neurotrophic growth factors are secreted in limiting amounts and only neurons that
receive trophic support are maintained alive (Levi-Montalcini, 1987). In mammals, this is
regulated by neurotrophin ligands function via tyrosine-kinase Trk and TNF-family p75
receptors. Drosophila neurotrophins (DNTs) belong to the Spitzle (Spz), paralogue group
that function via Toll receptors instead. Intriguingly, the link between these major protein
families could be evolutionarily conserved, but still remains unexplored in mammals. DNTs
and Tolls regulate cell survival during axon guidance in the Drosophila embryo, and
neuronal survival in the adult brain (Zhu et al., 2008; Mcllory et al.,2013; Li et al., 2020).
However, the optic lobe is the ideal context to further probe neurotrophism in Drosophila
vast number of neurons die naturally during pupal development and connectivity patterns in

the visual system are well known.

The data show that DNTs and Tolls are expressed dynamically during pupal visual system
development, in distinct spatial profiles. Interfering with the functions of DNT-2/spz-5 and
DNT-3/spz-3 can either prevent or promote neuronal survival. Data suggest that this is
mediated via Toll-2, -6 and -8 as the effects can be rescued with epistasis. Furthermore, the
alterations in neuronal number correlate with altered dendrite and axonal patterns and
connectivity. Moreover, DNTs can promiscuously bind multiple Toll receptors, confirming
previous reports (Foldi et al., 2017), and implying that this molecular mechanism is unlikely
to function in cell-cell contact recognition synaptic matching.

Altogether, the data support a function for DNTs and Tolls in the control of cell number and
connectivity during visual system development that supports the evolutionary conservation of

neurotrophism as a fundamental principle of nervous system development.
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Chapter 1

INTRODUCTION

The nervous system undergoes an initial overproduction of neurons during development. The
regulation of proper neuronal number, as well as the impact on glia and their progenitors, is
crucial for regular connectivity and function (de la Rosa and de Pablo, 2000; Vicario-Abejon
et al., 2002). However, the exact processes underlying these events are still not fully

understood.

The discovery of neurotrophism in mammals has shed light on the developmental process in
the nervous system. They are important factors that regulate neural survival, development,
function and plasticity (Levi-Montalcini, 1987). Also, the discoveries of these NTF’s lead
to the broad interest in the use of these factors in investigating neurodegenerative diseases

(Blesch, 2006).

Neurotrophins such as Nerve Growth Factor (VGF) and Brain-derived Neurotrophic Factor
(BDNF)) regulate neuronal survival via specific receptors and signaling pathways (Huang and
Reichardt, 2001). They achieve this by binding to the Tropomyosin-Receptor-Kinase (Trk)
family, including TrkA, TrkB, TrkC, and p75, with each receptor binding to specific
neurotrophins. For example, TrkA binds to NGF, TrkB binds BDNF and Neurotrophin 4
(NT-4), and TrkC binds Neurotrophin 3 (NT-3) (Huang and Reichardt, 2001) (Figure 1.1).
There is evidence that neurotrophism occurs in insects such as fruit flies. The discovery of
neurotrophins in fruit flies suggested a common evolutionary origin in both invertebrates and
vertebrates (Zhu et al., 2008). Drosophila Neurotrophin 1 (DNT-1), Drosophila Neurotrophin

2 (DNT-2) were identified as neurotrophin homologues in Drosophila, with sequence and



functional conservation, involved in nervous system development in the insect nervous (Zhu
et al., 2008). When DNT1 was used as a query in structure-based searches using FUGUE, it
identified human neurotrophins with over 99% certainty as probable homologs (Zhu et al.,
2008). This high level of structural similarity suggests a conserved evolutionary relationship
between Drosophila and mammalian neurotrophins. It's important to note that while the
structural similarity is high, the sequence similarity may be lower, as neurotrophins have
diverged considerably outside the Cystine-knot domain. The researchers focused on the
Cystine-knot domain for phylogenetic analysis due to this divergence (Zhu et al., 2008). The
study demonstrates that despite potential differences in sequence, the Drosophila
neurotrophins maintain functional similarity to their mammalian counterparts, regulating
neuronal survival and targeting (Zhu et al., 2008). This functional conservation, along with
the structural similarity, supports the notion of a common origin for neurotrophins in bilateral

organisms.

They are paralogues spétzle (spz), and like spz, Drosophila neurotrophins bind to the
Drosophila Toll receptors (Foldi et al., 2017; Mcllroy et al., 2013). It has been documented
that DNT-1 binds to To//-7, and DNT-2 binds to Toll-6 (Mcllroy et al., 2013). Additionally, it
has been reported that these DNTs can be promiscuous and bind to different Tolls (Mcllroy et
al., 2013). The interactions between DNTs and their Toll receptors, such as Toll-6 and Toll-7,
are required for larval locomotion and motor-axon targeting, as well as maintaining neuronal
survival in the embryo (Mcllroy et al., 2013), to promote cell death in the pupa (Foldi et al.,
2017), and to regulate synaptogenesis in the larval neuromuscular junction (Ulian-Benitez et

al., 2017). Toll-2 is required to maintain cell survival in the adult brain (Li et al., 2020).

Little is known about neurotrophic factors in the Drosophila visual system. However, the



Figure 1.1 = Mammalian neurotrophins and their receptors

pro-NGF
pro-BDNF
BDNF pro-NT-3
NGF NT-4 NT-3 pro-NT-4

TrkA TrkB TrkC p75

Cell Survival Cell Death

The mammalian neurotrophins and their receptors p75 and Trk family receptors. Mature
forms of neurotrophins bind to Trk family receptors to promote cell survival (Red, orange,
and blue). Pro-NTs bind to p75 receptor to promote cell death (Green).



expression and function of multiple Tolls that bind these trophic factors have been
documented and shown to regulate neuronal number and survival in the adult and pupal
visual system (Li et al., 2020). My thesis aims to test whether neurotrophic factors operate
during the development of the Drosophila visual system and whether DNTs and Tolls are

responsible for controlling cell survival during connectivity.

1.1 The neurotrophic theory

Rita Levi-Montalcini proposed the neurotrophic theory, which suggests that during nervous
system development, neurons are initially produced in excess (Levi-Montalcini, 1987). At
this stage, target tissues would produce limited amounts of trophic factors. Neurons would
then compete for these trophic factors, which are taken up by the dendrites. Only the neurons
that receive these factors will survive, while those that do not receive them will die and be
eliminated by apoptosis. The trophic factors are then transported back to the cell body to
activate survival signaling pathways. Additionally, neurotrophins can regulate the

differentiation and plasticity of neurons (Huang and Reichardt, 2001).

Four neurotrophic factors have been discovered, with NGF being the first trophic factor,
followed by BDNF, NT-3, and NT-4 (Huang and Reichardt, 2001a). The discovery of these
tropic factors significantly influenced the field of developmental biology. The experiments
that led to the discovery of NGF have shown the essential role of cellular interactions during

development (Guthrie, 2007).

When neurotrophins were discovered, NGF was found to promote the survival of sensory
spinal and sympathetic neurons in culture (Huang and Reichardt, 2001). Studies using anti-
NGF injections to inhibit the activity of NGF have shown that NGF is necessary for

maintaining the survival of sympathetic neurons both in vivo and in vitro. Additionally, other



studies have revealed that neurotrophins have various sources. Before peripheral nerve
injury, macrophages infiltrate the damaged nerves as part of an inflammatory response and
release cytokines that induce the synthesis of NGF in Schwann cells and fibroblasts in the
injured nerve. Moreover, NGF can also be synthesized in mast cells and released during mast

cell activation (Huang and Reichardt, 2001).

Apart from promoting cell survival, each neurotrophin has been shown to promote neurite
growth in vitro. NGF, for example, has been demonstrated to regulate the size of sympathetic
neuron growth cones (Blesch, 2006), which implies that the presence of NGF is essential for
axons to grow and find their targets. In a previous experiment in primate models, neurons
treated with NGF had axons that invaded only the location where NGF was present, while
neurons with no neurotrophins did not exhibit similar growth. When the NGF was removed
from that location, neurons retracted their axons and ceased growing, demonstrating that
neurotrophins can also promote growth and guide neurons to their targets besides promoting

cell survival (Huang and Reichardt, 2001).

In summary, researchers paid close attention to NGF and other neurotrophins because they
recognized the importance of cell-cell interactions between neurons and target cells for the
survival of most neuronal populations during development (Huang and Reichardt, 2001).

This observation also suggested a mechanism by which vertebrates might use apoptosis to

eliminate mis-projecting neurons, thereby allowing the generation of complex neural systems.

1.2 Why must neurons die?

During nervous system development, there is an overproduction of neurons that are not
needed (Huang and Reichardt, 2001a). To have the correct number of neurons for normal

nervous system function, extra neurons must be eliminated. Neuronal death is critical



component of nervous system development, ensuring that the nervous system is properly
wired and functions correctly by removing extra or incorrect connections (Hollville et al.,

2019).

