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Summary

This work investigates how two daughter cells, which arise from the same progenitor cell, can
mature in two distinct neurons. Single cell transcriptome analysis of the two sibling cells vMP2
and dMP2 in the Drosophila central nervous system revealed that the expression level of the
MRNA splicing factor B52 is around 45 times higher in dMP2 than that in vMP2 in stage 17
embryos. Given that the axons of vMP2 and dMP2 project in opposite directions, the up-
regulation of B52 in the dMP2 cell suggests that B52 might play a role in the selection of synaptic
partners before synaptogenesis takes place. This process involves the selection of
neurotransmitter expression, which subsequently contributes to control of locomotion in late

stage embryos and larvae.

Using mutants created in this study, which are devoid of B52 RNA in larval stages, | first
discovered that the expression level of choline acetyltransferase (ChAT) is elevated as a result
of reduced B52 activity. This increase in ChAT correlates with the presence of an aberrantly
spliced ChAT mRNA in embryos and mutant larvae with reduced B52 levels. In addition to this,
abnormal behaviours were observed in hatching embryos with reduced B52 levels as well as in
36hrs post hatching larvae devoid of B52 mRNA. Given the upregulation of ChAT, the resulting
high levels of acetylcholine may interfere with hatching by triggering paralysis of the larval
muscle through its highly sensitive and abundant receptors thereby rendering the larvae unable

to move.

Interestingly, the behaviour and physical appearance of 36hrs post hatching larvae devoid of
B52 RNA highly resemble that seen in mutants defective in the ecdysone receptor (EcR),
especially the lack of motion and reduced larval body size. This nuclear hormone receptor is
closely linked with growth and development. More importantly, genomic studies have identified

EcR as a potential splicing target of B52.

These results suggest that the synthesis of acetylcholine by ChAT is critical for the differentiation

of the dMP2 sibling cells and normal movement of larvae in a B52-dependent manner.
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CHAPTER 1: Introduction

1.1. Neural Circuits

Neural circuits are the functional units mediating animal behaviour. Activities such as reading,
exercising and sleeping are all executed in response to signals passed along the neural circuits.
Formation of neural circuits during embryogenesis is largely dependent on the genetic
information passed on by the parents which is translated into different kinds of molecular
mechanisms directing interactions among neurons. After this initial stage, environmental factors
are also introduced to the fate determination processes, which allow modifications of both
existing links among neurons and new neuronal connections. Typical examples include the
replacement of injured neurons, rewiring of damaged nervous system after axonal injury, and

memory consolidation and recall.

While synaptogenesis is the ultimate key step for the establishment of functional neuronal
circuits, it is well known that the formation of networks involves several other developmental
and selection processes before synaptogenesis takes place. The highly adventurous axon and
comparatively less active dendrites first go through a series of exploratory events, interacting
with and rejecting potential partners, based on whether the signalling molecules and the
receptors possessed by each side make a perfect match. Potential targets are narrowed down
from hundreds to tens, and sometimes even to a single individual neuron, with which a stable
connection is made. Nevertheless, this is not the end. Additional neurotransmitters and proteins
are constantly needed to ensure a permanent bonding between the two sides. It is remarkable
that, despite having to go through these complicated selection processes, both the presynaptic
axon and postsynaptic dendrites will faithfully choose the specific target they are programmed

to.
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Moreover, recent genome-wide gene expression analysis added another layer of complexity by
revealing that local activity of cells also affects this target selection process by inducing gene

expression, which in turn alters the fate of the whole neuronal circuits.

Before going into details of the molecular mechanisms underlying the operational function of
neuronal circuits, it is worth going through how neuronal circuits, the actual physical building

block of the nervous system, are formed from nothing but a cluster of cells.

1.2. Neural Development

Formation of neuronal circuits starts with the development of single cells, and the pattern
follows what is seen in most biological processes: from seemingly simple construct to extremely
complicated system. The central nervous system (CNS) in Drosophila originates from precursor
cells with stem cell-like properties known as neuroblasts (NBs). NBs of the ventral neurogenic
region delaminate from the neuroectodermal epithelium into the interior of the embryo, and
later give rise to the ventral nerve cord (VNC). While NBs divide asymmetrically for several times
to generate another NB and a ganglion mother cell (GMC), the GMC produced from each division

only divides once more to give a pair of neurons or glia [1].

The primary cause of this asymmetric division is the establishment of apical-basal cell polarity.
Upon delamination, an apical stalk connects the newly formed NB with the neuroectodermal
cells. The PAR/aPKC protein complex [2, 3], which is localised in the apical cortex of the
neuroectodermal epithelium remains in the apical stalk [4-7]. This apical-basal polarity in the
apical stalk is passed on to the NB. During mitosis the spindle undergoes a 90 degrees rotation
creating an equatorial plane perpendicular to the apical-basal axis of the cell [8]. This leads to
an uneven distribution and separation of cell fate determinants during cytokinesis which later

contributes to the distinct properties of the two daughter cells (Fig. 1.1).
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Mutations in genes encoding the PAR/aPKC complex lead to loss of apical-basal polarity in
neuroectodermal epithelial cells and NBs [4-7, 9]. Distribution of primary basal cell fate
determinants such as Pros, Numb, and their adaptor proteins Miranda and Partner of Numb
(Pon) is completely disrupted, and so is the orientation of the mitotic spindle [4-7, 9, 10]. A
similar situation is also seen in mutants of the apical cell fate determinant Insc and its binding
partners, Partner of Insc (Pins) and Gai [8, 11-15]. In addition, tumour suppressor genes
including lethal giant larvae, discs large and scribble have also been shown to be involved in

basal localisation of cell fate [16-18].

Now that the fundamental units of the nervous system, individual neurons and glial cells, have
emerged, linking up of these neurons which are scattered in different locations is about to take
place. While network connections are built up in a rather programmed manner, certain degree
of flexibility is still maintained during this process which allows systemic function to be

established from these neuronal circuits in the most appropriate way.
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Figure 1.1 Asymmetric division of NB.

NB first delaminates from neuroectodermal epithelial cells, followed by the establishment of apical-basal
polarity as a result of separation of cell fate determinants. Par-6/Baz/DaPKC and Insc/Pins/Gai are
localised in the apical side of the cell, whereas Pros/Miranda and Numb/Pon are localised in the basal side
of the cell. A 90 degrees rotation of mitotic spindle takes place during this process. Separation of cellular

constituents is completed upon cytokinesis, which results in formation of one NB and one GMC.

1.3. Neuronal Targeting and Neuronal Network Formation

As soon as most neuronal cells are in place, the process of target seeking and building up
connections among them takes place. The completion of this stage will provide the ultimate
infrastructure of the nervous system —the neuronal network (Fig. 1.2). It takes a series of events
before an individual neuron can find its right partner. A single neuron A first needs to explore
the neighbourhood by extending filopodia. Various road signs (signalling molecules) will then
guide neuron A to its preferred place through the big traffic made up of axons extended
simultaneously from adjacent neurons. After several turnings and circling around the

destination area, neuron A finally arrives at the party. This is followed by examining and
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interacting with a moderate number of potential partners. Only then, can neuron A commit itself

to a permanent bonding with, in most cases, its lifelong partner, through synaptogenesis.

Nevertheless, the whole journey is not completed yet. Constant maintenance of the synaptic

connection has to be provided for stabilising the newly formed neuronal network. On the other

side, neuron B, which is picked up by the axon of neuron A, will also undergo a series of

selections via regulating its dendrites and soma, so as to ensure the right target is chosen.
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Figure 1.2 Neuronal targeting and neuronal network formation.

Axon is sent out by neuron A to different locations where target selection takes place. Dotted curves
represent axon projections made before the final target is chosen. Solid curve represents the final axon
projection which leads to synaptogenesis between partner neurons. Connections made among several

neurons eventually leads to formation of a closed neuronal circuit.
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To put it in a simple way, at least three steps, which often take place simultaneously, make up
the processes of neuronal network formation. Namely, axonal elongation, axonal and dendritic
targeting, and synaptogenesis. A lot of research has been done to address questions arisen from

the first stage: what guides the axon towards its destination?

1.3.1. Axonal elongation
The growth cone, the mobile tip of a growing axon, plays the leading role in driving and directing
the elongation process of an axon, by generating forward tension force [19] during the initial

stage of neuronal network formation.

A growth cone consists primarily of three domains: the peripheral domain, the transition zone
and the central domain. Actin filaments are first assembled in the peripheral domain, which is
the edge of the growth cone, leading to extension of F-actin-based lamellipodia and filopodia,
and at the same time stretching the membrane of the growth cone towards the direction of
elongation. On the other end sits the microtubule-based central domain, where actin filaments
advanced to the distal tips are dragged back by myosin-like molecular motors and are
depolymerised [20-22]. This retrograde flow functions as a controlling mechanism which limits
the rate of axon elongation and prevents microtubules from entering the peripheral domain.
Thus, the balance between anterograde flow and retrograde flow determines whether the axon
is elongating or retracting. Extracellular signals play the determining role in setting the balance.
Typically, once cell-adhesion molecules come into contact with the growth cone, an increasingly
strong connection, which is enough to overcome the force generated from retrograde flow, is
built up between the growth cone and the extracellular matrix. In situations where close contact
has been made, a force between the growth cone of the approaching axon and the target neuron
is established. Depending on which domain of the axon is reached by the extracellular molecules,
different responses may be generated [23]. Eventually, polymerisation of microtubules will

promote their entrance into the peripheral domain. As a result, microtubules move one step
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forward, causing elongation and thickening of the filopodium which now becomes part of the

axon [24].

In reality, a single axon can be surrounded by countless number of signalling molecules.
Therefore, specific patterns have to be matched for the correct transduction of signals to the
cytoskeleton during axon development, and this process is mediated by various receptors
spanning the membrane. One of the important receptors that have been identified are integrin
heterodimers. These transmembrane receptors link up the extracellular matrix and the
cytoskeleton inside a cell. Upon binding to a ligand, such as fibronectin and type | collagen, in
the matrix, the cytoplasmic tail of the integrin subunit binds to actin via anchor proteins such as
talin, a-actinin and filamin, initiating clustering of more integrins and generating a strong

adhesive force between the cell and the extracellular matrix.

Immediately downstream the surface receptors are the Rho-GTPases. Intensive studies have
linked this receptor family to growth cone mobility, axon elongation and guidance [25-27].
Among family members, Rho inhibits growth cone polymerisation when it is activated upon
binding to GTP, while activated Rac and Cdc42 promote the assembly of actin filaments of
filopodia and lamellipodia. Activators and repressors such as guanine nucleotide exchange
factors (GEFs) and GTPase activating proteins (GAPs), respectively, along with other effector

kinases act upon the GTPases to regulate their action state through GTP metabolism [28].

These GTPases in turn control the activities of numerous actin binding proteins, such as Profilin,
which is recruited to enhance actin polymerisation in the growth cone [29]. The balance
between polymerisation and disassemble of the actin filaments also involves Gelsolin [30] and

AFF/Cofilin [31].

While actin filaments are busy with gathering themselves to the right place in response to

extracellular signals, immediately adjacent to them are the microtubules, the core elements for
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axonal lengthening [32-34], ready to be called up for action. Experiments have demonstrated
that in addition to a decrease in retrograde actin flow, polymerisation of microtubules can be
directly induced by CAMs [35]. Destabilisation of microtubules then takes place to allow the
insertion of new membrane in the growth cone [36]. Microtubule-associated proteins are key
players in regulating the stability of microtubules since they bind and thus interact directly with
microtubules during polymerisation. For example, CRMP-2 binds tubulin dimers and is involved
in axonal growth and branching in hippocampal neurons in culture [37]. Down-regulation of
microtubule associated protein Tau has been shown to cause inhibition of axon outgrowth and
reduction in size of motility of the growth cone [38]. Transportation of microtubules is mediated
by dynein which facilitates microtubule invasion during axon elongation [39]. On the other hand,
the lack of dendritic microtubule associated protein 2 (MAP2) leads to decreased dendritic

growth [40].

In addition to the transport of actin and microtubules, the supply of cellular constituents for
biosynthesis is also needed for the rapid axon growth. Experiments carried out by Shaw and Bray
in 1977 demonstrated that adult sensory axons separated from their cell bodies were able to
grow further in culture [41], indicating the synthesis of corresponding proteins, lipid and other
molecules was carried out within the axon itself. Since then, several experiments have shown
that smooth endoplasmice reticulum (ER) is distributed along the axon, and by using radioactive
lipid precursors, synthesis of lipid has also been observed in axons in vivo [42-48]. Accompanying
experiments have shown that both the cell body and axons are able to transform lipoproteins
into cholesterol, so as to keep up with the demand of plasma membrane synthesis [47-49].
Therefore, it seems that although the cell body plays a major role in synthesising basic building
blocks for the axonal elongation process, secretion of essential materials to supply to the growth
cone also relies on the organelles within the extending axon. Consistently, the presence of
ribosomes and mRNAs also suggests the possibility of translational process taking place in axons,

as demonstrated by studies of other laboratories [50-52].
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1.3.2. Axonal targeting

1.3.2.1. Axon guidance

In order to build up functional neuronal circuits, simply sending out neuronal processes to reach
to one another randomly is certainly not a good and efficient strategy. Thus, in addition to
factors stimulating axonal elongation, guidance molecules also play an essential part in steering
axons, as well as dendrites. These molecules ensure the right links among neuronal cells to be

established.

During this passive hiding and active seeking process, an axon projected from a single neuron
tends to get in contact with all sorts of cues which in general fall into two categories, attractants
and repellents. In Drosophila, the elongating direction of the axon bundle is diverted after
reaching the vicinity of the midline. Axons which are more sensitive to repellent cues secreted
by midline cells such as Slit, will remain ipsilateral (on the side where they emerge from). The
main function of Slit is to repel longitudinal axons from crossing the midline in the CNS. Other
axons which are more sensitive to midline secreted attractants such as Netrins will cross the
midline and thus become commissural axons. Netrin has the opposing function of Slit in guiding

longitudinal axons in this case, acting as an attractant and facilitates midline crossing.

It has been shown in embryos devoid of either Slit or its receptor Robo1, that all the axons grow
towards the midline and stay there [53-55]. In embryos lacking Netrins, some axons failed to
orient normally towards midline but most axons still form commissures [56]. It has been
suggested that commissural axons can overcome the repulsive force generated by Slit-Robo near
the midline, and thus cross over the midline. Previous studies demonstrated that
Commissureless is essential to help axons to overcome Slit repulsion, and the lack of
Commissureless results in nearly complete loss of axon commissures. [53, 57-60]. On the

contrary, loss of robo1 leads to abnormal midline crossing [53].
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It has been shown later that Commissureless acts on Robol possibly by regulating the
intracellular movement of the latter, deviating it from reaching the growth cone and thus
numbing the sensitivity of the axons to Slit [61]. This insensitivity for the repellent Slit, allows

Netrins to be in the lead and hence axons are attracted towards the midline.

It is thought that all the members of the Robo family, the receptors for Slit, would have a rather
conserved role in midline repulsion. However, research on locating the functionally related
counterpart of Commissureless in vertebrates unexpectedly found that deletion of robo3 did
not result in the supposed loss of midline repulsion, but instead inducing the axons to remain
ipsilateral [62], similar to the phenotype observed in the Commisureless mutant of Drosophila.
Further research shows that rather than having a completely opposite function as the Drosophila
Robo3, the vertebrate Robo3 can be spliced into another isoform, Robo3.1, which antagonises
Slit/Robo possibly by inhibiting the transduction of repulsive signal from Slit to the growth cones
[62, 63]. Inspired by the above findings, mutation of the Drosophila robo2 gene, which is most
closely related to vertebrate robo3, has been performed. Yet, compared to the deletion of robo3
in vertebrates, Drosophila robo2 mutants only exhibit minor axonal pathfinding defects. In a
different experiment, mutation of robo2 in a netrin or fra mutant background, loss of
commissures is observed, suggesting that Robo2 does have a positive role in commissure

formation [56].

In vertebrates, midline crossing is also mediated by factors regulating both gain and loss of axon
attraction/repulsion. For example, in the hindbrain of vertebrates, commissural axons formed
from neurons in the dorsal cerebellar plate no longer respond to Netrin-1 after midline crossing
[64], and a similar phenotype is observed in the spinal cord where commissural axons are not
attracted by Netrin-1 and Shh after midline crossing [65]. On the other hand, factors such as Slit,
Sema3B and Sema3F, which have no effect on axonal guidance before midline crossing, start to

become influential after crossing [66]. A possible explanation provided by Stein and Tessier-
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Lavigne is that Slit-1 can neutralise the attractive effect of Netrin-1 by cutting off Deleted in
Colorectal Cancer (DCC), the Netrin receptor, and thus isolating axons from the attractive forces
[66]. The gain of repulsion from Sema3B and Sema3F after midline crossing is thought to be
regulated by Shh in a similar manner — the axonal contact of these two Semaphorins seems to
be prevented before midline crossing [67]. As soon as Sema3B and Sema3F are free from the
restriction induced by Shh, repulsion becomes the principal force that prevents commissural

axons from turning back.

However, the same mechanism does not seem to exist in Drosophila. Instead it is thought that
commissureless and robol are down- and up-regulated, respectively, to elevate the repulsion of
commissural axons after midline crossing [68]. After the safe arrival on the other side of the
midline, axons are now facing the choice of which direction to go — anterior or posterior (A-P)?
In fact, the direction has already been set by the time axons cross either through the anterior
commissure (AC) or the posterior commissure (PC) . This step is thought to be partly influenced
by the initial position of the cell bodies from where the axons originate, since they tend to cross
through the nearest commissures. Nevertheless, experimental evidence indicates that
accumulation of Wnt5 on PC is required to keep the anterior axons away from PC and thus
maintain their own characters, and AC fails to form when Wnt5 is ectopically expressed along
the midline [69]. This process requires the presence of a second factor, which is Derailed, the
receptor of Wnt5, on the anterior axons, to respond to the repellent signal generated by Wnt5
at the PC. In consistence, the lack of Derailed has been shown to result in anterior axons crossing

through the PC [69, 70].

On the other hand, things are quite reversed in vertebrates. Instead of acting as a repellent
signal, Wnt attracts axons that have already crossed the midline. It has been shown there is a
Wnt gradient built up along the spinal cord with high concentration in the anterior and low

concentration in the posterior. As a result, axons which become sensitive to the Wnt signals
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after midline crossing tend to turn to the anterior. It has been shown that disruption of this Wnt
gradient caused by introducing soluble Frizzled-related proteins, which are the membrane
bound receptors of Wnt, leads to defects in anterior-posterior growth, and mutation in Frizzled3
results in disorientation of axons along the anterior-posterior axis [65]. A second factor which is
thought to be involved in the A-P orientation is Shh, which act as repellents to the commissural
axons, and is distributed in an anterior-low and posterior-high manner. Loss of Shh function in

chicken caused by RNAi has been shown to induce A-P guidance defects [71].

The turning of commissural axons, either anteriorly or posteriorly, is large affected by Slit/Robo
and Netrin/Frazzled. For example, in robo mutants, while MP1 axon projects as in wildtype (WT)
posteriorly, the axon of dMP2 is somehow guided towards the commissures, and eventually
ends up in crossing the midline. In addition, the dMP2 axon in robo mutant never reaches to the
next segment [72]. Although initially the axon of dMP2 is still fasciculated with that of MP1 in
the robo mutant, this does not prevent the dMP2 axon from choosing the wrong path regardless
of the adhesion force generated by the other MP1 pioneer neuron. Further to this observation
of dMP2 misprojection, the authors isolated the causing factor by expressing commisuresless
specifically in dMP2 neuron to remove Robo from the cell membrane. In this way, axons of dMP2
neuron project contralaterally. Also, in robo mutant background, induced expression of robo in
dMP2 brings its axon back to track, regardless of the surrounding misprojected axons [72]. In an
attempt to rescue the misprojection of dMP2 axons in robo mutant, the authors reduced the
level of attractants located near the lateral region of the commissure by, in one case removing
NetrinA and NetrinB, and in another inducing mutation in frazzled, where a reduction of

misprojection to 61% and 24% were observed, respectively [72].

It is first thought that the Netrin/Frazzled affects the dMP2 trajectory in a way similar to that of
Slit/Robo, i.e. autonomously. However, in the robo mutant, dMP2 axons only transverse as they

approaching the commissure at the end. Also, antibody staining has revealed that Frazzled is
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completely absent in dMP2 cell. These suggest Netrin/Frazzled is regulated in a different manner
from that of Slit/Robo. In frazzled and robo double mutant, where misprojection of dMP2 was
greatly reduced as compared to robo mutant, expression of UAS-Frz-AC (truncated Frazzled
protein which lost its intracellular domain) in cells found along the normal dMP2 projection
pathway, but excluding dMP2 cells, rendered the axons exhibiting roundabout-like trajectory. In
contrast to it, induction of UAS-Frz-AC in dMP2 did not change the trajectory of dMP2 axon.
These indicate Frazzled controls the projection of dMP2 axon in a non-cell-autonomous fashion

[72].

On the other hand, misprojection of ascending neurons was also observed in robo mutant,
where vMP2 and pCC extended their axons towards the midline instead of following their
longitudinal path. This abnormal phenotype was once again rescued by the removal of either
Netrin or Frazzled. In robo and frazzled double mutant, expression of UAS-Frz-AC restored the
midline crossing defects of the ascending neurons. All these together indicate the misprojection
of dMP2 axons in robo mutant is caused by dMP2 axons failing to overcome the force barrier
created by Netrin/Frazzled in the commissures due to the absence of Robo, and therefore

unable to cross the segment boundary [72].

1.3.2.2. Axon branching

Given the complicated interactions established within the nervous system, surely a one to one
connection made between a pair of neurons is not sufficient to serve the purpose of
communication among the huge neuron population. A regional neuronal network must

somehow link to a different one via more than one route.

The application of functional magnetic resonance imaging (fMRI), which is based on monitoring
regional changes of blood oxygenation resulting from neural activity [73, 74], has demonstrated

that in the presence of stimuli, for example, 16-bit digitally synthesised tones, human subjects
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always respond first by processing the information in more than one area of the brain, which in
this case include cerebral hemispheres, cerebellum bilaterally, bilateral deep nuclei, and

brainstem [75].

The only way to allow a single neuron to have multiple targets is achieved through axon
branching. Axon branching is a process that defines the morphology and connections of each
neuronal cell type. It is also a higher controlling mechanism for target selection and structural

plasticity [76, 77].

The involvement of multiple factors in axon branching enables a high flexibility in terms of
shape-shifting in space and time. One kind of branching is known as arborisation, where
branches are formed in a tree-like fashion at axon terminals in the target region. A rather
simplified version of arborisation is called bifurcation, where a pair of branches are generated
which often grow into separate ways. A third type is collateral branches, where branches extend
either orthogonally or obliquely from the axon, and usually end up at different targets to that of

the main axon.

Despite these seemingly simple forms of branching, recent studies have highlighted the
underlying mechanisms by which a rather complicated intermediate branching map is often
involved in the formation process. In general, the ultimate form of axonal branches in mature
neural circuits may not reflect how these branches are formed during development, and
multiple steps regulated by different extracellular signals are present. A typical example is the
RGC axons, which first overshoot their target, and then form branches in the target region. The
whole branching process is completed by retracting the overshot axons to the target region [78,
79]. The formation of the daughter branch has been linked to the C-type natriuretic peptide
pathway. The C-type natriuretic peptide binds to the membrane-associated guanylate cyclase
natriuretic peptide receptor 2, which activates the production of cGMP. Any disruption induced
along the pathway, including genetic ablation of the cGMP target Prkg1, would lead to failure in
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the generation of a second branch [80, 81]. As soon as the daughter branch is formed, guidance
molecules Slit1l and Slit2 come into play, interacting with their corresponding Robo1 and Robo2
receptors. Mutants in either ligands or receptors result in disorientation of the bifurcation fork

[82].

Axon branching can take place essentially everywhere along the axon. Recent studies have shed
light on several mechanisms that specify the location of branching. Whilst some of the axons
form branches in a relative early stage, such as those of dMP2, in most other cases, branches
are formed at axon terminals, i.e. the target regions, such as those of peripheral and central
axons of sensory neurons in the DRG. These terminal branches are generated in response to a
group of target-derived factors. A typical factor is the nerve growth factor (NGF), which induces
the branching of sensory axons in the peripheral tissue as soon as they approach the skin [83].
In mice lacking the low-affinity NGF receptor p75, arborisation of sensory neurons in the
peripheral tissue is reduced [84]. In a different study where double deletions of Ngf and Bcl-2-
associated X protein (Bax) is examined in mice, axons of the sensory neurons are able to reach
their skin targets, but fail to innervate them and initiate arborisation [85]. The close relation
between NGF and arborisation has been further demonstrated in neurons from the sympathetic
ganglion, where deletion of NGF in Bax null mutation background results in reduced innervation
of multiple sympathetic targets due to defective arborisation [86]. Interestingly, not all of the
targets lose innervations, suggesting there has to be a second axon branching factor, which acts
on the same pathway. This factor has later been found to be a Wnt family protein. Wnt3 has
been found to be expressed in motor neurons in the ventral spinal cord where axon terminals
of sensory neurons are located [87]. Artificial induction of Wnt3 signal in cultured embryonic
mouse DRG neurons leads to increase in formation of secondary and higher order branches,

indicating Wnt3 functions as a signal to specify the location for terminal arborisation.

In addition to the above mentioned growth factors, other diffusible factors secreted around the
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terminal tissue also promotes branch formation [88, 89]. During early spinal cord development,
collateral branching takes place 2 days after the sensory afferents bifurcate [90, 91]. This
suggests an accumulation of local regulatory factors might be needed to function as a secondary

stimulus to trigger formation of collateral branches [92].

Guidance molecules like Netrin 1 has also been found to affect branch formation in cultured
hamster cortical axons, as introducing Netrin 1 to these axons leads to filopodial extension
towards the stimuli [93]. The presence of Netrin 1 coincides spatiotemporally with Ca?*

transients [94] and new branch formation [95].

On the other hand, factors inhibiting branch formation are also involved. It has been shown that
cultured chick RGCs derived from the temporal side of the retina form branches exclusively on
membrane stripes derived from the anterior tectum, their endogenous terminal zone, whereas
axons of nasal RGCs show no preference. However, after adding soluble EphA3 receptors to the
culture to block the ephrin A pathway, the biased branch formation is resolved, suggesting

ephrin A functions as an inhibitor for axon branching [96].

1.3.2.3. Axon retraction

Axonal branches formed during development are not necessarily retained by mature neuronal
circuits [97]. During early mammalian cortical development, multiple collateral branches are
generated from axons projected from the motor and visual cortex [98]. Many of them are
eliminated in later stages through a process known as pruning. The retraction of overshooting
axons and redundant interstitial branches during RGC development also employs the same
pruning strategy [99]. Once again, guidance molecules are involved [100], which coordinate with

other cellular factors to regulate branch degeneration [97].

Several factors, such as branch number, length and order, will influence the function and

capacity of the terminal arbours during synaptogenesis. Guidance molecules of the Slit family
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and their Robo receptors are associated with these properties of the terminal arbour. In general,
both mutations in Slit (Slit2; Slit3 or Slit1; Slit2; Slit3) and the lack of Robo (Robol; Robo2), can
cause reduction in size of branching or missing of the entire arbour of the trigeminal ganglion in
mice [82], whereas overexpression of slit2 leads to increased branching in peripheral sensory
neurons [101]. Just like every coin has its two sides, Sema acts in the opposite way of Slit. Loss
of Sema 3A function leads to overgrowth of peripheral axon and branching in both DRG and
trigeminal ganglion [102, 103]. Similar defects have also been found in mice devoid of
Semaphorins receptors, neuropilin 1 or plexin A3/A4 [104, 105]. The inhibitory role of Sema 3A

is further verified by its effect on limiting axon branching of cortical neurons in culture [93].

Inhibitory cues also contribute to self-avoidance and tiling. In vivo imaging of sensory axons in
zebrafish has shown that the removal of an existing arbour allows the neighbouring neurons to
take over the terminal region [106], indicating repulsion is needed even after synaptogenesis to

maintain the correct neural network status.

Several studies have demonstrated that developing synapses participate in stabilising specific
branches, and neural activity can regulate axon branching. More details will be discussed in the

synaptogenesis section.

1.3.3. Dendritic formation and targeting
Compared to axons, dendrites play a relatively less active role in neuronal network formation
since their travel distance is limited to the vicinity of the neuronal cell body. However, the

importance of dendritic formation and targeting cannot be neglected.

Dendrites are the neurites that serve as the receiver of synaptic input in a neuronal circuit.
Dendritic development has everything in common with axon in terms of development. Processes
such as outgrowth, guidance, targeting and arbour remodelling are also seen during dendritic

development.
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The cytoskeleton of dendrites is slightly different from that of axons, consisting of relatively
more microtubules than actin filaments, and rougher ER and polyribosomes. In contrast to
axonal microtubules whose plus-ends pointing distally, the ends of dendritic microtubules
consists of both plus- and minus-ends. In addition to the above features, the distinctive functions
of axons and dendrites are mainly attributed to the localisation of different types of proteins.
The specific shapes of both axons and dendrites are crucial in neuronal function and circuit

assembly, as well as in processing and integration of electrical signals.

During the initial formation stage, incorporation of membrane and proteins is in high demand
for dendritic growth and branching. Golgi compartments have been found in dendrites,
suggesting a local secretion of cellular constituents in dendrites [107-109]. This is further
confirmed by defects observed in dendritic growth and maintenance in cultured rat
hippocampal neurons, where Golgi trafficking, including that from ER to Golgi and cargo budding
from the trans-Golgi network have been blocked [108]. Screening for genes shaping formation
using Drosophila class IV da sensory neurons identified several genes involved in the ER to Golgi
transport pathway, such as sarl, sec23 and Rab1 [109]. Among them, mutation in sarl causes
reduced dendrite growth and diffuse Golgi outposts, while axons are not strongly affected,

indicating there are independent pathways mediating the growth of axons and dendrites [109].

It has been shown that the lineage and identity of neurons are the primary factors affecting the
targets of dendrites [110-113]. Studies of Drosophila antenna lobe (AL) have shown that the
information stored in the olfactory receptor neurons is transmitted to second-order olfactory
neurons, the projection neurons (PNs). There are mainly three lineages of PN: anterodorsal PN,
lateral PN and ventral PN lineages. Each PN targets one out of 50 AL glomeruli in its lineage. This
is achieved by recognising specific patterns of its targets, and also via self-avoidance. Both
processes are mediated by the dendrites formed on the AL. Transcription factors, such as Acj6

and Drifter, are found to be essential for the correct targeting of glomeruli on DL1 anterodorsal
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PN dendrites and ventral PN dendrites, respectively [112, 113]. These transcription factors show
target specificity, since misexpression of drifter in acj6 anterodorsal PN mutant results in
mistargeting the more anterior glomeruli, and if cut is also expressed in this anterodorsal PN
mutant, the target will shift almost entirely to the glomeruli of lateral PN [113]. This indicates
lineage-specificity of PN targeting is imprinted by the combination of different transcription

factors.

Although having non-overlapping pathways to that of axon growth, several guidance molecules
have been found to be shared by both dendritic and axonal targeting, including Semaphorins,

Robo/Slit, and Netrin/DDC.

Recent studies of the cues involved in early dendritic targeting of Drosophila AL revealed an
important role of Semaphorins. Sema-1 belongs to the Semaphorin family which mediates axon
guidance via regulation of transmembrane receptors including Neuropilins and Plexin. Sema-1a
is found to be expressed in a graded level across different PN dendrites, and targeting of PN to
specific regions in Drosophila AL is related to the concentration of Sema-1a. For example, PNs
that express the highest level of Sema-1a form protoglomeruli at the most dorsolateral regions
of the AL, whereas those expressing lower levels of Sema-1a target to the more ventromedial
regions. Sema-1a acts more like a receptor rather than a ligand in this case, suggesting the

existence of a yet unknown ligand involved in dendritic targeting [114].

Deletion of Slit leads to complete loss of dendrites in the aCC motor neuron in the VNC of
Drosophila embryo. In addition, in robo null mutant embryos, the size of aCC dendrites is
reduced to 26% compared to that in wild type [115]. In an earlier study conducted by the same
group, null mutation of frazzled, netrin and commissureless caused guidance defects in dendrites
of certain neurons in the embryonic CNS, including RP3 and aCC. The dendrites of these neurons
failed to cross the midline [116]. This result is consistent with the study of contralateral dendrites
of zebrafish octavolateralis efferent neurons, where blocking of dcc and netrinl expression by
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injecting their antisense morpholino oligonucleotides prevented the dendrites from crossing the

midline [117].

In addition to attractive cues, cell-cell repulsion also plays an important part in dendritic
guidance. This repulsive interaction between dendrites is required to maintain dendrites within
the specific territories so as to avoid unwanted tangling of dendrites, and thus allowing, for
example, the PN in Drosophila to target to the corresponding glomeruli in the AL without
interfering with the activity of other PNs [118]. This repulsive force also ensures an even growth
and distribution of neuronal cells. This self-avoidance strategy applied by neurons based on cell-
cell repulsion guarantees that dendritic branches originated from the same neuron will not cross
or fasciculate with each other, so that connections between branches of the same neuron are

avoided.

1.3.4. Synaptogenesis
As soon as axons and dendrites find their perfect matches, synaptogenesis occurs, integrating
the many individual neuronal cells into a complete new network that grants them the property

of communication.

As mentioned above, neurons reach for one another by extending single axons whose path are
determined by various guidance cues encountered during the targeting process. Upon reaching
the right target, synaptic contact is made between the presynaptic sites and postsynaptic sites
(Fig. 1.3). In most cases, this synaptic contact is maintained and reinforced throughout life.

Several properties have emerged along with the neuronal circuit.
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Figure 1.3.: Synaptogenesis.

Synaptogenesis requires the presynaptic axon (blue) and postsynaptic dendrite (pink) to make contact
with each other. Upon completion of synaptic formation, both electrical and chemical signals can be
passed from one neuron via its axon to another neuron through its dendrite. In this case,
neurotransmitters kept in the synaptic vesicles in the presynaptic axon are released into the synaptic cleft
as a result of Ca? influx. The released neurotransmitter binds to receptors localised to the postsynaptic

membrane.

First of all, electric and chemical signals can now be passed from one neuronal cell to another in
a unidirectional manner via the newly established bridge — the synapse or synaptic junction. A
synaptic junction consists of three parts: presynaptic bouton, synaptic cleft and the postsynaptic
reception apparatus [119]. Presynaptic boutons are found along the axons, but mainly in the
axon terminals, and filled with synaptic vesicles that carry neurotransmitters. These
neurotransmitters are released in the synaptic cleft in regions called active zones, characterised
by the presence of protein matrix known as the presynaptic web [119, 120]. Immediately
adjacent to the active zones is the postsynaptic plasma membrane where receptors and ion
channels are anchored. Another protein rich structure named postsynaptic density (PSD) links

the active zones and the cytoplasm of the postsynaptic cells together [121, 122]. Variations in
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size and organisation of presynaptic active zones and also the thickness of PSD have been

attributed to the difference in synaptic type, function and efficacy.

The transfer of electric signal is mediated by channels called gap junctions which allow the
passing of electric current that causes voltage changes in presynaptic and subsequently
postsynaptic cells in a rapid way [123, 124]. On the other hand, chemical synapse decrypts the
electric code into a message that triggers the release of chemical compounds known as
neurotransmitters, which then bind to the receptors in the postsynaptic sites that can lead to
complex effects, either causing direct changes in membrane potential via opened ion channels
or inducing the activation of excitatory, inhibitory or modulatory signalling pathways [125].
Among the three different pathways, the vast majority is excitatory where glutamate plays the
leading role. Inhibitory pathways are mediated by glycine or GABA. Modulatory pathways are
regulated mainly by 5-HT, dopamine, Ach, noradrenaline and neuropeptides [125]. In general,
neurotransmitters released by a single neuron are limited to one specific type, whereas
postsynaptic sites have to deal with multiple forms of input which requires the placement of the

right receptors from.

Apart from genetic contributions towards temporal regulation of the process, local interactions
and molecules generated by target neurons also take part in synaptogenesis, as well as neuronal
differentiation [126, 127]. Extensive studies have identified both the internal genetic
components and the external target derived factors involved in regulating synaptogenesis.
While mapping of individual genes in the giant network is a complicated process, several target

derived factors have been well studied.