Neurons die during development for many reasons, which are crucial for the proper formation
and function of the nervous system. First, the excessive production of neurons must be
controlled. During nervous system development, neurons are produced in excess. These
neurons are later eliminated through apoptosis ensuring the correct number of neurons
required for normal function (Davies, 2003). Second, during synapse formation, cell death is
required to eliminate the incorrect connections as synapses that form during development.
Programmed cell death helps refine neural circuits ensuring only necessary connections
remain (Oppenheim, 1991). Third, neuronal death can occur at different developmental
stages. This occurs due to the requirement needed for each stage at different time points. For
example, in Drosophila, neuronal cell death in the VNC is required for the proper structure
formation, while in the optic lobes, cell death occurs in two different phases each with its
own purpose (Togane et al., 2012). The first phase occurs from the start of metamorphosis to
48 hours after puparium formation (APF), with a peak at 24 hours APF. During this phase,
dying cells are detected in all four cortices: the lamina, medulla, lobula plate cortices, and the
region of T2/T3/C neurons. This phase coincides with a sharp rise in ecdysone levels,
suggesting ecdysone may control optic lobe cell death (Togane et al., 2012). The second
phase extends from 48 hours APF to eclosion, with a small peak of cell death at 84 hours
APF. In this phase, a smaller number of cells continue to die, with dying cells concentrated in
the dorsal and ventral medulla cortex. This phase appears unrelated to changes in ecdysone

levels, suggesting different underlying mechanisms from the first phase (Togane et al., 2012).



1.3 Evidence in support and against neurotrophism in the Drosophila optic lobe

The controversy regarding the regulation of synaptic connectivity and cell survival has
always been a spotlight in developmental biology. Researchers have always argued whether
these precise connections are regulated during development as the result of neurotrophism or
through guidance with specific molecular cues. Multiple studies have supported the
neurotrophic theory by Rita Montalcini and the chemoaffinity hypothesis by Roger Sperry.
The neurotrophic theory argues that competition for survival factors maintains the survival of
neurons, which establishes the correct connectivity (Levi-Montalcini, 1987). However, the
chemoaffinity hypothesis argues that these connections are established based on the
molecular cues expressed on the pre and postsynaptic targets without relying on the survival
of these neurons (Sperry, 1963). Although these two hypotheses are not exclusive, both

mechanisms could operate together during nervous system development.

1.3.1 Massive cell elimination at 24 hr APF in the optic lobes driven by ecdysone

In the Drosophila optic lobes, cell death occurs at two different phases each for its own

specific requirement (Hara et al., 2013).

The first phase occurs at the start of embryonic development up until 48 hr APF, peaking

at 24 hr APF. During this phase, a massive number of cells die in the optic lobes, specifically
in the lamina and medulla at 24 hr APF, eliminating excess of cells that aren’t needed for the
adult visual system. This phase of elimination corresponds to the time when the hormone
ecdysone levels are high, suggesting that ecdysone controls cell death occurring in the optic
lobe at this initial phase (Togane et al., 2012). Ecdysone controls cell death in the Drosophila
optic lobe through multiple mechanisms. During early metamorphosis, cell death occurs

independently of ecdysone. However, after 24 hours post-puparium formation, ecdysone-



dependent cell death becomes prevalent, requiring the ECR-B1 isoform of the ecdysone
receptor (Hara et al., 2013). Ecdysone signaling activates cell death by regulating the
expression of key genes involved in apoptosis. For instance, the promoters of reaper, a cell
death-inducing factor, and Dronc, an initiator caspase, contain ecdysone response elements.
The hormone's effects are mediated through the ECR/USP heterodimeric nuclear receptor,
which binds to these response elements to control target gene expression. Importantly, the
timing of ecdysone-dependent cell death does not directly correlate with EcR-B1 expression

suggesting additional regulatory mechanisms (Hara et al., 2013; Togane et al., 2012).

The second phase occurs from the end of 48 hr APF to eclosion. During this phase, a small

number of dying cells can be seen, with a slight peak at 84 hr APF. Most cell death in this
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phase occurs in the dorsal and ventral medulla cortex. Unlike the first phase, cell death in the

second phase does not seem to have a relationship with ecdysone levels. This suggests that
the mechanism in which the second phase is regulated by is a different one from the

mechanism in the first phase (Hara et al., 2013; Togane et al., 2012).

Overall, the first phase has been shown to have a massive cell death at 24 hr APF linked to
the levels of ecdysone. However, in the second phase, less cell death is observed with no
relation to changes in ecdysone levels. This also suggests that apoptosis is being controlled
by changes in ecdysone levels to induce metamorphosis and is not linked or regulated by

neurotrophism in the developing visual system (Togane et al., 2012).

1.3.2 Neuronal survival depends on factors released by glia

Glial cells play crucial and multifaceted roles in the development and function of the

Drosophila visual system, making it an excellent model for studying neuron-glia interactions

(Chotard and Salecker, 2007). The fly visual system contains a diverse array of glial subtypes
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that closely resemble vertebrate oligodendrocytes and astrocytes in their morphological
complexity. These glial cells extensively ensheath neuronal cell bodies, axon bundles, and
neuropil compartments, providing structural and functional support throughout the visual
system (Chotard and Salecker, 2007).

During larval development, retinal basal glia (RBGs) are essential for photoreceptor axon
pathfinding. As photoreceptor axons extend from the eye disc towards the optic lobe, RBGs
provide critical directional information (Hummel et al., 2002; Rangarajan et al., 1999). If
RBG migration is disrupted, such as by overexpressing a dominant-negative form of Ras,
photoreceptor axons stall and fail to enter the optic stalk (Hummel et al., 2002; Rangarajan et
al., 1999). Conversely, premature entry of RBGs into the eye disc can cause aberrant axon
projections, highlighting the importance of precisely timed glial migration (Hummel et al.,
2002; Rangarajan et al., 1999).

Glial cells also play a crucial role in modulating neural proliferation and survival throughout
visual system development. In early larval stages, surface glial cells near the outer
proliferation center (OPC) express the secreted glycoprotein Anachronism, which prevents
premature neuroblast proliferation (Ebens et al., 1993). This temporal regulation of

neurogenesis is critical for proper optic lobe development.

The importance of glia in neuronal survival becomes evident in later stages of development
and in the adult visual system (Dearborn and Kunes, 2004; Ebens et al., 1993). In flies with
the viable hypomorphic allele repol, lamina glial cells fail to terminally differentiate and
undergo apoptosis from late pupal development onwards (Xiong and Montell, 1995). This
glial cell death coincides with apoptosis of lamina neurons, demonstrating the
interdependence of neuronal and glial survival (Xiong and Montell, 1995). Similarly, in optic

lobes lacking photoreceptor innervation, medulla neurons in areas devoid of glial cell

11



coverage show increased apoptosis, further emphasizing the neuroprotective role of glia

(Dearborn and Kunes, 2004).

In the adult visual system, glial cells continue to play critical structural and functional roles.
They extensively enwrap lamina cartridges, reflecting the organized layers and columns in
the medulla (Chotard and Salecker, 2007). Within each lamina cartridge, glial processes
surround individual R1-R6 photoreceptor terminals, potentially modulating synaptic function
(Chotard and Salecker, 2007). In the medulla, glial cells form characteristic deep
invaginations called capitate projections into R7 and R8 axon terminals, likely derived from

medulla neuropil glial cells (Chotard and Salecker, 2007).

In a previous study highlighting the importance of glial-neuronal interactions in the
Drosophila Visual system, they have shown that glia in the lamina are required to prevent
neuronal cell death. This study investigated reversed polarity (repo) mutants and their
consequence on cell death in neurons (Xiong and Montell, 1995). repo encodes a glial-
specific homeodomain protein required for terminal differentiation of glia in the Drosophila
visual system. When lamina glia are mutant for repo, they found that the visual system went
under cell death. Since repo is expressed in glial cells around the lamina, this suggests that
lamina glial cells supply one or more factors required for neuronal survival. This evidence
suggests that glial cells are required to prevent neuronal cell death in the lamina neurons
(Xiong and Montell, 1995). Additionally, the study has provided evidence that repo
expression is required for glial cells' survival in the lamina. In the repo! mutant, the lamina
glial cells initiate the differentiation pathway but fail to differentiate terminally, causing it to
undergo cell death in the adult visual system. Also, they show that the lamina glial cells in
repol mutant show glia feature as they develop in the third larval stage. However, these glial

cells do not reach terminal differentiation as shown when stained with a glial marker anti-
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ORTHODENTICLE. This failure in differentiation is likely due to the absence of repo

expression (Xiong and Montell, 1995).

The repol mutant also shows morphological features indicating glial cells in the lamina
undergoing apoptosis, as shown by TUNEL staining, which reveals DNA fragmentation
when cells are undergoing cell death. This study proves that neuronal survival depends on

signals from glial cells (Xiong and Montell, 1995).

These findings show that glial cells are required for preventing neuronal cell death, providing
evidence of the supporting role of glial cells in communicating with neurons to regulate cell
survival. This also shows that cell death is the default pathway in the Drosophila visual
system, and survival is controlled genetically. The evidence suggests that cell death could be
the default pathway in Drosophila visual system development for several compelling reasons.
Extensive degeneration occurs in repo mutant neurons and retina, despite the absence of repo
expression in these cells, indicating cell death may be the default state unless actively
prevented (Xiong and Montell, 1995). The cell death observed in the repo mutant lamina
appears to be apoptotic, exhibiting DNA fragmentation and morphological features
characteristic of PCD. Additionally, mutations in other Drosophila genes like eyes absent and
sine oculus lead to ectopic cell deaths in the visual system, further supporting the idea that
cell survival requires active genetic control (Xiong and Montell, 1995). This aligns with
proposals in vertebrate nervous system development suggesting that most cells may be
programmed to die unless they receive survival signals from other cells. Collectively, these
findings indicate that both programmed cell death and cell survival are under genetic control

during Drosophila visual system development.

The diverse and essential functions of glial cells in the Drosophila visual system highlight
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their importance in nervous system development and function. From axon guidance and
neuroblast proliferation to synaptic modulation and neuroprotection, glia are involved at
every stage of visual circuit formation and maintenance (Chotard and Salecker, 2007;
Dearborn and Kunes, 2004; Ebens et al., 1993; Hummel et al., 2002; Rangarajan et al., 1999).
The striking parallels between Drosophila and vertebrate glial cells, both in morphology and
function, make the fly visual system an invaluable model for understanding glial biology
across species (Chotard and Salecker, 2007). As research continues, it is likely that even
more roles for glia in visual system development and function will be uncovered, further
emphasizing their critical importance in nervous system biology (Chotard and Salecker,

2007).

1.3.3 The chemoaffinity and synaptic matching hypothesis

In the nervous system, the mechanism by which synaptic partners recognize each other and
establish connectivity to form functional circuits has always been an interesting debate in
neurobiology. The chemoaffinty hypothesis states that presynaptic and postsynaptic partners
express specific molecular tags or cell surface molecules that enable them to precisely

recognize their targets and form a connection (Meyer, 1998; Sperry, 1963).

In a previous study, it was shown that the interactions between cell surface molecules, such
as DIP/DPR interactions, can regulate connectivity and cell survival, providing evidence to

support the chemoaffinty hypothesis (Morey, 2017).

The study focuses on DIP-a and Dpr6/10 heterophilic and DIP-o. homophilic interactions
regulating multiple processes such as circuit assembly, layer-specific targeting, cell survival,

and synapse number and distribution in the Drosophila visual system.

They begin by showing the expression pattern of DIP/DPRs in the developing visual system,

specifically in the medulla neuropile. They were shown to be expressed in medulla Dm4 and
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Dm12 neurons as well as the lamina L3 neurons. Moreover, they wanted to investigate the
role of DIP/DPRs in the regulation of circuit assembly in the medulla M3 layer. In the DIP-a
null mutant, Dm4 mutant neurons did not show any targeting defects compared to the wild
type (Xu et al., 2018). However, the branching of Dm4 mutant neurons did not cover as many
columns as the wild type. On the other hand, Dm12 neurons showed a targeting phenotype

extending an additional branch to the M8 layer (Xu et al., 2018).

Additionally, they explore the role of DIP/DPRs in controlling cell numbers in the context
of medulla Dm4 neurons. The heterophilic interactions between DIP-a and Dpr6,10 promote
cell survival by disrupting the hid-activated cell death pathway (Xu et al., 2018). However, in
a different experiment regarding Dm12 neurons, the expression of p35 in Dm12 mutant
neurons did not rescue the targeting defects. These findings suggest that the wiring of these

neurons are independent of cell survival (Xu et al., 2018).

In summary, the study provides evidence that specific molecular interactions between DIP
and DPRs play an important role in forming the precise connections in the Drosophila visual
system, which is independent of cell survival, suggesting that the control of cell survival is
not required for connectivity as argued in the neurotrophic theory (Morey, 2017; Xu et al.,

2018).

1.3.4 Neuronal survival is controlled during connectivity

The control of neuronal survival during connectivity is a vital step in the developing nervous
system. This regulation allows the precises formation of functional circuits. Cell signals

produced by cells can influence the axons through interactions with their receptors located on
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the growth cones (McAllister et al., 1995). This can involve the matching of axonal numbers
and target neurons through the actions of trophic factors and topographic map formation

through graded expression of molecular cues (Markus et al., 2002).

A recent study has demonstrated how cell survival control is regulated in the Drosophila
visual system. They show that Jelly belly (Jeb) produced by R1-R6 axons Interacts with its
receptor, anaplastic lymphoma kinase (Alk), to control the survival of Lamina L.3 neurons
which then triggers these L.3 neurons to produce Netrin that will regulate the connectivity of

other neurons within the same circuit (Pecot et al., 2014).

They begin by investigating the role of the receptor A/k and its consequence on L3 neurons
(Pecot et al., 2014). When knocking down A/k with RNAi, L3 neurons were not detected.
Also, L3 neurons were not detected in a homozygous 4/k null mutant. This suggests that Alk
is required for the survival of L3 neurons. Moreover, they investigated the A/k ligand Jeb.
They knocked down Jeb protein levels in R cells with RNAi. No L3 neurons were seen in the
lamina innervated by Jeb deficient R cells. Also, L3 neurons were missing from a wild-type
animal innervated By Jeb mutant R cells. These findings suggest that Jeb interacts with Alk

to regulate the survival of L3 neurons (Pecot et al., 2014).

Additionally, they showed that the interaction between Jeb/A/k influences the targeting of R8
photoreceptors in the medulla indirectly. This was done through the manipulation of Netrin
(Pecot et al., 2014). It has been reported that netrin is required for R8 targeting in the M3
medulla layer (Timofeev et al., 2012). Since L3 neurons express netrin, the loss of L3
neurons reduced the levels of netrin in the medulla, influencing the targeting of R8 PRs. Also,
since Jeb/Alk interactions in R cells influence L3 survival, this would mean that blocking cell

death with p35 would restore the levels of netrin produced by L3 neurons, which has been
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shown in this study (Pecot et al., 2014).

A recent study have also shown that the survival of neurons is linked to connectivity. For
example, the loss of Toll-2 in the lamina with MARCM clones impaired the connectivity and

survival of lamina neurons during development (Li et al., 2020).

Another study has demonstrated that the survival of R cells in adults depends on the
connections they establish with the optic ganglia (Campos et al., 1992). They also
investigate the disco gene in the context of connectivity. The disco gene plays a crucial role
in the development and maintenance of photoreceptor neurons in the compound eye of
Drosophila melanogaster (Campos et al., 1992). Mutations in disco typically result in a
failure of photoreceptor axons to connect with their target cells in the optic lobes during
larval development, leading to an "unconnected" phenotype where the optic lobes are
severely reduced (Campos et al., 1992). While photoreceptors can initially develop normally
without these connections, they progressively degenerate after the fly emerges as an adult if
connections are not established (Campos et al., 1992). This demonstrates that photoreceptor
survival depends on retrograde trophic support from the optic ganglia (Campos et al., 1992).
The disco gene is important because it reveals a critical trophic interaction between the retina
and brain that is required for long-term maintenance of photoreceptors, similar to trophic
interactions seen in vertebrate nervous systems. Understanding this process could provide
insights into mechanisms of neuronal survival and degeneration relevant to human retinal

diseases (Campos et al., 1992).

1.4  Molecular mechanisms underlying neurotrophism in mammals: the
neurotrophins
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1.4.1 p75 neurotrophin receptor-mediated signalling pathways

The p75NTR receptor is a transmembrane protein that belongs to the tumour necrosis factor
family. It binds with the pro-form of the NTs such as NGF, BDNF, NT3 and NT4. The pro-
form has one more additional pro-domain that is present on the N- terminus and this domain
is removed through hydrolysis to yield the biologically active form of neurotrophin (Huang
and Reichardt, 2001). Pro-neurotrophins are known to have a range of biological activities
that are different, and in some cases even oppose, the activities of the mature forms. The best
example can be seen in the role of neurotrophins: whereas mature neurotrophins are capable
of sustaining cells and promoting their differentiation in the case of cells, pro-neurotrophins
within certain types of cells, can activate cell death via apoptosis in specific cells after
binding to certain receptors (Huang and Reichardt, 2001).The p75 receptor can activate two
different pathways: pro-apoptotic as well as pro-survival pathways. The extracellular domain
contains four Cystine-rich domains followed by a death domain in the intracellular domain.
Due to the lack of tyrosine kinase domain, this receptor activates the signalling through

different adapter proteins which will lead to different outcomes (Roux et al., 2002).

The pro-apoptotic pathways get initiated in the case of loss of Trk receptors or NTs which
will lead to the activation of the c-Jun N-terminal kinase (JNK) pathway that will promote
cell death through apoptosis. This can occur when the three adapters tumour necrosis factor
receptor-associated factor 6 (TRAF6), neurotrophin receptor-interacting factor (NRIF), and
neurotrophin receptor-interacting MAGE homologue (NRAGE) are being activated following

the activation of the p75 receptor (Reichardt, 2006).