The first category of molecules that regulate synaptogenic activity is characterised by their
diffusible properties. These molecules are generally needed for axonal guidance, arborisation,
promoting neuronal differentiation and maturation, and facilitating axo-dendritic contact. As
previously mentioned, molecules such as Netrins, Semaphorins and EphrinA are essential in
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axonal guidance. When it comes to axon arborisation and regulation of synaptic vesicles, a
second group of members including the Wnt and FGF families become the core players [128].
For example, Wnt-3 and Wnt-7a induce arborisation of innervating sensory axons in the spinal
cord [87] and innervating mossy fibre terminals in cerebellar granule cells [129], respectively. In
addition, FGF22 secreted by cerebellar granule cells also promotes the formation of active zones
in innvervating mossy fibre axons [127]. Recent studies have shed light on glial-derived factors
which might also play a part in regulating synapse formation. This has been found out initially
due to the correlation between synaptogenesis in the CNS and the birth of astrocytes and their
enhancing effects in synapse formation [126, 130-133]. Two glial-derived factors, cholesterol
bound to apolipoprotein E [134] and TSP1 [126] have been identified in promoting synapse
formation by facilitating maturation of the neuronal cells which are about to undergo

synaptogenesis.

In the meantime, CAMs also join in the forces that guide the connection of presynaptic and
postsynaptic parts. Among them, classical cadherins have been intensively studied. Different
members of this cadherin family have been found and named after their locations, including E-
cadherin (epithelial), N-cadherin (neural) and P-cadherin (placental). Individual cadherins can be
found on both presynaptic and postsynaptic plasma membranes [135, 136], and also axon-
dendritic contact sites [137]. Several experiments have demonstrated the primary role of
cadherins in guiding instead of inducing synapse formation. Blocking N-cadherin with antibodies
in the developing chick optic tectum leads to overshooting of retinal ganglion cell axons, which
consequently causes synapse formation at the wrong site, as opposed to failure in initiating
synapse formation [138]. Also in Drosophila, the lack of N-cadherin leads to mistargeting of

axons from the photoreceptor cells, but deos not affect synapse formation [139].

A second group of the CAMs, which are known for their highly diverse functions due to the ability

to undergo alternative splicing of RNAs that make up the extracellular domains [140, 141], is the
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protocadherin. They share common features with classical cadherins in a way that they are more
essential in targeting recognition rather than synapse formation [142]. Studies of protocadherin

gamma knockout mice indicate these CAMs are not required for neuronal differentiation [143].

On the other hand, CAMs such as Narp, Ephrin B1, SynCAM and neuroligin have also been largely
examined for their direct involvement in synapse specification, adhesion and signalling [144-

147].

Narp belongs to the pentraxin family of secreted proteins. Narp is secreted at synapses, and
binds to the extracellular domains of AMPA-type glutamate receptor. The increase in synaptic
clustering of AMPA receptors is correlated with overexpression of Narp in spinal cord neurons
[146]. In cell cultures, overexpression of Narp in human embryonic kidney 293 cells shows more
aggressive clustering of AMPA receptors on co-cultured spinal cord neurons [148]. Clustering of
NMDA on glutamatergic synapses formed on inhibitory interneurons is also affected by Narp

[149].

EphrinB is a member of the Ephrin family, a major player in axonal guidance. The primary target
of EphrinB is the NMDA type of glutamate receptor [145]. Ephrins and Eph receptors are found
to be involved in dendritic spine development [150, 151]. Triple knockout of EphB1, EphB2 and

EphB3 results in abnormal hippocampal spine morphology in mice [152].

Compared to Narp and EphrinB, SynCAM and neuroligin have a more direct involvement in
synapse formation by inducing presynaptic differentiation through axo-dendritic contact. It has
been shown that the postsynaptic membrane protein neuroligin is capable of inducing
presynaptic differentiation when expressed in human embryonic kidney 293 cells [147]. This is
achieved by interacting with its presynaptic receptor B—neuroxin [153]. Interestingly, the
interaction domains of neuroligin and B—neuroxin are laminin-G and AChE-like domains. The

laminin-G domain has also been found in laminin and agrin [154], both of which are ligands for
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Integrins and involved in differentiation of neuromuscular junction [155]. However, the AChE-
like domains have been shown to be catalytically inactive [153]. Recent evidences have
demonstrated that bi-directional signalling between neuroligin and B—neuroxin also contributes
to the shaping of synapses. While neuroligin induces presynaptic differentiation in aonxs, its

matching receptor B—neuroxin induces postsynaptic differentiation in dendrites [156].

SynCAM is a member of the Ig superfamily of adhesion molecules. It is expressed on both sides
of the synapse and able to induce presynaptic differentiation [128, 144]. Overexpression of
SynCAM1 in cultured neurons promotes synapse formation, whereas in other neurons it leads
to formation of functional presynaptic active zones in the connecting axons [144]. Three other
SynCAM encoding genes have been found which contribute to the generation of various
SynCAM isoforms [157]. It is unclear whether this diversity contribute to the synaptic
specification. Although most of the observations favour the above model, it has been reported

that the active zones can exist independent of postsynaptic partners [158].

From the regulation point of view, whilst it is reasonable to think that CAMs such as neuroligin
and SynCAM are the first group of regulator factors present on the site of synaptogenesis, it is
unclear whether they are located within the plasma membrane well in advance of
synaptogenesis, or if they are delivered to the site only upon synapse formation. Shortly after
the first group of CAMs has been delivered and inserted into synaptic membranes, the arrival of
80nm dense core vesicles takes place. This is thought to be necessary for the rapid establishment

of docking and fusion sites for synaptic vesicles [159].

In contrast to presynaptic active zones whose foundation requires transportation of materials
by synaptic vesicles, postsynaptic differentiation is induced by gradual accumulation of
molecules [159, 160]. A typical example is the recruitment of scaffolding proteins of the PSD-95
family. These molecules are first found 2 days after the formation of hippocampus [161], and
accumulation starts 20 minutes after axon-dendritic contact in culture [162-164]. Although
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gradual accumulation of PSD-95 is achieved mainly by local trapping of diffuse plasma
membrane [162, 165], active transport of recombinant PSD-95 clusters by vesicles has also been
observed [166]. The next group of molecules recruited to the postsynaptic sites are the NMDA-
type and AMPA-type glutamate receptors, where similar synaptic delivery mechanism to that of
PSD-95 are used [160, 167-169]. Accumulation of other postsynaptic components is more
straightforward, involving only on-site regulation. For example, CaMKIl is gathered by trapping
of local pools instead of active transport [170]. Scaffolding proteins Homer 1C and Shank2/3 are
also recruited from the cytosolic pool [160, 164]. Local synthesis of proteins such as CaMKilla,
Shank, NR1 and GluR1/2 in the mRNA rich dendrites might also contribute to the synaptogenesis

[171-173].

Maturation is an important phase of synaptic development, where synapses expand in size,
which is correlated with the increase in bouton volume and number of total synaptic vesicles,
area of active zones and PSD [174-176] This suggests cell adhesion molecules and associated
factors work in a highly coordinated manner to determine the area of extracellular matrix and
synapse volume. Changes in postsynaptic morphology is another distinctive feature of
synaptogenesis. Filopodia found on dendrites, which are initially targeted by most synapses,
later develop into dendritic spines of various shapes, including mushroom, branched and stubby
[164, 176]. It has been shown that CAMs, Rho and Ras family GTPase, actin-binding proteins and
calcium regulator mechanisms are involved in regulating dendritic spine morphogenesis [177,

178].

Structural changes of synapses always lead to functional changes. Mature hippocampal synapses
tend to reduce the release of neurotransmitters [179, 180]. Also, the shifting of receptors would
now trigger different level or type of responses when exposed to the same pool of signalling

molecules. For example, the lack of surface AMPA receptors causes “silent synapse” in some
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developing brain regions [181-183]. A second explanation for the silent AMPA receptors is that

alteration in vesicle fusion failed to activate AMPA receptors [184, 185].

While synaptogenesis is a process occurring largely during early developmental stages, synapses
can also form or get eliminated in mature brain in response to neuronal activities [186-189]. For
example, by following fluorescently labelled synaptobrevin |l to visualise synapses in optic axons
of Xenopus tadpoles, there are synapses formed and eliminated during axon branch remodelling
[190]. In fact, there are many more synapses formed during development than those retained
in the end [191, 192]. Aactivity-dependent synapse elimination becomes more essential during
remodelling of neuronal circuits. It has been shown that while about 50% of dendritic spines
remain stable for at least a month in pyramidal neurons in the mouse barrel cortex, the rest are
only present for a few days. Sprouting and retraction of these spines correlate with synapse
formation and elimination, and turnover of synapse can be up-regulated as a result of decreasing
sensory input, in this case, whisker trimming [187]. In another research using the same model,
stimulation applied to the whisker led to an increase of 35% synapse density and 25% spine

density. Moreover, these synapses faded as the stimulation ceased after several days [193].

Synaptic plasticity has been associated with memory consolidation, the storage of information.
It has been shown that synthesis of several proteins, including Per, CaMKIl and Cry, takes place
in DAL neurons (two neurons located at the dorsal-anterior-lateral region of protocerebrum)
during long-term memory formation. In addition, blocking of neuronal output in DAL neurons
leads to impairment of memory retention, and disruption of neurotransmission in per neurons

causes defects in retrieving of 1-day memory after spaced training [194].

1.3.5 Neuronal circuits and animal behaviour
The final physical products of the above mentioned pathways are neuronal circuits, the media
by which living creatures of the animal kingdom use to conduct movement, communicate with

one another and interact with the environment. So how are the signals transduced from one
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end to another, and what are the outcomes? To tackle these questions, large amount of research
have been done by close examination of specific neuronal circuits, such as those mediating

reflexes, the involuntary movement generated in response to stimuli.

Three particular cases have been well studied, namely, the jump reflex in Drosophila, gill

withdrawal reflex in Aplysia, and the patellar reflex in humans.

1.3.5.1. Jump Reflex

The Giant Fibre (GF) escape response (also known as the jump reflex) in Drosophila can be
triggered by three different stimuli: intracellular, extracellular and visual. This process is
mediated by a pair of GFs (Fig. 1.4), which are aligned bilaterally symmetrical in the region
connecting the head and the thorax of Drosophila. These GFs relay signals from brain to the
thoracic ganglia by forming electrochemical synapses with tergotrochanteral motor neuron
(TTMn) and peripherally synapsing interneuron (PSI). Both synapses are needed to complete the
action of jump reflex. Firstly, signals sent through TTMn lead to contraction of the
tergotrochanteral muscle (TTM), and consequently initiates the escape jump. Secondly, signals
sent through PSI trigger chemical synapses of PSI to the motor neurons, via five motor axons,

innervating the dorsal longitudinal muscle (DLM), which then initiates flight [195].
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Figure 1.4 The giant fibre system of Drosophila.

The escape response is mediated by a pair of Giant Fibres (GFs, red), which are aligned bilaterally
symmetrical between head and thorax. For simplicity, only one side of the GFs is shown. The GFs relay
signals from brain to the thoracic ganglia by forming electrochemical synapses with tergotrochanteral
motor neuron (TTMn, purple) and peripherally synapsing interneuron (PSI, blue). The synapse with TTMn
leads to the contraction of the tergotrochanteral muscle (TTM, green), and consequently initiates the
escape jump. The synapse with the PSI triggers chemical synapses of PSI to the dorsal longitudinal motor

neurons (DLMns, yellow), and thus innervates the dorsal longitudinal muscle (DLM, pink) to initiate flight.

The connections involved in this process were elucidated by performing several
electrophysiological experiments, where insulated tungsten electrodes and glass micropipettes
were inserted into the muscles on the dorsal side of Drosophila, including the TTM and DLM.
The aim was to record any electric potential generated in these locations after applying electrical

stimuli to the brain, so as to find out neurons that are involved in the circuit.
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Intracellular microelectrode recording of the GF showed that after electric stimulation to the
brain, a potential threshold was detected first in the TTM and then in the DLM, with a latency of
1.25ms on average [195]. These observations indicate that the escape response is mediated by
the GF pathway. In addition, it has been shown that mutations of bendless and gfA result in
disruption of the motor output in the GF-TTM and GF-DLM pathways, respectively. Also,
mutations in passover leads to disruption of both pathways. The disruption in each case was
caused mainly by synaptic failure due to dysfunction of both pre- and post-synaptic neurons
and/or morphological changes in the neuronal branches of TTMn, which can cause them to miss
their postsynaptic targets (as in the case of passover mutants) [196, 197]. Anatomic study of the

GF in bendless mutants has also illustrated that GF synapses only to PSI but not TTM [196].

1.3.5.2. Gill Withdrawal Reflex

Gill Withdrawal Reflex (GWR) is an involuntary, defensive response of Aplysia which leads to
retraction of its gill. Coincidentally, the study of GWR in Aplysia has always been associated with
the study of short-term learning processes, including habituation, sensitisation and classical
conditioning. Habituation refers to a decrease in behavioural response after repetitive
stimulations with no adverse effect. In contrast to it, sensitisation is an increase in behavioural
response to a stimulus that does have an adverse effect. Classical conditioning is a form of
associative learning by which the animal recognises and responds to a single stimulus which
usually does not trigger significant responses (conditioned stimulus), after it has been paired
with another stimulus which usually has a noxious effect (unconditioned stimulus) and causes

significant response of the animal.

When a stimulus (gentle touch of the siphon) is applied, the action potential is first built up in
the siphon sensory neurons, and then conducted to the motor neurons via a chemical synapse,
which triggers Ca%* and the subsequent Na* influx into the motor neurons. As soon as the plasma

membrane of the motor neuron is depolarised, the action potential is relayed to the cells of the
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gill muscle, leading to the contraction of the gill. A gill withdrawal can become habituated (less
strong) in response to repeated stimulation, and eventually, there will be no gill withdrawal after
the sea slug is being touched. This habitual response is caused by a progressive decrease in the
amount of neurotransmitter, glutamate, released by the siphon sensory neurons at their
synapses with the motor neurons. Eventually, the magnitude of the excitatory postsynaptic

potential becomes insignificant, and is thus unable to trigger gill muscle contraction.

When unconditioned stimulus such as an electric shock to the tail is applied, another group of
neurons come into play. These neurons are termed facilitator neurons due to their enhancement
effect of the gill withdrawal response. Anatomically, the axon of the facilitator neuron makes
synaptic contact with the terminal of a siphon sensory neuron, on top of the synapse formed
between the sensory and motor neurons. This results in the release of more glutamate at the
synaptic regions and, as a consequence, the generation of a stronger action potential which
leads to a vigorous contraction of the gill. If a weak stimulus, such as a touch of the siphon, is
introduced after that, a strong and rapid withdrawal of the gill will still be triggered, and this

effect is known as sensitisation.

Classical conditioning is more or less the same as sensitisation, despite that the unconditioned
stimulus is applied few seconds after the conditioned stimulus, whereas sensitisation is triggered
solely by unconditioned stimulus. The former process requires the presence of coincidence
detectors, which are adenylate cyclase and NMDA glutamate receptors in sensory neuron and
motor neuron, respectively, to make them more sensitive to the stimulus. In this way, the animal
learns to associate the conditioned stimulus with the unconditioned stimulus, and thus responds

to the former stimulus more significantly.
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1.3.5.3. Patellar Reflex

A patellar response can be defined as the tendency of the knee to jerk involuntarily when hit
sharply. In a knee-jerk test (Fig. 1.5), an action potential is first built up in the sensory neurons
located in the tendon of the quadriceps muscle upon being tapped by a hammer. The sensory
neurons in turn excite the motor neurons in the spinal cord as well as the spinal interneuron by
travelling through the afferent axons. From then on, the action potential is conducted via two
different pathways. Excitation of the motor neuron causes contraction of the quadriceps muscle
(extensor). On the other hand, the interneuron inserted between the sensory and the motor
neuron which innervates the biceps muscle (flexor), prevents the action potential from
transferring to the motor neuron, and thus results in relaxation of the biceps. Contraction of the
extensor muscle and relaxation of the flexor muscle together cause the sudden extension of the

leg at the knee joint.
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Figure 1.5 Patellar Reflex.

Upon tapping on the tendon, an action potential is established in the quadriceps muscle. This action
potential then travels along the afferent axon (red), passing through the sensory neuron. The sensory
input is then received by the motor neuron and interneuron located in the spinal cord. The signal relayed

directly to the (quadriceps) motor neuron continues to travel along the efferent axon (blue) and
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subsequently causes contraction of the quadriceps muscle, while the single “intercepted” by the
interneuron prevents the signal from reaching the (biceps) motor neuron, and thus causing relaxation of

the biceps muscle. These altogether result in the sudden extension of the leg.

1.4. Aim of the Work

Genetic codes transform cells into neural stem cells which give rise to individual neurons which
eventually become part of complicated networks. This, as a result, leads to the establishment of
the fundamental building blocks, neural circuits, which endows the animal with the ability to
mediate the power of another dimension — behaviour. The molecular mechanisms involved to
regulate and control the above processes are certainly intriguing, and therefore have been

attracting considerable attentions in the field of neuroscience.

In one way, the “apparent randomness” of the spatial-temporal regulation of each individual
units within the whole process of neuronal network formation is believed to contribute to the
distinct features observed in different creatures. In the other way, current knowledge and
technology have allowed people to understand how these individual units are regulated based
on specific behaviour patterns, may it be during early development or after maturation. For
example, the causes of associated symptoms displayed in neurological diseases can now be
tracked down to specific pathways, combinations of altered gene expression or chemical
components. To fully understand and be able to exploit the great power of nature, study of
behaviour correlated genotype, and prediction of genetically induced behaviour is necessary in

order to reveal the molecular connections between the two ends: genotypes and behaviour.

The aim of my experimental work is to identify regulatory factors which determine the identity
and function of the sibling vMP2 and dMP2 neurons which are produced by the same progenitor

cell but adopt later different neuronal activities. While vMP2 is an interneuron, dMP2 is a motor
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neuron. Their axons project to different direction in the CNS and they express different
neurotransmitters. These differences suggest the likelihood of vMP2 and dMP2 innervating
different targets. Intriguingly, our transcriptome analysis revealed a striking difference in the
levels of the splicing factor B52, the levels of which are 45 times higher in dMP2 than that in

VvMP2.

B52 belongs to the SR (serine-arginine rich) protein family. Its human orthologue is SRp55. It has
been shown in humans that DNA damage can cause up-regulation of SRp55 in p53-deficient cells
(p53 is the well know tumour suppressor protein) [198] leading to the alternative splicing of the
gene encoding the CD44 receptor, a cell surface molecule involved in cell adhesion and
migration in humans [199]. Also in p53-deficient U20S cells, DNA damage induced by mitomycin
C alters the splicing activity of SRp55, which leads to the enrichment of Fas, a key proapoptotic
p53-inducible death receptor in its soluble form [200]. In addition to this, reduction of SRp55
activity affects the splicing of two genes KSR1 and ZAK. For example, upon depletion of SRp55,
exon 21 of KSR1 becomes truncated and also the ratio between ZAK-a and ZAK-8 mRNAs is
changed [200]. KSR1 encodes the Kinase Suppressor of Ras1, and ZAK encodes a member of the
MAPKKK family of single transaction kinases [200]. In a different study, SRp55 was shown to be
involved in the tissue-specific splicing of calcitonin/calcitonin gene-related peptide (CGRP) [201].
This calcitonin/CGRP gene is the template of two different mRNAs products. In thyroid c cells,
more than 98% of the splicing products of calcitonin/CGRP gene becomes calcitonin, a hormone
involved in Ca?* regulation [202]. In neurons, 99% of the splicing products turns into CGRP [203],

which is involved in the transmission of pain [204].

B52 or SRp55 in humans is referred to as serine/arginine-rich splicing factor 6 (SRSF6) in the
database of NCBI. The domain structure of Drosophila B52 isoform A (the longest isoform),
isoform D (the shortest isoform), and human SRp55/SRSF6 is shown in Figure 1.6. Both B52

isoform A and SRp55 contain two RNA recognition motifs (RRMs). The obvious difference
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between the B52 isoform A and isoform D is the lack of one RRM domain in isoform D suggesting
a difference in RNA binding capacity among different B52 isoforms. While all of the RRMs
present in Drosophila B52 share similarity with SRSF4 in humans, SRSF6 from humans consists

of one unique RRM, and one SRSF4_like motif.

Drosophila B52 protein isoform A (350aa)
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Figure 1.6 Protein structures of Drosophila B52 and humans SRp55/SRSF6

Protein blast of Drosophila B52 indicates both of the RRMs in isoform A and the single RRM in isoform D
are SRSF4 like. On the other hand, in Srp55 of humans, the RRM in its N-terminus is unique, and the
second RRM is SRSF4 like.

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE TYPE=BlastSearch&LINK LOC=blasthome

Within the RRM of Drosophila, two regions have been found to be highly conserved among over 200
RNA-binding proteins. The primary function of B52 is pre-mRNA splicing [205, 206]. B52 has 10 splicing
isoforms (data from flybase.org), suggesting the gene of B52 itself is regulated by a splicing factor. The
longest isoform is 350 amino acid (aa) in length, and the shortest two isoforms are 135aa and 147aa
long, respectively. The rest of the isoforms are all around 330aa or longer (see Fig. Al in the Appendix

for B52 protein sequence alignment).

In Drosophila, B52 is ubiquitously expressed throughout all developmental stages [207] (also see
FlyBase High Throughput Expression Pattern Data). Deletion of B52 mutants are homozygous

lethal at the second-instar larval stage [208], and overexpression of B52 leads to lethality and
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various defects such as reduced salivary glands and curled wings depending on the tissue where
B52 is overexpressed [209]. B52 shares a high degree of similarity with Drosophila dASF, which
is one of the many other splicing factors, and therefore may be able to functionally replace B52
[210]. Western blot analysis determining the level of B52 has identified a sudden decrease of
B52 through the first instar, after which the level of B52 is only about 15%-20% compared to
that in the embryo. The level of B52 remains more or less constant for the rest of the later
development [209]. The expression level of B52 is tissue specific, with the highest expression in
adult ovaries and lowest in larval intestine [209]. Other body parts including the imaginal disc,
the brain and ventral ganglion all have very high B52 levels [209]. Several targets and potential
targets of B52 mRNA splicing factor have been identified, this will be discussed with more detail

in Chapter 4.

My results suggest that B52 is involved in splicing the mRNAs of Choline Acetyltransferase (ChAT)
and vesicular Glutamate uptake protein (vGlut). ChAT is the enzyme that catalyses the
biosynthesis of acetylcholine, and vGlut is responsible for the uptake and transportation of
glutamate within the synapse. Both proteins are involved in the regulation of neurotransmitters

whose functions are critical to functional neuronal circuits.

56



CHAPTER 2: Materials and Methods

2.1. Fly Stocks

Flies were maintained on standard fly food at 25°C and egg lays were collected on agar juice

plate. The following mutant and transgenic fly strains were used:

Table 2.1 Mutant and Transgenic lines used

Name Reference Expression pattern / function

elav-Gal4 on X [211] All differentiated neurons

elav-Gal4 on lll [212] All differentiated neurons

Gald%? on Il [213] dMP2 cells

eagle-Gal4d on 11l [214] NB2-4, NB3-3, NB6-4 and NB7-3 and progenies, including

serotonergic neurons

19H09-Gal4 on 11l [215] Subsets of type Il neuroblasts and their progenies
Galgv®h [216] Maternal expression

UAS-mCD8-GFP on Il [217] Tagging cell membrane with GFP

UAS-myr-mRFP on Il [218] Tagging cell membrane with RFP

UAS-GFP-B52 on 11l [219] B52 overexpression

UAS-Denmark [220] Tagging dendrites with mCherry (RFP)

UAS-BBS [221] B52 binding sites — antagonising B52 activity
UAS-B52-RNAI [208] Knocking down B52 RNA level

(101740)

UAS-B52-TRiP-RNAI TRiP* Knocking down B52 RNA level

Bloomington
UASp-GFP-pav [222] Tagging mitotic spindle and interphase nuclei with GFP

UAS-His-YFP [223] Tagging Histone with YFP
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Jupiter [224] Tagging Microtubules with GFP, protein trap strain into the

Jupiter gene

p{lacW}B52522%° [225] lacW insertion into the open reading frame of B52 gene
B52*%L24 This Study Deletion of 800bp sequence in the open reading frame of
B52 gene

TRiP — Transgenic RNAi Project Fly Stocks

2.2. Embryos and Larval brain preparation

Fly embryos were collected from agar juice plates by first washing in bleach for 2 minutes, and
then rinsed extensively with distilled H,O into a nylon tissue fixed over the end of a funnel. The
embryos were then transferred into a mixture of 100ul of 37% formaldehyde, 400uL of PBS
and 500puL heptane for fixation for 20 minutes on shaker. After that, the lower phase of the
solution was removed. 1ml of methanol was added and samples were vortexed for 1 minute,
followed by washing with methanol 3 times. Samples were stored at -20°C in methanol

overnight before further application.

Fly larvae were dissected in 1X PBS and larval brains were fixed in a mixture containing 889uL
of 1XPBS, 1uL of 0.5M EGTA, 10uL of 1M MgCl, and 100uL of 37% formaldehyde for 20
minutes on shaker. After that, the fixation solution was removed and brains were washed 3
times with methanol. Samples were stored at -20°C in methanol overnight before further

application.

2.3. RNA extraction and reverse transcription to cDNA

A minimum of 50 fly embryos or 20 larvae were collected without fixation, and frozen at -80°C
overnight. RNA was extracted from these samples using the GenElute™ Mammalian Total RNA
Miniprep Kit following the protocol provided. 500ul of lysis solution (10uL 2-ME/1ml Lysis
Solution) was added to the samples. Samples were fully disrupted with a small pestle, which had
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been treated with 70% ethanol and RNaseZap before procedure. The mixture was transferred
to a Filtration Column (blue insert) and spun at 12000rpm for 2 minutes to obtain the filtrate.
500puL of 70% ethanol was added to the filtrate, mixed by vortex, and transferred to binding
column and spun at 12000rpm for 15 seconds. The flow-through was discarded. 500uL of Wash
Solution 1 was added to the column, followed by spinning at 12000rpm for 15 seconds. The
column was transferred to a new collection tube. 500uL of Wash Solution 2 was added to the
column, followed by spinning at 12000rpm for 15 seconds. The flow-through was discarded. The
last step was repeated with an additional spinning at 12000rpm for 2 minutes. The column was
transferred to a new collection tube. 50uL of elution solution was added to the column, followed
by spinning at 12000rpm for 1 minute. The resulting solution contained the RNA and was stored

at-80°C.

The RNA was reverse transcribed to cDNA first by mixing 4uL of RNA sample with 7uL of 3’
SMART CDS Primer IIA (12uM) and 7uL of SMART IIA oligonucleotide (12uM) in 46uL of DEPC
H,0, and incubated at 65°C for 2 minutes for annealing. A second mixture containing 20uL of
5X First-Strand Buffer, 2ulL of DDT (100mM), 10uL of dNTP (10mM), 2uL of SUPERase In RNase
Inhibitors (20 units/uL) and 2L of SuperScript Il Reverse Transcriptase, was added immediately
to the previous mixture and incubated at 42°C for 90 minutes. In this way, 1%t strand cDNA was
created. 2L of 0.5M EDTA was added in the end to stop the reaction and samples were stored
at -20°C . Up to 20uL of samples could be used as template to run a PCR, where 5’ PCR Primer I

A was used, to generate double-stranded cDNA template for further PCR reactions.

2.4. Genomic DNA extraction

A minimum of 50 fly embryos/20 larvae were collected and frozen at -80°C overnight. Samples
were first smashed in 200pL of Buffer A, with an addition of another 200puL of Buffer A. Samples

were incubated at 65°C for 30 minutes and then 800uL of Solution B was added and samples
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were incubated onice for at least 10 minutes. Next samples were centrifuged at maximum speed
for 15 minutes at 4°C. The supernatant was taken and transferred to a new centrifuge tube. For
every 1ml of supernatant transferred, 600uL of isopropanol was added. After mixing, samples
were centrifuged at maximum speed for 15 minutes at 4°C. The resulting sample was washed
with 70% ethanol and left to air dry for 1 hour. 100l of distilled H,O was added to the tube to
re-suspend the DNA. An amount between 2uL and 20pL of the resulting DNA was usually used

as the genomic DNA template for PCR reaction.

Buffer A

100mM Tris-HCI, pH7.5
100mM EDTA

100mM NacCl

0.5% SDS

Solution B

1 part 5M KAc
2 parts 6M LiCl

2.5. PCR and Primers

The standard PCR reaction and primers used are listed below:

For Expand Long Template PCR system:

a) PCR mixture: 39.5ulL of distilled H>0, 5uL of Buffer No.1, 2uL dNTP(10mM), 1L of cDNA
template, 1uL of forward primer, 1ul of reverse primer, 0.5uL of Expand Long Template

Enzyme mix

b) PCR cycle: 94°C for 2 minutes, 35 cycles of[94°C for 10 seconds, 50°C for 30 seconds and

68°C for 0.5kb/min], 68°C for 10 minutes, and Hold at 4°C

All PCR products were run on agarose gel and purified using GenElute™ Gel Extraction Kit (Sigma).
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Table 2.2 Primers used

Primer

Name

B52-SP6

B52-T7

CG7433-5P6

CG7433-17

Fwd-Cha

Intron 2

Rev-Cha

Intron 2

Fwd-Cha

Intron 4-7

Sequence (5’-3’)

ATTTAGGTGACACTATAGAAGTG GGCTGGCGAGGTCACCTATGC

Underlined sequence is SP6

TAATACGACTCACTATAGGGAGA CAAATCGGCACATTCAGC

Underlined sequence is T7

ATTTAGGTGACACTATAGAAGTG GGTACTCCACCAACGTTGAGC

Underlined sequence is SP6

TAATACGACTCACTATAGGGAGA CCAAGAAGGTTCCACGACCGC

Underlined sequence is T7

CCAAAGAAATGGCTCTCAACG

CAGCAGATACTGATGCAGCCG

GCAGGACTCGCAGTTCCTGCC
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Description

Forward Primer for
partial amplification of
all B52 transcripts
Reverse Primer for
partial amplification of
all B52 transcripts
Forward Primer for
partial amplification of
CG7433-RA and -RB
transcripts

Reverse Primer for
partial amplification of
CG7433-RA and -RB
transcripts

Forward primer starting
from the middle region
of Exon 2 of Cha
Reverse primer ending at
the middle region of
Exon 3 of Cha

Forward primer starting
from the middle region

of Exon 4 of Cha



Rev-Cha

Intron 4-7

U400-B52-

start

D400-B52-

start

Fwd-B52-

genomic

Rev-B52-
genomic

Plac 1

Pry 2

SMART CDS

Primer IIA

CGGATGCGGATTGTAGGAGCA

CTTGTAAATTATTTTGTATTGAATTGTATATTTGTAA

GAGCAGGTGCTATAAAATAGTGAAGTATATATATATAT

TTCACCATCGTCGTAGTTTCC

CGGCTAGACAAATTCTCCACA

CACCCAAGGCTCTGCTCCCACAAT

CTTGCCGACGGGACCACCTTATGTTAT

AAGCAGTGGTATCAACGCAGAGTACT39VN

(N=A,C G,orT;V=A,G,orC)
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Reverse primer ending at
the middle region of
Exon 8 of Cha

Forward primer located
400bp upstream the
start of B52 gene
Reverse primer located
400bp downstream the
start of B52 gene
Forward primer starting
from 967bp upstream of
the start of B52 gene
(the end of Hrb87F is
780bp upstream of B52
in the genome)

Reverse primer ending at
the 1728bp of B52 gene
Forward primer for
amplifying lacW from 5’
terminal region
Forward primer for
amplifying lacW from 3’
terminal region

For hybridising with the
poly-A tail found on the
3’ end of all mature

mMRNAs



(1st DNA strand is

synthesised downstream

this primer)
SMART IIA AAGCAGTGGTATCAACGCAGAGTACXXXXX For annealing to the
oligonucleot X = undisclosed base extended cDNA tail
ide added to the 1st DNA

strand (above) by
SuperScript Il Reverse
Transcriptase

5’ PCR AAGCAGTGGTATCAACGCAGAGT For targeting the 5’ end

Primer Il A of SMART IIA
oligonucleotide and
synthesis of the 2nd
(complementary) DNA

strand

2.6. Immunohistochemistry staining

Washing cycle = rinse 3 times, wash 5 minutes on shaker, rinse 3 times, wash 5 minutes on

shaker and rinse 1 time in PBS-Triton (1X PBS— 0.4% Triton)

Fixed embryos first went through one washing cycle, then blocked with 10% Newborn Calf
Serum (NBCS) in PBS-Triton at room temperature for 1 hour. Samples were incubated with
primary antibodies (1:1000 if generated in Rabbit, or 1:50 to 1:100 if generated in Mouse) at 4°C
overnight. The sample went through one washing cycle, and then incubated with Alexa Fluor

secondary antibody (1:300) at room temperature for 2 hours, followed by one washing cycle.
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Samples were incubated in 50% glycerol in PBS at room temperature for 15 minutes, and then

transferred to 70% glycerol in PBS, stored at 4°C overnight before mounting.

For larval brains, Triton was increased to 1% dissolved in 1x PBS. Samples were incubated with
primary antibodies for two nights at 4°C. The rest of the washing and staining steps are the same

with that of embryos.

2.7. in situ Hybridisation

Preparation of Solutions:

DEPC H,O
1pl Diethyl Pyrocarbonate in 500ml distilled H,O
Autoclave

2X Carbonate Buffer (50ml)
120mM Na»CO0s3 (0.636g)

80mM NaHCO; (0.336g)
Add DEPC H;0 up to 50ml
Adjust pH to 10.2 with NaOH

SSC (20X)

175.3g NaCl

88.2g Sodium Citrate
Add DEPC H,0 up to 1L
Adjust pHto 7.0

3M NaAcetate

12.3g NaAcetate

Add DEPC H;0 up to 50ml
Hybrid Buffer (500ml)

50% Formaldehyde

5X SSC

0.1% Tween-20

Add DEPC H,0 up to 500ml
Adjust pH to 6.5 with HCI

Prehybrid Solution (50ml)
500ul 10mg/ml E.Coli tRNA
50uL 100mg/ml Heparin

Add Hybrid Buffer up to 50ml

TNT Buffer (500ml)
0.1M Tris-Base (6.057g)
0.15M NaCl (4.38g)
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0.05% Tween-20 (250uL)
Add DEPC H,0 up to 500ml
Adjust pH to 7.5 with HCI

All solutions were prepared with DEPC H,0

Probe Preparation:

RNA probes were prepared by mixing the following reagents: 9.5uL of DEPC H,0O, 2uL of
Transcription Buffer (Roche), 2l of 10X DiG Nucleotide Mix (Roche), 4uL of purified PCR product,
2uL of T7 or SP6 Polymerase (Roche), and 0.5uL of RNase inhibitor (Roche). Samples were
incubated at 37°C for 2 hours (or at 18°C overnight). 2uL of sample was taken to run on a gel for
confirmation (a smear of bands around the appropriate size could be seen). After that, 1uL of
DNasel-RNase Free (NEB) was added and samples were incubated at 37°C for 30 minutes. 31pulL
of DEPC H,0 and 50pL of 2x Carbonate Buffer were added, and samples were incubated at 60°C
for 10 minutes to break down the fragments to 600bp. The reaction was stopped with an
addition of 3.5uL of 10% acetic acid and 6.5uL of 3M NaAcetate. 250uL of 100% ethanol was
added and samples were incubated at -20°C for at least 1 hour. Samples were centrifuged at
maximum speed for 15 minutes and then washed with 70% ethanol. Samples were left to air dry
for 1 hour. 20uL of Hybrid Buffer was added to re-suspend the sample. Samples were stored at
-20°C for further application. To make the probe, 1uL of sample was diluted in 500uL of Hybrid

Buffer.

Day 1

Washing cycle = rinse 3 times, wash 5 minutes on shaker, rinse 3 times, wash 5 minutes on

shaker and rinse 1 time in PBS-Tween (1X PBS— 0.4% Tween20)
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Fixed embryos first went through one washing cycle, then fixed again in 3.7% formaldehyde for
15 minutes. Next, the sample went through another washing cycle, and then incubated with 0.1%
sodium borohydride at room temperature for 10 minutes (the microcentrifuge tube was
inverted 3 times during this incubation and the rest of the time the lid was left open). The
incubation was stopped with another washing cycle. Samples were then washed in PBS-Tween
and Hybrid Buffer mixture (1:1) for 2 minutes, followed by washing in Hybrid buffer for 2 minutes.
The supernatant was removed, then 300uL of Prehybrid Solution was added, and samples were
incubated at 65°C for 1 hour. The supernatant was removed and 100puL of probe was added, and

samples were incubated at 65°C overnight.