The p75 receptor can also activate a pro-survival pathway through different adaptors. When

the nervous system encounters damage or injury, p75 binds to the Rho family GTPase, which
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promotes neuronal regeneration, repair, and axonal growth (Roux, 2002).

It also can activate Ras, a small G-protein that will activate the MAP kinase ERK to promote
cell survival (Blochl et al., 2004) p75 can promote cell survival via NFkB (Carter et al.,

1996). (Figure 1.2).

Overall, p75 receptor can promote both cell survival and cell death through these different
pathways mentioned. It can also regulate cell proliferation, differentiation and synaptic

plasticity (Roux, 2002).

1.4.2 Trk receptor-mediated signaling pathways

The neurotrophin Trk receptor pathway plays an important role in the development, function,
and survival of neurons. These receptors are a family of three receptor tyrosine kinase: 7rk4,
TrkB, and TrkC. These receptors can be activated by one or more of four NTs; NGF, BDNF,

NT3 and NT4 (Huang et al., 2003).

The extracellular domain of these receptors is composed of three components. There are three
LRRs flanked by Cystine-rich clusters on the N- and C-terminals. Downstream, there are two
immunoglobulin C2 domains. Passing the plasma membrane into the intracellular domain,
there is a tyrosine-kinase domain with two tyrosine residues that play a role in

phosphorylating downstream proteins (Reichardt, 2006).

The binding of NTs to Trk receptors results in the activation of PLCy through the Y816
residue that will promote the release of Ca2+. This pathway plays an important role in

regulating synaptic plasticity (Gartner et al., 2006).

Another pathway that gets activated by the Trk receptors is through the phosphorylation of
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Figure 1.2  p75 mediated signalling pathway
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tyrosine residue at position 515 (Y515) which will bind to two different adapters, Shc and

the fibroblast growth factor receptor substrate 2 (FRS2) (Uren and Turnley, 2014). When Shc
adapter is activated, it leads to the activation of growth factor receptor-bound protein 2
(GRB2) and son of sevenless (SOS). When Sch is trying to bind to GRB2, there is also
competition from the FRS2 adaptor to bind to GRB2. The downstream signaling pathway of
GRB2 can lead to the activation of phosphatidylinositol 3-kinase (PI3K) which will lead to
the regulation of cell survival (Huang and Reichardt, 2003). The other route that this pathway
can take is through the GRB2 and moving to the SOS that will activate the Ras-ERK pathway
in which will activate the promotion of cell survival, proliferation and differentiation (Huang,

2003) (Figure 1.3).

1.4.3 Mammalian neurotrophins during cell death and cell survival

Neurotrophins play a major role in regulating cell survival and cell death during development
(Guthrie, 2007). They regulate these events by interacting with specific receptors, such as the
Trk family and p75 receptors (J. Allen et al., 2011). The regulation of cell death and cell
survival in the nervous system is crucial for several reasons. First, during development, the
nervous system produces more neurons than needed. Cell survival and cell death regulation
ensure that only neurons that receive trophic factors and form proper connections survive,
while apoptosis will eliminate the rest (Levi-Montalcini, 1987). Also, NTs can prevent
apoptosis by biding to Trk receptors activating pathways that promote cell survival and

growth (Vicario-Abejon et al., 2002).

Second, the dysregulation of cell death pathways can cause neurodegenerative disease (J.
Allen et al., 2011). For example, during the process of ageing one characteristic is the decline

in the number of cells and tissue function (Blesch, 2006). NGF is well known to be involved
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Figure 1.3  Trk receptor mediated signalling pathway
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in promoting cell survival in the nervous system (Davies, 2003). One of the most famous
neurodegenerative disease that is present in older people is Alzheimer’s Disease (AD), which
causes cell death in neurons (Blesch, 2006). Memory loss is a prominent symptom in
Alzheimer’s patients and is related to neuronal loss in the hippocampus (J. Allen et al., 2011).
Multiple studies have shown that there is a link between NGF and AD where i.c.v infusions
of NGF can prevent the lesion-induced degeneration of cholinergic neurons in the medial
septum (Blesch, 2006).

1.4.4 Mammalian neurotrophins in neuronal connectivity, dendritic complexity and
synaptic function

Mammalian neurotrophins are vital for neuronal connectivity, dendritic complexity, and

synaptic function, which is important for the overall function of neuronal networks

(McAllister et al., 1995).

During connectivity, the neurotrophins play a major role in axon guidance while establishing
correctly wired and functional neural networks. Any failure in maintaining the appropriate
synaptic connections can lead to alteration in the neural circuits leading to a breakdown in the
entire neural system (Poo, 2001). It has been documented that neurotrophins can guide axons
to their correct targets during development. in vivo, demonstrations have shown that
developing axonal projections extend their axonal endings to the appropriate region where
they are meant to establish a connection. They are able to navigate accurately to these regions

by detecting molecular guidance cues presented by target cells (Tuttle and O’Leary, 1998).

Early studies regarding NGF have shown that microinjections of NGF into the rat brain have
stimulated a massive outgrowth of sympathetic fibres into brain tissue following the source of

NGF. Moreover, this outgrowth was shown to be linked to NGF as NGF levels declined.
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Additionally, the axonal endings retracted upon the withdrawal of NGF (Turney et al., 2016).
These findings lead to the idea that during development, NGF is secreted from target tissues
to attract developing axons and guide them to their correct target. The idea of which NGF
acts as a guidance molecule was then supported by a study in tissue cultures showing a chick
DRG neurites changed their direction and grew depending on the NGF concentration

gradient, where growth cones have shifted toward NGF sources (Tuttle and O’Leary, 1998).

Dendrite growth and branching are crucial for synaptic input. Neurotrophins have been
associated with the regulation of dendritic complexity in the nervous system, and any change
in the number of dendrites or morphology can lead to neurodevelopmental and
neurodegenerative diseases (Blesch, 2006). It has been documented that BDNF promotes the
maturation of dendritic spines and has been shown to influence the width of these dendrites in

the hippocampus (Chapleau et al., 2009; Tylerand Pozzo-Miller, 2003; Verpelli et al., 2010).

It has been shown that BDNF and Wnt signalling can regulate dendritic spine formation. In
this study, they showed that inhibiting Wnt signalling disrupts the development of dendritic
spines in cortical neurons reduces arbour size and affects overall dendritic complexity. The
research also shows the interaction between BDNF and a specific Wnt2. When altering
BDNF, the expression of Wnt2 is regulated, and Wnt2 overexpression has been shown to
promote cortical dendrite growth and spine formation. This study suggests that neurotrophins

such as BDNF are essential for nervous system development (Hiester et al., 2013).

Neurotrophins play an important role in regulating synaptic function, plasticity, and
morphology. They are well known for their involvement in regulating the differentiations,
maintenance, and survival of neurons, but they can also influence the strength and structures

of synapses. There are two ways neurotrophins can regulate synapse number: by promoting
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synaptogenesis or by stabilizing existing synapses (Vicario-Abejon et al., 2002).

A previous study has documented the role of neurotrophins in regulating synapse number.
The study involved Trkb and Trkc knockout mice, where they showed a significant

reduction in synapse number in the hippocampus as well as a reduction in axonal arborization
during development. Their findings suggest that neurotrophins have a significant role in

synapse formation (Martinez et al., 1998).

In another study in Xenopus visual system, they showed that BDNF could increase the
number of synapses. Also, BDNF was shown to enchase the optic axon arborization, but the
increase in synapse number surpassed the increase in axonal branches, suggesting a different

role of BDNF in synapse formation (Alsina et al., 2001).

Overall, neurotrophins have been shown to be involved not only in the differentiation and
survival of neurons but also in regulating dendritic complexity, synapse function, and
plasticity, indicating more complex roles of neurotrophins in nervous system development

(Huang and Reichardt, 2001).

1.5  The Drosophila neurotrophin system

The discovery of neurotrophins initially took place in the field of mammalian research. In the
1950s, Levi Montalcini and Hamburger made progress by identifying NGF as the first
discovered trophic factors. Their groundbreaking work showcased NGF’s role in supporting
the survival and development of neurons marking a milestone in neurobiology. During that

period, the existence of tropic factors in Drosophila was still undiscovered (Guthrie, 2007).