Day 2

Samples were washed in Hybrid buffer at 65°C for 2x10 minutes, and then washed in PBS-Tween
and Hybrid Buffer mixture (1:1) at 65°C for 2x10 minutes, followed by washing in PBS-Tween at
65°C for 2x10 minutes. After that, samples were washed with PBS-Tween at room temperature
for 10 minutes. Samples were blocked in 5% milk powder in PBS-Tween for 20 minutes. The
supernatant was removed, and 100uL of 1:100 anti-DIG coupled with HRP was added, and

samples were incubated at 4°C overnight.

Day 3

The sample went through one washing cycle. (Optional) PBS-Tween20 was replaced with TNT
buffer and the sample went through an additional washing cycle. The supernatant was removed
from the sample. 2L of Fluorescein coupled Tyramide stock solution was dissolved in 100uL of
Amplification Diluent (Perkin-Elmer) and added to the sample. Samples were kept in a dark box
andincubated at room temperature for 10 minutes. The sample went through one washing cycle.

Additional immunohistochemistry staining could be initiated at this stage. Otherwise, samples
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were incubated in 50% glycerol in PBS at room temperature for 15 minutes, and then transferred

to 70% glycerol in PBS, stored at 4°C overnight before mounting.

2.8. Detection of splicing defects of Cha

Total RNAs were first extracted from either embryos or larval brain of Elav-Gla4/; ; UAS-BBS/+;,
and control Elav-Gal4; ; +/+;, respectively. The RNAs were then reverse transcribed to create
cDNA template for PCR. Two pairs of primers were used: Fwd-Cha-Intron 2 and Rev-Cha-Intron
2 to amplify Intron2 and partial sequence of flanking exons; Fwd-Cha-Intron 4-7 and Rev-Cha-
Intron 4-7 to amplify Intron 4 to intron 7 and partial sequence of flanking exons; The resulting
PCR products were then run on either 1% (Intron 4-7) or 2% (Intron 2) agarose gel. In both cases,
the unspliced fragments were gel purified, cloned into PCRII-TOPO vector (Invitrogen),
transformed into TOP10 cells (Invitrogen), DNA-purified (Sigma Gen Elute) and sent for

sequencing.

2.9. Mapping of lacW insertion in p{lacW}B52°%?4

To map the lacW insertion in the pflacW}B52°%?*° mutant line (Simplified as pflacW}B52/TM3),
this fly line was first crossed to DrVio/TM3TWCALLUAS-GFP (gimplified as Dr'°/TM3™¢*P). Progeny
with normal eyes and short bristles (p{lacW}B52/TM3™"-¢"") were collected and then self-
crossed to yield high quantities. Embryos that did not give off green fluorescence under blue
light (excitation at 488nm) were selected for genomic DNA extraction. Primers Pry2 and Fwd-
B52-genomic (Table 2.2) were used to amplify the corresponding fragment. The PCR product
was then gel purified, cloned into PCRII-TOPO vector (Invitrogen), transformed into TOP10 cells

(Invitrogen), DNA-purified (Sigma Gen Elute) and sent for sequencing.
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2.10. Generation of B52 null mutant using A2-3, Sb and P{lacW}B52/TM3

To generate mutations in the B52 gene, we made use of the existing p{lacW}B52/TM3 mutant
line and crossed it to A2-3, Sb/TM6BY>, to yield p{lacW}B52/A2-3, Sb (phenotypes: speckled eye
colour and short bristles). A2-3, Sb is a construct with a single P element insertion of transposase,
which mediates the transposition of all the P elements in the genome of Drosophila. In our case,
we aimed at removing the P element in p{lacW}B52, which was inserted 60bp upstream the start

codon of B52.

To make sure the genome is not disrupted by genetic recombination, male pflacW}B52/A2-3, Sb
flies were used to carry out the next cross with female TM3/TM6B. After that, male progeny
B52*/TM6B (phenotypes: white eye colour, normal bristles and humeral) were collected.
Confirmation of P element removal was made based on the loss of red eye colour, which was a

marker of the previous p{lacW} insertion. These flies were referred to as B52*,

During P-element transposition, endogenous genomic DNA flanking the P-element can also get
removed with very low rate, which in our case may cause mutations of the B52 gene. At this
point, each of the male B52*/TM6B progeny had the potential of carrying a mutated B52 gene,
and their B52 gene would be different from one another. The next step was to set up single
crosses where each one of the male B52*/TM6B flies was allocated in a single vial to mate with
three female TM3/TM6B flies. Up to 50 individual vials were set up. Both male and female
B52*/TM3 (phenotype: white eye colour and short bristles) progenies were collected from each
vial, and they were crossed only to flies of the same genotype collected from the same vial, to

yield higher quantities and preserve the genotype. This was followed by a lethality test.

In the next few generations, flies, and therefore the entire line, were trashed if one or more
individuals from the same line had got normal bristles, which would indicate that the P element

removal was either perfectly accurate and did not cause deletion of B52 gene, or the inaccurate
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removal, if there was any, did not cause a severe functional change of the B52 gene. This is based
on previous report that B52 null mutant is homozygous lethal at first- and second-instar larval

stages [225].

In the end, only a total of 5 lines passed these phenotypic selections. They were crossed to

DrVe/TM3™5F to yield B52*/TM376FP,

2.11. B52 null mutant — genetic screening

Genomic DNA was extracted from stage 17 embryos collected from the B52*/TM37"¢fP self-
cross. The collection was separated into two groups: one with medium level of green

fluorescence (B52*/TM3™5f?) and one with no green fluorescence (B52*/B52*).

Primers Fwd-B52-genomic and Rev-B52-genomic (Table 2.2) were first used to amplify 2.7kb
fragment around original lacW insertion site. Then primers -400-B52-start and +400-B52-start
(Table 2.2) were used to narrow down the sequence to 800bp. We were able to amplify the
corresponding fragments from four of the five B52* mutant lines (L1, L11, L31 and L32). For B52*
L24, primers -400-B52-start and Rev-B52-genomic were used to amplify the corresponding
fragment, which would give a product of 2.1kb under original circumstance. The resulting PCR
fragments were cut out from the gel, cloned into PCRII-TOPO vector (Invitrogen), transformed
into TOP10 cells (Invitrogen), and DNA-purified (Sigma Gen Elute). The length of the fragment

was checked by EcoRI enzyme restriction.

From the five samples, three of them contained the same length of fragment as that expected
from the p{lacW}B52 genome, indicating in these lines, the removal of P element did not result
in major genomic deletions. On the other hand, L24 and L31 each showed different patterns. In

L24, 1.5kb was detected instead of the 2.1kb, and in L31, 1.4kb was detected instead of 800bp.
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Since deletions are more likely to cause loss of function mutation than duplications or reversions,

only L24 was sent for sequencing.

2.12. Microinjection of embryos

Living embryos were dechorionated by hand using double sided tape stuck on a coverslip.
Another coverslip was coated with glue (see below) and an area was marked by sticking on a
square plastic frame, cut out from transparent self-adhesive book binding foil. Embryos were
glued with the ventral side down onto this coverslip. The embryos were desiccated for about 10
minutes (depending on room temperature and humidity). 10 S VOLTALEF oil was applied to
cover the embryos one or two minutes after they showed signs of desiccations (a slight wrinkle

around the presumptive cephalic furrow). The coverslip was then transferred onto a slide.

For DNA injection, 2hrs old egg lays (25°C) were used. Capillary was inserted into the embryo at
a level slightly above the point where the embryo touched the coverslip. For CNTs injection, 1hr
or 4hrs egg lay at 25°C were used. For these injection, the capillary was positioned as close as it

could be to the coverslip, i.e. at ventral side of the embryo.

The capillary was made with a Micropipette Puller (see below for settings), and then bevelled at
an angle of about 20 to 30 degrees. After bevelling, the capillary was washed 3 times in water
and 3 times in acetone. During injection, capillary was attached to a 5ml syringe. For loading,
1ul of DNA solution was released onto the 10 S VOLTALEF oil, the capillary tip lowered into the
drop and the DNA was sucked into capillary by slowly reversing the syringe piston. Before
embryo injection, the pressure inside the syringe and capillary was increased to a level where
the solution would just be maintained within the capillary. Upon entry into the embryo, solution

diffused freely inside the periplasm without manually applying any pressure to syringe.

Settings of Micropipette Puller (Sutter P-97):
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Heat = Ramp —40

Pull =40

Velocity = 45

Time =130

Pressure = 500

Glue Preparation:

Glue was prepared by filling up a 250ml bottle with small fragments of double-sided tape (Scotch)
wrapped in a ball shape, together with 125ml of heptane. The bottle was put on a roller
overnight at room temperature. The heptane solution which contained the dissolved glue was

transferred to a new container.

2.13. Preparation of embryonic fillets in PBS

The glass coverslip containing 4-gut-stage embryos (stage 17, 17hrs to 19hrs old at 25°C) was
cut and transferred to a weighing dish, immobilised by applying a small amount of 10 S VOLTALEF
oil between it and the dish, and then immersed in PBS-Triton (1x PBS with 0.4% Triton X100). A
drawn out pasteur pipette fitted with a rubber bulb was used to rinse off the oil around the
embryos. PBS-Triton was first sucked into the pipette, and then released by pointing the tip of
the pipette directly to the embryos from above. The pipette was held at an angle of 30 degrees
to the surface of the solution in the dish. The tip of the pipette was immersed in the solution at
all time to avoid creation of bubbles. While the solution was released by applying pressure to
the bulb, the tip of the pipette was moved from the embryo at the bottom to the embryo at the

top. This step was repeated several times until most of the Oil 10 S VOLTALEF was removed.
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This was followed by three times rinse with PBS (1x). The cut glass coverslip was then transferred
to a bigger glass coverslip (22x64mm, wiped with 70% ethanol) surrounded by a silicon ring.The
cut coverslip was immobilised by applying a small amount of 10 S VOLTALEF between it and the
bigger coverslip, and then immersed in PBS. An injection capillary was used to poke into the
dorsal side of the embryo from the posterior all the way to the anterior. The embryo was then
lifted up along with the capillary and then gently placed onto the clean, non glue coated glass
surface. The van der Waals' force was able to immobilise the ventral nerve cord and the
connecting tissue on the glass coverslip. The embryo was cut open from the dorsal side with the
capillary and the gut was removed. After gut removal the sides of the embryo were pressed
down onto the coverslip. The fixation was done by incubation in 3.7% formaldehyde in PBS for

20 minutes, followed by normal washing and staining steps.

2.14. Transformation

Preparation of Solutions:

Lysis Buffer

10mg/ml lysozyme from chicken egg white in 50% glycerol

STET (50ml)

0.1M NaCL (0.292g)
10mM Tris-HCL (0.06057g)
1mM EDTA (0.01861g)
2.5ml 5% Triton X-100
Add dH,0 up to 50ml
Adjust pH to 8.0

TE Buffer (50ml)

1M Tris (500 pL)
0.5M EDTA (100 pL)
Add dH,0 up to 50ml
Adjust pH to 8.0

72



LB-Agar medium was prepared as instructed by the manufacturer. For every 500ml of medium,
500uL of 100mg/ml of Carbenicillin was added (final concentration 100ug/ml). 20ul of x-Gal
(40mg/ml) was pasted evenly on medium plate and incubated at 37°C for 30 minutes. Invitrogen
TOP10 Chemically Competent E.coli were taken from -80°C freezer and thawed on ice for 5
minutes. 4uL of DNA sample was mixed gently with 1 pL of Salt Solution (1.2M NaCl, 0.06M
MgCl;) and 0.5uL of PCRII-TOPO Vector (Invitrogen TA Cloning Kit). The mixture was left standing
at room temperature for 4 minutes, then pipetted into competent cells, gently mixed again and
immediately pasted onto the warm LB medium plate. Plates were incubated at 37°C overnight.
Single colonies were transferred into 2ml liquid LB medium with Carbenicillin and grown
overnight. Cultures were collected with Eppendorf tubes and centrifuged at 6000rpm for 3
minute, supernatant removed. The pellet was resuspended in 350uL STET and 30uL Lysis Buffer,
mixed by vortex, and heat shocked at 100 °C for 1 minute. After that, samples were transferred
onto ice for cooling for 4 minutes, and then centrifuged at maximum speed for 10 minutes. The
pellet was sucked up and discarded by pipetting with a blue tip without disturbing the solution.
1ml isopropanol and 100uL 10M ammonium acetate were added to the solution, vortexed
shortly, and stored at -20°C for 20 minutes. Next, samples were centrifuged at maximum speed
for 20 minutes at 4°C, supernatant removed. The pellet was washed with 70% ethanol and then
left air dry by leaving the tube upside down on a piece of tissue at room temperature for a
minimum of one hour. 30uL TE Buffer was added, and samples were stored at -20°C overnight

before further application.

Plasmids with an insertion was identified by EcoR1 digest. For sequencing, positive colonies were
grown overnight in 100ml LB Medium with Carbenicillin before extraction of the DNA using

Sigma GenElute™ Midiprep.
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2.15. Sequencing

All sequencing was done by Source BioScience LifeSciences.

2.16. Time lapse recording of larval locomotion

2hrs old embryos were prepared as described in 2.12 but without desiccation. After applying Oil
10 S VOLTALEF, the embryos were kept at 25°C for 10.5hrs until their trachea were filled.
HClmage (Hamamatsu) was used for time lapse recording. During recording, embryos were kept
in a dark room with temperature set at 20°C. The intensity of light projected to the embryos was
set at minimum level which was just enough for the camera to recognise the subject. Time

interval between each capture was set at 5 second for a recording period of 2 hours or more.

2.17. Confocal Imaging

Fixed or live samples were recorded using a Zeiss LSM710. For time lapse recording of living
embryos, the time interval was set to be 30 seconds and the space interval for Z-stack was 1um

for a total of three Z levels. Scanning was set to bi-directional.
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CHAPTER 3: From MP2 Neurons to B52 Gene — Cell

Morphology

3.1. Introduction

In Drosophila, a group of four neurons are known as the longitudinal pioneer neurons in each
segment, including two descending neurons: dMP2 and MP1, and two ascending neurons: vMP2
and pCC. These pioneer neurons send out their axons simultaneously. The two descending
neurons first send out their axons laterally as a bundle to reach the commissure. The axons then
separate from each other and project posteriorly. In contrast, the two ascending neurons project
axons directly to the anterior. It has been shown that dMP2 also has an anterior axon which is

shorter than its posterior axon [226].

MP2 precursors first emerge in stage 8 Drosophila embryos and are located as a pair in each
segment of the VNC [227]. The MP2 precursors divide asymmetrically once to give rise to vMP2
and dMP2. vMP2 always locate anterior to dMP2 in each segment. In later stages (after
embryonic stage 16), the 18 dMP2 neurons located in the anterior sections (LB - A5) of the VNC
are eliminated, while the 6 dMP2 neurons in the posterior sections (A6-A8) are maintained
throughout larval stages [228]. By stage 13, each of the two daughter MP2 cells display distinct
axon trajectories. vMP2 extends its axon anteriorly along with the axon from the pCC cell,
whereas dMP2 extends posteriorly and fasciculates with the axon of the MP1 neuron [229].
Initially, both vMP2 and dMP2 neurons were believed to be interneurons since they extend their
axons to pioneer the longitudinal tract [230]. However, using membrane reporter dMP2-
Gal4/UAS-myc-EGFP, the axon of dMP2 was found to exit the VNC and innervate the hindgut in
late stage embryos. This is further confirmed by injecting Dil into the hindgut where the dye
backfilled to segments A6-8 of stage 17 embryo. Therefore dMP2 is in fact a motor neuron [228].

In contrast to it, the axon of vMP2 (vMP2/pCC) stays in the VNC and making light contact with
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the axon of dMP2 (dMP2/MP1) originated from the contiguous segment. Axons of vMP2 and
dMP2 remain fasciculated until stage 17, during which they defasciculate from each other and
continues to run along the longitudinal axons in a more ventral (vMP2) or dorsal (dMP2) plane

[231].

The difference in the projection patterns between vMP2 and dMP2 suggests the two neurons
may contribute to different neuronal circuits. The choosing of neuronal circuits involves the
selection of several important factors, such as cell morphology, specification of

neurotransmitter, and synaptic formation and maintenance.

In order to complete the understanding of the regulatory mechanisms involved in these
processes, genes which were differentially expressed between vMP2 and dMP2 were identified.
This was achieved by performing single cell transcriptome analysis of vMP2 and dMP2. In three
independent experiments, the single cell transcriptome was isolated from each of the two
sibling neurons in stage 17 Drosophila embryos and compared on three different microarrays

(Bossing, Unpublished).

Of 2631 transcripts compared, seven transcripts were up-regulated by two times at least in
dMP2. The primary candidate gene chosen was B52, whose expression level was over 44 times
higher in dMP2. Due to the late embryonic stage selected for transcriptional analysis, B52 might
play a role in the selection of synaptic partners before synaptogenesis takes place and/or
maintenance of newly formed synapses. Since synaptic plasticity is subject to change from time
to time, the contribution of B52 might still be needed. From all RNA targets identified for B52,
none have been shown to be involved in synaptogenesis or neurotransmission [208, 219, 232-

235].

Therefore, the first question addressed was the possible involvement of B52 in the

establishment of cell identity, morphological structure and function (this Chapter). Secondly, we
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also examined, whether B52 contributes to the selection of neurotransmitter (Chapter 5), which
ultimately could affect larval behaviour (Chapter 6). All these analyses were carried out using

B52 loss/gain of function and B52 mutant embryos or larvae (Chapter 4).

3.2. Results

3.2.1. Genes that are differently expressed between vMP2 and dMP2

From microarray analysis of single cell transcriptomes between vMP2 and dMP2, a group of
seven genes were found to be differently expressed between the two sibling neurons (Table.
3.2.1). Among these genes, the expression level of B52 was 44.94 times higher in dMP2 than

that in vMP2.

Table 3.1 Genes differently expressed between vMP2 and dMP2

B52 CG7433 CG31855 Fis1 wrapper  DMAP1 trx
viviP2 1 1 1 1 1 1 1
dMP2 4494 15.56 19.29 3.14 66.72 0.09 0.14

* “1” represents the standard expression level of that specific gene in vMP2 and is not an indication of quantity.

3.2.2. Expression pattern of B52 and CG7433

In order to get an idea of what roles the candidate genes play in terms of regulating neuronal
network formation and function, in situ hybridisation was performed with the view to reveal the
expression pattern of B52 and CG7433. Our data indicate that B52 is expressed ubiquitously in

the embryo from stage 11 onward, while CG7433 is expressed along the connectives (Fig. 3.0).
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Figure 3.0 in situ hybridisation of B52 and CG7433 in the CNS of stage 17 WT embryos.

CNS of stage 17 WT embryo (n=10), horizontal views, anterior up. Bar = 10um. Dotted line indicates the
location of midline. (A-B) Axons are labelled with 22C10 antibody in red, and B52 in situ probe in green.
B52 is expressed ubiquitously, but the expression strength varies from cell to cell. (C-D) Axons are labelled
with 22C10 antibody in red, and CG7433 in situ probe in green. CG7433 RNA is localised along the

connectives.

3.2.3. Manipulation of B52 activity by introducing B52 Binding Sites through
Gal4/UAS system

To study the function of B52, the Gal4/UAS system was used to manipulate the level of B52 in
the CNS of Drosophila embryos and larvae. The Gal4/UAS system consists of two separate
functional units. In one unit the coding sequence of the Gal4 transcription factor was fused
downstream of an enhancer which allows for the expression of Gal4 in selected tissues. In the
second unit, the sequence of a target gene is expressed from a UAS sequence (upstream
activation sequence) to which Gal4 binds. Hence, only cells containing both units express the

target gene due to its up-regulation by the Gal4 transcription factor [236].

The RNA aptamer B52 Binding Sites (BBS) were introduced to different tissues and
developmental stages with the use of different Gal4 lines. BBS is an artificial construct. A single
unit of BBS consists of five high affinity binding sites found among different B52 target RNAs,

with each of them forming a hairpin loop structure, and folded in a specific way to have the
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formation of a pentameric structure. A fully functional BBS consist of 12 of this pentameric units
with head-to-tail connection (Fig. 3.1). It has been shown that the presence of BBS can inhibit

the activity of B52 both in vitro and in vivo due to competition with the endogenous BBS sites

[221, 237].
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Figure. 3.1 Single unit of B52 Binding Sites

A single unit of BBS consists of five high affinity binding sites found among different B52 target RNAs, with
each of them forming a hairpin loop structure, and folded in a specific way to have the formation of a
pentameric structure. A fully functional BBS consist of 12 of this pentameric units with head-to-tail

connection. Figure taken from Shi et al., 1999.

The choice of Gal4 lines (enhancers) specifies when and where the target gene can be expressed.
In Drosophila, genetic manipulation is often achieved by bring two different transgenic lines
together through fly crossing, and then looking for the phenotypes in the next generation. For
example, in one of my experiments, female flies carrying the elavGal4 line and male flies carrying
the UAS-BBS line were crossed to each other, and therefore leading to their progenies
expressing the Gal4 protein in all differentiated neurons, which is driven by the elav enhancer.
The Gal4 protein in turn activates the UAS, triggering the expression of BBS. The presence of BBS

serves as a competitor that saturates the available B52 protein by binding to the RNA recognition
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mortif (RRM), and therefore preventing B52 from interacting with its endogenous RNA targets.
This is equivalent to inhibiting B52 activity. The results below illustrate the outcomes of
introducing BBS to various tissue and at different developmental stages using a selection of Gal4

lines.

3.2.4. Expression of BBS does not cause defects in axon projection pattern of dMP2
cell

Since axon retraction and alternation of axon trajectory could still occur after the first synaptic
contact is made, whether B52 has a role in mediating morphology and possibly synaptic targets
of MP2 neurons was examined. UAS-mCD8-GFP DNA was injected into UAS-BBS/+; Gal4“?”/+
embryos to label single dMP2 cells and its axon. The same injection was performed in Gal4%%”
as control. Anti-Odd staining was performed to identify dMP2 neurons. | compared the
projection pattern and length of the dMP2 axon between Gal4“?” control and UAS-BBS/+;

Gal49? /+ embryos.

In Gal4“?, the axon of dMP2 bifurcates as soon as it extends from the neuron body, projecting
both anteriorly and posteriorly. We find no differences in the branching pattern or general
axonal course. Yet, we observed a consistent increase in length of the posterior dMP2 branch

by an average of 46.41um in embryos expressing UAS-BBS (n=9, Fig. 3.2).
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Figure. 3.2a Microinjection of UAS-mCD8-GFP DNA reveals the projection of single MP2 neuron in
stage 17 embryonic CNS.

The nuclei of dMP2 and MP1 neurons are labelled with Odd antibody in red. Axon and cell body of MP2
neurons are labelled with GFP in green. Horizontal views, anterior up. Bar = 10um. Yellow arrows indicate
anterior axon, white arrows indicate posterior axon. (A-B) Gal4%?” control (n=9) and (C-D) UAS-BBS/+;
Gal49?7/+ (n=9). The length of anterior axon is always shorter than posterior axon. The length of posterior

axon is longer in UAS-BBS/+; Gal4%?’/+ than that in Gal4“?” control.

Length of dMP2 axon (um)

150.00
114.81

100.00 78.41

50.00 24.72

0.00

Gal4Cy27 UAS-BBS/+; Gal4Cy27/+

H Anterior (um) H Posterior (um)

Figure. 3.2b Length of dMP2 axons.

Gal49?” on the left and UAS-BBS/+; Gal4“?’/+ on the right. Anterior axon is represented by blue and
posterior axon by red. The difference in the length of anterior axon between Gal4“?” and UAS-BBS/+;
Gal49?7/+ is not significant. In UAS-BBS/+; Gal4%?’/+, the posterior axon is much longer than that in

Gal49?” control.
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3.2.5. Expression of BBS in eagle-Gal4 (eagleGal4) does not induce morphological

change
The possible role of B52 in regulating cell morphology was further examined in a subset of
neurons derived from NB2-4, NB3-3, NB6-4 and NB7-3 [214]. BBS was introduced by generating

UAS-BBS/ +; eqGal4, UAS-mCD8-GFP/ +, and egGal4, UAS-mCD8-GFP was used as control.

In stage 17 embryo, there was no obvious changes in cell morphology, number of neurons and

projection patterns of axons between egGal4, UAS-mCD8-GFP control and UAS-BBS/ +; egGal4,

UAS-mCD8-GFP/ + (Fig. 3.3).
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Figure. 3.3 GFP staining in neuronal subsets in stage 17 embryonic CNS.

GFP in green. Horizontal views, anterior to the left. Bar = 10um. Dotted line indicates the location of
midline. (A) egGal4, UAS-mCD8-GFP control (n=23) and (B) UAS-BBS/ +; egGal4, UAS-mCD8-GFP/ + (n=18).
Locations and projection patterns of neurons are not different between egGal4, UAS-mCD8-GFP control

and UAS-BBS/ +; eqgGal4, UAS-mCD8-GFP/ +.
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3.2.6. Morphology and projection pattern of dMP2 dendrites do not show obvious
defects when BBS is over-expressed

In addition to axons, dendrites also play an important part in mediating the communication
process between pre- and post-synaptic sites during synaptic formation. To find out if B52 is
involved in the regulation of dendritic development and guidance in dMP2 neurons, comparison
was made between Gal4%?’, UAS-Denmark/+; UAS-BBS/+ and the control Gal49%, UAS-
Denmark. In these lines, dendrites of dMP2 cells were labelled with RFP, which allow us to see
if the presence of BBS causes any defects in the dendritic network of dMP2 cells in stage 17

embryo.

| observed some weakening in the expression of UAS-Denmark along the dendrites of Gal4%%,
UAS-Denmark/+; UAS-BBS/+. This weakening in red fluorescence is likely to be caused by the use
of one Gal4 driver to activate two UAS constructs, which may lead to reduced UAS expression.
The general weakness in expression is most likely not due to dendritic defects. Despite that,
dendrites in Gal4“?”, UAS-Denmark/+; UAS-BBS/+ were restricted to their supposed locations as

those in Gal49?”, UAS-Denmark control. No misarborisation was observed (Fig. 3.4).
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Figure 3.4 Dendrites of dMP2 cells in stage 17 embryonic CNS.

Dendrites and cell body of dMP2 neurons are labelled with RFP in red. Horizontal views, anterior up. 1 Bar
= 10um. Dotted line indicates the location of midline. (A) Gal4“??, UAS-Denmark control (n=6) and (B)
Gal49%?, UAS-Denmark/+; UAS-BBS/+ (n=15). There are obvious gaps along the dendritic path of Gal4%?’,
UAS-Denmark/+; UAS-BBS/+ and also Gal4%%’, UAS-Denmark/+. Most of the staining is not limited to

dendrites but is along the axons. The dendrites of dMP2 axons are not separate from the axon (see spines
along axon in Fig. 3.2A).

3.2.7. Morphology and projection patterns of 19H09Gal4 (subsets of type Il

neuroblasts and progenies) dendrites are not affected by the presence of BBS or

overexpression of B52

To find out if B52 is involved in regulation of dendritic development and guidance in larval stage,

comparison was made among 19H09Gal4, UAS-myrm::RFP/UAS-BBS, 19H09Gal4, UAS-

myrm::RFP/UAS-GFP-B52 and the 19H09Gal4, UAS-myrm::RFP control, to see if the presence of
BBS or excessive B52 can cause any defects in the dendritic network of single motorneuron in

the abdominal segment 4-8, labelled by the 19H09Gal4 line, 84hrs larval brain.

84



There were no significant changes in the morphology of 19H09Gal4 neurons or defects in the
projection patterns of dendrites in either 19H09Gal4, UAS-myrm::RFP/UAS-BBS or 19H09Gal4,

UAS-myrm::RFP/UAS-GFP-B52, when compared with 19H09Gal4, UAS-myrm::RFP control (Fig.

3.5).
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Figure 3.5 Dendrites of 19H09Gal4 neurons in 72hrs larval brains.

RFP in red. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.
Arrowheads label dendrites and arrows label axon. (A) 19H09Gal4, UAS-myrm::RFP Control (n=8), (B)
19H09Gal4, UAS-myrm::RFP/UAS-BBS (n=8) and (C) 19H09Gal4, UAS-myrm::RFP/UAS-GFP-B52 (n=6).
Close-up of single motor neuron of (D) 19H09Gal4, UAS-myrm::RFP Control, (E) 19H09Gal4, UAS-
myrm::RFP/UAS-BBS, and (F) 19H09Gal4, UAS-myrm::RFP/UAS-GFP-B52. 19H09Gal4 labels motor
neurons located near the lateral sides of the abdominal segment of larval brain. There are no significant

differences in dendritic morphology or projection patterns among the three lines.
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3.2.8. Reducing B52 function by expression of BBS in all neurons does not affect axon

fasciculation, glial cell localisation or muscle innervation

Since glial cells have been shown to play a role in both guidance of axons and synapse formation
[126, 130-134], distribution of these cells in the CNS and muscle field was examined by
performing anti-repo staining in stage 17 embryo of elavGal4 control and UAS-BBS/+; elavGal4/+.
It has been shown that in addition to neurons, Elav protein is expressed in the glial lineage of
the longitudinal glioblast (LGB), in Drosophila embryos. LGB is functionally similar to a neuroblast,
but gives rise to glial cells only. Therefore the elavGal4 line not only serves to drive expression
of target genes in postmitotic neurons, but also in neural progenitor cells and nearly all
embryonic glial cells [238]. However, the expression of Elav is rather transient in the LGB. Also,
Dil labelling, which is the injection of membrane diffusible fluorescent lipophilic cationic
indocarbocyanine dye to label target cell, shows each LGB gives rise to 7 to 10 progenies [239]
out of 23 glial cells per segment [240] by the end of embryogenesis, which is less than a half of
all glia. It is therefore very unlikely that the short and weak expression of BBS in these glia will

have any phenotypes at all.

Fasciculation is a key feature contributing to the guidance of longitudinal axons. This process
provides the framework for the subsequent pathfinding of newly emerging axons via cell
adhesion mediated by Fasll [241]. Fasciculation of axons originating from multiple neurons is
critical in axon guidance towards their target. To test if fasiciculation is affected by the presence

of BBS, anti-Fasll staining was also performed.

There was no obvious mislocalisation or morphological changes of these glial cells between
elavGal4 control and UAS-BBS/+; elavGal4/+. The glial cells were found in their normal positions
around the axons. This is expected because the expression of BBS in glia cells is too short plus
only a sub population of glia cells are affected by the elavGal4 line to cause serious phenotypic

changes in this case. Also, compared to the elavGal4 control, there was no obvious
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misfasciculation or thinning of axon bundles observed in the CNS or any abnormal muscle

innervation in UAS-BBS/+; elavGal4/+ (Fig. 3.6).
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Figure. 3.6 Repo and Fasll staining of stage 17 embryonic CNS and peripheral motor neuron axons.

Fasll in red and Repo in green. Horizontal views, anterior to the left. Bar = 10um. Dotted line indicates the
location of midline. (A-C) CNS of elavGal4 control (n=10) and (D-F) UAS-BBS/+; elavGal4/+ (n=7). (G-1)
Muscle innervation of elavGal4 control (n=20) and (J-L) UAS-BBS/+; elavGal4/+ (n=20). There are no
obvious differences in the distribution of glial cells between elavGal4 and UAS-BBS/+; elavGal4/+. Patterns

of innervations and branching of motorneurons also appear to be normal in UAS-BBS/+; elavGal4/+.

3.2.9. No defects in fasciculation in 48hrs larval brain of p{lacW}B52 homozygous
mutants

Because B52 is expressed throughout the whole life cycle of Drosophila, fasciculation was
examined also in 48hrs larval brain of p{lacW}B52 homozygous mutant. Heterozygous mutant
p{lacW}B52/TM3™5F" was used as control. The pflacW}B52 line was first created by Ring and

Lis (1994). It contains a P-element transposase-lacZ fusion inserted in the open reading frame of
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B52 gene. According to the authors, B52 RNA was not detected in the total RNA extraction of
2" instar homozygous pflacW}B52, and anti-B52 staining showed B52 protein was completely
gone in the nuclei of 2" instar larvae homozygous p{lacW}B52 [209]. However, | did not re-
confirm the RNA or protein level of B52 before doing the assays below. Because more than two
decades have passed since the line was first created, the mutated B52 gene may have already
been selected out. Therefore, the expression level of B52 in the pflacW}B52 line may not be

different from that of the wild type.

Compared to the heterozygous control, there is no obvious defect in p{lacW}B52 homozygous
mutant in terms of the distribution of fasciclin2. However, the intensity of Fasll staining is

stronger in p{lacW}B52 homozygous mutant (Fig. 3.7).

P{lacW}B52 Heterozygous P{lacW}B52 Homozygous
(48hrs) (48hrs)
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Figure. 3.7 Fasll staining of 48hrs larval brains.

Fasll in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline. (A)
p{lacW}B52/TM3™5FP control (n=9) and (B) p{flacW}B52 homozygous mutant (n=10). Apart from a slight
elevation of Fasll signal in pflacW}B52 homozygous mutant, there is no significant difference in

fasciculation of axons between p{lacW}B52/TM37"-6*? control and p{lacW}B52 homozygous mutant.
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3.2.10. No defects in fasciculation in 72hrs larval brain where B52 is overexpressed

maternally

Fasciculation was further examined in 72hrs larval brain of Gal4"%"/+; ; UAS-GFP-B52/+, where
expression of B52 was elevated until embryonic stage 14 [216]. Gal4"?" was used as control. This

is to test whether over-expression of B52 would cause any problem with embryos hatching and

developing into mature larvae.

Compared to Gal4"?" control, distribution and quantity of fasciculation in Gal4V%"/+; ; UAS-GFP-

B52/+ are normal (Fig. 3.8).
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Figure. 3.8 Fasll staining of 72hrs larval brains.

Fasll in green and Fasll in red. Horizontal views, anterior to the left. Bar = 10um. Dotted line indicates the
location of midline. (A) Gal4"?" control (n=3) and (B) Gal4"?" /+; ; UAS-GFP-B52 (n=3). There is no obvious

defect in fasciculation of axons between Gal4"?" /+; ; UAS-GFP-B52 and Gal4"?" control.
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3.2.11. No defects in fasciculation in 72hrs larval brain where B52-RNAi is induced

maternally

Fasciculation was examined in 72hrs larval brain of Gal4"?"/+; ; UAS-B52-TRiP-RNAi/+. Gal4"?"

was used as control.

Compared to Gal4"?" control, fasciculation in Gal4"?'/+; ; UAS-B52-TRiP-RNAi/+ is normal (Fig.

3.9).
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Figure. 3.9 Fasll staining of 72hrs larval brains.

Fasllin red. Horizontal views, anterior to the left. Bar = 10um. Dotted line indicates the location of midline.

(A) Gal4"?" control (n=3) and (B) Gal4"?'/+; ; UAS-B52-TRiP-RNAi/+ (n=3). There is no obvious fasciculation
defect in Gal4"?" /+; ; UAS-B52-TRiP-RNAi compared to Gal4"?" control.
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3.2.12. No defects in fasciculation in 24hrs larval brain of B52*L24 homozygous

mutant embryos

Fasciculation was examined in 24hrs larval brain of B52*L24 homozygous mutant. B52*L24

heterozygous mutant was used as control.

Compared to B52*L24 heterozygous controls, there is no obvious defect in fasciculation of

B52*L24 homozygous mutants (Fig. 3.10).
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Figure. 3.10 Fasll staining of 24hrs larval brains

Fasll in red. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline. (A)
B52*L24 heterozygous control (n=3) and (B) B52*L24 homozygous mutants (n=3). Compared to B52*L24

heterozygous control, there is no obvious defect in fasciculation in B52*L24 homozygous mutants.
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3.3. Discussion

3.3.1. B52 has no effect on cell determination

It has previously been shown that Odd-skipped (Odd) is expressed in dMP2 and MP1 from stage
11 in the embryo [242]. Therefore, anti-Odd was used to detect the distribution and level of the
corresponding cell marker protein in UAS-BBS/+; Gal4“?’/+. Antagonising B52 activity in the
dMP2 cell did not trigger any change of Odd expression. All dMP2 and MP1 neurons in UAS-
BBS/+; Gal4“?’/+ reside in exactly the same locations as their control counterparts. Also, single
cell labelling showed that the projection trajectories of both anterior and posterior axons of

dMP2 were not affected in UAS-BBS/+; Gal4%?”/+.

3.3.2. Overshooting axon of dMP2 neuron in UAS-BBS/+; Gal4%?7 [+
In the single cell labelling experiment, overshooting of the posterior axon of dMP2 was observed
in UAS-BBS/+; Gal4“?’/+, indicating down-regulation of B52 activity in dMP2 neurons leads to

defects in axon extension.

B52 has been shown, by both microarray analysis and genomic SELEX, to target lola, a
transcription factor gene [219, 234]. Seeger et al. (1993) first observed stalled longitudinal axons
that failed to make connection with the segmental ganglia in lola mutants. This pathfinding
defect in lola mutants is reminiscent of that seen in Delta and Notch mutants [243]. lola can give
rise to 19 different isoforms (predicted 20) through RNA splicing. All of these isoforms share a
common BTB/POZ dimerisation domain, whereas 17 of these isoforms also have unique zinc
finger DNA-binding domains [244]. These 19 lola splice variants display various expression
patterns, ranging from whole embryo to specific subsets of cells such as gonad, imaginal discs,
or dorsal cell layer of the CNS [244]. Several unique features of lola isoforms have been revealed.
Expression of Lola is needed in both the motorneurons of spinal nucleus of the bulbocavernosus

(SNB) and their innervating targets, the ventral muscles in stage 17 Drosophila embryo, to
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complete the targeting process [245]. Loss of Lola causes wiring defects in both axons and

dendrites of all lineages of projection neurons in adult fly brain [246].

Expression microarray analysis of lola mutant embryos (10-12 hours after egg lay), identified a
key regulator in axon growth, which was named Spire [247]. Spire is known for its roles in
regulating oocyte cytoskeleton and cytoplasmic streaming through actin nucleation and also
crosslinking of microtubule and microfilament [248, 249]. Apart from these, several other
downstream targets of Lola have also been identified such as DSCAM and Frazzled (axon

patterning) and katanin80 and stathmin (microtubule and motor development) [247].

In addition to lola, B52 has been shown to bind to the RNA transcripts of Syndecan (Sdc) and
RhoGAP16F [234]. In Sdc mutant, there is a higher rate of dorsal branches of the tracheal system
which fails to establish anastomosis in third instar larvae [250]. This phenotype resembles that
seen in the mutant of Slit or Robo [251]. Loss of Slit or Robo function restores the dorsal branch
phenotype in Sdc mutant, whereas overexpression of Robo causes enhanced dorsal branch
fusion defects [250]. This indicates Sdc acts as a suppressor for the Slit/Robo signalling. In a
different study, Sdc has been shown to regulate cell migration and axon guidance in C.elegans,

and this too involves the Slit/Robo pathway [252].

RhoGAP16F belongs to the RhoGAP family protein. Both RhnoGAP (Rho GTPase activating protein)
and RhoGEF (Rho guanine nucleotide exchange factor) are responsible for regulating the
activation state of GTPase. The function of RhoGAP16F has only been examined in the leg of
Drosophila so far, and loss of RhoGAP16F function by inducing RNAi causes bent tibia and femur,
as well as tendon necrosis [253]. However, study of other members of this RhoGAP family has
shown strong connection between them and axon pathfinding. RNAi inactivation of mammalian
RhoGAPp190 in Drosophila mushroom body (OK107Gal4) leads to axon retraction. RNAI

targeting RacGAP50C (tum in flybase) and RhoGAP71E in mushroom body leads to various cell
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morphological defects such as cell number reduction, enlarged cells, axon overextension and

axon misguidance [254].

Axon overshooting is a common defect caused by misregulated signalling. For example,
overexpression of the previously mentioned RhoGAPp190 leads to overextension of dorsal axon
branch in mushroom body [254]. In a study of Jun N-terminal kinase (JNK) in the mushroom body
of Drosophila, partial loss of bsk function caused by RNAI leads to overextension of mushroom
body axons [255]. This time, instead of translational regulation, direct protein-protein
interaction between peptides of B52 and Bsk has been reported by examining the protein

complex using LC-MS [256].

In summary, overshooting of posterior axon of dMP2 in UAS-BBS/+; Gal4%?/+ is likely to be
caused by the misregulation of B52 splicing targets, including the above mentioned lola, Sdc and

RhoGAP16F, which in turn act upon key axon singling cues Lola and Notch.

3.3.3. Fasciculation of axons is not affected by B52 activity

Fasciculation of longitudinal axons appear to be normal in all of the mutant lines tested,
including UAS-BBS/+; Gal4%?’/+, UAS-BBS/ +; egGal4, UAS-mCD8-GFP/ +, UAS-BBS/+; elavGal4/+
and B52*L24 mutant, ranging from stage 17 embryos to 3rd instar larvae. This indicates

expression of the cell adhesion molecule Fasciclin Il (Fasll) is not affected by B52 activity.

However, in lola mutants, anti-Fasll staining in stage 17 embryos revealed the midline axons
were severely disrupted in stage 17 embryos [257]. Even though B52*L24 homozygous mutants
die at 36hrs post hatching, there is no collapse of these longitudinal connectives highlighted by
anti-Fasll up to 12hrs before the death of larvae. One possible explanation is that the presence
of other splicing factors, which share common targets as B52, helps to complement defects in
Lola splicing caused by the loss of B52 function. Or, maternally supplied B52 is sufficient to
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ensure Lola splicing and Fasll expression during embryogenesis, and once fasciculation is

established, Lola is no longer required.

3.3.4. Loss of B52 activity in all differentiated neurons does not induce changes in the
morphology or distribution of glia

In Drosophila, midline cells consists of both neurons and glia. They form an integral part and

persist throughout development and function as the directing centre for axon guidance.

For example, expression of Notch in glia is essential for the correct guidance of longitudinal
pioneer axons. In Notch® mutants, axons of dMP2 and vMP2 cease to grow and fail to make
contact with their targets in late stage 13 embryos [243, 258]. It has been shown that there is a
gap between the advancing longitudinal growth cones and the interface glia, and this gap is filled
by a thin meshwork of neuronal tissue which shows positive to neuronal membrane markers
anti-HRP, BP102, and anti-Frazzled [259]. In Notch® mutants, the continuity of this neuronal
meshwork is largely disrupted and in some cases the meshwork is absent between the interface
glia and the stalled axons [259]. Also, reduction of Notch signal by inducing RNAi in glia
dramatically enhances the axon growing defects [259]. These growing defects are largely
rescued by expressing Notch in all glia (repoGal4), interface glia (ht/Gal4), or just dMP2 and vMP2
(15J2Gal4), suggesting Notch mediates growth of pioneer longitudinal axon both autonomously
in vMP2 and dMP2, and also non-autonomously in the surrounding glia [259]. Ablation of
longitudinal glia causes longitudinal axons to stall or make an early turn away from the
connectives. Similar effects were seen in ablation of midline glia, which led to longitudinal axons

crossing the midline [251].

Previous study has also shown that pioneer axons follow their longitudinal path by tracking
Frazzled and Netrin [260]. Disturbance of Frazzled and Netrin patterns have been observed in

Notch® mutant [259]. In Notch®™ mutant, the position and morphology of glia appear to be
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normal [259]. This is reminiscent of the situation seen in UAS-BBS/+; elavGal4/+ with anti-repo
staining in this study. Our in situ staining shows that B52 is nearly absent along the connectives
and hence B52 is either not or very weakly expressed in longitudinal glial cells (Fig. 3.1). Yet, for
a definite clarification of the role of B52 in glial cells requires the expression of UAS-BBS and
UAS-GFP-B52 with drivers with a prolonged and strong glial expression such as repoGal4. In
addition, there are no obvious defects in longitudinal axon patterning in any of the mutant line
mentioned above, as revealed by anti-Fasll staining, suggesting the distribution of Netrin is not

affected by B52 activity.

3.3.5. Down-regulation of B52 activity does not induce obvious defects in dendrite
formation

Dendritic pattern is an important aspect of synapse formation, especially during axon-dendritic
interaction. The dendritic condition was first examined in stage 17 embryos, where B52 activity
in dMP2 was down-regulated in the line Gal4“%?’, UAS-Denmark/+; UAS-BBS/+. In another assay,
B52 activity was down-regulated in subsets of abdominal motorneurons in the line 19H09Gal4,
UAS-myrm::RFP/UAS-BBS. In both essays, the dendritic morphology is not affected by a

reduction in B52 activity.

3.4. Summary

The above results indicate it is possible that B52 regulates axon extension through its splicing
targets which include /ola, Sdc and RhoGap16F, and therefore is able to affect the projection of
posterior axon of dMP2. In the single cell labelling assay, antagonising of B52 activity is achieved
by inducing BBS at stage well before the time single cell transcriptomes of vMP2 and dMP2 are
obtained. Therefore, expression level of B52 are also important at early embryonic stages but

only for axon extension and not for cell determination, axonal pathfinding or dendrite formation.
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Chapter 4 B52 — Generation of B52 Mutants

4.1. Introduction

Recent studies have identified several RNAs targeted by B52 during splicing, including those
involved in cell cycle control [233], and eye development [219, 232]. In loss of B52 mutants,
splicing of de2f1 is impeded, correlating with a reduction in dE2F2, a cell proliferation regulator
[233]. Overexpression of B52 in the eye (GMR-Gal4 and ey-Gal4) leads to severe defects of eye
development. The phenotype is typically stronger in ey-Gal4 where the shape of the eye is
completely distorted in adult flies, same as those experiencing reduced level of eyeless
expression [232]. Later it has been shown that B52 regulates the RNA splicing of eyeless, and the
previous eye phenotype is caused by splicing out of exon 2 in eyeless, which plays an essential
role in eye development. The longer isoform of eyeless is involved in limiting the size of the eye,
while the shorter isoform is responsible for regulating both size and shape of the eye, and B52
regulates the availability of these two isoforms through RNA splicing [232]. In a different
publication, GMR-driven expression of B52 results in disorganisation of R and cone cells in eye
imaginal discs in the third-instar larvae [219]. These authors have also identified several B52-
interacting mRNAs by performing co-immunoprecipitation of B52 proteins, using dASF
overexpression as a control. RNAs bound to both proteins were reverse transcribed, amplified
and analysed on microarrays [219]. Some of these targets are in agreement with the result of
genomic SELEX (Systematic Evolution of Ligands with EXponential enrichment) where full length
Baculovirus-expressed B52, is used as a bait to attract potential RNA targets that have high
affinity for B52 [234]. In addition to its mRNA-splicing function, B52 is also involved in direct
protein-protein interactions, such as the recruitment of Topoisomerase | to the transcription
site [208]. Potential targets of B52 have been screened by genomic SELEX and microarrays [219,

234]. Some of them are listed in table 4.1.
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Table 4.1 Potential targets of B52 mRNA splicing factor

Genomic SELEX [219, 234]) Microarray [219, 234]
Ecdysone Receptor White

Ladybird late (EcR) Longitudinals lacking
Frizzled (fz) DDB1

Furin 1 (Furl) Polychaetoid
Longitudinals lacking (lola) Flotillin

Rx Tropomyosin 1

Skiff (skf) Fau

MiIx interactor (Mio) Minibrain

RhoGAP16F Beta-tubulin at 56D
Syndecan (Sdc) Imaginal disc growth factor 3
Faint sausage (fas) C-terminal binding protein

Several loss/gain of function lines have been used for this study, including UAS-BBS (an RNA
aptamer that resembles B52 targets sequence and serves as a competitor for the available B52
proteins) [261], UAS-GFP-B52 (B52 overexpression tagged with GFP) [219], p{lacW}B525%249

(insertion of lacW sequence into B52 gene) [225].

To further study the impact of B52 on neuronal circuit formation, a B52 mutant line B52*L24
was created for this study, which is detailed below. The process for generating this mutant has
been described in Section 2.10. Basically, the mutant was generated by re-editing an existing
B52 mutant line p{lacW}B52°%?%°, which basically was the removal of the inserted p{lacW}
sequence, along with its flanking regions. As mentioned in previous chapters, pflacW}B525%24
carries a P element insertion in the B52 gene and the coding product of A2-3 is a transposase
which excises P elements. Hence expression of the transposase will remove the P element

inserted after 3R:13,659,314 locus in the genome (52249 is a line ID, and it does not represent

99



the insertion site or have any meaning associated with the B52 mutation). Because of this there
is a very low chance that the excision of the P element triggers imprecise removal of fragments
flanking the original P element site. This can disrupt the endogenous B52 gene in the genome
thereby creating a fly line devoid of the B52 protein. p{lacW} consists of a P element and the

gene sequence encoding lacW, a modified version of beta-galactosidase.

4.2. Results

4.2.1. Mapping of lacW insertion in p{lacW}B5252249
Mapping of the pflacW} insertion in the line p{flacW}B525%% was performed to confirm that
p{lacW} was inserted after the first 3bp of B52 gene (B52 start codon ATG is at the 64" to 66

base pair of the gene).

One pair of primers, Fwd-B52-genomic and Pry2, was used to amplify a fragment of 1001bp in
length from p{lacW}B525%?* genomic DNA as described in section 2.4 and 2.9. This fragment
consists of the last 187bp of Hrb87F, 780bp of B52 5’ untranslated region (5’-UTR), plus the first
3bp of B52 gene, and 30bp of the 3’ end of p{lacW}. Fwd-B52-genomic overlaps with the
sequence in the end of Hrb87F, which is 779bp upstream of B52 in the Drosophila genome. Pry2
overlaps with the sequence in the 3’ end of p{lacW}. The locations of both primers relative to

the genome of p{lacW}B52%% are illustrated in Fig. 4.1.

The PCR product was cloned into PCRII-TOPO vector (Invitrogen), transformed, DNA-purified and
sent for sequencing as described in section 2.14 and 2.15. For plasmid map of the vector, see

https://tools.lifetechnologies.com/content/sfs/vectors/pcriitopo_map.pdf. PCRII-TOPO vector is

4.0kb long and consists of M13 Forward Primer (M13F) site and M13 Reverse Primer (M13R) site

inside the fragment encoding lacZ (for blue-white screen), plus two origins of replication and
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sequences encoding products that provide resistance to ampicillin and kanamycin. M13F and
M13R sites are the places where polymerisation initiates. Up to 1.6kb fragment
downstream/upstream of M13F/M13R can be synthesised with a single primer for sequencing.
The location where the PCR product is inserted is about 100bp away from both M13 sites. There
are two EcoRl sites flanking the location where the PCR product is inserted (about 9bp away
from either end). This allows the isolation of PCR product by EcoRI digestion. Fig. 4.2 illustrates
the EcoRI digested product after transformation. There are two distinct bands, one at 4.0kb

(PCRII-TOPO vector) and one at 1.0kb (PCR product insertion).

J Hrb87F
Fwd-B52- Pry2
] 5 UTR Genomic —» -—
. s - --------------- | I

— = — = lacW Insertion

Figure 4.1 Schematic view of B52 gene and lacW insertion in p{lacW}B52.

pflacWj} is inserted 3bp after the start of B52 gene. Fwd-B52-genomic covers from the last 187bp of
Hrb87F gene, which locates 780bp upstream of B52 gene, to the right. Pry2 covers from the first 30bp
fragment of p{flacW}3’ end (as indicated by the sequencing result presented below), which is followed by

the first 3bp of B52 gene in p{lacW}B525%**°to the left. The PCR product is therefore 1.0kb.
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Regionamplified by
Fwd-B52-genomicand Pry2

7

S 1 0k

p{lacW}B52?2¢¢ Homozygous

Figure 4.2 PCR of Fwd-B52-genomic and Pry2 from embryonic DNA. 1kb DNA ladder.
(A) The bands near the 1.0kb marker represent the fragment amplified by Fwd-B52-genominc and Pry2,

using genomic DNA of p{lacW}B52?%*° embryos as template.

The transformation product was sent for sequencing after DNA-purification. Alignment of the
sequence with the corresponding gene region in wild type Drosophila indicates the insertion is
at the right location, i.e. 3bp after the start of B52 gene. However, the mapping result shows
that p{lacW} is inserted in the reverse direction (Fig. 4.1), which has already been justified by

the use of Pry2 primer, instead of Placl for the 5’ end of p{lacW} (sequence not shown).
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Figure 4.3A Sequences amplified by Fwd-B52-Genomic and Pry2 from DNA extract of p{lacW}5?%°
homozygous mutants

Input of sequence amplified by Fwd-B52-genomic and Pry2 for alighment
--- B52 start codon ATG is in bold and underlined

Primers = XXXX Overlapping regions between B52{lacW}*?**° and WT B52 gene = XXXX

>lacW_M13F_RC (sequence downstream of M13F in the transformation product — reverse complement)

NTNANNNNNNNNNNNNANNNNANNNNNNNNNNCNNNNNCNTNCCNNNNNNNNNNNTNNTANGCAGNTGNNNNN

NNNNNNNCGNNNGAAAGNNNNNNNNNAGNGNNNNNNNNANNNGAGTAGNNNNNTCNTAGNNNCCCAGNTTNNNN
CTTNATGNNNGNTCGNNNNTNNGNGGANTNTGAGCGGANANATTTCACNCNGNANCAGCTATGNCCATNNTACNCCAA
GCTATTTNGNGACNCTATAGAATACTCAAGCTATGCATCAAGCTTGGTACCGAGCTCGGANCCACTAGTAACGGCCGCCAG
TGTGCTGGAATTCGCCCTTITCACCATCGTCGTAGTTTCCGTTGGAATCGTTTTGTTCCGCCATTCTCTCCTTGGTTGTTCAAG

AAGCTGGAAAGTTTAAACACCGAACGCAGGAAATATTTTTTTTGTTTTTGTTCTTTTTTGACGGCAGACTGGCAATAAATGAA
ATGTACAGCACGCACAATGAGAATGGAGTGAGCAGTATGACCAGGTGTCGAGAACGGGGTAAAGTCGGAAAATCGGACGC
CACGTGGAATCGGAACGATTGTTTCGGTGCGTTAGGGGTGTTCCTCGACAATTAAGCTGATGCCACACTTGATTTTATATATC
TTCATATAAATTTGTATTCGTCTAGTAAGGGCTTAAAAATATTAGACAAGTTTATTGTATATATTTCTGAACAAACGGATTTGA
ATGTATTATCTTTATAAATGGATTATGATAATTACTACCACGATAACCCAAGAAACATTTAATATGTTTAACTTTTTAGCTAAA
TATGTATTATTATTAATACCGCTTACATAACTCTTTCTGCGAGCATTCGCTTTAGCTGGGGCGATGGTAGGCTTCACTTTAAGA
GATAACTTGTAAATTATTTTGTATTGAATTGTATATTTGTAAGTAGCCAGCTAAGGGTCAATCAATATTACAATTACGGGATC
TATGAGGCATTTGGGAATAAAAAAAGACATCGTGCGAAATAAATTAATAAATCCAGAAACATTTTATGTATATCATCAAATC
AGAAACGTTAAAAAATGCTAATGAGTGCTTGCTAGCAGATATCAAAATAAAAAGGTTGTTAACAGTATATTCAAATGCTACT
ACTAAGTATATTTAATGTTTATTCTTTTCATAGCGGAACACGAACAGCAACTGGAATACCCTTAACGCAGCGAAACGCATTGC
CCGCCCAAAATATCGATAGGCGAAAAAGTATCGTTCCATTCCGCCTTTGGAATGACTGTCAAACATCGCTTTCGTCTGTCACA
TGATGAAATAACATAAGGTGGTCCCGTCGGCAAGAAGGGCGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCGAGC
ATGCATCTAGAGGGCCCAATCGCCCNNNNNNNNNN

>lacW_M13R (sequence upstream of M13R in the transformation product)

NNNNTNNNNGTGNNCTATAGNNTACTCAAGCTATGCATCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCCGCCA
GTGTGCTGGAATTCGCCCTTITCACCATCGTCGTAGTTTCCGTTGGAATCGTTTTGTTCCGCCATTCTCTCCTTGGTTGTTCAA

GAAGCTGGAAAGTTTAAACACCGAACGCAGGAAATATTTTTTTTGTTTTTGTTCTTTTTTGACGGCAGACTGGCAATAAATGA
AATGTACAGCACGCACAATGAGAATGGAGTGAGCAGTATGACCAGGTGTCGAGAACGGGGTAAAGTCGGAAAATCGGAC
GCCACGTGGAATCGGAACGATTGTTTCGGTGCGTTAGGGGTGTTCCTCGACAATTAAGCTGATGCCACACTTGATTTTATAT
ATCTTCATATAAATTTGTATTCGTCTAGTAAGGGCTTAAAAATATTAGACAAGTTTATTGTATATATTTCTGAACAAACGGATT
TGAATGTATTATCTTTATAAATGGATTATGATAATTACTACCACGATAACCCAAGAAACATTTAATATGTTTAACTTTTTAGCT
AAATATGTATTATTATTAATACCGCTTACATAACTCTTTCTGCGAGCATTCGCTTTAGCTGGGGCGATGGTAGGCTTCACTTTA
AGAGATAACTTGTAAATTATTTTGTATTGAATTGTATATTTGTAAGTAGCCAGCTAAGGGTCAATCAATATTACAATTACGGG
ATCTATGAGGCATTTGGGAATAAAAAAAGACATCGTGCGAAATAAATTAATAAATCCAGAAACATTTTATGTATATCATCAA
ATCAGAAACGTTAAAAAATGCTAATGAGTGCTTGCTAGCAGATATCAAAATAAAAAGGTTGTTAACAGTATATTCAAATGCT
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ACTACTAAGTATATTTAATGTTTATTCTTTTCATAGCGGAACACGAACAGCAACTGGAATACCCTTAACGCAGCGAAACGCAT
TGCCCGCCCAAAATATCGATAGGCGAAAAAGTATCGTTCCATTCCGCCTTTGGAATGACTGTCAAACATCGCTTTCGTCTGTC
ACATGATGAAATAACATANNTGNNCCGTCGGCAAGAAGGGCGAATTCTGCAGANNTCCATCACACTGGCGNCCGCTCGN

GCATGCATCTAGAGGGNCCAATTCGCCNATAGTGAGTCGTANTANNATTCACTNNNGTCNTTTTACANNTCNNGACTGGG
NAANCCNNNNTNCCCANTNNNGCNNNAGCNCNATCCCCTTTCNCNNCTNNCGTANNNNCNAANNNNNNCNCNNATCNC
NNNNNNNCNNNNNNNNNNNNNNNNANGGNNNCNNCCNGNNNNGNNCNTANCNNNNNNNNNNNNNNNNCNNNNN
NNNNCNNNANNNNNNNANNNCCNNNNNNNN

>WT_B52_extended_gene_region (starts with overlapping sequence of Fwd-B52-genomic)

TTCACCATCGTCGTAGTTTCCGTTGGAATCGTTTTGTTCCGCCATTCTCTCCTTGGTTGTTCAAGAAGATGGAAAGTTTAAACA

CCGAACGCAGGAAATATTTTTTTTGTTTTTGTTCTTTTTTGACGGCAGACTGGCAATAAATGAAATGTACAGCACGCACAATG
AGAATGGAGTGAGCAGTATGACCAGGTGTCGAGAACGGGGTAAAGTCGGAAAATCGGACGCCACGTGGAATCGGAACGA
TTGTTTCGGTGCGTTAGGGGTGTTCCTCGACAATTAAGCTGATGCCACACTTGATTTTATATATCTTCATATAAATTTGTATTC
GTCTAGTAAGGGCTTAAAAATATTAGACAAGTTTATTGTATATATTTCTGAACAAACGGATTTGAATGTATTATCTTTATAAAT
GGATTATGATAATTACTACCACGATAACCCAAGAAACATTTAATATGTTTAACTTTTTAGCTAAATATGTATTATTATTAATAC
CGCTTACATAACTCTTTCTGCGAGCATTCGCTTTAGCTGGGGCGATGGAAGGCTTCACTTTAAGAGATAACTTGTAAATTATT
TTGTATTGAATTGTATATTTGTAAGTAGCCAGCTAAGGGTCAATCAATATTACAATTACGGGATCTATGAGGCATTTGGGAAT
AAAAAAAGACATCGTGCGAAATAAATTAATAAATCCAGAAACATTTTATGTATATCATCAAATCAGAAACGTTAAAAAATGC
TAATGAGTGCTTGCTAGCAGATATCAAAATAAAAAGGTTGTTAACAGTATATTCAAATGCTACTACTAAGTATATTTAATGTT
TATTCTTTTCATA'GCGGAACACGAACAGCAACTGGAATACCCTTAACGCAGCGAAACGCATTGCCCGCCCAAAATATCGATA
GGCGAAAAAGTATCGTTCCATTCCGCCTTTGGAATGACTGTCAAACATCGCTTTCGTCTGTCACTTTCACTTCCGTTTGTGTCG
AGTCGCTTGCGTTTTTTCGTGTGGGAAAGCCTGAAAAAGAGAGAGTACGGCAGCGACTTAATTGTAAATTTGCCACAAATAT
CCTTCACTGAACGCACCTGCTCCAGATACGTAAGGAACCGTTATCATGGTGGGATCTCGAGTGT

>Fwd-B52-genomic

TTCACCATCGTCGTAGTTTCC

>Pry2_RC (revers complement of Pry2 primer)

ATAACATAAGGTGGTCCCGTCGGCAAG
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lacH_H13F
lacH_HL3R

HT_B52
Consensus

lacH_H13F
lacH_H13R

HT_B52
Consensus

lacH_H13F
lacH_H13R

HT_B52
Consensus

lacH_H13F
lacH_HL3R

HT_B52
Consensus

lacH_H13F
lacH_HL3R

HT_B52
Consensus

LacH_HL3F
LacH_M13R

HT_B52
Consensus

LacH_HL3F
LacH_H13R

HT_B52
Consensus

lacH_H13F
lacH_H13R

HT_B52
Consensus

lacH_H13F
lacH_H13R

HT_B52
Consensus

lacH_HL3F
lacH_H13R

HT_B52
Consensus

lacH_HL3F
lacH_H13R

HT_B52
Consensus

lacH_H13F
lacH_H13R

HT_B52
Consensus

lacH_H13F
lacH_H13R

HT_B52
Consensus

lacH_HL3F
lacH_H13R

HT_B52
Consensus

lacH_HL3F
lacH_H13R

HT_B52
Consensus

lacH_H13F
lacH_H13R

HT_B52
Consensus

lacH_H13F
lacH_HL3R

HT_B52
Consensus

1 10 20 30 40 50 1] 70 80 90 100

1 |
HTHANNNHNHHHNNNHANNHNANNHHHHHHNHCHHHHHCH THCCHNNNNNHNRRNTHH TARGCAGH TGHHHNNNNNNHNNC GHHHGARAGHHNNKHNNNA

101 110 120 130 140 150 160 170 180 190 200

I |
GHGHHNHHHHNANNHGAGTAGHNHHHNHTCHTAGHHHCCCAGHTTHHHHC TTHATGHHNGH TCGHHNN THHGHGGANTHTGAGCGGANANAT TTCACHCHGH

201 210 220 230 240 250 261 270 280 290 300
I |
ANCAGCTATGHCCATHHNTACHCCARGC TATTTHGHGACHC TATAGARTACTCARGCTATGCATCARGC TTGRTACCGAGC TCGGANCCACTAGTARCGGL
HHHHTHNNNGTGHHC TATAGHNTACTCARGCTATGCATCARGCTTGGETACCGAGC TCGGATCCACTAGTARCGGL

srsrrasrssessssrsssassrssssssbaslasa. NCcbatag, Lactcaagctatgocatcaagebbgptaccpagecbogga, ccactagbaacggc

301 310 320 330 340 350 360 370 380 390 a0
I |
CGCCAGTGTGCTGGAARTTCGCCCTTTTCACCATCGTCGTAGTTTCCGTTGGAATCGTTTTGTTCCGCCATTCTCTCCTTGGTTGT TCARGARGC TGGARA
CGCCAGTGTGCTGGARTTCGCCCTTTTCACCATCGTCGTAGTTTCCGT TGGAATCGTTTTGTTCCGCCATTCTCTCCTTGGTTGT TCARGAAGC TGGARA

TTCACCATCGTCGTAGTTTCCGTTGGARTCGTTTTGTTCCGCCATTCTCTCCTTGGTTGT TCARGAAGATGGAARA
cgecagbgtegctggaatbogoccb L TTCACCATCGTCGTAGTTTCCGTTGGAATCGTTTTGTTCCGLCATTCTCTCCTTGGTTGT TCARGAAGE TGGARA

a0l q10 420 q30 440 450 460 a70 480 490 a00
I |
GTTTARACACCGARCGCAGGARATATTTTTTTTGTTTTTGTTCTTTTTTGACGGCAGAC TGGCAATARATGARATGTACAGCACGCACARTGAGARTGGA
GTTTARACACCGARCGCAGGARATATTTTTTTTGTTTTTGTTCTTTTTTGACGGCAGAC TGGCAATARATGARATGTACAGCACGCACARTGAGARTGGA
GTTTARACACCGARCGCAGGARATATTTTTTTTGTTTTTGTTCTTTTTTGACGGCAGAC TGGCAATARATGARATGTACAGCACGCACARTGAGARTGGA
GTTTARACACCGARCGCAGGARATATTTTTTTTGTTTTTGTTCTTTTTTGACGGCAGAC TGGCAATARATGARATGTACAGCACGCACARTGAGAATGGA

501 510 520 530 5di) 550 131] 570 580 590 (101]
I |
GTGAGCAGTATGACCAGGTGTCGAGARCGGGGTARAGT CGGARARTCGGACGCCACGTGGARTCGGARCGATTGTTTCGGTGCGT TAGGGGTGTTCCTCG
GTGAGCAGTATGACCAGGTGTCGAGARCGGGATARAGT CGGARAATCGGACGCCACGTGGARTCGGARCGATTGTTTCGGTGLGTTAGGGGTGTTCCTCG
GTGAGCAGTATGACCAGGTGTCGAGARCGGGGTARAGT CGGARAATCGGACGCCACGTGGARTCGGARCGATTGTTTCGGTGCGTTAGGGGTGTTCCTCG
GTGAGCAGTATGACCAGGTGTCGAGARCGGGETARAGT CGGARARTCGGACGCCACGTGGARTCGGARCGATTGTTTCEGTGCGT TAGGGGTGTTCCTCG

B0l 610 620 630 640 650 5131] 670 680 690 200
I |
ACARTTAAGCTGATGCCACACTTGATTTTATATATCTTCATATARATTTGTATTCGTCTAGTARGGGC TTAAAAATATTAGACAAGTTTATTGTATATAT
ACARTTARGCTGATGCCACACTTGATTTTATATATCTTCATATARATTTGTATTCGTC TRAGTARGGGC TTARAAATATTAGACAAGTTTATTGTATATAT
ACARTTARGCTGATGCCACACTTGATTTTATATATCTTCATATARATTTGTATTCGTCTAGTARGGGC TTARARATATTAGACAAGTTTATTGTATATAT
ACARTTAAGCTGATGCCACACTTGATTTTATATATCTTCATATARATTTGTATTCGTC TAGTAAGGGCTTARARATATTAGACARGTTTATTGTATATAT

L 0 F20 730 740 750 760 Er 780 790 800
I |
TTCTGARCARACGGATTTGARTGTATTATCTTTATARATGGATTATGATAATTACTACCACGATARCCCARGARACATTTAATATGTTTARCTTTTTAGL
TTCTGAACARACGGATTTGARTGTATTATCTTTATAARATGGATTATGATAATTACTACCACGATARCCCARGARACATTTARTATGTTTARCTTTTTAGL
TTCTGARCARACGGATTTGARTGTATTATCTTTATARATGGATTATGATAATTACTACCACGATARCCCARGARACATTTAATATGTTTARCTTTTTAGL
TTCTGARCARACGGATTTGARTGTATTATCTTTATARATGGATTATGATAATTACTACCACGATARCCCARGARACATTTAATATGTTTARCTTTTTAGL

a0l 810 g20 830 840 860 860 870 80 890 o
I |
TARATATGTATTATTATTARTACCGCTTACATARCTCTTTCTGCGAGCATTCGCTTTAGCTGGGGCGATGGTAGGCTTCACTTTARGAGATARCTTGTAR
TARATATGTATTATTATTARTACCGCTTACATARCTCTTTCTGCGAGCATTCGCTTTAGCTGGGGCGATGGTAGGCTTCACTTTARGAGATARCTTGTAR
TARATATGTATTATTATTARTACCGCTTACATAARCTCTTTCTGCGAGCATTCGCTTTAGC TGGGGCGATGGARGGCTTCACTTTARGAGATARCTTGTAR
TARATATGTATTATTATTARTACCGCTTACATARCTCTTTCTGCGAGCATTCGCTTTAGCTGGGGLGATGGLAGGCTTCACTTTARGAGATARCTTGTAR

a0l a0 920 930 940 950 : 11 970 980 990 1000
I |
ATTATTTTGTATTGAATTGTATAT TTGTARGTAGCCAGC TAAGGGTCARTCAATATTACARTTACGGGATC TATGAGGCATTTGGGARTARARRARGACA
ATTATTTTGTATTGAATTGTATAT TTGTARGTAGCCAGC TAAGGGTCAATCARTATTACARTTACGGGATC TATGAGGCATTTGGGARTARARRARGACA
ATTATTTTGTATTGAATTGTATAT TTGTARGTAGCCAGC TARGGGTCARTCARTATTACARTTACGGGATC TATGAGGCATTTGGGARTARARRARGACA
ATTATTTTGTATTGAATTGTATATTTGTARGTAGCCAGC TARGGGTCAATCARTATTACARTTACGGGATC TATGAGGCATTTGGGARTARARRARGACH

1001 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
1 1

TCGTGCGARATARATTARTARATCCAGARACATTTTATGTATATCATCAAATCAGARACGT TARARAATGC TARTGAGTGCTTGCTAGCAGATATCARAR
TCGTGCGARATARATTARTARATCCAGARACATTTTATGTATATCATCARATCAGARACG T TARARARTGC TAATGAGTGCTTGCTAGCAGATATCARAR
TCGTGCGARATARATTARTARATCCAGARACATTTTATGTATATCATCARATCAGARACGTTARARAATGC TARTGAGTGCTTGCTAGCAGATATCARAR
TCGTGCGARATARATTAATARATCCAGARACATTTTATGTATATCATCARATCAGARACGTTARARAATGC TARTGAGTGCTTGCTAGCAGATATCARAR

1101 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
1 1

TARARRGGTTGTTARCAGTATATTCARATGCTACTACTARGTATATTTARTGTTTATTCTTTTCATAGCGGARCACGARCAGCAACTGGARTACCCTTAR
TARAARGGTTGTTARCAGTATATTCARATGCTACTACTARGTATATTTARTGTTTATTCTTTTCATAGCGGAACACGARCAGCAACTGGARTACCCTTAR
TARARRGGTTGTTARCAGTATATTCARATGCTACTACTARGTATATTTARTGTTTATTCTTTTCATAGCGGARCACGARCAGCAACTGGARTACCCTTAR
TARAARGGTTGTTARCAGTATATTCARATGCTACTACTARGTATATTTARTGTTTATTCTTTTCATAGCGGAACACGARCAGCAACTGGARTACCCTTAR

1201 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
I |

CGCAGCGARACGCATTGCCCGCCCARRATATCGATAGGCGARAARGTATCGTTCCATTCCGCCTT TGGARTGACTGTCARARCATCGCTTTCGTCTGTCAL
CGCAGCGARACGCATTGCCCGCCCARRATATCGATAGGCGARRARGTATCGTTCCATTCCGCCTT TGGARTGACTGTCARACATCGCTTTCGTCTGTCAL
CGCAGCGARACGCATTGCCCGCCCARRATATCGATAGGLGARRARGTATCGTTCCATTCCGCCTT TRGARTGACTGTCARARCATCGCTTTCGTCTGTCAL
CGCAGCGARACGCATTGCCCGCCCARRATATCGATAGGCGARRARGTATCGTTCCATTCCGCCTTTGGAATGACTGTCARACATCGCTTTCGTCTGTCAL

1301 1310 1320 1330 1340 1350 1360 1370 1380 1390 1400
I |

ATGATGARATARCATARGGTGGTCCCGTCGGCARGAAGGGCGARTTCTGCAGATATCCATCACACTGGCGGCCGCTCGAGCATGCATC TAGAGGGCCCAR
ATGATGARATAACATA--HHTGHHCCGTCGGCAAGAAGGGCGARATTCTGCAGANNTCCATCACACTGGCGHCCGCTCGHGCATGCATC TAGAGGGHCCAR
TT===—— TCACTTCCRTTTGTGTCGA-GTCGCTTGCGTTTTTTCGTGTGGGAAAGCC TGARAAAGA-GAGAGTACG-GCA-GCGACTTAARTTGTAAAT
algatgaaaTlaflCaTa,g.btbhGt, cCibcGglaagaaghgcgaaTtcThcaba, atcCaTocAcActGgeh, cobckCG, GLALGCatCTagAggh.colla

1401 1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
I |
TCGCCCHHNHHHHHHN
TTCGCCHATAGTGAGTCGTANTANNATTCACTHHHGTCHTTTTACANNTCHHGACTGGGHARNCCHHHHTHCCCANTHHNGCHHHAGCHCHATCCCCTTT
TTGCCA=-=======—=| CARAR-TATCCTTCACTGAACGC----ACCTGCTCCAGATACGTARGGAACCGTTATCATGGTGGGATCTCGAGTGT

Tegclon,eeesssssCasBable, EECACE . sasCrnnsasCoaabCusBOusaesBasnsrsssbesCansarssBossrsBassnrssnrsnss

1501 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
I |

CHCHHCTHHCGTANNNHCHARNHHHHHCHCHHATCHCHNHHHHHC HHHHHHHHHHHHHHHHANGGHHHCHHC CHGHHHHGHHCHTANCHHHHHHHHHHHH

1601 1610 1620 1630 1640
I I

HHHHCHNHHHHHHHCHHHANNHHHHHANNNCCHHHHHHNN

[
(@)
un




Figure 4.3B Sequences amplified by Fwd-B52-Genomic and Pry2 from DNA extract of p{lacW}?24°

homozygous mutants

lacW_M13F_RC and lacW_M13R are sequences amplified by primers Fwd-B52-Genomic and Pry2 from
DNA extract of pflacW}?%° homozygous mutants. They represent the same gene region, but are
synthesised from different ends of the M13 plasmid for sequencing purpose. The sequence was compared
with the corresponding region in wild type Drosophila, which is named WT_B52_extended_gene_region.
As highlighted with yellow background, the corresponding DNA sequence of pflacW}??# is identical to
that in wild type, indicating the insertion is at the right place in the B52 gene. Sequences of the primers
are in bold and underlined. Note the reverse primer Pry2 only overlaps with lacw_M13F_RC and
lacW_M13R. This is because the sequence is from the lacW insertion, and is not present in the B52 gene

in wild type.