1.5.1 Molecular mechanism of DNTs and Tolls
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DNT-1 was discovered by searching for vertebrate neurotrophin homologues in flies (Zhu et
al., 2008). This led to the discovery of DNT-1, DNT-2 and spz as close neurotrophin
homologues. It was found that as well as being homologues of vertebrate neurotrophins, they
were also paralogues of the well-known gene spz in Drosophila (Zhu et al., 2008). There are
six spz paralogues in flies — spz-1, spz2/ DNT-1, spz-3, spz4, spz5/DNT-2 and spz-6. Spz-6 is
only very distantly related (Parker et al., 2001; Zhu et al., 2008). Spz had also been
previously shown to share biochemical properties with NGF (De Lotto and De Lotto 1998).
Spz was later crystallised and shown to share the characteristic cystine-know domain
structure with NGF (Hoffmann et al., 2008). Structural modelling of spz-1, DNT-1 and DNT-
2 demonstrated close evolutionary conservation with mammalian BDNF and NGF (Foldi et
al., 2017). Our lab demonstrated functional conservation as well as sequence and structural
conservation. Firstly, in their mature form, DN7-1 and DNT-2 can promote neuronal survival
in embryos, larvae and adult CNS (Foldi et al., 2017; Li et al., 2020; Zhu et al., 2008).
Second, this is linked to connectivity and synaptogenesis, as alterations in DNTs impair
connectivity in embryos and synapse formation in larvae (Sutcliffe et al., 2013; Ulian-Benitez
etal., 2017; Zhu et al., 2008). Spz is the well-known Toll ligand. DNT-1 and DNT-2 are the
ligands of Toll-7 and Toll-6, respectively (Mcllroy et al., 2013). Importantly, DNTs are also
ligands for receptors of the Trk family, the Kekkons (Kek) (Ulian-Benitez et al., 2017). Keks
are closely related to the Trks, but lack the tyrosine kinase domain (Mandai et al., 2009). At
least Kek-6 and Toll-6 form a receptor complex for DNT-2 that regulates synapse formation

and axonal branching (Ulian-Benitez et al., 2017).

Like with mammalian neurotrophins, DNTs and their receptors can have multiple functions,
and they can regulate the balance between cell survival and cell death through different

mechanisms (Foldi et al., 2017).
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First, The DNT cleavage pattern. Each DNT is being processed differently which leads to
different cellular outcomes (Foldi et al., 2017). Pro-DNT1 can work via the JNK signalling
pathway to activate apoptosis, while mature DNT and DNT?2 activate survival via NF-xB
and ERK signalling pathways (Foldi et al., 2017). This molecular mechanism is evolutionary
conserved, as mammalian pro-NTs promote cell death, while furin-cleaved mature NTs
promote cell survival (Lu et al., 2005). NF-«xB, JNK, and ERK signaling pathways are shared
with the mammalian NTs, downstream of p7SNTR (NF-kB and JNK) and Trks (ERK), to
regulate cell survival and cell death (Roux and Barker, 2002; Lu et al., 2005; Minichiello,
2009). This means that although the receptors may differ between Drosophila and mammals,

the downstream signalling outcomes are evolutionarily conserved.

Second, the specificity of Toll receptors and to which DNT they bind to is crucial. Different
Toll receptors could promote cell survival, while other Tolls could promote cell death (Foldi
et al., 2017). It has been shown that 7o//-6 and Toll-7 could maintain neuronal survival.
However, Toll-1 has been shown to have proapoptotic effects (Tauszig et al.,2000; Yagi et
al., 2010; Mcllroy et al., 2013; Meyer et al., 2014; Paré et al., 2014). Also, different Tolls can
have distinct functions in immunity and development. So far, only 7o/l-1 has been shown to
have clear functions in innate immunity, activating the expression of anti-microbial peptides

(Valanne et al., 2011).

Third, the downstream adaptors. The availability and distribution of downstream adaptors of
Toll receptors determine the outcome, whether it's cell survival or cell death. Toll-6 and Toll-
7 activate cell survival through MyD88- NF-kB signalling pathway. Also, To//-6 can activate
cell death through Wek-Sarm-JNK signalling pathway. The cellular outcome downstream of

DNTs and Tolls are time dependent. Promoting cell survival or cell death will depend on
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which proteases are expressed nearby, which ligand receives it, and what form that ligand is

in (Foldi et al., 2017) (Figure 1.4).

The balance between cell survival and cell death in the Drosophila nervous system is being
regulated by the interaction between the different cleaved patterns of DNTs, the particular
Toll receptors each DNT/Spz interacts with, and the downstream adaptors that will lead to
either cell survival or cell death (Foldi et al., 2017). These mechanisms are context and time

dependent (Foldi et al., 2017).

1.5.2 Functional Conservation of DNTs in Drosophila

The Drosophila neurotrophins show functional conservation with mammalian neurotrophins
(Zhu et al., 2008). Having similarities in the structure, their role in neuronal survival, and the
signalling pathways they activate to cause these outcomes (Zhu et al., 2008).

The structural similarities of DNTs, including spz, DNT1, and DNT2 with mammalian
neurotrophins include the pro-domain and the conserved CK domain of a 13-15 kD that
forms a disulfide-linked dimer (Zhu et al., 2008). Despite the structural similarities, DNTs
have unique features in their pro-domains and are processed differently (Foldi et al., 2017).
Spz was identified as NGF biochemically and structurally (De Lotto and de Lotto 1998;
Hoffmann et al., 2008). Spz in Drosophila binding to Toll-1 shares structural conserved
features to the binding of NGF to p75NTR in mammals (Lewis et al., 2013). DNTI and
DNT? regulates neuronal survival and are required for connectivity and synaptogenesis,
similar to the functions of BDNF and NGF in mammals (Zhu et al., 2008; Sutcliffe et al.,

2013; Foldi et al., 2017; Ulian-Benitez et al., 2017).

The regulation of cell survival and cell death is evolutionary conserved between DNTs and
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Figure 1.4  Molecular mechanism of Drosophila NTs with Toll receptors

proDNTs mature DNT-CKs

Toll-1,-6,0ther Toll-6,-7,0ther
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pINK NF-kB pJNK

Cell Death Cell Survival

The Drosophila neurotrophins binding to different Toll receptors. Pro-DNTs binds to
Toll-1, Toll-6 to promote cell death via the JNK pathway. Moreover, the mature DNTs
binds Toll-6 and Toll-7 to promote cell survival via the ERK-NF-kB pathway
(Illustration adapted from Foldi et al., 2017).



mammalian neurotrophins (Zhu et al., 2008; Mcllroy et al., 2013; Foldi et al., 2017; Li et al.,
2020). DNTs and Toll receptors in Drosophila regulate cell number plasticity by promoting
both cell survival and cell death in the nervous system through different mechanisms
(Anthoney et al., 2018; Foldi et al., 2017). This is functionally similar to regulating cell
survival and cell death in neurons by mammalian neurotrophins, which can promote cell
survival via Trk and p75NTR receptors and cell death via p75SNTR and Sortilin (Roux, 2002).
Interestingly, the signaling pathways activated by DNTs is similar downstream signaling
pathways to mammalian Neurotrophins, including NF-xB, JNK, and ERK pathways. These
pathways are involved in regulating neuronal survival and death, suggesting a conserved

mechanism of action (Foldi et al., 2017; Mcllroy et al., 2013).

Overall, DNTs show functional and structural conservation with mammalian neurotrophins.
They also share a role in promoting cell survival and cell death as well as downstream
signaling pathways. However, the specifics of their processing, interactions, and the context

in which they act may differ.

1.5.3 Function of Tolls in embryonic development

Drosophila Toll receptors play an important role in development (Valanne et al., 2011). They
can influence embryonic patterning as well as tissue differentiation. During embryogenesis,
Toll receptors are involved in establishing the dorsoventral polarity of the embryo. They do
that by activating the downstream signaling pathways through the binding with the ligand
spz. This activation results in the nuclear localization of the NF-«kB factor dorsal, which

controls gene expression along the dorsoventral axis (Stathopoulos and Levine, 2002).

Additionally, these receptors also play an important role in germ cell migration (Fauvarque

and Williams, 2011). It is involved in the specification of pole cells, the precursors of the
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germline, their migration to the embryonic gonads (Keith and Gay, 1990, Eldon et al., 1994).
Toll receptors can have many roles in development that are crucial for the proper formation
and patterning of the embryo by integrating cues and activating pathways that aid in the

development of the Drosophila embryo.

1.5.4 Function of Tolls in innate immunity

Drosophila Toll receptors were initially identified for their involvement in controlling
dorsoventral patterning during development (Anthoney et al., 2018). Subsequently, research
showed that these receptors are responsible for innate immunity by recognizing pathogen-
associated patterns (PAMPs) in response to fungal and Gram-positive bacterial infections

(Lemaitre et al.,1996).

A study conducted by Lemaitre and colleagues demonstrated the significance of Toll
receptors in responses to infection (Lemaitre et al., 1996). A mutation in the 7ol/ gene
rendered the flies more vulnerable to the fungus leading to a mortality rate compared to the
control group. This research highlighted the role of Toll receptors as regulators of immunity

in Drosophila (Lemaitre et al.,1996).

In another investigation by Tanji et al. the focus was on understanding how 7o// 9 influences
the expression of peptides (AMPs) when fruit flies are infected with bacteria. The absence of
Toll 9 resulted in reduced production of AMPs making the flies more susceptible to
infections. Conversely, overexpression of Toll 9 led to an increase, in AMP gene expression
enhancing the fly’s ability to combat infections effectively (Narbonne-Reveau et al., 2011).
According to their research, it was found that flies with Tol/ 9 mutations exhibited no

decrease, in their response (Narbonne Reveau et al., 2011).
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1.5.5 Function of Tolls in the Nervous System

Toll receptors also have functions outside innate immunity and early embryonic development
(Anthoney et al., 2018). In the nervous system, an original study investigated the involvement
of Toll receptors in muscle development during embryogenesis. They showed that when flies
were Toll mutants, they experienced a loss in motoneurons in the CNS that affected the

neuronal circuits innervating the muscle (Halfon et al., 1995).