4.2.2. Generation of a B52 null mutant

After confirming that p{lacW} was indeed inserted close to the open reading frame (ORF) of B52,
the p{lacW}B525%?#° |line was used to create a B52 null mutant as described in section 2.10 and
2.11. Two separate pairs of primers were used to amply specific regions of the B52 gene in the
mutants. The first pair: U400-B52-start and Rev-B52-genomic (from 400bp upstream the start
of B52 gene to 1667bp downstream the start of B52 gene in wild type Drosophila) for B52*L24
(Fig. 4.4). The second pair: U400-B52-start and D400-B52-start (from 400bp upstream the start
of B52 gene to 400bp downstream the start of B52 gene in wild type Drosophila) for B52*L31
(primer location not shown in Fig 4.3 because the resulting line is not a null mutant and therefore
not sequenced, see Fig 4.4 agarose gel). The resulting PCR products were cloned into PCRII-TOPO

vector (Invitrogen), transformed, and DNA-purified as described in section 2.14.

Fig. 4.5 illustrates the EcoRl digested products after transformation of both lines. Note different
primers covering fragments of different length in wild type were used (as mentioned above). In
both cases there are bands at 4.0kb, which represent the PCRII-TOPO vector. For B52*L31, the
PCRinsertion is digested by EcoRl, and results in two separate bands at approximately 0.9kb and
0.6kb, respectively (Fig. 4.5A). Since the length of the corresponding fragment in wild type is
0.8kb, this indicates there is an insertion mutation of B52 gene in B52*L31. Because this type of

mutation is unlikely to cause loss of gene function, B52*L31 line was not sent for sequencing. In
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contrast to it, B52*L24 has a deletion of approximately 0.7kb fragment from the B52 gene (Fig.
4.5B), since the corresponding fragment is reduced from 2.1kb (in wild type) to 1.4kb. Therefore,

B52*L24 was sent for sequencing.

pllacw)B5222% | ml-----------—-—-—-—-—--- ]

— = — = lacW Insertion

; Hrb87F ; ‘I_ MR -—""" = ----2 - _
. . .
5 UTR : :

Region affected by the removal of lacW

- B52 Inc. promoter and start codon of B52 gene
- Disrupted B52
(promoter + start codon)
U400-B52-start — -— Rev-B52-genomic
B52%124 )
Deletion of 700bp
endogenous B52 I I
genein B52*L24 i
wT L | —

Figure 4.4 Schematic view of sequences flanking the B52 start codon in B52*L24.

U400-B52-start covers from 400bp upstream the start of the B52 gene to the right. Rev-B52-genomic
covers from 1667bp downstream the start of B52 gene to the left. The removal of lacW triggers non-
homologous recombination DNA repair mechanism, and thus inducing deletion of nucleotides in B52
endogenous gene, causing mismatches and missing of nucleotides in the promoter and start codon of B52

gene in B52*L24, and therefore disruption of B52 open reading frame compared to the wild type.
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A B

0.8kbprimers 2.1kbprimers

C—
| —
e
—_—
—
—-—

—

B52°L31 B52°124
Homozygous Homozygous

Figure 4.5 PCR of 0.8kb primer pair and 2.1kb primer pair from embryonic DNA

1kb DNA ladder. 0.8kb primers = U400-B52-start and D400-B52-start, and 2.1kb primers = U400-B52-start
and Rev-B52-genomic. In both cases, there are 4.0kb bands on top of the gel which represent the PCRII-
TOPO vector. (A) There are two bands present in the B52*%.31 homozygous mutant. This is caused by
digestion of EcoRI which cuts the 1.5kb PCR product amplified by primers U400-B52-start and D400-B52-
start. Since the primers cover a region of 800bp in wild type, this result indicates there is an increase of
700bp fragment, possibly caused by duplication, in the B52*L31 homozygous mutant. (B) The 1.4kb bands
represent the PCR product amplified by U400-B52-start and Rev-B52-genomic. In wild type, the primers
cover a fragment of 2.1kb in length. This indicates there is a deletion of 700bp in the B52 gene in the

B52*L24 homozygous mutant, as compared to wild type.

The sequencing result of the fragment amplified by primers U400-B52-start and Rev-B52-
genomic from B52*L24 genomic DNA is illustrated below. Alignment of this sequence with the
corresponding B52 sequence from wild type (including the 200bp sequence flanking the B52
start codon) indicates there are nucleotides mismatched and missing in the B52 gene of B52*[24.
Note right after the first nucleotide “A” of the B52 start codon ATG, there are 7bp (including the
“TG”), missing in the sequencing results (around 830bp marked in the alignment result). This,
plus the mismatches and missing nucleotides up/downstream the supposed ATG site, indicates

the promoter and start codon of B52 gene is completely disrupted in B52*L24. At the same time,
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the gene sequence of Hrb87F is assumed to be intact, since most of the sequence upstream of
B52 start codon is identical with that of wide type, despite very few mismatches which might be

caused by sequencing errors. The outcome of the deletion is illustrated in Fig. 4.4.
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Figure 4.6A Sequences amplified by U400-B52-start and Rev-B52-Genomic from DNA extract of
B52*L24 homozygous mutants

Input of sequence amplified by U400-B52-start and Rev-B52-genomic for alighment

--- B52 start codon ATG is in bold and underlined

Primers = XXXX Overlapping regions between B52{lacW}*?*** and WT B52 gene = XXXX

*** = the location of B52 start codon ATG in reference to WT (missing in B52”L24 homozygous

mutants)

>B52*L24 _M13F (sequence downstream of M13F in the transformation product)

AATCAATAGGGCGATTGGCCCTCTAGATGCATGCTCGAGCGGCCCCAGTGTGATGGATATCTGCAGAATTCGCCCTTGGTCA
ATCAATATTACAATTACGGGATCTATGAGGCATTTGGGAATAAAAAAAGACATCGTGCGAAATAAATTAATAAATCCAGAAA
CATTTTATGTATATCATCAAATCAGAAACGTTAAAAAATGCTAATG***AGTGCTTGCTAGCAGATATCAAAATAAAAAGGTT
GTTAACAGTATATTCAAATGCTACTACTAAGTATATTTAATGTTTATTCTTTTCATAGCGGAACACGAACAGCAACTGGAATA
CCCTTAACGCAGCGAAACGCATTGCCCGCCCAAAATATCGGTATCGATGAAAAAAATCGGTTAAAAAATCGATTTGAAGACA
TTTCTGCATTTCTCTGTTTGTCTATAGGTTTCCTAACATTTCAAGCCGACCCTTGAATACTTTTTTTTTCTTTTTGAACCTATATTT
GTTCCATCATTTGTCTGTCAAATACAGTGACGCTTAAAAACTGTTCTTAAATTCACCCAGCGTATTTCCATAAGAGTATGCACA
GGCAGGGTAGCTTCAATACTAATTCCATAATCAATACTAATCACTAATTGAATTTTCAGGAATTCGAAGACTATCGTGATGCC
GACGATGCCGTCTATGAACTGAATGGCAAAGAGCTGCTTGGCGAACGGTGAGTTGTTAGATATAAGCCAAAGTACGAAATG
ACTCACGATTGTATGTTCTATATTTTTGCAGTGTGGTTGTTGAACCCGCCAGGGTACCGCTCGTGGCAGCAACCGCGACCGCT
ACGACGATCGATATGGTGGTCGGCGGGGCGGCGGCGGCGGTCGTTACAACGAAAAGTAAGTAGTACTGCCAGCGGACCTT
AAAACCGGACCAAAGTAGCGACGATATCGTCCTCCAACTTTGTTTGCGTTGAAGTTTGCCCTAGAATTAGCACTGCCAATTTG
TTTCGTTTGATATCTCCATACACACAGATGCAACCAGCTTAGATCGTGCAAAATCTATATACCTATAATATTAGCTACTTGCGA
TATATATAAAAAACATCAGTTTATTATATATTGACTTCTATAATTTTATACACTTTTGGTAGTGCAATCGTATAAGCTGATTTCT
TCTGCGTGGAAGGGAACCAAAAGACACTGACTTGCTGTTAATATTATCATTTCCAAGACGCTCCGTTTTCCTATGCATACTAT
TGTTGCTTTTATTTGCACGTTCCACCCATCCGCAAAGTATGTAAAATGTTTGATTTGTTGCGCATAACCCAAATGTAAATATGC
ATATCCTGGAATATATTCACCATTAGCGTTAATTTTTTGTGATGGAGCATCAGGGAGCAGCAGGCAGTTGTCAATACCTAATT
AGCGAATCCCTTTCAATTATTTCCCCAGAAACAAAAATTCCAGAATCATCCTCTTCGTTATGGCCCACCCGTTGCGCACTTGAG
AACCGACTTGATTTGGGGAAATTTGTCTAACCCGAAGCCGAAATTTCAAGGCCACTTGGCGGGCCGTTACATAGTGGGTCCC
GAGCTCGGAACCAAGCTTTGATGCATAAGCTTGGAGTATCCTAAAGGTGCCCCCTAAAAAGACTTGGGGAAAACAAGGGGC
AAAAGCGGT

>B52*L24 _M13R_RC (sequence upstream of M13R in the transformation product — reverse complement)
CGGCGTGTGTAAACCGCCGGCCAGGGAAATGTAATCCCGCCCCACCTATGGGCGAAATTGGGCCCCTCTAGATGCATGCTC
GACGGCCGCCCAATGTGAATGGAATCCTGCAAGAATTCGCCCTTGGGCAATCCAATTTTCCAATTCCGGGATCTTTGAGGCA
TTTGGGAATAAAAAAAGGCATTGTGCGAAATAAATTAATAAATCCAGAAACATTTTTATGTATTTCATCAAATCAGAAACGTT
AAAAAATGCTAATG***AGTGCTTGCTAGCAGATTTCAAAATAAAAAGGTTGTTAACAGTATATTCAAATGCTCCTACTAAGT
ATATTTAATGTTTATTCTTTTCATAGCGGAACACGAACAGCAACTGGAATACCCTTAACGCAGCGAAACGCATTGCCCGCCCA
AAATATCGGTATCGATGAAAAAAATCGGTTAAAAAATCGATTTGAAGACATTTCTGCATTTCTCTGTTTGTCTATAGGTTTCCT
AACATTTCAAGCCGACCCTTGAATACTTTTTTTTTCTTTTTGAACCTATATTTGTTCCATCATTTGTCTGTCAAATACAGTGACG
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CTTAAAAACTGTTCTTAAATTCACCCAGCGTATTTCCATAAGAGTATGCACAGGCAGGGTAGCTTCAATACTAATTCCATAAT
CAATACTAATCACTAATTGAATTTTCAGGAATTCGAAGACTATCGTGATGCCGACGATGCCGTCTATGAACTGAATGGCAAA
GAGCTGCTTGGCGAACGGTGAGTTGTTAGATATAAGCCAAAGTACGAAATGACTCACGATTGTATGTTCTATATTTTTGCAG
TGTGGTTGTTGAACCCGCCAGGGGTACCGCTCGTGGCAGCAACCGCGACCGCTACGACGATCGATATGGTGGTCGGCGGG
GCGGCGGCGGCGGTCGTTACAACGAAAAGTAAGTAGTACTGCCAGCGGACCTTAAAACCGGACCAAAGTAGCGACGATAT
CGTCCTCCAACTTTGTTTGCGTTGAAGTTTGCCCTAGAATTAGCACTGCCAATTTGTTTCGTTTGATATCTCCATACACACAGA
TGCAACCAGCTTAGATCGTGCAAAATCTATATACCTATAATATTAGCTACTTGCGATATATATAAAAAACATCAGTTTATTATA
TATTGACTTCTATAATTTTATACACTTTTGGTAGTGCAATCGTATAAGCTGATTTCTTCTGCGTGGAAGGGAACCAAAAGACA
CTGACTTGCTGTTAATATTATCATTTCCAAGACGCTCCGTTTTCCTATGCATACTATTGTTGCTTTTATTTGCACGTTCCACCCA
TCCGCAAAGTATGTAAAATGTTTGATTTGTTGCGCATAACCCAAATGTAAATATGCATATGCTGGAATATATTCACCATTAGC
GTTAATTTTTGTGATGGAGCATCAGGAGCAGCAGCGCAGTGTCAATACTAATTAGCGAATCCATTCAATTATTCACCAGAAA
CAAAAATTCCAGATCATCCTCTCGTTATGGCCCACCGTTGCGCACTGAGTACCGACTGATTGTGGAGAATTTGTCTAGCGAA
GGGCGAATTCCAGCACACTGGCGGCCGTTACTAGTGGATCCGAGCTCGGTACCAAGCTTGATCATAGCTTGAGTATTCTATA
GTTCCCCTAAATTT

>2.1kb_WT (2.1kb sequence covered by primers U400-B52-start and Fwd-B52-genomic)
CTTGTAAATTATTTTGTATTGAATTGTATATTTGTAAGTAGCCAGCTAAGGGTCAATCAATATTACAATTACGGGATCTATGA

GGCATTTGGGAATAAAAAAAGACATCGTGCGAAATAAATTAATAAATCCAGAAACATTTTATGTATATCATCAAATCAGAAA
CGTTAAAAAATGCTAATGAGTGCTTGCTAGCAGATATCAAAATAAAAAGGTTGTTAACAGTATATTCAAATGCTACTACTAA
GTATATTTAATGTTTATTCTTTTCATAGCGGAACACGAACAGCAACTGGAATACCCTTAACGCAGCGAAACGCATTGCCCGCC
CAAAATATCGATAGGCGAAAAAGTATCGTTCCATTCCGCCTTTGGAATGACTGTCAAACATCGCTTTCGTCTGTCACTTTCAC
TTCCGTTTGTGTCGAGTCGCTTGCGTTTTTTCGTGTGGGAAAGCCTGAAAAAGAGAGAGTACGGCAGCGACTTAATTGTAAA
TTTGCCACAAATATCCTTCACTGAACGGTACGTGCTAGTGAGTACGCTTAAGTGAAGAACAGCGCGTATTTCGCGTTGTTAA
ATTAACTCGTTTTTGCAGCGGTTCTGTACACCCGGTACATTGCGAGCGTGTGTGTGTGTATGTGGTGGCCGCCATCTTGGCG
AAACATACACGGCGCGTACATATGTGCGTTTTTTTTTTCTTCCATTCCTAAAGGACAGTCGAGCAAAATAGAAGCTGCAAACT
GCAACGGTTCCCTTGCTGATATATATATATATACTTCACTATTTTATAGCACCTGCTCCAGATACGTAAGGAACCGTTATCATG
GTGGGATCTCGAGTGTATGTGGGCGGTCTGCCCTACGGAGTGCGCGAGCGCGATTTGGAGCGCTTTTTCAAAGGCTACGGC
CGCACACGCGACATCCTCATCAAAAATGGCTACGGCTTTGTGGTGAGTACAAAATATCATATTTAACTGGAATATGTAAAAA
AAAAAAATCGGTTAAATTTGATTTGAAGACATTTCTGCATTTCTCTGTTTGTCTATAGGTTTCCTAACATTTCAAGCCGACCCT
TGAATACTTTTTTTTTCTTTTTGAACCTATATTTGTTCCATCATTTGTCTGTCAAATACAGTGACGCTTAAAAACTGTTCTTAAAT
TCACCCAGCGTATTTCCATAAGAGTATGCACAGGCAGGGTAGCTTCAATACTAATTCCATAATCAATACTAATCACTAATTGA
ATTTTCAGGAATTCGAAGACTATCGTGATGCCGACGATGCCGTCTATGAACTGAATGGCAAAGAGCTGCTTGGCGAACGGT
GAGTTGTTAGATATAAGCCAAAGTACGAAATGACTCACGATTGTATGTTCTATATTTTTGCAGTGTGGTTGTTGAACCCGCCA
GGGGTACCGCTCGTGGCAGCAACCGCGACCGCTACGACGATCGATATGGTGGTCGGCGGGGGGGCGGGGGCGGTCGTTA
CAACGAAAAGTAAGTAGTACTGCCAGCGGACCTTAAAACCGGACCAAAGTAGCGACGATATCGTCCTCCAACTTTGTTTGCG
TTGAAGTTTGCCCTAGAATTAGCACTGCCAATTTGTTTCGTTTGATATCTCCATCCACACAGATGCAACCAGCTTAGATCGTGC
AAAATCTATATACCTATAATATTAGCTACTTGCGATATATATAAAAAACATCAGTTTATTATATATTGACTTCTATAGTTTTATA
CACTTTTGGTAGTGCAATCGTATAAGCTGATTTCTTCTGCGTGGAAGGGAACCAAAAGACACTGACTTGCTGTTAATATTATC
ATTTCCAAGACGCTCCGTTTTCCTATGCATACTATTGTTGCTTTTATTTGCACGTTCCACCCATCCGCATAGTATGTAAAATGTT
TGATTTGTTGCGCATAACCCAAATGTAAATATGCATATGCTGGAATATATTCACCATTACCGTTAATTTTTGTGATGGAGCAT
CAGGAGCAGCAGCGCAGTGTCAATACTAATTAGCGAATCCATTCAATTATTCACCAGAAACAAAAATTCCAGATCATCCTCTC
GTTATGGCCCACCGTTGCGCACTGAGTACCGACTGATTIGTGGAGAATTTGTCTAGCCG
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>200bp_sequence_flanking_B52_start_codon
TCCCTTGCTGATATATATATATATACTTCACTATTTTATAGCACCTGCTCCAGATACGTAAGGAACCGTTATCATGGTGGGATC
TCGAGTGTATGTGGGCGGTCTGCCCTACGGAGTGCGCGAGCGCGATTTGGAGCGCTTTTTCAAAGGCTACGGCCGCACACG
CGACATCCTCATCAAAAATGGCTACGGCTTTGTGG

>U400-B52-start
CTTGTAAATTATTTTGTATTGAATTGTATATTTGTAA

>Rev-B52-genomic_RC
TGTGGAGAATTTGTCTAGCCG
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B52_L24_H13F
B52_L24_H13R
2,1kb_HT
200bp_f_B52_start
Consensus

B52_L2d4_H13F
B52_L24_H13R
2.1kb_HT
200bp_f_B52_start
Consensus

BS52_L24_H13F
B52_L24_H13R
2,1kb_HT
200bp_f_B52_start
Consensus

B5Z_L24_H13F
B52_L24_H13R
2.1kb_HT
200bp_f_B52_start
Consensus

BS52_L24_H13F
B52_L24_H13R
2,1kb_HT
200bp_f_B52_start
Consensus

B5Z_L2d_H13F
B52_L24_H13R
2.1kb_HT
200bp_f_B52_start
Consensus

BS52_L24_H13F
B52_L24_H13R
2,1kb_HT
200bp_f_B52_start
Consensus

B5Z_L2d_H13F
B52_L24_N13R
2.1kb_HT
200bp_f_B52_start
Consensus

B52_L24_H13F
B52_L24_H13R
2,1kb_HT
200bp_f_B52_start
Consensus

B5Z2_L2d_H13F
B52_L24_N13R
2.1kb_HT
200bp_f_B52_start
Consensus

B52_L24_H13F
B52_L24_H13R
2,1kb_HT
200bp_f_B52_start.
Consensus

B5Z2_L2d_H13F

B5Z_L24_H13R

2.1kb_HT

200bp_f_B52_start
C

1 10 20 30 40 50 60 70 80 90 100 110 120 130
I

CTTGTARATTATTTTGTATTGAATTGTATATTTGTARGTAGCCAGC TAAGGETCAATCAATATTACARTTACGGGATCTATGAGGCATTTGGGARTAARARRAGACATCGTGCGARATARRTTARTARAT

131 140 150 160 170 180 190 200 210 220 230 240 250 260
I I

CCAGAAARCATTTTATGTATATCATCARATCAGARACGTTARARAATGCTAATGAGTGCT TGCTAGCAGATATCARAATARAARGGTTGTTARCAGTATATTCARARTGCTACTACTARGTATATTTARTGT

?Bl 270 280 290 300 310 320 330 340 350 360 370 380 35?
TTATTCTTTTCATAGCGGARCACGAACAGCARCTGEARTACCCTTARCGCAGCGAAACGCATTGCCCGCCCARAATATCGATAGGE TATCGTTCCATTCCGCCTTTGGARTGACTGTCARACA
%;;....;;;.......;;;.......;;;.......;;;.......;;;.......;;;.......;;;.......;;;.......;;;.......;;;.......;;;.......;;;.......;;é
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Figure 4.6B Sequences amplified by U400-B52-start and Rev-B52-Genomic from DNA extract of
B52*L24 homozygous mutants

B52*L24_M13F and B52*L24_M13R_RC are sequences amplified by primers U400-B52-start and Rev-
B52-Genomic from DNA extract of B52*L24 homozygous mutants. They represent the same gene region,
but are synthesised from different ends of the M13 plasmid for sequencing purpose. The sequence was
compared with the corresponding region in wild type Drosophila, which is named 2.1kb_WT. As
highlighted with yellow background, the corresponding DNA sequence of B52 in B52*L24 still share
similarity with that in the wild type. However, when compared the sequence with the 200bp region
around B52 start codon (166bp upstream of the sequence marked with yellow background), as indicated
by 200bp_sequence_flanking_B52_start_codon, there is no overlapping between the two. This indicates
the reading frame of B52 gene has been disrupted in B52*L24 homozygous mutants. Note the start codon
ATG of B52 cannot be found in the corresponding regions from the M13 sequencing results. Sequences of

the primers are in bold and underlined.

4.2.3. Detection of B52 RNA in the larval brain of B52*L24 homozygous mutant
animals

The RNA level of B52 was examined in B52*124 homozygous mutants. Since the accumulated
maternal RNA might still present in late stage embryos, the level of B52 RNA was only examined
in the brains of 36hrs post-hatching larvae of B52*L24 homozygous mutant, which is around the
time they die (see Chapter 6, only living larvae were used for RNA extraction), where B52*L24
heterozygotes were used as control. Primers B52-SP6 and B52-T7 were used to amplify all
transcripts of B52. This pair of primer covers around 1.0kb sequence of B52 transcript in wild
type Drosophila. As shown in Fig. 4.7, B52 RNA is only detected in B52*L24 heterozygous animals,

indicating B52*L24 homozygotes are null mutants for B52.
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Region amplified by
B52-SP6 and B52-T7

B52°124 B52°*124
Hom ous Heterozygous
{36hrs)

Figure 4.7 PCR of B52-SP6 and B52-T7 from larval RNA.
1kb plus DNA ladder. (A) The 1.0kb band which represents B52 RNA is only detected in B52*L24

heterozygous mutant.

4.3. Discussion

The generation of this B52/L24 mutant further facilitates the study of B52 function, since this is
the only mutant line, in this study, that has been confirmed by DNA sequencing to be devoid of
the B52 gene (as indicated by the complete disruption of B52 reading frame, along with the
missing of B52 start codon). Compared to other lines such as UAS-BBS or UAS-B52-RNAi, which
only lower the activity levels of B52 without completely removing B52 (plus there is no direct
evidence indicating that the B52 RNA or protein is actually absent as a result of BBS or B52-RNAi),
the B52/L24 homozygous mutant is deficienct in the B52 RNA in the brain of 36hrs post hatching
larvae. In addition, their death after the 1*' instar and their much smaller body size compared to
the control are clear phenotypes of the B524L24 homozygous mutant. These phenotypes are

absent from UAS-BBS or UAS-B52-RNAi flies.
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This B527L24 mutant is in fact generated in a similar way to that of B522 strain in which the
authors induced the removal of the randomly inserted p{lacW} sequence from the previously
mentioned p{lacW}B525%% line to create a partial deletion mutant [208]. This B52% mutant line
does not survive after the 2" instar larval stage. This phenotype is not connected to changes on

the splicing patterns of several B52 targets such as a gene named ftz [235].

This B52/L24 mutant line ultimately serves as a touchstone to backup or oppose the results of

all analyses done regarding to B52.
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Chapter 5 From B52 to neurotransmitter

5.1. Introduction

Neuronal network formation is a developmental process controlled by many factors, including
genetically regulated and activity dependent mechanisms. A simple functional neuronal circuit
controlling locomotion consists of three subsections: sensory neuron, interneuron and motor
neuron. Each of the three different types of neurons can have different roles which are
determined by its location, axon projection pattern, synaptic connection, neurotransmitter

expression and electrophysiological properties.

As an essential part contributing towards neuronal circuit function, the neurotransmitter plays
a primary role in determining specific features of neurons. It is known that most neuron types
express exclusively one particular neurotransmitter, and expression of the neurotransmitter
phenotype is specified genetically during development [262]. This process requires the
transcription of several kinds of proteins, including enzymes involved in the synthesis of
neurotransmitters, vesicular transporters and receptors found on the neuronal cell body. A
series of events controlling the expression of corresponding units for a single neurotransmitter
can be regulated by either a single transcriptional unit [263, 264] or several throughout the

genome [265].

Neurotransmitter selection has been extensively studied at neuromuscular junctions in
Drosophila [266]. Studies of Drosophila motor neurons have identified several transcription
factors, including Even-skipped, Islet, Lim3 and Hb9 [267-270]. These factors are expressed at
different levels between motor neurons and subsets of interneurons [267, 269, 271]. Islet is
required by both serotonergic and dopaminergic neurons, and ectopic expression of Islet

induces the synthesis of tyrosine hydroxylase in certain neurons [271].
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In vertebrates, most of the mature neuromuscular junctions are cholinergic, and motor neurons
express Islet, MNR2 and Lhx3. Ectopic expression of MNR2 in interneurons leads to development
of motor-neuron like features such as the expression of choline acetyltransferase (ChAT), which

is which is characteristic but not exclusive of motor neurons [272].

The majority of interneurons are either inhibitory (expressing GABA or glycine), or excitatory
(expressing glutamate). Studies of mouse dorsal horn neurons have revealed that specification
of neurotransmitter is regulated by two transcription factors, TLX3 and LBX1. TLX3 favours the
up-regulation of glutamate while inhibiting the expression of GABA [273], whereas LBX1
promotes the GABAergic phenotype while supressing the glutamatergic phenotype [274]. In this
case, transcriptional regulation of neurotransmitter selection is controlled by only two factors.
In most other situations, more than two transcription factors are combined together to specify

the neurotransmitter [275].

Recent studies of Xenopus embryos have demonstrated that re-specification of
neurotransmitters can be triggered by regulation of Ca?* levels in both central interneurons and
motor neurons [276, 277]. Reduction of Ca? level by expressing the Kir,1 K+ channel results in
up-regulation of excitatory neurotransmitters, glutamate and acetylcholine (ACh). In contrast,
increasing of Ca*" level by overexpressing voltage-gated Na* channel leads to increase of
inhibitory neurotransmitters, GABA and glycine [276]. Activity-dependent regulation targets

transcription factors TIx3 and Lmx1b in chick and mouse spinal cord [277, 278].

The re-specification of neurotransmitter is thought as a way to balance the input of excitatory
and inhibitory signals, thus maintaining a stable environment for neuronal development.
Disturbance in this excitatory and inhibitory balance is thought to results in neurological

disorders, such as seizure, autism and schizophrenia [279].
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Itis known that the splicing of the mRNA of a particular gene can lead to generation of sequences
that later translate into proteins of different functions. Taking ChAT as an example, the splicing
of the ChAT RNA not only produces different isoforms of ChAT transcripts, but also for vesicle
acetylcholine transferase (VAChT), which is involved in acetylcholine transport into synaptic
vesicles. Therefore, like with most genes, RNA splicing is a necessary step to go through before
DNA can be correctly decoded into functional proteins. For example, there are two different
splice variants of ChAT (flybase.org). One of them is the soluble form and another one is non-
ionically membrane-bound form [280]. The soluble form contributes to 80-90% of the total
enzyme activity [281]. Alignment result of the Drosophila ChAT protein isoforms is shown in Fig.
5.0. They differ only by an extra 7 amino acid which is present exclusively in the ChAT_PA isoform.
In rats, the membrane-bound form, which is the longer ChAT_PA, is referered to as common
type ChAT because it presents in both the central nervous system (CNS) and peripheral nervous
system (PNS), whereas ChAT_PB, the shorter form is referred to as peripheral type ChAT due its

exclusive expression in the PNS [282].
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ChAT_PA  NMASHEASTSARGSGPESAALFSKLRSFSIGSGPHSPORYYSHLRGFL THRLSHITPSDTGHKDSILSTPKKHLSTAESYDEFGFPDTLPKYPYPALDETHADYIRALEPITTPAOLERTKELIROQFSAPD
ChAT_PE HASHEASTSARGSGPESAALFSKLRSFSIGSGPHSPORYYSHLRGFL THRLSHITPSDTGHKDSILSTPKKHLSTAESYDEFGFPDTLPKYPYPALDETHADY IRALEPITTPAOLERTKELIROQFSAPD
Consensus HASHEASTSARGSGPESAALFSKLRSFSTGSGPHSPORYYSHLRGFLTHRLSHITPSDTGHKDSTL STPKKHLSTAESYDEFGFPDTLPKYPYPALDETHADY TRALEPTTTPAQLERTKELTROFSAPD
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ChAT_PA  GIGARLHOYLLDKREAEDHMAYYYHLMEHYHDIRIPLPINSHPGHVFPPRREKTYHDYAHFAARLLDGILSHREHLDSGELPLERARSREKHOPLCHAOYYRLLGSCRRPGYKADSOFLPSRERLHDEDR
ChAT_PE  GIGARLHOYLLDKREAEDHMAYYYHLHEHYHDIRIPLPIHSHPGHVFPPRRFKTYHDVAHFAARLLDGILSHREHLDSGELPLERARSREKHOPLCHAOYYRLLGSCRRPGYKADSOFLPSRERLHDEDR
Consensus GIGARLHOYLLDKREAEDHHAYYYHLHEHYHDIRIPLPINSHPGHYFPPRRFKTYHDYAHF ARRLLDGTL SHREHLDSGEL PLERAASREKHAPLCHARYYRLLGSCRRPGYVKADSAFLPSRERLNDEDR
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ChAT_PA  HYYYICRHOHYCYVLOASDRGKLSESEIASOILYYLSDAPCLPAKPYPYGLL TAEPRSTHARDREHLOEDERHORNLEL TETAQYYLCLDEPLAGHFHARGF TGATPTYHRAGDRDETHHAHEHIHGGGS
ChAT_PE  HVVVICRHOHYCYVILOASDRGKLSESETASATL YVLSDAPCLPAKPYPYGLL TREPRSTHARDREHL AEDERHORHLEL TETAQYVLCLDEPLAGHFHARGF TGATPTYHRAGDRDE THHAHEHTHGGGS
Consensus  HYYYICRHOHYCYYLOASDRGKLSESETASAILYYLSDAPCLPAKPYPYGLLTAEPRSTHARDREHL QEDERNORNLELTETANYYLCLDEPLAGHFNARGF TGATPTYHRAGDRDE THHAHEHIHGGGS
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ChAT_PA  EYHSGHRMFDKTHOLITCTDGTHGLCYEHSCSEGIAYVYOLLEKIYKKIEEHPDEDHGLPQHHLPPPERLEHHVGPOLOLRFAOASKSYDKCIDDLDFYYYRYOSYGKTFIKSCOVSPDYYIOLALOLAHY
ChAT_PBE  EYNSGHRMFDKTHOL ITCTDGTHGL CYEHSCSEGIAYYOLL EKTYKKIEEHPDEDHGL POHHLPPPERL EHHYGPOL QL RFAOASKSYDKCIDDLDFYYYRYOSYGKTFIKSCAYSPOYYIAL ALOL AHY
Consensus EYNSGHRHFDKTHOLTICTDGTHGLCYEHSCSEGTAYYOLLEKTYKKIEEHPDEDHGL POHHLPPPERL EHHVGPOL OLRFAQASKSYDKCIDDLDFYYYRYOSYGKTFIKSCAYSPDYYIQLALALAHY
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ChAT_PA  KLYGRLVATYESASTRRFLHGRYDCIRARSTEALEMAKAHCOGEGANYPLESDREDEEESRKYKFSIYSKDHLRELFRCAYAROTEVHYKHIL GHGIDIPLLGLREASIEYTGEHHELFKDESYITSOCF
ChAT_PB  KLYGRLYATYESASTRRFLHGRYDCIRAASTEALEMAKAHCAGEGANYPLESDREDEEESRK— ~=KDHLREL FRCAYARNTEYHYKNIL GHGIDIPLLGLREASTEYTGEHHEL FKDESYTIISAOCF
Consensus  KLYGRLYATYESASTRRFLHGRYDCIRARSTEALEHAKAHCOGEGANYPLESDREDEEESREK + -KDHLREL FRCAYAROTEYHYKNIL GHGIDIPLLGLREASTEYTGEHHEL FKDESYITSACF
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ChAT_PR  LLSTSOYACSTDSFHGYGPYTPRGYGCSYNPHPEQTYFCYSAFYSCEDTSASRYAKSLADSLDTHROLLON
ChAT_PE  LLSTSOYACSTDSFHGYGPYTPRGYGCSYNPHPEQTYFCYSAFYSCEDTSASRYAKSLADSLDTHRDLLON
Consensus  LLSTSOYACSTDSFHGYGPYTPRGYGCSYNPHPEQIYFCYSAFYSCEDTSASRYAKSLODSLDIHRDLLON

Figure. 5.0 Aliment of ChAT protein isoforms
ChAT_PA, the common type ChAT, has an extra 7 amino acid near the end, compared to ChAT-PB, the
peripheral type ChAT.
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In my study, the genetic components governing the expression of neurotransmitter has been
examined. The first target neurotransmitters analysed were acetylcholine and glutamate, since
these neurotransmitters were expressed by vMP2 interneuron and dMP2 motor neuron,
respectively. Apart from that, the expression level of GABA, 5-hydroxytraptamine (5-HT, also
known as serotonin) and tyrosine hydroxylase (TH, an enzyme responsible for the biosynthesis
of L-3, 4-dihydroxyphenylalanine, the precursor of dopamine) relative to the activity of B52 were

also examined.

5.2. Results

5.2.1. Reduction in 5-HT, but no difference in levels of ChAT, v-Glut or GABA when
B52 activity is antagonised in elavGal4 neurons in the ventral nerve cord (VNC) of

24hrs larval brains

The level of ChAT, v-Glut, GABA and 5-HT were examined by immunohistochemistry staining
with corresponding antibodies in 24hrs larval brain where BBS was expressed with elavGal4 in
neurons (UAS-BBS/+; elavGal4/+). In most cases, two of the above mentioned primary
antibodies were used together (different species), for the same group of larval brains, followed
by stained with corresponding secondary antibodies. Larval brains of different genotypes were
separated into two glass wells. The antibody solution was evenly separated (volume and
concentration) into two from the same master mix. These brains were mounted in different
areas on the same slide marked by ring-shaped tape based on genotypes. This methodology also

applied to the other antibody stainings described subsequently.

To confirm the result, the staining was often repeated once or twice more using new samples,

especially in cases where there was a difference in the phenotype. The number of samples (n=)
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mentioned in the legend section of figures in this Chapter only corresponds to the number of
samples prepared and stained at the same time relative to its counterpart(s), where results also
show consistency with either the previous staining or one of the two previous stainings, i.e. the
total number of samples stained with a specific antibody for one genotype is around twice more
than that number if pilot staining (including stainings performed at different days between two
or among three different genotypes) is also included. However, those samples were not included
in “n=" for analysis, because the difference in preparation conditions may induce more variable

factors. This applies to all antibody stainings.

The fluorescence intensity (FI) was measured with the ZEN software. The control and mutant
line, for example elavGal4 (Ill) control and UAS-BBS/+; elavGal4/+, were brought to the same Z
level where a clear midline gap can be seen. Two circles of 100um? each were then drawn at the
most posterior end (one on the left and one on the right side as separated by the midline) of the
larval brain for intensity measurement. The average intensity value of the two areas was
calculated and then used for t-test (assuming equal variance) between control and the mutant

line. All the images shown below are superimposed images (or maximum z-stack projection).

Compared to elavGal4 (I1l) control, the level of 5-HT (Fig. 5.4) is significantly lower in UAS-BBS/+;
elavGal4/+. Levels of v-Glut (Fig. 5.2) appear to be the same between the two genotypes. More
samples are needed to confirm the expression levels of ChAT (Fig. 5.1) and GABA (Fig5.3), where
the sample population gives a biased result due to relatively large difference between mean and

median values for the intensity of corresponding antibodies.

121



elavGal4 (24hrs) UAS-BBS/+; elavGal4/+ (24hrs)

\ B

1
1
I
I

oo

Figure. 5.1a ChAT staining of 24hrs larval brains
ChAT in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of the

ventral midline. Yellow circles indicate the areas taken for intensity measurement. (A) elavGal4 (lll)

control (n=5) and (B) UAS-BBS/+; elavGal4/+ (n=7).

Fluoresence Intensity of anti-ChAT
100.0

90.0

80.0 T [
70.0

60.0
50.0
40.0
30.0
20.0

10.0
0.0

66.7 1 68.1

elavGal4 (lIll) Control UAS-BBS/+; elavGal4/+

Figure. 5.1b Fluorescence intensity of anti-ChAT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of ChAT on average appear to be higher
in UAS-BBS/+; elavGal4/+, as indicated by the mean value represented by the yellow dots. However, the
difference in intensity between elavGal4 (lll) control and UAS-BBS/+; elavGal4/+ is not statistically

significant (p=0.9065). In fact, more than 75% of samples from UAS-BBS/+; elavGal4/+ do not reach the
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average ChAT intensity (value of quartile 3, the top line of the box, is slightly higher than the yellow dot),
and the high average intensity value is caused only by a small population (in this case 1 quarter of the
total), as indicated by the top whisker (error bar). On the other hand, the mean and median values of
ChAT intensity are rather close to each other for elavGal4 (l11) control samples, indicating the mean
intensity indeed reflects the true value of the elavGal4 (Ill) control. This somehow suggests the level of
ChAT is lower in UAS-BBS/+; elavGal4/+ compared to elavGal4 (Ill) control. However, since there is a
clear sign of bias from UAS-BBS/+; elavGal4/+ (75% of population falls below mean value), more samples

should be collected to confirm the phenotypes.

elavGal4 (24hrs) UAS-BBS/+; elavGal4/+ (24hrs)
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Figure. 5.2a v-Glut staining in 24hrs larval brains
v-Glut in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of the

ventral midline. (A-C) elavGal4 control (n=6) and (D-F) BBS/+; elavGal4/+ (n=7).
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Figure. 5.2b Fluorescence intensity of anti-v-Glut

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of v-Glut is slightly higher in UAS-BBS/+;
elavGal4/+. However, the difference in intensity between elavGal4 (Ill) control and UAS-BBS/+;
elavGal4/+ is not statistically significant (p= 0.7221). This time the two mean values and median values
of v-Glut intensity between the two different genotypes are more or less the same, respectively,

indicating an even distribution, and an accurate reflection of v-Glut levels between the two genotypes.

elavGal4 (24hrs) UAS-BBS/+; elavGal4/+ (24hrs)
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Figure. 5.3a GABA staining of 24hrs larval brains
GABA in green. Horizontal views, anterior up. Bar = 10um. Yellow circles indicate the areas taken for

intensity measurement. (A) elavGal4 control (n=4) and (B) UAS-BBS/+; elavGal4/+ (n=4).
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Figure. 5.3b Fluorescence intensity of anti-GABA

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of GABA is slightly higher in UAS-BBS/+;
elavGal4/+. However, the difference in intensity between elavGal4 (Ill) control and UAS-BBS/+;
elavGal4/+ is not statistically significant (p= 0.6880). Around 70% of samples from UAS-BBS/+;
elavGal4/+ falls below average ChAT level, indicating more samples should be collected to confirm the

phenotypes.

elavGal4 (24hrs) UAS-BBS/+; elavGal4/+ (24hrs)
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Figure. 5.4a 5-HT staining of 24hrs larval brains
5-HT in red. Horizontal views, anterior up. 1 unit scale bar = 10um. Dotted line indicates the location of
midline. Yellow circles indicate the areas taken for intensity measurement. (A) elavGal4 control (n=5) and

(B) UAS-BBS/+; elavGal4/+ (n=7).
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Figure. 5.4b Fluorescence intensity of anti-5-HT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. Compared to elavGal4 (lll) control, the level of 5-
HT is significantly reduced in UAS-BBS/+; elavGal4/+ (p=0.0319). The mean and median values are close
to each other within both genotypes, indicating an unbiased sample collection. Therefore, the result

accurately reflects levels of 5-HT between the two phenotypes.

5.2.2. No significant difference in levels of ChAT or 5-HT in 24hrs larval brains

between p{lacW}B52 homozygous and heterozygous mutants
The level of ChAT and 5-HT were examined in 24hrs larval brains of p{lacW}B52 homozygous

mutant. Heterozygous mutant pflacW}B52/TM3™6" was used as control.

There is no significant difference in levels of 5-HT (Fig. 5.6) between the two genotypes. More
samples are needed to confirm the ChAT phenotype (Fig. 5.5) of pflacW}B52 homozygous

control.
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Figure. 5.5a ChAT staining of 24hrs larval brains

ChAT in red. Horizontal views, anterior up. Bar = 10um. Yellow circles indicate the areas taken for intensity

measurement. (A) pflacW}B52/TM377 -6 control (n=8) and (DB) p{lacW}B52 homozygous mutant (n=10).
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Figure. 5.5b Fluorescence intensity of anti-ChAT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. Compared to p{lacW}B52 heterozygous control,
the level of ChAT is reduced in p{lacW}B52 homozygous mutants. However, the difference in intensity
between p{lacW}B52 heterozygous control and p{lacW}B52 homozygous is not statistically significant

(p=0.3178). As indicated by the median and mean value of anti-ChAT intensity, more than half of the

samples of p{lacW}B52 heterozygous do not reach mean intensity value. This is similar to the previous
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case with elvaGla4 (Ill) control and UAS-BBS/+; elavGal4/+. Therefore more samples are needed to

confirm the phenotype.
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Figure. 5.6a 5-HT staining of 24hrs larval brains

5-HT in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.

Yellow circles indicate the areas taken for intensity measurement. (A) p{lacW}B52/TM3™¢* control (n=9)
and (B) p{flacW}B52 homozygous mutant (n=10).
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Figure. 5.6b Fluorescence intensity of anti-5-HT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. Despite a slightly higher mean intensity value of
anti-5-HT for p{lacW}B52 heterozygous, the median value is in fact below that of pflacW}B52
homozygous mutants. This suggests the level of 5-HT is likely to be the same between the two

genotypes (p=0.6021).

5.2.3. No significant difference in ChAT or v-Glut level in 48hrs larval brain when B52
is overexpressed in elavGal4 neurons

The levels of ChAT and v-Glut were examined in 48hrs larval brains where B52 was

overexpressed with elavGal4 in neurons (elavGal4/+; ; UAS-GFP-B52/+).

Levels of both ChAT (Fig. 5.7) and v-Glut (Fig. 5.8) are the same, respectively, between

elavGal4/+; ; UAS-GFP-B52/+ and elavGal4 (X) control.

elavGal4 (48hrs) elavGald/+; ; UAS-GFP-B52/+(48hrs)
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Figure. 5.7a ChAT staining of 48hrs larval brains
ChAT in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.
Yellow circles indicate the areas taken for intensity measurement. (A) elavGal4 control (n=3) and (B)

elavGald/+; ; UAS-GFP-B52/+ (n=3).
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Figure. 5.7b Fluorescence intensity of anti-ChAT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case).
Regardless of a relatively biased sample population for elavGal4/+; ; UAS-GFP-B52/+, since both the
mean and median values for anti-ChAT intensity are lower in elavGal4/+; ; UAS-GFP-B52/+ than those in
elavGal4 (X) control, the level of ChAT is indeed lower in elavGal4/+; ; UAS-GFP-B52/+. However, the
difference in intensity between elavGal4 (X) control and elavGal4/+; ; UAS-GFP-B52/+ is not statistically
significant (p= 0.4962).
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Figure. 5.8a v-Glut staining of 48hrs larval brains
v-Glut in red. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.
Yellow circles indicate the areas taken for intensity measurement. (A) elavGal4 control (n=3) and (B)

elavGal4/+; ; UAS-GFP-B52/+ (n=3).
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Figure. 5.8b Fluorescence intensity of anti-v-Glut

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case).
Regardless of a relatively biased sample population for elavGal4/+; ; UAS-GFP-B52/+, since the median
value for anti-v-Glut intensity is lower in elavGal4/+; ; UAS-GFP-B52/+ than those in elavGal4 (X) control,

plus the mean values of intensity are more or less the same between the two genotypes, this suggests
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the level of v-Glut is slightly lower in elavGal4/+; ; UAS-GFP-B52/+. However, as indicated by T-test,

levels of v-Glut are in fact the same between elavGal4/+; ; UAS-GFP-B52/+. and elavGal4 (X) control (p=
0.7762).

5.2.4. No significant differences in levels of ChAT, v-Glut, GABA, 5-HT and TH are
observed in 72hrs larval brains when B52 is overexpressed maternally

Levels of ChAT, v-Glut, GABA, 5-HT and TH were examined in 72hrs larval brains where B52 was

overexpressed from maternal stages onwards (Gal4"?"/+; ; UAS-GFP-B52/+). Gal4"?" was used as

control.

Compared to the Gal4"?" control, levels of ChAT, v-Glut, 5-HT and TH are slightly reduced in
Gal4"?" /+; ; UAS-GFP-B52/+, although none of the differences are statistically significant. Levels

of GABA were more or less the same between the two. levels of GABA are more or less the same

between the two genotypes. (Fig. 5.9 to Fig. 5.13)
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Figure. 5.9a ChAT staining of 72hrs larval brains

ChAT in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.

Yellow circles indicate the areas taken for intensity measurement. (A) Gal4"?" control (n=3) and (B) Gal4"?"
/+; ; UAS-GFP-B52 (n=3).
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Figure. 5.9b Fluorescence intensity of anti-ChAT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of ChAT is slightly lower in Gal4"?" /+; ;

UAS-GFP-B52. However, the difference in intensity between Gal4"?" control and Gal4"?" /+; ; UAS-GFP-
B52 is not statistically significant (p= 0.3087).
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Figure. 5.10a Anti-v-Glut staining of 72hrs larval brains

v-Glut in red. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.

Yellow circles indicate the areas taken for intensity measurement. (A) Gal4"?" control (n=3) and (B) Gal4"?"

/+; ; UAS-GFP-B52 (n=3).
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Figure. 5.10b Fluorescence intensity of anti-v-Glut

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case). The
level of v-Glut is slightly lower in Gal4V?" /+; ; UAS-GFP-B52. However, the difference in intensity
between Gal4"?" control and Gal4"?" /+; ; UAS-GFP-B52 is not statistically significant (p= 0.2333).
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Figure. 5.11a GABA staining of 72hrs larval brains
GABA in red. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline. (A-

C) Gal4"?" control (n=3) and (D-F) Gal4"?" /+; ; UAS-GFP-B52 (n=3).
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Figure. 5.11b Fluorescence intensity of anti-GABA

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case).
Levels of GABA are more or less the same between Gal4?" /+; ; UAS-GFP-B52 and Gal4"?" control

(p=0.9946).

Gal4"?" (72hrs) Gal4V?"/+; ; UAS-GFP-B52/+(72hrs)

Figure. 5.12a 5-HT staining of 72hrs larval brains
5-HT in red. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline. (A-C)

Gal4"?" control (n=3) and (D-F) Gal4"?" /+; ; UAS-GFP-B52 (n=3).

135



Fluoresence Intensity of anti-5-HT
80.0

70.0 T
60.0 59.7 0 T
50.0 L

i 56.5

40.0
30.0
20.0
10.0
0.0

Gal4V2h Control Gal4Vv2h /+; ; UAS-GFP-B52/+

Figure. 5.12b Fluorescence intensity of anti-5-HT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case). The

level of 5-HT is slightly lower in Gal4"?" /+; ; UAS-GFP-B52. However, the difference in intensity between
Gal4"?" control and Gal4V?" /+; ; UAS-GFP-B52 is not statistically significant (p= 0.6794).
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Figure. 5.13a TH staining of 72hrs larval brains

TH in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline. (A-C)
Gal4"?" control (n=3) and (D-F) Gal4"?" /+; ; UAS-GFP-B52 (n=3).
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Figure. 5.13b Fluorescence intensity of anti-TH

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of TH is lower in Gal4"?" /+; ; UAS-GFP-
B52. However, the difference in intensity between Gal4"?" control and Gal4"?" /+; ; UAS-GFP-B52 is not

statistically significant (p= 0.1404).

5.2.5. No significant differences in levels of ChAT, v-Glut, GABA, 5-HT and TH are
observed in 72hrs larval brains when B52-RNAi was induced maternally

Levels of ChAT, v-Glut, GABA, 5-HT and TH were examined in 72hrs larval brain of Gal4"?/+; ;

UAS-B52-TRiP-RNAi/+. Gal4"?" was used as control.

Compared to Gal4"?" control, levels of ChAT (Fig. 5.14) and v-Glut (Fig. 5.15) are slightly higher
in Gal4"?h /+; ; UAS-GFP-B52/+, although none of the differences is statistically significant. More

samples are needed to confirm the phenotypes for GABA, 5-HT and TH (Fig. 5.16 to Fig. 5.18).
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Figure. 5.14a ChAT staining of 72hrs larval brains
ChAT in red. Horizontal views, anterior to the left. Bar = 10um. Dotted line indicates the location of midline.
Yellow circles indicate the areas taken for intensity measurement. (A) Gal4"?" control (n=3) and (B)

Gald"?"/+; ; UAS-B52-TRiP-RNAi/+ (n=3).
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Figure. 5.14b Fluorescence intensity of anti-ChAT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of ChAT is slightly higher in Gal4V?" /+; ;
UAS-GFP-B52. However, the difference in intensity between Gal4"?" control and Gal4"?" /+; ; UAS-B52-
RNAJ is not statistically significant (p= 0.7778). Although both sample population show biased
distribution, the overall patterns are similar between them, i.e. towards higher intensity. Therefore, the

result is relatively accurate.
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Figure. 5.15a v-Glut staining of 72hrs larval brains

v-Glut in green. Horizontal views, anterior to the left. Bar = 10um. Dotted line indicates the location of

midline. Yellow circles indicate the areas taken for intensity measurement. (A) Gal4“?" control (n=3) and

(B) Gal4"?'/+; ; UAS-B52-TRiP-RNAi/+ (n=3).
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Figure. 5.15b Fluorescence intensity of anti-v-Glut

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of v-Glut is more or less the same

between Gal4"?" /+; ; UAS-B52-RNAi and Gal4"?" control (p= 0.7769).
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Figure. 5.16a GABA staining of 72hrs larval brains
GABA in green. Horizontal views, anterior to the left. Bar = 10um. Dotted line indicates the location of

midline. Yellow circles indicate the areas taken for intensity measurement. (A) Gal4“?" control (n=3) and

(B) Gal4V?/+; ; UAS-B52-TRiP-RNAi/+ (n=3).
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Figure. 5.16b Fluorescence intensity of anti-GABA

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case). The
level of GABA is slightly reduced in Gal4V?" /+; ; UAS-B52-RNAi. However, the difference in intensity
between Gal4"?" control and Gal4"?" /+; ; UAS- B52-RNAi is not statistically significant (p= 0.3141).

Because the distribution for Gal4V?" /+; ; UAS-B52-RNAI is biased due to difference in mean and median
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value and also overlapping of Q1 and median value, more samples for Gal4"?" /+; ; UAS-B52-RNAi may

be needed to confirm the phenotype.
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Figure. 5.17a 5-HT staining of 72hrs larval brains

5-HT in green. Horizontal views, anterior to the left. Bar = 10um. Dotted line indicates the location of

midline. Yellow circles indicate the areas taken for intensity measurement. (A) Gal4"?" control (n=3) and

(B) Gal4"?"/+; ; UAS-B52-TRiP-RNAi/+ (n=3).
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Figure. 5.17b Fluorescence intensity of anti-5-HT
Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case). The

level of 5-HT is elevated in Gal4"?" /+; ; UAS-B52-RNAi. However, the difference in intensity between

Gal4"?" control and Gal4"?" /+; ; UAS-B52-RNAI is not statistically significant (p= 0.4131). Because the
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distribution for Gal4V?" /+; ; UAS-B52-RNAi is biased due to difference in mean and median value and
also overlapping of Q1 and median value, more samples for Gal4?" /+; ; UAS-B52-RNAi may be needed

to confirm the phenotype.

Gal4"" (72hrs)  Gal4"?'/+; : UAS-B52-TRiP-RNAi/+ (72hrs)

B

et ©)

Figure. 5.18a TH staining of 72hrs larval brains
TH in green. Horizontal views, anterior to the left. Bar = 10um. Dotted line indicates the location of midline.
Yellow circles indicate the areas taken for intensity measurement. (A) Gal4"?" control (n=3) and (B)

Gal4V?'/+; ; UAS-B52-TRiP-RNAi/+ (n=3).
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Figure. 5.18b Fluorescence intensity of anti-TH

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case). The
level of TH is elevated in Gal4"?" /+; ; UAS-GFP-B52. However, the difference in intensity between
Gal4"?" control and Gal4V?" /+; ; UAS-GFP-B52 is not statistically significant (p= 0.6640). Also, the
population distribution are strongly biased for both groups. Therefore, more samples are needed to

confirm the phenotypes.

5.2.6. Antagonising B52 activity with BBS in 19H09Gal4 neurons does not induce
significant changes in ChAT or v-Glut levels in 84hrs old larval brains
To test if B52 is involved in specifying identities and functions of individual neuronal cells, BBS

was introduced to a subset of type Il NBs and their progenies by constructing the 19H09Gal4,

UAS-myrm::RFP/UAS-BBS line.

Levels of both ChAT (Fig. 5.19) and v-Glut (Fig. 5.20) were elevated in the VNC of 84hrs larval
brains of 19H09Gal4, UAS-myrm::RFP/UAS-BBS when compared to 19H09Gal4, UAS-myrm::RFP

control. However, none of the differences is statistically significant.
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5.2.7. Overexpression of B52 in 19H09Gal4 neurons does not induce significant

changes in ChAT or v-Glut levels in 84hrs old larval brains
In parallel to the down-regulation of B52 activity, overexpression of B52 was also performed by

constructing the 19H09Gal4, UAS-myrm::RFP/UAS-GFP-B52 line.

Levels of both ChAT (Fig. 5.19) and v-Glut (Fig. 5.20) in the VNC of 84hrs larvae were slightly
lower in 19H09Gal4, UAS-myrm::RFP/UAS-GFP-B52 than those in 19H09Gal4, UAS-myrm::RFP

control (Fig. 5.15). However, none of the differences is statistically significant.

19H09Gal4, 19H09Gal4, 19H09Gal4,
UAS-myrm-RFP UAS-myrm-RFP/UAS-BBS UAS-myrm-RFP/UAS-B52-GFP
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Figure. 5.19a ChAT of 84hrs larval brains

ChAT in blue. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.
Yellow circles indicate the areas taken for intensity measurement. (A) 19H09Gal4, UAS-myrm::RFP
Control (n=3), (B) 19H09Gal4, UAS-myrm::RFP/UAS-BBS (n=8) and (C) 19H09Gal4, UAS-myrm::RFP/UAS-

GFP-B52 (n=3).
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Figure. 5.19b Fluorescence intensity of anti-ChAT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case).
Compared to 19H09Gal4, UAS-myrm::RFP control, the level of ChAT is elevated in 19H09Gal4, UAS-myr
. "mRFP/UAS-BBS, and slightly reduced in 19H09Gal4, UAS-myr . "mRFP/UAS-GFP-B52. However, the
difference in intensity between 19H09Gal4, UAS-myr::mRFP/UAS-BBS and 19H09Gal4, UAS-myr . "mRFP
(p=0.0930), and between 19H09Gal4, UAS-myr. ‘mRFP/UAS-GFP-B52 and 19H09Gal4, UAS-myr. "‘mRFP
control (p= 0.6518) are not statistically significant. The difference between mean and median values are

relatively small within different genotypes, and thus indicating the samples collected represent the

normal situations.
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Figure. 5.20a v-Glut of 84hrs larval brains

v-Glut in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.
Yellow circles indicate the areas taken for intensity measurement. (A) 19H09Gal4, UAS-myr . mRFP
Control (n=3), (B) 19H09Gal4, UAS-myr . mRFP/UAS-BBS (n=8) and (C) 19H09Gal4, UAS-myr:mRFP/UAS-
GFP-B52 (n=3). 19H09Gal4 neurons show up in (C) 19H09Gal4, UAS-myr.  'mRFP/UAS-GFP-B52 and due

to expression of GFP.
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Figure. 5.20b Fluorescence intensity of anti-v-Glut

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case).
Compared to 19H09Gal4, UAS-myrm::RFP control, the level of v-Glut is elevated in 19H09Gal4, UAS-
myrm::RFP/UAS-BBS, and slightly reduced in 19H09Gal4, UAS-myrm::RFP/UAS-GFP-B52. However, the
difference in intensity between 19H09Gal4, UAS-myrm::RFP/UAS-BBS and 19H09Gal4, UAS-myrm::RFP
(p=0.0605), and between 19H09Gal4, UAS-myrm::RFP/UAS-GFP-B52 and 19H09Gal4, UAS-myrm::RFP
control (p= 0.3104) are not statistically significant. There are large differences in mean and median
values within the same group of samples, suggesting more samples are needed to confirm the

phenotypes.

5.2.8. Elevation of ChAT and v-Glut, but no significant difference in GABA, 5-HT or TH

in 24hrs larval brain of B52*L24 mutants
Levels of ChAT, v-Glut, GABA, 5-HT and TH were examined in 24hrs larval brain of B52*L24

homozygous mutant. B52*L24 heterozygous mutant was used as control.
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Compared to control B52*L24 heterozygous mutants, there were significant increases in levels
of both ChAT (p<0.05, Fig. 5.21) and v-Glut (p<0.05, Fig. 5.22) in the VNC of B52*L24 homozygous
mutant. Levels of GABA (Fig. 5.23) stayed the same between the two genotypes. More samples

are needed to confirm the phenotypes of 5-HT (Fig. 5.24) and TH (Fig. 5.25.
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Figure. 5.21a ChAT staining of 24hrs larval brains

ChAT in red. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.
Yellow circles indicate the areas taken for intensity measurement. (A) B52*L24 heterozygous control (n=3)

and (B) B52*L24 homozygous mutant (n=3).
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Figure. 5.21b Fluorescence intensity of anti-ChAT
Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case). The

level of ChAT is significantly higher in B52*L24 homozygous mutants when compared to B52*L24
heterozygous mutants (p= 0.0294).
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Figure. 5.22a v-Glut staining of 24hrs larval brains

v-Glut in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.

Yellow circles indicate the areas taken for intensity measurement. (A) B52*L24 heterozygous control (n=3)

and (B) B52*L24 homozygous mutant (n=3).
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Figure. 5.22b Fluorescence intensity of anti-v-Glut

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of v-Glut is significantly elevated in

B52*L24 homozygous mutants when compared to B52*L24 heterozygous mutants (p= 0.0485).
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Figure. 5.23a GABA staining of 24hrs larval brains

GABA in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.

Yellow circles indicate the areas taken for intensity measurement. (A) B52*L24 heterozygous control (n=3)

and (B) B52*L24 homozygous mutant (n=3).
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Figure. 5.23b Fluorescence intensity of anti-GABA

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The levels of are more or less the same between

B52*L24 homozygous mutants and heterozygous mutants (p= 0.4492).
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Figure. 5.24a 5-HT staining of 24hrs larval brains

5-HT in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.

Yellow circles indicate the areas taken for intensity measurement. (A) B52*L24 heterozygous control (n=3)

and (B) B52*L24 homozygous mutant (n=3).
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Figure. 5.24b Fluorescence intensity of 5-HT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of 5-HT is elevated in B52*L24
homozygous mutants when compared to B52*L24 heterozygous mutants. However, the difference is

not statistically significant (p= 0.4855). More samples could be collected for B52*L24 homozygous

mutants to confirm the phenotype.
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Figure. 5.25a TH staining of 24hrs larval brains

TH in red. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline. Yellow

circles indicate the areas taken for intensity measurement. (A) B52*L24 heterozygous control (n=3) and

(B) B52*L24 homozygous mutant (n=3).
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Figure. 5.25b Fluorescence intensity of TH

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half. The level of TH is reduced in B52*L24
homozygous mutants when compared to B52*L24 heterozygous mutants. However, the difference is
not statistically significant (p= 0.7587). More samples could be collected for B52*L24 homozygous

mutants to confirm the phenotype.

5.2.9. Elevation of ChAT and v-Glut level in 36hrs old larval brains of B52*L24
mutants

Due to previous results, only expression levels of ChAT and v-Glut were examined further in
36hrs larval brain of B52*L24 mutants. Once again, the target mutant was B52*L24 homozygous

line. B52*L24 heterozygotes were used as control and WT was also included for reference.

Compared to both WT and B52*L24 heterozygous mutants, the level of ChAT (p<0.001 in both
comparisons, Fig. 5.26) was higher in B52*L24 homozygous mutants, whereas levels of ChAT
(Fig. 5.26) between B52*L24 heterozygous mutants and WT were similar. The level of v-Glut was
significantly higher in B52*L24 homozygous homozygous mutants when compared to WT, but
not when compared to B52*L24 heterozygous mutants. In addition to the molecular phenotypes,

the size of VNCs of B52*L24 homozygous mutants was much smaller than that of both B52*L24
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heterozygous mutant and WT. This result is consistent with the difference in larval body size

between the B52*L24 homozygous mutant and B52*L24 heterozygous control. These results

will be presented in Chapter 6.
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Figure. 5.26a ChAT staining of 36hrs larval brains

ChAT in green. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.

Yellow circles indicate the areas taken for intensity measurement. (A) WT (n=5), (B) B52*L24
heterozygotes (n=5) and (C) B52*L24 homozygous mutant (n=5). Compared to both WT and B52*.24

homozygous mutants, level of ChAT is significantly elevated in the B52*L24 homozygous mutant.
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Figure. 5.26b Fluorescence intensity of anti-ChAT

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case).
Compared to both WT (p= 0.0009) and B52*L24 heterozygous mutants (p= 0.0053), the level of ChAT is

significantly elevated in B52*L24 homozygous mutants. More samples could be collectd to further

confirm the phenotype distrubution for B52*L24 homozygous mutants.
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Figure. 5.27a v-Glut staining of 36hrs larval brains

v-Glut in red. Horizontal views, anterior up. Bar = 10um. Dotted line indicates the location of midline.

Yellow circles indicate the areas taken for intensity measurement. (A) WT (n=5), (B) B52*L24

heterozygotes (n=5) and (C) B52*L24 homozygous mutant (n=5). Compared to WT, level of v-Glut is
significantly elevated in both B52*L24 B52*L24 heterozygous and homozygous mutants.
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Figure. 5.27b Fluorescence intensity of anti-v-Glut

Yellow dots represent mean value of intensity, and the middle line in the green box represents the
median value which separates the populations in half (median value overlaps with Q1 in this case).
Compared to WT, the level of ChAT is significantly elevated in B52*L24 homozygous mutants (p=
0.0008). The level of ChAT is also higher in B52*L24 homozygous mutants when compared to B52*L24
heterozygous mutants (p= 0.0726). However, the difference is not statistically significant. More samples
could be collectd to further confirm the phenotype distrubution for WT and B52*L24 heterozygous

mutants.

5.2.10. ChAT splicing defects in elavGal4/+; ; UAS-BBS/+ embryos

To test if B52 is regulating ChAT mRNA by splicing, total RNAs of overnight egg lays were
collected for both elavGal4 control and elavGal4/+; ; UAS-BBS. These RNAs were then reverse
transcribed into cDNA for PCR. Intron 2 and intron 4-7 of ChAT were chosen as targets. Forward
and reverse primers were designed to cover the flanking sequences (i.e. the exons) of both
intron regions (Fig. 5.28). All PCR conditions including concentration of template cDNA were

kept the same between the two samples.
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Figure. 5.28. Schematic view of ChAT mRNA and primers for intron 2 and intron 4-7
The first pair of primers cover the whole sequence of intron 2 plus small regions of exon 2 and exon 3.
The second pair of primers cover from the end part of exon 4 up to the beginning part of exon 8. The total

size of intron 2 is 1.1kb and the combined size of intron 4 to 7 is 0.4kb.

The presence of the 1.3kb and 1.8kb fragments, respectively, in the PCR products of elavGal4/+; ;
UAS-BBS indicates the corresponding intron was not efficiently spliced, as compared to elavGal4

control, where only the short fragments — the spliced isoforms was amplified (Fig. 5.29).

ChAT Intron 2 ChAT Intron 4-7

0.2kb

elavGald elavGald/+; ; elavGald elovGald/+; ;
control UAS-BBS/+ control UAS-BBS/+

Figure. 5.29 PCR of ChAT intron 2 and intron 4-7 from embryonic RNA

250bp DNA ladder (A) ChAT intron 2. The spliced isoform is 0.2kb in length and is present in both elavGal4
control and elavGal4/+; ; UAS-BBS, whereas the unspliced 1.3kb isoform is only present in elavGal4/+; ;
UAS-BBS. (B) ChAT intron 4-7. The spliced isoform is 1.4kb in length and is present in both elavGal4 control
and elavGal4/+; ; UAS-BBS. A small amount of the unspliced 1.8kb isoform is also present in elavGal4/+; ;

UAS-BBS.
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5.2.11. ChAT splicing defects in embryos homozygous mutant for the B52 Line 24 at
larval stages

Since the homozygous mutant of B52*L24 had shown a very strong phenotype in the level of
ChAT in 36hrs larval brain, the splicing of ChAT mRNA was examined. After extracting total RNA
separately from B52*L24 homozygous mutants and B52*L24 heterozygous control, the same
reverse transcription process was followed to create cDNA template for PCR. The same pairs of
primers for intron 2 and intron 4-7 of ChAT were used to perform the PCR. All PCR conditions

including concentration of template cDNA were kept the same between the two samples.

Alarge amount of the unspliced 1.3kb isoform of intron 2 is detected in the homozygous mutant.
The spliced 0.2kb isoforms cannot be amplified in both heterozygous and homozygous mutants.
For intron 4-7, there both the spliced and unspliced isoforms appear to be elevated in the

homozygous mutant (Fig. 5.30).

ChAT Intron 2 ChAT Intron 4-7

B52.124 B52.124 B52.124 B52.124
Heterozygous = Homozygous Heterozygous Homozygous

Figure. 5.30 PCR of ChAT intron 2 and intron 4-7 from larval RNA
1kb plus DNA ladder. (A) ChAT intron 2. Only the 1.3kb unspliced isoform is detected in the homozygous
mutant. (B) ChAT intron 4-7. The overall level of ChAT is substantially higher in the homozygous mutant

animals, including both the spliced 1.4kb and unspliced 1.8kb isoforms.
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5.2.12. Sequencing of unspliced ChAT isoforms

To confirm that the longer fragment detected in the gel was indeed the unspliced isoform of
ChAT, the corresponding fragments were sent for sequencing. The sequencing results are
illustrated below. Alignment of the sequence with the unspliced ChAT intron 2 and intron 4-7,

respectively, indicates the longer fragments seen on the gel were the unplisced isoforms of ChAT.

In general, the sequencing results show that both intron 2 and intron 4-7 of ChAT from B52*L24
have the same sequences as the ones from the fly database, despite a few missing or
mismatched nucleotides in the both intron regions between the sequencing results and the
database (marked in red colour below). This might simply be the cause of sequencing errors.
However, given the locations of some mismatched nucleotides is relatively far away from the
M13F or M13R primer sites (the closest is more than 200bp away), this could indicate the splicing
mechanism is affected in a way that B52 regulates ChAT mRNA splicing to a level beyond simple
activation or inhibition. There is a chance that the accuracy of RNA polymerisation, or the
subunits of the spliceosome might be affected as a result of B52 null mutation. This could be

confirmed by repeating the sequencing.

The unspliced ChAT introns were translated to amino acid sequences in all six reading frames

using EMBOSS Transeq (http://www.ebi.ac.uk/Tools/st/emboss transeq/). The translation was

first run starting from the upstream exon (exon2-intron2-exon3), but a stop codon was present
as soon as the reading reached to the end of exonl. Therefore, all of the six reading frames
were considered because we could not know exactly what happened at the splicing sites. The
splicing factor might bypass 1, 2 or 3 nucleotides, or even mistook the previous sequence (i.e. -

3, -2 or -1 nucleotides) and therefore resulting in complete change of the reading frame.

158


http://www.ebi.ac.uk/Tools/st/emboss_transeq/

Only Intron 4 with reading frame 5 and intron 6 with reading frame 2 were able to be translated
into amino acid without being disrupted by the stop codons. Despite that, the most likely
situation is that transcription stops at a premature stop codon in the unspliced inton. However,
it has been shown in vitro that the active site of ChAT involves arginine*? in rat [283] and
histidine*?® in Drosophila [284]. The length of ChAT-a and ChAT-B isoforms are 721 amino acid
(aa) and 714aa (refer to Fig. 5.0 for ChAT protein alighment), respectively, in Drosophila. This
indicates the ChAT antibody targets the ChAT protein close to amino acid 426, in fact way after
intron 2. This suggests that despite the presents of the second intron the translation process still
produces the active site domain of ChAT. This implies that translation may start at a novel

initiation site within the second intron leading to a N-terminal truncation of the enzyme.

Since the ChAT antibody was still able to detect the corresponding peptide because all the amino
acid sequence still remained intact and the only change was that more sequences being added
as a result of defects in splicing, this leads to the speculation that the deficiency or down-
regulation of B52 somehow makes the translation process bypass the stop codons, possibly
caused by mislocating or being unable to resolve the 3D structure of the RNA sequences. For
example, the presence of RNA hairpin, a structure commonly formed during intron splicing,
could cause the sequence not accessible to the splicing factor, and therefore false signalling the
translation process to continue by picking up nearby sequences instead, which ultimately leads
to bypassing of the stop codons. As indicated by the gel and sequencing results shown above,
the introns are still present. This suggests the splicing (or nucleotide cutting) process is not

successful and explains the translation of RNA sequences into amino acids.

The active site of ChAT is present in the normal coding regions (exons) and therefore is not likely
to be interrupted. Assuming the sequences nearby the introns were translated instead of the
introns themselves, the emerging amino acids sequence should exhibit similar properties as

those would in the ChAT protein in its wild type conditions. Therefore, the active site is likely to
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remain the same conformation, and allows interaction with the ChAT antibody, or even

endogenous B52 protein.
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Figure. 5.31 Alignment of unspliced ChAT intron 2 region with corresponding ChAT gene region
from the database

The sequences obtained from sequencing results for unspliced ChAT intron 2 which were used for
alignment with the intron 2 region from ChAT gene in the database. Primers used for amplifying the
intron 2 regions are also listed in the bottom of this section, plus the corresponding gene region of
ChAT in the database. Nucleotides labelled in red indicating mismatch, intron 2 is highlighted with cyan

background. The alignment result is presented in blue and red coloured sequences.