Our lab showed that Toll-6 and Toll-7 function as neurotrophin receptors in the CNS, binding
DNT-2 and DNT-1, respectively, to regulate neuronal survival and connectivity (Mcllroy et
al., 2013). When altering Toll-6 and Toll-7, the motor axons experienced mistargeting
phenotypes (Mcllroy et al., 2013). Also, it has been shown that Toll-6 has a function in
regulating cell survival in the CNS of pupa as well as promoting cell death via different

pathways (Foldi et al., 2017).

Toll-6 and Toll-7 play crucial roles in mediating the wiring of neurons between dendrites and
axons in the adult brain during the pupal stage (Ward et al., 2015). Toll-7 functions cell-
autonomously in olfactory receptor neuron (ORN) axons, regulating their targeting to specific
glomeruli in the antennal lobe, particularly a cluster of anterolateral glomeruli (Ward et al.,
2015). Similarly, Toll-6 functions cell-autonomously in projection neuron (PN) dendrites,
guiding their targeting to a similar cluster of anterolateral glomeruli (Ward et al., 2015). Both
receptors participate in synaptic partner matching between ORN axons and PN dendrites in
the VA1d glomerulus, with Toll-6 functioning in PNs and 7o//-7 in ORNs (Ward et al.,
2015). This partner matching may be part of a larger strategy of target selection for both PN
dendrites and ORN axons (Ward et al., 2015). Misexpression experiments demonstrated that

Toll-6 and Toll-7 act instructively to direct PN dendrites and ORN axons, respectively, to
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target the Toll-6/Toll-7 enriched region of the antennal lobe (Ward et al., 2015). Interestingly,
the wiring functions of 7o/l-6 and Toll-7 do not require their cytoplasmic domains or
canonical signaling pathways, suggesting they signal through novel mechanisms involving
unknown ligands and co-receptors (Ward et al., 2015). These findings highlight the essential
instructive roles of Toll-6 and Toll-7 in guiding the targeting and matching of specific ORN
axons and PN dendrites during olfactory circuit assembly. However, no direct evidence was
found of their involvement in synaptic matching or connectivity between To/l-6 and Toll-7
expressing neurons (Ward et al., 2015). Toll-6 was also shown to be involved in regulating

structural synaptic plasticity in neurons at the larval NMJ (Ulian-Benitez et al., 2017).

In another study, it has been documented the involvement of 7o//-2 in regulating neuronal
number and plasticity in the adult brain (Li et al., 2020). Loss of 70//-2 caused the number of
neurons to decrease as well as the size of the brain. Also, the flies showed a defect in

locomotion when altering Toll-2 (Li et al., 2020).

Toll-2 also promotes adult neurogenesis via Wek (Li et al., 2020). That wek can function
either on its own or together with Yki to promote adult progenitor cell proliferation and
neurogenesis. Moreover, Wek antagonizes MyD88 in this function, and Toll signalling via
MyD88 keeps adult progenitor cells quiescent, whereas Wek induces their proliferation (Li et

al., 2020).

Overall, this shows that Toll receptors can have versatile functions besides being only
involved in the development of immunity. These studies confirm the importance of Toll

receptors in regulating the nervous system’s development and function.

1.6 TLRs in the mammalian nervous system
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The Toll gene was first discovered in Drosophila (Lemaitre et al., 1996). They introduced a
mutation into the gene that resulted in defects in dorsal-ventral patterning in Drosophila
(Lemaitre et al.,1996). Additionally, Toll mutation in Drosophila also enhanced susceptibility
to function infections, providing evidence that Toll is involved in innate immunity

response in Drosophila.

In 1997, the search for mammalian TLRs began, and the first Toll homolog in human
monocytes were discovered and named TLR4 (Medzhitov et al., 1997). Studies have shown
that TLR4 is the receptor for LPS, a major component of the outer cell wall of Gram-negative

bacteria.

The structure of the mammalian TLRs is similar to that of Drosophila in the TIR domain
(Gay and Gangloff, 2008). They consist of an ectodomain made up of LRRs and Cystine-rich
clusters and an intracellular tail with a TIR domain. The mammalian ectodomain TLRs
contains only one cystine cluster flanking the C-termina end of the LRR domain in
comparison to Drosophila in which they have two or more cystine clusters flanking both C-

and N-terminal (Luo and Zheng, 2000, Gay and Gangloff, 2008).

Mammalian TLRs are well known for their role in innate immunity. They recognize
Pathogen-associated molecular patterns (PAMPs) located on pathogens which then

will trigger the activation of innate immunity (Kielian, 2009). These PAMPs are recognized
by receptors referred to as pattern recognition receptors (PRRs), such as TLRs. In addition to
being involved in innate immunity, TLRs could also initiate adaptive immunity (Hanke and
Kielian, 2011). Currently, there are a total of 13 TLRs in mice and 11 in humans. To date,
TLR2 and TLR4 are well known for their role in recognizing PAMPs. Moreover, TLR1 and

TLR6 form heterodimers with TLR2 to identify triacylated from diacylated lipoproteins.
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TLRS is known for sensing the flagella of moving bacteria, while TLR11 recognizes
pathogenic bacteria associated with urinary tract infections. Additionally, TLR3, TLR7/8, and
TLR9 recognize intracellular pathogen-derived nucleic acid motifs that lead to viral

infections (Kielian, 2009).

In addition to their well-known role in immunity, TLRs are also expressed in the mammalian
nervous system and have significant roles in neuroinflammation, neurodevelopment, and

neurodegenerative diseases (Chen et al., 2019).

Mammalian TLRs are expressed and function in different cell types in the CNS. Microglia,
are known for their role in innate immunity in the CNS. They have the capability of
recognizing infectious agents through different PRRs, including TLRs, Nod-like receptors
(NLRRs), and scavenger receptors. They express all known members of the TLRs known to

date (Chen et al., 2019).

Moreover, Astrocytes can also express TLRs but in a limited manner compared to microglia.
They are the major glial cell type in the CNS that can play a role in responding to
inflammation. Multiple studies have shown that TLR2 expression in astrocytes is crucial for
recognizing both intact S. aureus and PGN (Phulwani et al., 2009). Additionally, another
study has shown that when astrocytes are exposed to proinflammatory stimuli, that exposure
leads to an increase in the expression of TLR2 (Hanke and Kielian, 2011).

Studies have demonstrated that neurons in the CNS express intracellular TLRs such as TLR3,
TLR7/8, and TLRY, suggesting a role of these TLRs in the physiology and pathology of the
nervous system (Cameron et al., 2007). Also, some neurons have been shown to express
TLR4, which interacts with CD14 at the cell surface. However, the function of TLR4 in

neurons remain a mystery (Gorina et al., 2011; Hanke and Kielian, 2011).
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Another study involving TLR2, investigated the role of this TLR in microglia activation and
neuroinflammation in Parkinson’s disease. The study showed that a protein called alpha-
Synuclein related to the disease activated the glial cell via TLR2. The activation of this
pathway then led to the production of pro-inflammatory and neurotoxic factors by the glial

cells (Doorn et al., 2014).

However, the intrinsic activators of mammalian TLRs within the central nervous system
(CNS) remain relatively understudied. Recent investigations in cell culture settings have
unveiled that mammalian neurotrophins (NTs), including BDNF and NGF, possess the
capability to interact with TLRs and initiate their downstream signalling pathways. For
instance, both BDNF and NGF have been shown to elicit the activation of NFxB in cells
expressing TLR-4 (Foldi et al., 2017; Fukuda et al., 2020). This observation implies that
mammalian neurotrophins might stimulate neuronal functions of TLRs, thereby modulating

structural brain plasticity.

1.7 The Drosophila visual system as a context to investigate neurotrophism

The Drosophila visual system provides an incredibly attractive model for investigating the
formation of neuronal circuits and, at a highly intricate level, their connectivity with
individual neurons. Santiago Ramon Y Cajal’s ground-breaking work in 1915 provided the
basis for this by highlighting similarities between the neural circuits involved in vision of
flies and those of other vertebrates. Such knowledge formed the starting point for further
research in this area, including important investigations such as that of Fischbach and Dittrich
in1989 which explained how neural networks are assembled within fly eyes (Fischbach and

Dittrich 1989).
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The Drosophila visual system comprises four major neuropils: lamina, medulla, lobule and
lobule plate. Each of these neuropile has well-defined roles in processing visual information
hence by studying them researchers can get insights into molecular and cellular mechanisms
that underlie the development of neural circuitry and connectivity in a cell-type-specific
manner (Chiang et al. 2011). This level is crucial to understanding the complexities of neural
networks and their role in visual processing and behaviour in flies. Researchers may exploit
Drosophila’s genetic resources highly manipulate or monitor neurons, enabling them to

clarify what any specific neuron does or plays.

1.7.1 Structure of the Drosophila visual system

The retina:

The Drosophila compound eye is a highly organized structure that represents a system that
can be used to study the molecular and cellular mechanisms of pattern formation (Wolff and
Ready, 1993). The retina contains 750-800 simple eyes called ommatidia, each ommatidium
containing eight photoreceptor neurons or R cells (R1-R8). The R1-R6 photoreceptors are
located in the outer regions of the ommatidium, while the R7 and R8 PRs occupy the inner
regions. Photoreceptors of the retina project their axons to the optic lobes in the brain. These
axons form retinotopic projections in two neuropils, the lamina, and medulla (Clandinin and
Zipursky, 2002). R cells can be classified into three types: R1-R6 photoreceptors that express
the broad-spectrum opsin Rh1, which plays a role in motion detection. R7 photoreceptors
express the UV-sensitive opsins Rh3 and Rh4 (Courgeon and Desplan, 2019), and R8s
express blue (Rh5) or green (Rh6) opsins. The third type is found at the dorsal margin of the
retina: they are called Dorsal Rim Area (DRA) R7 and R8 that express Rh3, which are
important for detecting the vector of polarized light (Courgeon and Desplan, 2019). The three

types of ommatidia are known to be dependent on the opsin expression in the R7 and R8
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photoreceptors (Morante, Desplan & Celik, 2007). Ommatidia are classified into yellow
(70%), which contain R7s and R8s expressing Rh4 and Rh6, and pale (30%), where R7s
express Rh3 and R8s express Rh5. The arrangement of photoreceptors in the fly with
different rhodopsins is similar to the human retina, suggesting Drosophila has color vision
(Yan Zhu, 2013). The retinal R cells take up visual information into the fly’s optic lobe,
known as the visual processing center. The optic lobe contains four major types of neuropils:
the lamina, medulla, lobula, and the lobula plate. The last two neuropils are known to form
the lobula complex that sends visual inputs to higher-order brain centres through different

pathways (Nériec and Desplan, 2016).

In the Drosophila visual system, R1-R6 axons extend into the lamina, where they form
synaptic units called lamina cartridges with lamina neurons L1-L5, amacrine cells, and
centrifugal interneurons (Sasieta et al., 2017). Conversely, R7 and R8 axons extend to the
medulla columns, passing through the lamina without forming synaptic connections. The
medulla also receives axons from lamina neurons L1-L5 (Morante and Desplan, 2008).
Electron Microscopy (EM) studies have elucidated the connectivity relationships between
neurons within lamina cartridges and medulla columns. These studies have identified mini-
circuits within these columnar modules that facilitate the processing of visual information in
different ways, enabling features such as motion and color to be distinguished (Shinomiya et

al., 2015; Takemura et al., 2011, 2013, 2017) (Figure 1.5).

The lamina:
The lamina serves as the initial neuropil beneath the retina within the fly's visual system and
is primarily responsible for motion detection. Comprising approximately 6000 cells, its

development is intricately linked with the retina's (Tuthill et al. 2013). As photoreceptors in
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Figure 1.5  Structure of the Drosophila visual system
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Figure 1.5  Structure of the Drosophila visual system

The Drosophila visual system is made up of four different neuropiles each with its own
function (Lamina, medulla, lobula, and lobula plate). As light hits the retina, information
passes through the photoreceptors R1-R8. R1-R6 PRs extend and reside in the lamina to form
synaptic connections with lamina neurons. On the other hand, R7-R8 make their way into the
medulla without stopping at the lamina where they aid in colour detection function in the
medulla. The lamina is mostly responsible for motion detection that consist of 5 monopolar
lamina neurons (L1-L5) that form connections in different medulla layers. The medulla is the
largest neuropiles responsible for colour detection and processing. The lobula complex is
made of two parts: the lobula and the lobula plate. These two last neuropiles act as the pilot
for the fly in detecting and monitoring all motion related connections. And finally, the lobula
is the link between the visual system and the central brain to send in information for final
processing (Illustration adapted from Pecot et al., 2014).



the retina develop during the third larval instar, the posterior axons extend to the site of the
future lamina, situated within the inner portion of the outer proliferation centre (OPC), a
neuroepithelium from which the lamina and medulla derive. As additional photoreceptor
axons arrive and signal for lamina differentiation, this region of the neuroepithelium

transforms the lamina (Nériec and Desplan, 2016).

The differentiation of these cells into the lamina involves a signalling relay, where
photoreceptors initially signal to glial cells using the EGF ligand spitz. Subsequently, glial
cells express insulin-like peptides, inducing differentiation and forming five distinct lamina
monopolar cells (LMCs). The lamina is organized into cartridges, with the induction of these
cartridges commencing during the third larval stage (Chan et al., 2011). While R1-R6
receptors are positioned close to their targets at this stage, they do not establish direct
connections. Instead, the growth cones of these six photoreceptors halt between two glial
layers in the lamina in response to glial signalling. R1-R6 photoreceptors project their axons
into each cartridge, whereas R7-R8 photoreceptors traverse the lamina without forming
synaptic connections, targeting the medulla. Alongside the six photoreceptor axons, the

lamina accommodates 12 other neuronal cell types (Nériec and Desplan, 2016).

Among these 12 neurons are five lamina output neurons, six putative feedback neurons, and
one lamina intrinsic cell (Lai) (Fischbach and Dittrich, 1989). Notably, eight of these neurons
exhibit a columnar organization. Columnar neurons, including L1-L5, project their axons to
the medulla. T1, C2, and C3 are columnar neurons with cell bodies in the medulla, projecting
their axons back to the lamina. Other lamina neurons, termed multi- columnar, are inferred to
function as feedback neurons based on their anatomical characteristics. Wide-field feedback
from the medulla to the lamina is mediated by two types of lamina neurons (Lawd1, Law{2),

with Lawf2 distinguished from Lawf1 by the specific layer they integrate within the medulla.
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Lastly, the lamina tangential neuron (Lat) projects from the ipsilateral central brain to the

distal surface of the lamina (Tuthill et al., 2013).

The medulla:

The medulla stands out as the largest neuropil among the four in the fly's visual system.
Organized into columns corresponding to the 750-800 ommatidia of the retina, it comprises
approximately 40,000 cells of various types, rendering it more complex than the other
neuropils. Primarily tasked with processing motion and color information, the medulla
receives direct input from R7 and R8 photoreceptors, as well as from lamina monopolar cells

(LMCs) (Takemura et al., 2008).

Neurons within the medulla can be categorized into two subtypes: uni-columnar neurons,
whose processes are confined to a single column and present in each column, and multi-
columnar neurons, which branch across multiple columns and are not confined to a single

column (Raghu and Borst, 2011).

The development of the medulla is closely intertwined with the formation of photoreceptors
and the lamina, originating from a single neuroepithelium known as the outer proliferation
centre (OPC) during the third larval instar and early pupal stages. This coordinated
development underscores the intricate interplay between different components of the visual

system during its maturation (Erclik et al., 2017).

The lobula complex. lobula and lobula plate
The lobule and lobula plate serve as the final two neuropils within the visual system. They
receive input from the medulla to process visual information before transmitting it to the

central brain. While relatively little is known about the lobule compared to the lobule plate, it
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is believed that only the lobula plate contains retinotopic neurons (Perry et al., 2017).

Within the lobula plate, two primary classes of retinotopic neurons exist: T4 neurons, which
receive input from the ON-motion pathway and detect bright moving edges, and T5 neurons,
which receive input from the OFF-motion pathway and detect dark moving edges. These
Neurons can further be subdivided into four subclasses, each projecting into one of the four
layers of the lobule plate. The four T4 and T5 neuron subclasses must establish their own
parallel retinotopic maps within the lobule plate to ensure that each of the approximately 750
columns contain one copy of each subtype (Ammer et al., 2015; Serbe et al., 2016).

The development of the lobula plate arises from the neuroepithelium known as the Inner
Proliferation Center (IPC), located beneath the Outer Proliferation Center (OPC) in the larval
brain. This developmental process underscores the complexity and precision involved in
establishing the neural circuitry responsible for visual processing within the fly's brain (Sato

etal., 2013).

1.7.2 Connections in the Drosophila visual system

Retina into the lamina:

R1-R6 photoreceptors of the retina establish connections with lamina neurons L1, L2, and
L3, while L4 and L5 neurons do not receive direct connections from R cells. Instead, L2
forms synaptic connections with L4. Among these lamina neurons, L1 and L2 are
consistently present at every R cell synapse, while L3 is found only at a subset of these
synapses. In a cross-section of the lamina cartridge, L1 and L2 are situated within the inner
side, surrounded by R1-R6 photoreceptors, while L3, L4, and L5 are positioned in the

peripheral region of the cartridge (Zhu, 2013).

The organization of the lamina cartridge is heavily influenced by the expression of CadN,
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with L1 and L2 neurons exhibiting high levels of CadN expression compared to other lamina
neurons and R cells. Manipulating CadN expression, such as its removal from lamina neurons
or overexpression in R cells, results in the displacement of L1 and L2 from the center of the
lamina cartridge, indicating the importance of CadN adhesive interactions in neurite

localization (Nern et al., 2008).