Sequencing result of region amplified by Fwd-Cha Intron 2 and Rev-Cha Intron 2
XXXX = Primers - = ChAT Intron 2 (partial Intron 2 in sequencing results)

*** = missing nucleotide XXX = mismatch

>Unspliced_ChAT_int2_M13F_RC (sequence downstream of M13F in the transformation product — reverse

complement)

NNGNGNNNNNNNNNNNNNNTNNNTGANNNNNNNNNNNNNNNTNNNNNNNNNGNNNNNNANNNNNTTNGTNNNN
NNNAANGNNAANTAANNNNGGGNTTNNTATGNNANNNGAGNNNGGGTAGNTNCNAGCANNCNANCNGCGNNCANN
NNNNNNNNAAAAANCNAANNTTTTNNAAAANNNNNNCCCCNNNAAACNNNCAAGGCCCCCANCCNNCCCNNNTNNNC
CTNTACACCCCCATACTCACCTGGAAAAAAA GCACAGCAGCCACAGTAACAACCCCCGAAAAGCAGAGTTAGACATCTAAA
| ATGACAGGGGAACCCCCCCAGAAAAAAAGGCAAGTGACAAGAGACTAGGTATTCGGATATAACAAA
CATACCTCGTCGTTTCGTTGCTAAG
TGGAAAT TGTGTTTTCGCAGCAGGTAAATCAAGGTCGATGGATACATTTAAATATGAAATTGCAGTCAG - AATCCTGCATT

A A A G A CT G TCCTGATTCCGTIGIIGOAG A CTCTACCCAAGGTGCCCGTTCCAGCACTGGATGAAAC

GATGGCCGACTACATCCGCGCCCTGGAACCGATTACCACGCCGGCGCAGCTCGAGCGGACCAAGGAGCTGATCAGGCAGTT
CTCGGCTCCCCAGGGAATCGGAGCGCGGCTGCATCAGTATCTGCTGAAGGGCGAATTCTGCAGATATCCATCACACTGGCG
GCCGCTCGAGCATGCATCTAGAGGGCCCAATCGCCCTNNNNNNNNNNN

>WT_ChAT_int2

CCAAAGAAATGGCTCTCAACGGCCGAGTCTGTGGACGAGTTTGGATTCCCTGACETGAGTANAATIGATTAAACCATTTCS
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G G A T A e AT G A G A CC TG ICCT GACTOCGIIGIIGEA A CTCTACCCAAGGTGCCCGTTCCAGCACT

GGATGAAACGATGGCCGACTATATCCGCGCCCTGGAACCGATTACCACGCCGGCGCAGCTCGAGCGGACCAAGGAGCTGA
TCAGGCAGTTCTCGGCTCCCCAGGGAATCGGAGCGCGGCTGCATCAGTATCTGCTG

>Unspliced_ChAT_int2_M13R (sequence upstream of MI13R in the transformation product)
NNNNNNNNNNNNNNNNTATAGAATACTCAAGCTATGCATCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCCGC
CAGTGTGCTGGAATTCGCCCTTCCAAAGAAATGGCTCTCAACGGCCGAGTCTGTGGACGAGTTTG GATTCCCTGAC-

EATGANATTTCEETEEe  ASCE AT GIACGAGTATIGCIGEIGEN N GGANNNGCAACTTTNNATTTGACG

CTCGATNTGTCATGCATACAANTGANNANGGGGGGGCATTNNNNAAANNNGGNANNTCAGNGNNNNANAANNAANNA

NNNCAGNNCCNCNCANCTNACTACNNNNNNNNNNNNNNNNNATCNNNCNNCNANNNNNNNCNNNNNNNNNNNTNC

=z

NN

>Fwd-ChAT-int2

CCAAAGAAATGGCTCTCAACG

>Rev-ChAT-int2_RC

CGGCTGCATCAGTATCTGCTG
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Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

Unspliced _ChAT_int2F

HT_ChAT_int2

Unspliced _ChAT_int2R
C:

1 10 20 30 40 50 60 0 80 90 100
1

HHHHHHHNNHHHHHHHTATAGAATACTCARGC TATGCATCARGC TTGGTACCGAGC TCGGATCCACTAGTARCGGCCGCCAGTGTGCTGGAATTCGCCCT

101 110 120 130 140 150 160 170 180 190 200
| |

CCAAAGAAATGGCTCTCARCGGCCGAGTCTGTGGACGAGTTTGGATTCCCTGACGTGAGTAAAATTGATTARACCATTTCGARTTCGCCTCCCCATTTC
TCCARAGARATGGCTCTCARCGGCCGAGTCTGTGGACGAGT TTGGATTCCCTGACGTGAGTARARTTGATTARARCCATTTCGARTTCGCCTCCCCATTTC
.Cccaaagaaatggcbebocaacggecgagbocbgbgpacpagtibgpatbecocbgacgbgagbaaaatbgatbaaaccaktbbecgaabtbegecbocooccatbbe

201 210 220 230 240 250 260 270 280 290 300
| |

HHGHGHHHHHNHHHHNHHHTHHH T GANNHNHHNHHHNNHHN THHHHHHHHH GHHNE —————— HHANNHNHT THG THHHHHHHA-
CAGCARATATTTGCCCTAGGGCTARACTCGACTGTTACTTGARTART TCARAGACARACACTCGCTCAGACGACAGACTARTCCTGTTTGTTATARTTAC
CAGCARATATTTGCCCTAGGGCTARACTCGACTGTTACTTGARTART TCARAGACARACACTCGCTCAGACGACAGACTAATCCTGTTTGTTATARTTAC
cagcaaatattbgccctalbghctaaactocgactgtTact ThAataatt Locgot tafAtcctgTTLGTLataattAc

301 310 320 330 340 350 360 370 380 390 400

| |
-ANGHHAANTAANNHNGGGHT THHNTATGHNAN-NHNGAGHNHGGGTAGHTHCHAGC ANNCHANCHGC GHNHCANNNHNNNNHNNAARAANCHAANKT TTTHHA
ARATGCAAATAACGAGGGCT TTTGTATGGCAACAGGAGCTCGGGTAGCTCCTGGCAACCARCCTGCGTGCARACARACCGGAARAACCAACCTTTTC——-A
AARTGCAARATAACGAGGGCTTTTGTATGGCAACAGGAGC TCGGGTAGCTCCTAGCAACCAACCTGCGTGCAAACAAACCGGAARAACCARCCTTTTCARA
afatgcAfaTAAcgaghGet TTEgTATGgcAacagGiGct cGGGTAGe TeltaGCAacCaAcCLGLGEgCAaacaaaccpgAAAAACCafcct TTTe., LA

401 410 420 430 440 450 460 470 480 430 500

1 1
ARANHHHHHCCCCHHHARACHHHCARGGCCCCCANCCHHCCCHHNTHHHCC THTACACCCCCATACTCACCTGGARRAAAR-GCACAGCAGCCACAGTAR
ARACACAACCCCC---CARCGCCCARGCCCCACCACCCGCTAC-————- CCTCTACACCCCCATACTCACCTGGARARAAAAGCACAGCAGCCACAGTAA
ACACARCCCCCCC---ARACGCTCARGCCCCACCACCCTCTAC- CCTCTACACCCCCATACTCACCTGGARARAAR-GCACAGCAGCCACAGTAR
Aafca, . .cCCCC, . ,aRACgc,CARGeCCCaCcaCCe.Chac, . ... .CCTcTACACCCCCATACTCACCTGGAARAAARA . GCACAGCAGCCACAGTAR

501 510 520 530 540 550 560 570 580 590 600

1 1
CAACCCCCGARAAGCAGAGT TAGACATCTAAATTGTARACCGATGTATGACAGGGGARCCCCCCCAGARARARAGGCAAGTGACARGAGACTAGGTATTC
CARCCCCCGARARGCAGRGT TRGACATCTAAATTGTARACCGATGGATGACAGGGGARCCCCCCCAGARARARAGGCAAGTGACARGAGACTAGGTATTL
CARCCCCCGARARGCAGRGT TRGACATCTAAATTGTARACCGATGTATGACAGGGGARCCCCCCCAGARARARAGGCAAGTGACARGAGACTAGGTATTL
CAACCCCCGARAAGCAGAGT TAGACATCTAAATTGTARACCGATGLATGACAGGGGARCCCCCCCAGARARARAGGCAAGTGACAAGAGACTAGGTATTC

601 610 620 630 640 650 660 670 680 690 00
1 1
GGATATARCARARGTTTCARTGGCTTTGARAACGGAGAACACGACGTATGCGGARGTCARCGACATGCTGATACCTCGTCGTTTCGTTGCTARGTGGAAR
GGATATARCARARGT TTCARTGGCTTTGARAACGGAGAACACGACGTATGCGGARGTCARCGACATGCTTATACCTCGTCGTTTCGTTGCTARGTGGAAR
GGATATAACARAAGTTTCARTGGCTTTGARAACGGAGAACACGACGTATGCGGAAGTCARCGACATGCTGATACCTCGTCGTTTCGTTGCTARGTGGAAA
GGATATARCARARGTTTCARTGGCTTTGARAACGGAGAACACGACGTATGCGGARGTCARCGACATGCTZATACCTCGTCGTTTCGTTGCTARGTGGAAR

01 o 720 730 740 750 760 770 780 790 800
1 1
TTTGTGTTTTCGCAGCAGGTARATCARGGTCGATGGATACATTTARATATGARAT TGCAGTCAGARATCCTGCATTCARARCCAGCTGTTTTGGCCATCL
TCTGTGTTTTCGCAGCAGGTARATCARGGTCGATGGATACATTTARATATGARAT TGCAGTCAGTAATCCTGCATTCARARCCAGCTGTTTTGGCCATCC
TTTGTGTTTTCGCAGCAGGTARATCARGGTCGATGGATACATTTARATATGARAT TGCAGTCAGARATCCTGCATTCARARCCAGCTGTTTTGGCCATCE
TETGTGTTTTCGCAGCAGGTARATCARGGTCGATGGATACATTTARATATGARAT TGCAGTCAGAARATCCTGCATTCARARCCAGCTGTTTTGGCCATCE

801 810 820 830 840 a50 860 870 880 890 00
1 1
GGCAATCGATTGAAT TGCAGACCTCGARACACARCGATTTTCCCACTTGGGARCTCCTAGAGARARTCTCTCAATTARAGTTTCCGTGCGAGGGTGGAAA
GGCAATCGATTGART TGCAGACCTCGAAACACARCGATTTTCCCACTTGGGARCTCCTAGAGARRACCTCTCARTTARAGTTTCCGTGCGAGGGTGGAAR
GGCAATCGATTGART TGCAGACCTCGAAACACARCGATTTTCCCACTTGGGARCTCCTAGAGARRATCTCTCARTTARAGTTTCCGTGCGAGGGTGGAAR
GGCAATCGATTGAATTGCAGACCTCGARACACARCGATTTTCCCACTTGGGARCTCCTAGAGARAALCTCTCARTTARAGTTTCCGTGCGAGGGTGGAAA

901
1
GCAGARARCGGARRRGGCARARATGTCARGGAGCGGAGTACARTGTCAGAT TCARGCCATTCCATTTCTTTTTCTATTTTTTTTICTITTITTTGATTTGA
GCAGARARCGGARRRGGCARARATGTCARGGAGCGGAGTACARTGTCAGAT TCARGCCATTCCATTTCTTTTTCTATTTTTTTTICTITTITTTGATTTGA
GCAGARAACGGAAARGGCARARATGTCAAGGAGCGGAGTACARTGTCAGAT TCARGCCATTCCATTTCTTTTTCTATTTTTTTTICTITTITTITGATTTGA
GCAGARAACGGARRRGGCARARATGTCAAGGAGCGGAGTACARTGTCAGATTCARGCCATTCCATTTCTTTTTCTATTTTTTTTITCTTITTITTITGATTTGA

910 920 930 940 950 960 970 980 990 1000
1

1020 1030 1040 1050 1060 1070 1080 1090 1100

1
ARTTTGGCTCCCCAGGGCATARAGTTTTTGTACGAGTATTGCTGGTGGCAGGACARGGCARCTTTCCATTTGACGCTCGATATTGTCATGCATACARATG
ARTTTGGCTCCCCAGGGCATARAGTTTTTGTACGAGTATTGCTGGTGGCAGGACAAGGCARCTTTCCATTTGACGCTCGATATTGTCATGCATACARATG
ARTTTGGCTCCCHAGGGCATARAGTTTTTGTACGAGTATTGCTGGTGGHHGGA-HHNGCARCTTTHHATTTGACGCTCGAT-HTGTCATGCATACARNTG
ARTTTGGCTCCCcAGGGCATARAGTTTTTGTACGAGTATTGCTGGTGG6Ca66ACaagGCARCTTTecATTTGACGCTCGATaL TRTCATGCATACARATG

1001 1010
I

1120 1130 1140 1150 1160 1170 1180 1190 1200

1
AGGAAATGGGGGGGGCATTTCCCGGAAAAGCCGGGCAATGTCARGTGTGGARGAGAARTARAATTARATTTGCAGCACCACGCAGCTTACTAACCCCATT
AGGAAATGGGGGGG-CATTTCCCGGARARGCCGGGCAATGTCARGTGTGGARGAGARATARAATTARATTTGCAGCACCACGCAGCTTACTAACCCCATC
ANNA---HGGGGGGGCAT TH---HHHARANNHGGH--ANNTCAGHGHHNHANARNNAARNNA=-—--—-- HHHCAGHHCCHCHCANCTHACTA----CHHH
Agglaat gGGLGGGECATTEcococpgallAgechbgcalt gTCAagtgt gglaglgalit alaattaaattbgCAGecalCalgCAgCTEACTAacccCat .,

1101 1110
1

1201 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300

1 1
GAGAACCCTTTGTCCTGRATTCCGTTCTTGCAGACTCTACCCARGGTGCCCGTTCCAGCACTGGATGARRCGATGGCCGACTACATCCGCGCCCTGGAACE
GAGAACCCTTTGTCCTGACTCCGTTCTTGCAGACTCTACCCARGGTGCCCGTTCCAGCACTGGATGARRCGATGGCCGACTATATCCGCGCCCTGGAACE
HHHHHHHHHHHHHHATCHHHCHHCHANNNNHHNCHHNHHHHHHHH THCHHN

Logat 13

ta,at 3

Unspliced _ChAT_int2F

HT_ChAT_int2

Unspliced _ChAT_int2R
C:

ttbgbtecTga,blogtbetbgeagaltebacccaaggTglooght : 3

1301 1310 1320 1330 1340 1350 1360 1370 1380 1390 1400

1 1
GATTACCACGCCGGCGCAGCTCGAGCGGACCARGGAGCTGATCAGGCAGTTCTCGGCTCCCCAGGGARTCGGAGCGCGGCTGCATCAGTATCTGCTGAAG
GATTACCACGCCGGECGCAGC TCGAGCGGACCAAGGAGCTGATCAGGCAGTTCTCGGCTCCCCAGGGARTCGGAGCGCGGCTGCATCAGTATCTGCTG

Unspliced _ChAT_int2F
HT_ChAT_int2
Unspliced _ChAT_int2R
Consensus

gatt o g Lgat gbhcteggct tgcatcagtabcbgcte, ..

1420

1401 1410 1430 1440 1450 1460 1470 1480

I 1
GGCGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCGAGCATGCATC TAGAGGGCCCAATCGCCCTHHHHHNHHNNN
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Figure. 5.32 Alignment of the unspliced ChAT intron 4-7 region with the corresponding ChAT gene
region from the database

The sequences obtained from sequencing results for unspliced ChAT intron 4-7 were used for alignment
with the intron 4-7 region from ChAT gene in the database. Primers used for amplifying the intron 4-7
regions are also listed in the bottom of this section, plus the corresponding gene region of ChAT in the
database. Nucleotides labelled in red indicating mismatch, introns 4 to 7 are highlighted with cyan

background. The alignment result is presented in blue and red coloured sequences.

Sequencing result of region amplified by Fwd-Cha Intron 4-7 and Rev-Cha Intron 4-7
Primers = XXXX ChAT Intron 4-7 = K50

*** = missing nucleotide XXX = mismatch
>Unspliced_ChAT_int4-5_M13F (sequence downstream of M13F in the transformation product)
Only Intron 4 and incomplete Intron 5 of Chat are covered by this sequence

GNNNNNNNNNNNNAGGGCGATTGGGCCCTCTAGATGCATGCTCGAGCGGCCGCCAGTGTGATGGATATCTGCAGAATTC
GCCCTTGCAGGACTCGCAGTTCCTGCCGTCGCGGGAGCGACTGAACGACGAGGATCGCCATGTGGTGGTTATTTGCCGCAA

CCAAATGTATTGCGTCGTGCTGCAGGCTAGCGATCGTGGAAAGTTGTCAGAGAGTGAGATCGCCTCACAGATCCTCTATGTG
CTCAGTGATGCTCCCTGTCTGCCAGCTAAACCAGTGCCGGTGGGTCTGCTGACCGCTGAACCGAGGAGCACGTGGGCACGG
GACCGGGAAATGCTTCAGGAGGACGAACGCAATCAACGCAATCTGGAGCTCATCGAGACGGCACAGGTGGTCCTCTGTCTG
GACGAACCGTTGGCTGGGAACTTTAATGCGCGCGGTTTTACGGGTGCCACGCCCACAGTTCATCGGGCGGGGGATCGGGA
CGAGACGAACATGGCCCACGAGATGATCCACGGCGGAGGCAGCGAATACAACTCCGGAAATCGCTGGTTTGACAAGACCA
TGCAG AR GOAACTTTAACTTCCTTAATTAATIGA T AAATAACTARGE A ACHIIGAGCTCATTATTTGCACCG
ATGGAACCTGGGGCCTTTGCTATGAGCACTCCTGTTCCGAAGGCATTGCTGTTGTCCAGCTGCTGGAGAAGATCTACAAAAA
AATCGAGGAGCACCCGGACGAGGATAACGGTCTACCGCAACACCACTTGCCACCACCGGAGCGTCTGGAGTGGCATGTGG
GTCCGCAATTGCAATTGCGCTTTGCCCAAGCCTCCAAGAGTGTGGACAAATGCATCGATGACCTGGACTTCTATGTGTACCG
CTACCAGAGTTACGGAAAGACCTTTATCAAATCGTGCCAGGTCAGTCCGGATGTGTACATTCAACTGGCCCTGCAACTGGCT
CACTACAAGCTGTACGGACGTCTGGNGGNNACCTACGAAAGTGCGTCCACTCGACGATTTCTGCACETRAGTATACCCGOA
TG 6 CRGTRDAMARE . A N N R N I NI N N TERGAIBE N N NN CNNGNNNNNANNCNTTTCNGGNN
NCNNANACNGCATCNNNNNGNNNNNNNNNNNNNNNNNGCNNNGCNNNNNNNNNNNNNNANNNNCAACGNNCNN
NNNNANNANNNNNNTTNNNNNNN

>WT_ChAT_int4-7

GCAGGACTCGCAGTTCCTGCCGTCGCGGGAGCGACTGAACGACGAGGATCGCCATGTGGTGGTTATTTGCCGCAACCAAAT

GTATTGCGTCGTGCTGCAGGCTAGCGATCGTGGAAAGTTGTCGGAGAGTGAGATCGCCTCACAGATCCTCTATGTGCTCAGT
GATGCTCCCTGTCTGCCAGCTAAACCAGTGCCGGTGGGTCTGCTGACCGCTGAGCCGAGGAGCACGTGGGCACGGGACCG
GGAAATGCTTCAGGAGGACGAACGCAATCAACGCAATCTGGAGCTCATCGAGACGGCACAGGTGGTCCTCTGTCTGGACGA
ACCGCTGGCTGGGAACTTTAATGCGCGCGGTTTTACGGGTGCCACGCCCACAGTTCATCGGGCGGGGGATCGGGACGAGA
CGAACATGGCCCATGAGATGATCCACGGCGGAGGCAGCGAGTACAATTCCGGAAATCGCTGGTTTGACAAGACCATGCAG
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| AATGOAACTAACTICCTIAATTAATIGAATTTRIANAAATAACTARCGTATGIINGAG C TCATTATTTGCACCGATGGA

ACCTGGGGCCTTTGCTATGAGCACTCCTGTTCCGAAGGCATTGCTGTTGTCCAGCTGCTGGAGAAGATCTACAAAAAAATCG
AGGAGCACCCGGACGAGGATAACGGTCTACCGCAACACCACTTGCCACCACCGGAGCGTCTGGAGTGGCATGTGGGTCCG
CAATTGCAATTGCGCTTTGCCCAAGCCTCCAAGAGTGTGGACAAATGCATCGATGACCTGGACTTCTATGTGTACCGCTACC
AGAGTTACGGAAAGACCTTTATCAAATCGTGCCAGGTCAGTCCGGATGTGTACATTCAACTGGCCCTGCAACTGGCTCACTA
CAAGCTGTACGGACGTCTGGTGGCCACCTACGAAAGTGCGTCCACTCGACGATTTCTGCACETNAGTATACCCGOATCHTTA
CAGGAAATGTTGATCCTTAATTTAAGATTTTAATCTGTCGGTTTCATCGTCTCTGTATAATTCCATTTCCAGGGTCGCGTAGAC
TGCATCAGAGCGGCCAGCACGGAGGCATTGGAGTGGGCCAAGGCCATGTGCCAGGGTGAGGGTGCAAACGTGCCCCTGG

AGAGCGATCGCGAGGATGAGGAGGAGTCGCGAAAGETCAAGTTTAGOATTTACAGTGIGGETATTCOAGCETANAGCOATS
A G e AT AT ATC I GCCCCGOMABOAABAG A AGGATCATCTCCGGGAGCTTTTCCGGTGCGCCGTCGCCC

GCCAGACTGAGGTGATGGTGAAGAACATCCTGGGCAATGGCATCGACATCCCGCTGCTGGGCCTGCGAGAGGCCAGTATA

GAGGTCACCGGCGAGATGCACGAGCTGTTCAAAGACGAGTCCTACATCATCTCGCAGTGCTTCCTGCTCTCCACCAGTCAGH
A A G AT AT CATANACOAMIGAS G TGGCCTGCTCTACGGACAGCTTCATGGGATACGGACCGGTAA

CGCCACGTGGTTATGGCTGCTCCTACAATCCGCATCCG

>Unspliced_ChAT_int5-7_M13R_RC (sequence upstream of M13R in the transformation product — reverse

complement)
Only Intron 5, 6 and 7 of Chat are covered by this sequence

NCNNNNNNNNNNNNTNNNNNNNNNNNNNNNNNNNNGNNAANNTNTNNNAAAATNGANGNNNNNNNNNGNGATN
NNGTNNNCGNNNNNNNNNCNNNCGAGNNTCNGNNNNNNNTGNGGNTCNNCNNTNNNNGCGCTTNGCCNAAGCNNC
NANGAGTGTGGACNAATGCATCGATGACNTGGACTTCTATGTGTACCGCTACCAGAGTTACGGAAAGACCTTTATCAAATC

GTNCCAGGTCAGTCCGGGATGTGTACATTCAACTGGCCCNGCAACTGGCTCACTACAAGCTGTACGGACGTCTGGTGGCCA

CCTACGAAAGTGCGTCCACTCGACGATTTCTGCACINAGIATACCGGOATCTTTACAGGAAATGIIGATCCTTAATITAAGA
A G CECTTCATCGTCI TG IATAATTCOATIMGOAS GG TCGCGTAGACTGCATCAGAGCGGCCAGCACGGAGGC

ATTGGAGTGGGCCAAGGCCATGTGCCAGGGTGAAGGTGCAAACGTGCCCCTGGAGAGCGATCGCGAGGATGAGGAGGAG

TCGCGAAAGGTCAAGTTTAGCATTTACAGTGTGGGTATTCCAGCGTAAAGCCACCACT | TGAAAA! AGTAACTTATCTTTGC

EEEEERABEAREAG A A GGATCATCTCCGTGAGCTTTTCCGGTGCGCCGTCGCCCGCCAGACTGAGGTGATGGTGAAGAACA
TCCTGGGCAATGGCATCGACATCCCGCTGCTGGGCCTGCGAGAGGCCAGTATAGAGGTCACCGGCGAGATGCACGAGCTG

TTCAAAGACGAGTCCTACATCATCTCGCAGTGCTTCCTGCTCTCCACCAGTCAG BBGTAATIGECCCACAGGTCTICGOIAA

CAAAAGTAGGTATCGGCTAGAATGAAGATATCTTCAGGACTTGGC  « ACAT TTITTGG ATCGT IATAATG! TCTT: TTGAT
B AGEAIGAG G TG GCCTGCTCTACGGACAGCTTCATGGGATACGGACCGGTAACGCCACGTGGTTATGGCTGCTCCTACAA
TCCGCATCCGAAGGGCGAATTCCAGCACACTGGCGGCCGTTACTAGTGGATCCGAGCTCGGTACCAAGCTTGATGCATAGC

TTGAGTATTCTATANNNNNNANNANNNNNNN

>Fwd-ChAT-int4-7
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GCAGGACTCGCAGTTCCTGCC

>Rev-ChAT-int4-7_RC

TGCTCCTACAATCCGCATCCG
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Unspliced _ChAT_int45
HT_ChAT_intd7
Unspliced_ChAT_int67
Consensus

Unspliced _ChAT_int45

HT_ChAT_intd7

Unspliced_ChAT_int67
C

1 10 20 30 40 50 60 ) 80 90 100 110 120

| 1
GHNNNNNHNNHHHHAGGGCGATTGGGCCCTCTAGATGCATGCTCGAGCGGCCGCCAGTGTGATGGATATCTGCAGARTTCGCCCTTGCAGGACTCGCAGT TCCTGCCGTCGLGGGAGCGAC
GCAGGACTCGCAGTTCCTGCCGTCGOGGGAGCGAC

cpeagttectgoogt

121 130 140 150 160 170 180 190 200 210 220 230 240

| 1
TGAACGACGAGGATCGCCATGTGGTGGTTATTTGCCGCAACCARATGTATTGCGTCGTGCTGCAGGCTAGCGATCGTGGAAAGT TGTCAGAGAGTGAGATCGCCTCACAGATCCTCTATG
TGAACGACGAGGATCGCCATGTGGTGGTTATTTGCCGCAACCARATGTATTGCGTCGTGLTGCAGGCTAGCGATCGTGGARAGTTGTCGGAGAGTGAGATCGCCTCACAGATCCTCTATG
agcgatogh

3 cgccatgbggt gpthatt stattgcgtegtgct

Unspliced _ChAT_int45
HT_ChAT_intd7
Unspliced_ChAT_int67
Consensus

Unspliced _ChAT_int45

HT_ChAT_intd7

Unspliced_ChAT_int67
C

tgbe,gagagtpagategeckcacagatecbebakg

241 250 260 270 280 290 300 310 320 330 340 350 360
| 1
TGCTCAGTGATGCTCCCTGTCTGCCAGC TARACCAGTGCCGGTGEETCTGCTGACCGL TGARCCGAGGAGCACGTGGGCACGGGACCGGGARATGCTTCAGGAGGACGARCGCARTCARC
TGCTCAGTGATGCTCCCTETCTGCCAGCTARACCAGTGCCGGTGEETCTGCTGACCGLTGAGCCGAGGAGCACGTGGGCACGGGACCGGGARATGLTTCAGGAGGACGARCGCARTCARC

gott caac

tgcbecagbgatgetbeocchbgbecbgocagetaaaccagbgeepgtpgptecbgctgacegetbga,

361 370 380 390 400 410 420

430 440 450 460 470 480

| 1
GCARTCTGGAGC TCATCGAGACGGCACAGGTGGTCCTCTGTCTGGACGAACCGT TGGCTGGGARCTTTARTGCGCGCGGTTTTACGGGTGCCACGCCCACAGT TCATCGGGCGEGGGATC
GCARTCTGGAGC TCATCGAGACGGCACAGGTGGTCCTCTGTCTGGACGAACCGCTGGLTGGGARCTTTARTGCGCGCGETTTTACGGGTGCCACGCCCACAGTTCATCGGGLGEGGGATC

geaatctggagetoat sotoctotgtot .Lgget ttaat tttacggpt teat c

Unspliced _ChAT_int45

HT_ChAT_intd7

Unspliced_ChAT_int67
C

481 430 500 510 520 530 540 550 560 570 580 590 600

| 1
GGGACGAGACGARCATGGCCCACGAGATGATCCACGGCGGAGGCAGCGAATACARCTCCGGARATCGCTGGT TTGACARGACCATGCAGGTARTGCARCTTTARCTTCCTTAATTARTTG
GGEACGAGACGARCATGECCCATGAGATGATCCACGGCGGAGGCAGCGAGTACAATTCCGGARATCGCTGGTTTGACARGACCATGCAGGTARTGCARCTTTARCTTCCTTARTTAATTG

soccca, pagatgat

Unspliced _ChAT_int45
HT_ChAT_intd7
Unspliced_ChAT_int67
Consensus

Unspliced _ChAT_int45

HT_ChAT_intd7

Unspliced_ChAT_int67
C

.tacaa.tbtceggaaatopetgptbbgacaagaccat geaggtaat. geaactbbaactbocetbaatbaatkby

601 610 620 630 640 650 660 670 680 690 700 70 720
| 1
ATTTTTTTTTTARATAACTARCCCARCTTTCAGCTCATTATTTGCACCGATGGAACCTGGGECCTTTGCTATGAGCACTCCTGTTCCGARGGCATTGCTGTTGTCCAGCTGCTGGAGARG
AATTTTTTTARARATAACTARCCTATCTTTCAGCTCATTATTTGCACCGATGGARCCTGGGGCCTTTGCTATGAGCACTCCTGTTCCGARGGCATTGCTGTTGTCCAGC TGCTGGAGARG

HCHHHHNNNHHHHHTHHHNNNNNNHHHHHHHNNNNGHNARN

cCtgtt tgctgtbotocagetgctphaghh;

a,LEEELEE,  aaat.aactaacc,a,ctbbcagebeattatbt ttgctat

721 730 740 750 760 770 780 790 800 810 820 830 840

| 1
ATCTACAAARARATCGAGGAGCACCCGGACGAGGATARCGGTCTACCGCARCACCACTTGCCACCACCGGAGCGTCTGGAGTGGCATGTGGGTCCGCART TGCARTTGCGCTTTGCCCAR
ATCTACAAARARATCGAGGAGCACCCGGACGAGGATARCGGTCTACCGCARCACCACTTGCCACCACCGGAGCGTCTGGAGTGGCATGTGGGTCCGCARTTGCARTTGCGCTTTGCCCAR

Unspliced _ChAT_int45
HT_ChAT_intd7
Unspliced_ChAT_int67
Consensus

Unspliced _ChAT_int45
HT_ChAT_intd7
Unspliced_ChAT_int67
Consensus

Unspliced _ChAT_int45
HT_ChAT_intd7
Unspliced_ChAT_int67
Consensus

Unspliced _ChAT_int45

HT_ChAT_intd7

Unspliced_ChAT_int67
C

NTNTN--NNHRRRTNEHNENNN----NNNNNNENEHTNNNETNNNEENNNNNNNNNENNNE -------- GAGHNTCHGHNHNNH-NTGNGGHTCHNCHNTHN---NNGCGCTTHGCCHAR
aTeT. aacghGTetal CtbgC GAGcgTCEGgagtgpcaTGtGGgTCeglaaTbgocaab tGCGCTTEGCCCAR
841 850 860 870 880 890 900 910 920 930 940 950 960

| 1
GCCTCCAAGAGT GTGGACARATGCATCGATGACCTGGACTTCTATGTGTACCGCTACCAGAGT TRCGGARAGACCTTTATCARATCGTGCCAGGTCAGTCCGG-ATGTGTACATTCARCT
GCCTCCAAGAGTGTGGACAAATGCATCGATGACCTGGACTTCTATGTGTACCGCTACCAGAGT TRCGGARAGACCTTTATCAAATCGTGCCAGGTCAGTCCGG-ATGTGTACATTCAACT
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5.3. Discussion

5.3.1. Elevation of ChAT protein level and mis-splicing of ChAT mRNA in the B52 loss
of function mutants

Study of ChAT in Drosophila dates back to decades ago. ACh is an excitatory neurotransmitter in
Drosophila and other insects [285, 286]. The release of ACh in the eye is needed by Drosophila
for executing light avoidance [287]. Constant expression of ChAT is needed in Drosophila
cholinergic neurons for the synthesis of both ACh and vesicular ACh transporter (VAChT), where
the VAChT gene is nested within the first intron of ChAT [288]. Other studies have also pointed

out the strong correlation between ChAT and VAChT [289].

Although in this study there is no direct indication of VAChT activity in response to the level of
B52, the elevation of ChAT revealed by anti-ChAT staining may well be accompanied by the up-
regulation of VAChT in B52 loss of function mutants (elavGal4/+; ; UAS-BBS/+, Gal4"?"/+; ; UAS-
B52-TRiP-RNAi/+, B52*L24 homozygous mutant). Splicing of the first intron of ChAT can be
examined to determine whether B52 is also responsible for regulating the correct splicing of

VAChT.

Overall, elevation of ChAT has been observed whenever expression or activity of B52 is reduced,
in several different fly lines (elavGal4/+; ; UAS-BBS/+, Gal4"*"/+; ; UAS-B52-TRiP-RNAI/+,
B52*L24 homozygous mutant). Also, reduction of ChAT levels is observed when B52 is
overexpressed in all neurons (elavGal4/+; ; UAS-GFP-B52/+). Table 5.1 at the end of this chapter
summaries levels of different neurotransmitters expressed in the corresponding fly lines relative
to the control, where B52 levels are different. In addition, accumulation of unspliced ChAT mRNA
has been detected in both elavGal4/+; ; UAS-BBS/+ and B52*L24 homozygous mutant. These

results strongly suggest B52 mediates splicing of ChAT.
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5.3.2. Elevation of v-Glut protein level in B52 loss of function mutants

As indicated by the letter “v (vesicular)” in its name, the excitatory neurotransmitter glutamate
is loaded into vesicles and then transported to synaptic sites. Widespread expression of v-Glut
is found in the neuropil, the site of interneuronal/motoneuronal synapses in Drosophila brain
and nerve cord [290]. Also, v-Glut has been identified as a major neurotransmitter for motor

neurons.

Overexpression of v-Glut causes increases in the size of synaptic vesicle, and subsequent
increase of glutamate content per synaptic vesicle. However, this increase of v-Glut plus the
glutamate transported does not induce excessive synaptic excitation. Current model suggests
uptake of glutamate provides feedback which limits the total release of glutamate, regardless of
the increase in the volume of v-Glut [291]. Therefore, behavioural changes observed in larvae

(Chapter 6) may not be associated with the level of v-Glut.

A clear indication of the association between v-Glut and B52 levels is seen between B52/4L24
homozygous and heterozygous lines at 24hrs post hatching, where v-Glut is significantly
elevated in the homozygous mutants in response to the depletion of B52 protein (Fig. 5.21a).
Overexpression of B52 in all neurons (elavGal4/+; ; UAS-GFP-B52/+) also leads to slight reduction
of v-Glut. There are also situations where level of v-Glut is not affected by B52 level, such as in
elavGald/+; ; UAS-GFP-B52/+ and Gal4'*"/+; ; UAS-B52-TRiP-RNAi/+, compared to the
corresponding controls, but in most cases, reduction of B52 level results in elevated v-Glut level.
A direct way to test whether B52 is responsible for regulating v-Glut is to test the splicing

condition of the RNA of the latter in B52 mutation background.

5.3.3. Reduction of B52 levels cause different effects on 5-HT levels
5-HT, or serotonin, is an important neurotransmitter involved in the regulation of a variety of

behaviours, such as learning and memory, and circadian entrainment, in Drosophila [292, 293].
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Reduction of 5-HT in the brain has been associated with insomnia [294], and other neurological

disorders, including autism and Alzheimer [295, 296].

In this study, the level of 5-HT follows the same pattern as ChAT in response to B52 level, despite
there is only one case (UAS-BBS/+; elavGal4/+) where the difference in 5-HT level is statistically
significant (Fig. 5.4a) between the mutant lines and the corresponding controls. It is therefore
unlikely that the differences in 5-HT levels play a major role in causing behaviour changes in

hatching embryos or larvae.

5.3.4. GABA and TH

GABA is a major inhibitory neurotransmitter in the Drosophila CNS. GABA has been shown to
regulate synaptic transmission [297], circadian sleep/wake cycle [298], olfactory learning [299]
and response to mechanical stimulus [300], where reduction of GABA, or its receptor Rdl, often

leads to impairment of the corresponding biological pathways.