L1 and L2 neurons play crucial roles in motion vision, and the dendritic pairing of these
neurons at each synapse is a complex process due to their extensive branching. Synaptic
exclusion is the mechanism of this pairing, involving repulsion between processes of the
same cell type (Nern et al., 2008). This process prevents postsynaptic pairing of elements
from the same cell, such as L1-L1 or L2-L2 pairs. Synaptic exclusion is mediated by two
transmembrane immunoglobulin proteins, Dscam1 and Dscam?2, which are expressed in L1
and L2 neurons, facilitating self-avoidance (Nern et al., 2008). Alternative splicing of both
Dscam1 and Dscam?2 generates isoforms capable of homophilic binding, inducing repulsion.
Over 38,000 Dscam1 isoforms resulting from alternative splicing are expressed in each
neuron, but only neurons with identical isoforms can mediate homophilic binding, leading to
repulsion. The elimination of Dscam1 from lamina neurons does not significantly disrupt
synaptic exclusion. Dscam? alternative splicing is regulated in a cell-type-specific manner,

with two different isoforms, A and B, expressed in cells separately (Millard et al., 2007).

Lamina into the medulla:

Once visual stimuli are received from the retina into the PRs, the information must travel
from the lamina through a set of neurons connecting them to the next neuropile, the medulla.
The R1-R6 PRs project their axons into the lamina where they connect to lamina neurons to

send information (Nériec and Desplan, 2016). In the lamina, there are five monopolar lamina
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neurons (L1-L5) that extend their axonal projections into different medulla layers (Morante
and Desplan, 2008). The first lamina neuron, L1, terminates into two different layers in the
medulla, M1 and M5. L2 neurons sends out one axonal projection into the M2 layer. Similar
to L2, L3 also send out a single axonal projection into the M3 layer. However, L4 and L5
neurons project two axonal terminals into the medulla. L4 residues in M2 and M4 layers

while L5 terminates into M1 and M5 (Millard and Pecot, 2018).

Medulla into the lobula complex:

The medulla by far is the largest neuropile of all that consist of the majority of neuronal cell
types of the Drosophila visual system. There are 10 layers (M1-M10). The medulla neuropile
location serves a great purpose for acting as a bride between the lamina and lobula complex
(Morante and Desplan, 2008). The lamina is known for its motion detection purposes as well
as the loubla complex for Having the ON and OFF motion pathways of the fly (Tuthill et al.,
2013). To be able to coordinate between these Two neuropiles, the medulla neurons receive
input from the lamina where medulla neurons Will send projections into the lobula complex.
For example, Tm3, Mi4, and Mi4 will have Their cell bodies in the medulla cortex will send
projections through the medulla and Will finally terminate at the final 10th layer in the
medulla, where the double plate T4 will Establish connections with them (Morante and
Desplan, 2008). Also, T5 neurons from the lobual plate will send out projections into the
lobula where some of medulla neurons are terminating in that neuropile such as Tm9, Tm2,
Tm4, and Tm1 (Morante and Desplan, 2008; Nériec and Desplan, 2016; Millard and Pecot,

2018).

Lobula complex into the central brain:
The last step of visual process is when all the information has reached the lobula complex and

now ready to be sent to a higher processing area in the central brain. The Lobula Plate
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Tangential Cells (LPTCs) are projection neurons that has a role in motion computing
located near the lobula complex (Nériec and Desplan, 2016). They receive direct input from
T4 and TS5 neurons and sends out the information to the ventro-lateral neuropils of the central

brain for final Processing (Maisak et al., 2013).

1.7.3 The visual system as a context in this research

To better understand the roles of Drosophila neurotrophins and their receptors in the
regulation of neuronal survival, cell number, and connectivity. I will be using specific
developmental stages to answer these questions. For example, it has been documented that at
24 hr APF, a massive wave of cell death occurs to eliminate the excess of neurons (Hara et
al., 2013). This stage will be used to answer the question of whether the DNTs and Tolls
regulate cell survival at 24 hr APF. Also, it has been shown that cell death declines at around
48 hr APF (Togane et al., 2012). The 48 hr APF stage is an ideal stage to test wether cell
number is affected after the elimination of cell at the earlier stage 24 hr APF (Figure

1.6). Finally, it has been reported that at 72 hr APF the Drosophila visual system goes
through the final stages of synaptic connectivity to establish the final connectivity patterns to
get it ready for the adult visual system (Morante and Desplan, 2008). This stage will be used
to answer the question of whether the interactions between DNTs and Toll influences the

connectivity patterns during this developmental stage.

In my research, [ will investigate two lamina neurons to answer the connectivity question:
Lamina L1 neurons and lamina wide field neurons (Lawf1). The lamina L1 neurons have cell
bodies in the lamina cortex with massive dendritic extensions in the lamina, and their axon
passes through the lamina and resides in two medulla layers, M1 and M5 layer (Tuthill et al.,

2013). The L1 axonal terminals in the medulla have been studied in the past, where Dscam?2
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Figure 1.6  Cell death in the developing optic lobe
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A graph showing the peak of cell death in the developing optic lobe. A great context to
investigate the regulation of cell survival and cell death at that stage. Also, as indicated in the
graph, cell death starts to decline at around 48 hr APF which makes it a great context to
investigate the regulation of cell number after the massive wave of cell death (Image taken
from Togane et al., 2012).



has been shown to act as a repellent to regulate the targeting of these axonal projections in the
medulla (Millard et al., 2007). The Lawf1 neuron is a lamina feedback neuron that has its cell
body in the medulla and it sends out projections in both directions in the medulla and the
lamina. Although there is some insight into the function of these neurons in motion detection
(Chen et al.,2016). No evidence shows their involvement in regulating cell survival or
connectivity (Figure 1.7). The Drosophila visual system makes a great tool to investigate
various questions. It is an ideal model for my research to investigate cell survival and

connectivity due to the events mentioned above that occur at specific developmental stages.

1.8  Aims and Objectives

My thesis aimed to investigate the neurotrophic hypothesis by examining how neurotrophins
regulate cell survival, alongside exploring how this regulation impacts the establishment of
connectivity in the Drosophila visual system.. This is important, as the visual system offers a
unique context, whereby many neurons are known to die and many to be maintained alive, at
the time when neural circuits are established. Finding evidence for neurotrophism and a role
for the Drosophila neurotrophin system in this context would provide compelling evidence
for a universal evolutionary conservation of neurotrophism as shared mechanism of brain
development across species. To test this hypothesis, I have asked whether the Drosophila
neurotrophin system is involved in the regulation of cell number and whether this is linked to

the establishment of connectivity patterns during the development of the visual system.

The experimental objectives of my thesis were:
1. To characterize the spatial and temporal distribution of DNT and Toll receptor gene
expression in the visual system during development (Figure 1.8). I looked at: L3W optic

lobe, 24 hr APF, 48 hr APF, 72 hr APF.
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2. To test the function of DNT-2 and spz3 in regulating cell survival and cell number in
the optic lobe. This was done using DCP-1 to visualize and quantify dying cells when altering
DNT-2, spz3, Toll-2, Toll-8 and the nuclear marker Histone-YFP to test whether alterations in
apoptosis or cell survival also modified cell number. The reason behind selecting DNT-2 and
spz3 is due to the evidence we already know regarding what kind of receptors they work by.
DNT-2 binds Toll-6 and Toll-7 (Foldi et al., 2017). Also, it has been reported that spz3 might

interact genetically with To/l-§ (Ballard et al., 2014).

3. To investigate whether altering the levels of DNT-2 and spz3 and their receptors could
influence connectivity patterns in the optic lobe. This was done by: Looking at how altering
DNT-2/Toll-2 and spz3/Toll-8 affected the connectivity of L1 at the medulla, and Lawf1

neurons in the lamina and measuring dendrite branching in the lamina.
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Figure 1.7  The visual system as a context in this research
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Figure 1.7  The visual system as a context in this research

The Drosophila visual system used as a model to investigate the regulation of connectivity
patterns when manipulation spz3/Toll-8 and DNT-2/Toll-2 in L1 and Lawf1 neurons. In
green is the L1 neurons with a cell body in the lamina cortex and massive dendrites within
the neuropile. It sends out two projections into the medulla layers M1 and M5. The focus on
this lamina neurons will be when altering DNT-2 and Toll-2 to study the dendrites size and
the targeting in the medulla. Moreover, in red, the Lawfl neurons is a lamina feedback
neuron with a cell body in the medulla cortex. It sends out projections in both directions, in
the medulla and the lamina. I will be focusing on the axonal terminals in the lamina when
altering spz3 and Toll-8 together to investigate any connectivity phenotypes.



Figure 1.8 = The Drosophila developing visual system
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Figure 1.8 = The Drosophila developing visual system

A schematic diagram of the developing visual system. (A) the third instar larval optic lobe
where PRs are being born starting from R8 preceptor. (B) pupal optic lobe at 24 hr APF
where the majority of cell death occurs. (C) pupa optic lobe at 48 hr APF where cell death
starts to decline. (D) pupal optic lobe at 72 hr APF where connections in the optic lobes are
being finalized in the their final targets for the adult optic lobes.
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