Levels of GABA relative to B52 have shown inconsistency. In UAS-BBS/+; elavGal4/+ and
Gal4V?"/+; ; UAS-B52-TRiP-RNAi/+, GABA levels are elevated and reduced, respectively, although
both lines have reduced B52 activity. However, in B52*L24 line, levels of GABA between the
heterozygotes and homozygous mutants are not different from one another. These results
suggest B52 probably has no regulatory effect over GABA, and the difference in levels of GABA
observed in UAS-BBS/+; elavGald/+ and Gal4"?"/+; ; UAS-B52-TRiP-RNAi/+ relative to the
corresponding control lines are likely to be caused by difference in the magnitude of antibody

penetration.

TH is responsible for the synthesis of dopamine. Like 5-HT and GABA, dopamine is involved in

regulating sleep and circadian rhythm [301, 302].

It appears that the results regarding TH levels are inconsistent with changes in B52 levels, as
shown in Gal4"?'/+; ; UAS-B52-TRiP-RNAi/+ (Fig. 5.18a) and Gal4"?"/+; ; UAS-GFP-B52/+ (Fig.
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5.13a). However, in B52*L24 homozygous mutants, the level of TH was less compared to the
heterozygous mutants. Because both up-regulation and down-regulation of B52 resulted in the

same reduction of TH, B52 may not be linked with the levels of TH.

5.3.5. Levels of neurotransmitters relative to B52 level

In most cases, reduction of B52 level did not result in any change in levels of
neurotransmitters, as seen in Gal4"?"/+; ; UAS-B52-TRiP-RNAi/+ (72hrs), and 19H09Gal4, UAS-
myrm::RFP/UAS-BBS (84hrs). Also over-expression of B52 did not induce any change as well, as
seen in Gal4V?"/+; ; UAS-GFP-B52/+ (72hrs) and 19H09Gal4, UAS-myrm::RFP/UAS-B52-GFP
(84hrs). More samples are needed to confirm the phenotypes of ChAT in various cases, such as
in UAS-BBS/+; elavGal4/+ (24hrs) and pflacW}B52 homozygous (24hrs). The only confirmed
cases are reduction of 5-HT in UAS-BBS/+; elavGal4/+ (24hrs) compared to the elavGla4 (Il1)
control, and the elevation of ChAT in B52*L24 homozygous (24hrs and 48hrs) and v-Glut in
B52*L24 homozygous (24hrs) compared to the corresponding B52*L24 heterozygous control

(24hr or 48hrs).

To sum up, in some cases, the exact consequences of changing in B52 level towards
neurotransmitter levels could not be defined due to large variance in samples collected. The
best way is to collect more samples in order to achieve a normalised distribution, where the

mean and median values of the intensity become close enough.
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Table 5.1 Levels of neurotransmitters in corresponding fly lines relative to the control

UAS-BBS/+; elavGal4/+ (24hrs)
p{lacW}B52 homozygous (24hrs)
elavGal4/+; ; UAS-GFP-B52/+ (48hrs)
Galav?h/+; ; UAS-GFP-B52/+ (72hrs)
Gal4V?"/+; ; UAS-B52-TRiP-RNAi/+ (72hrs)
19H09Gal4, UAS-myrm::RFP/UAS-BBS
(84hrs)

19H09Gal4, UAS-myrm::RFP/UAS-B52-GFP
(84hrs)

B52*L24 homozygous (24hrs)

B52*L24 homozygous (36hrs)

All = ChAT, v-Glut, GABA, 5-HT and TH

Elevated(4) or No
Reduced(4) Difference
5-HT (/) v-Glut
5-HT
ChAT; v-Glut
All
ChAT; v-Glut
ChAT; v-Glut
ChAT
ChAT(1); v- GABA
Glut(1)
ChAT(1)
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Chapter 6 B52 and larval locomotion and body features

6.1. Introduction

It takes around 19hrs to 24hrs at 25°C for Drosophila embryos to hatch into larvae from egg
laying. This is followed by 3 days (or instars, each lasts 24hrs at 25°C) of larval form before they
enter pupation. After one or two days they turn into adult flies, which normally will stay alive

for about two to three weeks.

The earliest sign of movement occurs 4 hours before hatching [303]. This is followed by
disorganised muscle contractions (also known as episodic activity) for a period of up to 3.5 hours.
During this time, embryonic movement starts to develop into a more recognisable pattern. The
first complete coordinated motor output, which involves left and right side synchronisation and
propagation of muscle contraction in a peristaltic wave along the body axis of embryo, takes
place 2 hours before hatching, or 15 minutes before tracheal filling [303]. During this 18.5-20.5
hours after egg lay period, embryos also show an increase in response to strokes applied to the
anterior segment of the body [304]. Also, with increasing maturity, embryos develops the ability

to right themselves when turned upside down [304].

Since motor neurons are not capable of firing action potentials until 17 hours after egg lay [305],
all the movements made before this point are myogenic in origin. Blocking of evoked synaptic
transmission in all neurons (elav-Gal4) by inducing tetanus toxin expression does not affect the
occurrence of these premature movements [304]. Removing of either presynaptic terminals by
expressing the cell death gene grim in all motorneurons, or loss of the glutamate receptor, the
receptor for the major motorneuronal neurotransmitter, also do not block these myogenic
activities [304]. Blocking of sensory input by expressing tetanus toxin in sensory neurons (P0164-

Gal4) does not disrupt the transition from myogenic to synchronised muscle contractions [304].
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It has been shown that all presynaptic input to the embryonic motorneurons is mediated by ACh
[306]. Blocking of cholinergic neurons by expressing tetanus toxin using the Cha-Gal4 driver [307]
results in the absence of bursting activity, which is the rapid, unorganised and vigorous
movement of the hatching embryo, indicating bursting activity is controlled by the central
network [304]. Upon the occurrence of the first bursting, generation of movements is largely

promoted by the constant input of synaptic transmission.

Blocking of synaptic transmission in all neurons (elav-Gal4) by manipulating the expression of
the temperature sensitive vesicle recycling protein Shibire [308] for 2hrs (105 minutes before
tracheal filling to 15 minutes after tracheal filling) and 1hr (45 minutes before tracheal filling to
15 minutes after tracheal filling) results in delays in the occurrence of the first complete
movement for 55 minutes and 31 minutes, respectively [303]. This indicates certain level of
neuronal activity needs to be achieved in order to generate mature and coordinated neuronal

network.

It has previously been shown that in embryos lacking all sensory input, motor episodic activity
occurs less frequently and the onset of first coordinated muscle movement is delayed by 1hr
[304]. In contrast, elevation in sensory activity, induced by light impulses to sensory neurons
(PO163-Gal4) expressing the light sensitive channel protein ChR2 [309, 310], leads to more
frequent episodic activity and early occurrence of coordinated muscle movement [303]. These
results altogether suggest the frequency of episodic activity generated by the immature

neuronal network is correlated with the magnitude of sensory input.

In my study, the muscle movement during the period from tracheal filling to hatching was
examined. Movements of these hatching larvae are divided into two types: short contractions
and long contractions. Short contractions are equivalent to the premature or uncoordinated
movements as described by Crisp et al. (2008). They typically last for less than 10 seconds. On
the other hand, long contractions are the matured and coordinated form of muscle movement
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and usually last much longer than short contractions. The whole hatching process was recorded
with under the microscope. The intensity of light projected to the embryos was set at minimum
level which was just enough for the camera to recognise the subject. Time interval between each
capture was set at 5 second for a recording period of 2 hours or more using HCImage. The

temperature of the room for the recording was set to be 20°C.

There was significant difference in the frequency of episodic movements generated in UAS-
BBS/+; elav-Gal4/+ embryos compared to controls. Also, when compared to their heterozygous
counterparts, the movement at 36 hours post hatching of B52*L24 homozygous mutant larvae

was severely impaired.

6.2. Results

6.2.1. Antagonising B52 activity with BBS driven by elavGal4 in neurons causes
abnormal muscle contractions during larval hatching

Four different lines were used for the hatching test, including wild type (n=3), elavGal4 (on lll)
control (n=6), elavGal4/UAS-B52-RNAi (101740) (n=5) and UAS-BBS/+; elavGal4/+ (n=5). Trachea
filled embryos were glued on a coverslip, kept in a dark room with temperature set at 20°C. The
light used for time lapse recording was set to minimum. The time interval between each capture

were set to 5 seconds.

During the first 2 hours after tracheal filling, UAS-BBS/+; elavGal4/+ animals made three times
more short contractions (p<0.001) than elavGal4 (lll) control and the wild type larvae. No
significant differences in muscle movements were observed between any other two groups.
Although the standard error bars for short contractions of elvaGal4 controls and elavGal4/UAS-
B52-RNAi (101740) embryos do not overlap with each other, the p value of a t-test is 0.0728

between the two groups, and therefore not statistically significant.
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Number of muscle movements made during the first
2hrs after trachea filling
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Figure 6.1 Muscle movements made during the first 2hrs after tracheal filling.

The average number of muscle movements made by wild type and elvaGal4 (1) control are 56 and 64.7
times, respectively. Both of them made significantly less short contractions than UAS-BBS/+; elavGal4/+,
which topped at 167 times. elavGal4/UAS-B52-RNAi (101740) made about 40% more short contractions
than elavGal4 (lll) control, but the difference is not statistically significant. The lowest number of long
contractions was made by UAS-BBS/+; elavGal4/+ at 8.4 times, and the highest was made by elvaGal4 (lll)
control at 10.8 times. Regardless of an increment of 2.4 times, the difference is not statistically significant
between them. Sample sizes for each genotype are n= 3, 6, 5 and 5 for WT, elvaGal4 (lll) control,

elavGal4/UAS-B52-RNAi and UAS-BBS/+; elavGal4/+, respectively.

6.2.2. Overexpression of B52 with elavGal4 in neurons causes even more severe
abnormal muscle contractions during larval hatching

Three different lines were used for the hatching test, including elavGal4 (on X) control (n=38),
elavGal4/+; ; UAS-BBS/+ (n=37) and elavGal4/+; ; UAS-GFP-B52/+ (n=13). Comparisons were

made with wild type data.
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During the first 2 hours after tracheal filling, both elavGal4 (X) control and elavGal4/+; ; UAS-
BBS/+ made less than half the number of short contractions (p<0.001) than the wild type. In
addition, the number of long contractions (p<0.001) made by elavGal4/+; ; UAS-BBS/+ was also
significantly less than the wild type. Between elavGal4 (X) control and elavGal4/+; ; UAS-BBS/+,
there were significant differences in the number of times for both short (p<0.001) and long
contractions (p<0.001) made, respectively. Compared elavGal4 (X) control to, elavGald/+; ; UAS-
GFP-B52/+, double the number of short contractions (p<0.001) were made by the former. Also,
only half amount of long contractions (p<0.001) were made by elavGal4/+; ; UAS-GFP-B52/+
compared the wild type. The difference in long contractions made is also statistically significant

(p<0.05) between elavGal4/+; ; UAS-GFP-B52/+ and elavGal4 (X) controls.

Number of muscle movements made during the first 2hrs
after trachea filling
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Wild Type elavGal4 control elavGal4/+; ; UAS-BBS/+  elavGal4/+; ; UAS-GFP-
B52/+

H Short M long

Figure 6.2 Muscle movements made during the first 2hrs after tracheal filling.

The elvaGal4 (X) line makes much less movements than the wild type in general, with elavGal4 (X) control
and elavGal4/+; ; UAS-BBS/+ making only about half the amount of short contractions as the wild type.
With a difference of 7.2 times, numbers of short contractions made between elavGal4 (X) control and
elavGald/+; ; UAS-BBS/+ are significantly different from each other. The number of short contractions
made by elavGald/+; ; UAS-GFP-B52/+ is close to the wild type, showing no significant difference.
Difference in numbers of long contractions is statistically significant between (1) elavGal4/+; ; UAS-BBS/+

and elavGal4 (X) control, (2) elavGal4/+; ; UAS-GFP-B52/+ and elavGal4 (X) control, and (3) elavGal4/+; ;
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UAS-GFP-B52/+ and the wild type. Sample sizes for each genotype are n=3, 38, 37 and 13 for WT, elvaGal4
(X) control, elavGal4/+; ; UAS-BBS/+ and elavGal4/+; ; UAS-GFP-B52, respectively.

6.2.3. Mutation of B52 does not cause severe defects of muscle contractions during
larval hatching

Heterozygotes (n=20) and homozygous mutants (n=15) of B52*L24 were used for the hatching

test. Comparisons were made with the previous wild type data.

Unexpectedly, there was no significant difference in the amount of muscle contractions made
between the heterozygous and homozygous B52*L24 during the first 2 hours after trachea filling.
However, both mutants displayed significant differences from wild type in terms of both short

(p<0.05) and long contractions (p<0.05) made.

Number of muscle movements made during the first
2hrs after trachea filling
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Figure 6.3 Muscle movements made during the first 2hrs after tracheal filling.
The differences in both short and long contractions made between B52*L24 homozygous and

heterozygous mutants are not significant. Both mutants made around 30% less short contractions and
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less than half the amount of long contractions made by the wild type. Sample sizes for each genotype are

n=3, 20 and 15 for WT, B52*L24 heterozygous mutants and B52*L24 homozygous mutants, respectively.

6.2.4. Mutation of B52 causes dramatic defects in growth and locomotion in 36hrs
old larvae

Considering that the reason B52*L24 homozygous and heterozygous mutants exhibited very
similar behaviour patterns might be due to maternal contribution of B52 RNA, which was still
enough to translate into B52 protein until later embryonic stages, an additional larval

locomotion test was performed using 36hrs larvae.

The 36hrs post hatching larva of B52*124 homozygous mutant had the same body size as a 24hrs
post hatching larva, and no active movement was observed at all. To make sure the larva was
still alive, a gentle force was applied to the larva with the brush. Water was applied in another
experiment to justify that the 36hrs post hatching B52*L24 homozygous mutant larva was still
alive. On the other hand, the heterozygous control larva was moving around actively through

the whole time.

6.2.5. Time required for hatching from trachea filling (elavGal4 on X)

The amount of time required for different lines of larvae to hatch was also recorded. The tested
subjects were elavGal4 control (n=38), elavGal4/+; ; UAS-BBS/+ (n=37) and elavGal4/+; ; UAS-

GFP-B52/+ (n=13). The starting point was set to be at the time when trachea were filled.

Compared to elavGal4 control, Both elavGal4/+; ; UAS-BBS/+ (p<0.05) and elavGal4/+; ; UAS-

GFP-B52/+ (p<0.05) took on average 1 hour longer to hatch.
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Figure 6.4 Time required for hatching from tracheal filling.

Both elavGal4/+; ; UAS-BBS/+ and elavGal4/+; ; UAS-GFP-B52/+ took around one hour longer for hatching,
compared to elavGal4 (X) control, and this is statistically significant. Sample sizes for each genotype are
n= 38, 37 and 13 for elvaGal4 (X) control, elavGal4/+; ; UAS-BBS/+ and elavGal4/+; ; UAS-GFP-B52,

respectively.

6.2.6. Growth defects in B52*L24 homozygous mutant animals

As mentioned in Chapter 5, in 36hrs post hatching larvae, the size of the ventral nerve cord (VNC)
in B52*L24 homozygous mutant appears to be shorter than those in the wild type and B52*L24
heterozygous mutant. The width (widest section) of the VNC of each genotype is therefore
measured with Zen, the program that comes with Zeiss LSM710. The width of VNC in B52*L24
homozygous mutant is significantly different from those in the wild type and B52*L24

heterozygous mutant (p<0.001 for both t-test analyses).
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Figure 6.5 Width of ventral nerve cords in stage 17 embryos.

The width of the VNC in B52*L24 homozygous mutant is around 24% to 30% less than that in the wild
type and B52*L24 heterozygous mutant, respectively. The differences are statistically significant. Sample
sizes for each genotype are n= 5, 5 and 5 for WT, B52*L24 heterozygous mutants and B52*L24

homozygous mutants, respectively.

6.3. Summary of neurotransmitter and behavioural phenotypes

6.3.1. ChAT is essential for the correct locomotion of larval and B52 is responsible for
splicing of ChAT mRNA

The above results suggest the increase in short contractions is always coupled with a decrease
in long contractions. This can be justified by the maturity of the neuronal network, since short
contractions usually represent uncoordinated movements, whereas the presence of long
contractions means a more matured neuronal network. The hatching test results suggest the
increase in short contraction, and therefore decrease in long contraction, are caused by reduced

B52 level in the embryonic central nervous system (CNS). Also, reduction in B52 level leads to
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delayed embryo hatching, possibly due to hindered maturation of the neuronal network, since

B52 is involved in regulating the level of neurotransmitters through ChAT and v-Glut.

It seems the locations of elavGal4 inserted in the genome is affecting the behaviour of the
embryos, with elavGal4 (lll) behaves more similar to the wild type, while elavGal4 (X) being only
half active as the wild type, in terms of short contractions made. The insertion of elavGal4 on X
chromosome seems to cause unwanted disruption of the endogenous process. Since the
insertion is on the X chromosome, this could mean the associated defect is likely to be sex-
specific. The consequences of the insertion cannot be balanced by the second X chromosome
since its complementary pair is the Y chromosome. However, it was impossible to tell the sex of
hatching embryos when the recording was made, and therefore the phenotypes cannot be

separated from one another.

Increase in short contractions was not expected in elavGal4/+; ; UAS-GFP-B52/+, because no
obvious changes in ChAT or v-Glut level were detected compared to elavGal4/+ (X) control. It is
hard to tell whether this is real or simply an artefact, since this is the only line analysed for
muscle movement with elevated B52 level. However, if this movement “defect” is reproducible
in elavGal4/+; ; UAS-GFP-B52/+, the fact that overexpression of B52 brings the elavGal4 (X)
phenotype back to the wild type may indicate B52 somehow compensates the side effect

induced by elavGal4 insertion on the X chromosome.

In all tests done with elavGal4 lines (Il and X) and B52*L24 line, levels of both ChAT and v-Glut
are elevated in response to reduced B52 activity. The only exception is seen in 36hrs post
hatching larval brain of B52*L24 heterozygotes, where the level of ChAT is lower than that in
B52*L24 homozygous mutant as expected, but the level of v-Glut is the same when compared
to B52*L24 homozygous mutant. On the other hand, in 36hrs post hatching larval brain, ChAT

level in B52*124 heterozygotes is the same as the wild type, which is expected at first place.
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However, the level of v-Glut in B52*L24 heterozygotes is higher than that in the wild type in

36hrs post hatching larval brain.

It is interesting to know that while the expression level of v-Glut might be different during the
time of embryo hatching, which is deduced from the difference in v-Glut level in 24hrs post
hatching larval brain of B52*L24 heterozygous and homozygous mutants, the hatching embryos
behave similarly to one another. In contrast, by 36hrs after hatching, both B52*L24
heterozygous and homozygous mutants have the same level of v-Glut in the brain, but behave
completely different from each other. These all together suggest the main contributory factor
of difference in behaviour has something to do with the level of ChAT in 36hrs post hatching
larval brain, and also v-Glut may not have that strong effect on regulating muscle contractions

during embryo hatching.

From the comparisons made between B52*[24 heterozygous and homozygous mutants, we
have the following facts: (1) there is no strong difference in muscle movements during embryo
hatching between the two lines; (2) the main difference in neurotransmitter level presents in
36hrs post hatching larval brain where ChAT is significantly elevated (levels of v-Glut are the
same) as a result of the complete missing of B52 in B52*L24 homozygous mutant (level of ChAT
is only slightly higher in B52*L24 homozygous mutant by 24hrs post hatching); (3) 36hrs post
hatching larvae of B52*L24 homozygous mutants are completely motionless, while larvae of
B52*L24 heterozygous mutants show no sign of impairment in movement; (4) unspliced ChAT
MRNA is detected only in B52*L24 homozygous mutants (24hrs post hatching larval brain). All
these together suggest the synthesis of Ach mediated by ChAT is critical for the normal

movement of larvae, and splicing of ChAT mRNA is in turn regulated by B52.

The underlying cause for the complete motionless of 36hrs post hatching B524L24 homozygous
mutant larvae could be the accumulation of excessive amount of excitation signals, which results
in paralysis of the muscle. This is likely to happen due to the accumulation of acetylcholine (ACh)
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and the presence of its receptors. There are mainly two categories of ACh receptors, namely
nicotine acetylcholine receptor (hnAChR) and muscarinic acetylcholine receptor (mAChR). nAChR
is a neurotransmitter-gated ion channel. This channel is found to be present in large quantity at
the nerve-muscle synapse, mediating fast chemical transmission of signals in response to ACh
[311]. On the other hand, mAChR is found to couple with G proteins, which in turn mediate
potassium channels that are capable of causing hyperpolarisation of the plasma membrane in

excitable cells [312].

As a result, overloading of excitation signals caused by the up-regulation of ChAT, and
consequently prolonged exposure to its synthesis product ACh, eventually triggers the loss of
sensation in the muscle, which renders the B524L24 homozygous mutant larvae unable to move
freely. This is similar to the connection between neurological defects seen in schizophrenia

patients and the abnormally high level of 5-HT [313].

As shown in the videos, 36hrs post hatching larvae of B524L24 homozygous mutant were able
to react by performing weak muscle movement when mechanically stimulated with paint brush
or submerged in water. However, the interval between each movement was relatively long
compared to its heterozygous counterpart. This indicates that the larva itself was able to manage
its movement once for a while possibly by clearing out the accumulated ACh and restoring the
electric potential built up in the cell membrane. Nevertheless, the self-regulatory mechanism
was not sufficient to overcome the dramatic effect caused by ChAT overexpression. As a result,

these larvae were not able to search for food and feed themselves, and eventually ended up

dying.

6.3.2. v-Glut is more sensitive to the regulation of B52
According to the comparisons made among the wild type, B52*L24 heterozygous and
homozygous mutants, v-Glut is significantly elevated when B52 level is reduced to half, but no

further increase of v-Glut occurs when B52 protein is completely gone. This, in contrary to the
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relationship between B52 and ChAT, whose expression level is only increased dramatically when
all B52 protein is gone, suggests v-Glut is more sensitive to B52 activity in compare to ChAT. This
gives a reason why B52 is more needed, and therefore has higher expression in dMP2 than in
vMP2. The presence of B52 is important for the strict control of v-Glut, which is specifically
expressed by dMP2 motorneuron, whereas in vMP2 interneuron, the requirement of B52 by

ChAT appears to be less demanding.

6.3.3. B52 splicing target ecdysone receptor is a primary target that contributes to
the defects in development of larval body and VNC sizes

In addition to the small size of its VNG, it has also been shown in the video that the body size of
36hrs post hatching larvae homozygous mutant for B52*L24 maintained the size of 24hrs post
hatching larvae. The underlying causes for the small sizes of body and VNC in those 36hrs post
hatching B524L24 homozygous mutant larvae, together with defects in larval locomotion could
potentially be attributed to the misregulation of ecdysone receptor (EcR). As indicated by

genomic SELEX, the EcR encoding transcript is a potential RNA splicing target of B52 ([219, 234]).

According to FlyBase, EcR has been reported to have a total of six transcripts. Studies of the EcR
have been focusing on three protein isoforms: EcR-A, EcR-B1, and EcR-B2 [314, 315]. Mutations
that inactivate EcR-B1 and EcR-B2 cause defects in larval molting, for example the transition
from 1% instar larva to 2" instar larva [316]. Mutations that inactivate EcR-B1 block ecdysone
responses and prevents metamorphosis. Moreover, mutations of all three EcR protein isoforms

are embryonic lethal [317].

Because mutations of all EcR proteins (or ECR common-domain mutants, i.e. the gene sequence
that presents in all transcripts is mutated) cause early death at embryonic stages, a mutation
construct using heat shock to induce EcR-B2 expression every 12 hours to sustain the life of the

embryo in order to reach further developmental stages was used to study the impact of EcR in
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larval stages [314]. It has been shown that expression of EcR-B2 during embryogenesis in EcR
mutants can allow such mutant animals to develop to the first instar larval stage and to have
normal appearance and movement until the end of the first instar. If no further heat pulses are
given, they arrest as first instar larvae and die after one or two days [314]. Furthermore, most
rescued larvae arrest with mouth parts and posterior spiracles like those of the first instar larvae.
The authors grouped the EcR mutants into 3 stages: stage 1, during which larvae actively crawl
and constantly move mouthparts; stage 2, during which larvae become stationary and cease
movement of mouthparts, if stimulated with a needle, they resume crawling and mouthpart
movements; and stage 3, which is basically on the verge of death where larvae generate no

response to stimulations, and cease dorsal medial abdominal contraction [314].

The phenotypes described for ECR mutant greatly resembles what has been observed in B524L24
homozygous mutants, where the body features of the larva were arrested at 24hrs post hatching,
or the end of 1% instar, and within another 12hrs, the larvae stopped moving but were still able
to generate weak response to stimulations, followed eventual death shortly afterwards. This
suggests EcR a likely RNA splicing target of B52, and the mutation in B52 is ultimately responsible

for the defects seen in larval development.

6.4. Discussion

Network formation can be altered in response to neurotransmission. Acetylcholine (ACh)
mediated neurotransmission is essential for the formation of behaviour patterns such as limb
movement in mouse [318]. In ChAT mutant mice, an increased amount of muscle nerve
branching, hyperinnervation and perinatal death are observed [319, 320]. ACh is known to be
necessary for shaping the early episodic activity into organised muscle movement in embryonic
chick and mouse [321, 322]. Deprivation of ACh during embryogenesis alters the pattern of these

spontaneous locomotion. In these ChAT mutants, coordination of right-left is abnormal [318].
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In C.elegans, non-lethal mutation of vesicle acetylcholine transporter (VAChT) leads to
uncoordinated movements [323, 324]. In this study, there was an increase in uncoordinated
movements (Chapter 6) in B52 dominant negative mutant (UAS-BBS/+; elavGal4/+), which might
corresponds to the above mentioned elevation of ChAT. In VAChT homozygous mutant created
by Kitamoto et al., 1% instar larvae are relatively inactive compared to heterozygous mutants
[325]. This observation resembles the 36hrs post-hatching larvae of B52*L24 homozygous

mutants.

In this study, antagonising of B52 activity by inducing BBS leads to an increase of uncoordinated
larval movement as well as delayed hatching, as seen in UAS-BBS/+; elavGal4/+. Larval behaviour
is not significantly affected by the lack of B52 activity in B52*L24 homozygous mutant at 24hrs
post-hatching. This might be caused by the maternal contribution which provides the last
available B52, enough to cover the 1% instar larval stage. As development goes on, severe
impairment of larval movement has occurred which results in complete motionless of the larvae
at 36hrs post-hatching, shortly before the death of the larvae. From one point, mis-regulation
of ChAT, which is caused by the lack of B52, and subsequent disruption of ACh synthesis may be

the cause of abnormal larval movement and death.

In addition to the above findings, study of islet (isl) has revealed a possible connection between
embryo hatching and other neurotransmitters. Islet is required by Drosophila in axon
pathfinding and targeting, and mutation of is/ causes loss of dopamine and serotonin synthesis
[271]. Restoring of Islet function by introducing UAS-isl using elavGal4 rescued neurotransmitter
specification in tyrosine hydroxylase- (TH), serotonin- and DDC-expressing neurons. However,
expression of TH or serotonin was not completely restored in all segments, and these embryos
failed to hatch [271]. This suggests expression of TH and serotonin is also essential for embryo
hatching. In my experiment, levels of both TH and serotonin did not show significant difference

between the mutants (including elavGal4/+; UAS-BBS/+ and B52*L24 homozygous mutant) and
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the corresponding controls. Therefore, the possible effect of TH and serotonin over the muscle
movement defects during embryo hatching can be excluded. This, once again, supports the

notion that mis-regualtion of ChAT is the primary cause of movement defects.
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Chapter 7 Impact of the Results

This study started with single cell transcriptome analysis, compared the gene expression
profile between the two sibling cells vMP2 and dMP2. The B52 gene was selected due to its
strong over-expression (45-times) in the dMP2 cell. Down-regulation of the splicing factor B52
in dMP2 cell causes overshooting of its posterior axon. Also, B524L24 homozygous mutants
larvae, generated in this study, which are devoid of B52 mRNA in the brain exhibit impairment
in larval movements 36hrs post hatching. The defects in larval locomotion are attributed to the
elevation of acertylcholine levels caused by the aberrant splicing of the ChAT gene, which
correlates with the reduction of B52 level. Further analysis of ChAT splicing conditions in
B52/124 homozygous mutants and also when B52 is down-regulated through sequestration
(elavGal4/+; ; UAS-BBS/+) revealed that the lack of B52 causes the presence of an unspliced

ChAT RNA isoform.

7.1. B52 is involved in axonal pathfinding, neurotransmitter regulation and

larval locomotion

It has been shown in this study that manipulation of B52 level does not interfere dramatically
with the development of the nervous system in early stage Drosophila embryos. For example,
the morphology and identity of different groups of neurons, including neuroblasts and all
differentiated neurons, were not affected simply because B52 activity was antagonised.
Regardless of that, overshooting of posterior axon in the dMP2 cell was observed when B52
activity was reduced (Fig 3.2a). This can possibly attribute to the mis-regulation of /ola, a
potential B52 splicing target identified by both genomic SELEX and microarry [219, 234]. lola has
a total of 19 splice variants, whose presence affects a range of tissues and cells such as gonad,
imaginal discs, or dorsal cell layer of the central nervous system (CNS) in the embryo [244].

Interestingly, lola itself encodes a transcription factor regulating a group of targets, including
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axon guiding molecules DSCAM and Frazzled [247]. Mutations in /lola have been reported to
cause defects in axon growth and guidance. Specifically, breaks in the longitudinal axons have
been observed in lola mutants, and pioneer axon MP fails to orient towards its fasciculation
target [326]. In a different study, Lola has been shown to have strong correlation with an axon
guiding molecule Slit, where ectopic expression of lola leads to ectopic expression of slit [257].
Slit is a midline repellent signalling molecule which prevents longitudinal axon from crossing the

midline.

As the single cell transcriptome analysis indicates, B52 is expressed in a much higher level in
dMP2 cell compared to that in its sibling vMP2 cell. The difference in expression levels of B52
may contribute to the different functions each of the two sibling cells were assigned for by the
time they differentiate from the mother MP2 cell. The differentiation is a necessary step to
ensure the generation of cells with novel properties compared to its precursors through genetic
rearrangement, which in this case results in the rise of the vMP2 interneuron which projects
axon anteriorly and expressing ACh, and also the dMP2 motor neuron, which projects axon
posteriorly and expressing glutamate. The roles of these two sibling cells have become
completely distinct from each other by the time they are separated. For example, even though
the axons of both cells function as pioneers to guide other longitudinal axons, each of them is
programmed to interact and fasciculate with different target axons. Also, later in the larval stage,
vMP2 and dMP2 are likely to have opposite or totally independent effects on larval locomotion,
where one functions as an inhibitor to suppress the generation of certain movement, and the
other facilitates the conduction of a particular movement, based on the fact they innervate
different targets and express different neurotransmitters. Neuronal processes like these are all,
to a certain degree, regulated by genetic components, especially during early developmental
stages where environmental factors only play a minimum role. From the available gene pool of
the vMP2 and dMP2 cells, B52 turns out to be one of the leading factors contributing to their

difference in cell fate because the expression levels of this gene have been shown to be

190



significantly different between vMP2 and dMP2, and this difference in B52 expression levels in
turn contributes to the distinct functions and properties of the corresponding cells. Also, B52 is
likely to be needed by more than the genes examined in this study, such as the ones identified
by genomic SELEX and microarray [219, 234]. The high level of B52 in dMP2 may well be required

by those target genes.

It is evident that the selection of neurotransmitter by specific cells can have great impact on the
subsequent regulation of larval movement. For example, the choice between excitatory and
inhibitory neurotransmitter can results in completely opposite outcomes when either of them
is taking the dominant effect. From the intensity analysis for ChAT and v-Glut levels in 36hrs post
hatching larval brain devoid of B52 RNA (B52/L24 homozygous mutants), it seems that the
correlation between B52 level and Chat level is reciprocal (i.e. the increase of one leads to a
decrease of the other and vice versa), whereas the relationship between B52 and v-Glut reaches
a limit at a relatively early point when the v-Glut level is saturated regardless of further
decreases in B52 level, as seen between 24hrs and 36hrs post hatching B524L24 homozygous
mutants (i.e. a hyperbola curve where v-Glut level saturates at a point where reduction of B52
level does not induce any further change of v-Glut level). In these B524L24 homozygous mutants,
the expression level of ChAT is strongly elevated as compared to the control B52/L24
heterozygotes, where the B52 level is only reduced to half of the wild type situation due to
defects in splicing of ChAT mRNA (Fig. 5.21A and 5.26A). As a result, the accumulation of
excessive ChAT leads to constant synthesis of ACh, which subsequently causes hyper-
polarisation of the cell membrane due to the presence of highly sensitive ACh receptors, which
also happen to be in large quantity [311]. This ultimately leads to over-excitation and paralysis
of the larval muscle, and therefore explains the cease of movement, while at the same time the
ability to generate weak response to stimuli, seen in 36hrs post hatching larvae devoid of B52

RNA.
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In late embryonic and larval stages, muscles movements start to emerge, reflecting the need of
neurotransmitters to regulate neuronal processes. On the other hand, in early developmental
stages, during which the fundamental infrastructure of the nervous system is still being built,
the presence of neurotransmitters may not seem to have that much of an impact. However, mis-
regulation of these neurotransmitters is still likely to cause deleterious effects in the nervous

system.

For example, an important part of neuronal circuit formation is the process of seeking synaptic
partner by each neuron, during which a molecular dance is performed by each participating
neuron to check if a potential target is actually the right candidate. This often involves the
communication between the pre- and post-synaptic sites. Normally, an exchange of moderate
amount of chemical information, in the form of signaling molecules such as neurotransmitters,
is enough to tell whether or not the neuron on the other end is the programed target, and
therefore prolonged exposure to signaling molecules is usually avoided and apparently is not

favoured by nature.

Interestingly, overexpression of ChAT has been shown to be beneficial in several cases. For
example, overexpression of cardiac ChAT prevented cardiac remodeling and improved survival
after myocardial infarction (commonly known as heart attack) or acute ischemia—reperfusion
injury (tissue damage caused by lack of blood supply) through these pleiotropic effects of ACh
[327]. However, in a normal setting, the accumulation of neurotransmitter can cause
deleterious effects, such as in the case of GABA accumulation as a result of ischemic brain injury,
which contributes to the pathogenesis of a stroke in patients [328]. In a non-medical setting, the
absence of ACh or ChAT in mouse results in smaller, less well connected nerve terminals at the
neuromuscular [319] and the total number of axons are doubled [320], meaning that they fail

to locate their targets efficiently. The increase in the number of axons is attributed primarily to
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neuromuscular paralysis, which is caused by the lack of regulatory neurotransmitter ACh in this

case.

However, in a situation where signals are constantly fired between two neurons, an inevitable
outcome is the hyper-polarisation of the cell membrane. This may trigger various downstream
effects according to the chemicals released and cells being targeted, having the potential of
initiating large scale cascade effects of multiple pathways. The likely result will be the cell losing
control of maintaining its components, and eventually collapse and get destroyed by apoptosis,

provided the surrounding non-neuronal cells are not affected.

As discussed in greater details in Chapter 6, ecdysone receptor (EcR) is highly likely to be the
target of the B52 splicing factor, which is responsible for the arrest of both the larval body and
ventral nerve cord (VNC) sizes at 1% instar. It has been shown EcR is an essential factor for larval
molting, i.e. the transition of 1 instar larva to 2" instar larva, which involves growth in body
size and hardening of cuticles for example [314]. EcR mutants highly resemble the 36hrs post
hatching B52/L24 homozygous mutants. They normally appear to be complete motionless for
both their body and mouthparts, but still retain the ability to generate weak response to stimuli,

and eventual die due to lack of feeding or the ability to move around and search for food.

Overall, this study has shown that first, the level of ChAT is correlated with the locomotion
defects seen in larvae devoid of B52 RNA, and secondly, B52 is responsible for the splicing of
ChAT mRNA. Two primary potential splicing targets of B52, lola and EcR, should be tested to

further confirm the phenotypes associated with B52 down-regulation and B52 mutation.
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Drosophila Embryos as Model to Assess Cellular and
Developmental Toxicity of Multi-Walled Carbon
Nanotubes (MWCNT) in Living Organisms
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Abstract

Different toxicity tests for carbon nanotubes (ONT) have been developed to assess their impact on human health and on
a and termestrial animal and life. We & new mods, e fruit fy Dwos & the
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injected Dil labelled multi-walled carbon nanotubes PJWONTY) become inconporated into cells in early Drosophila embryos,
allowdng the study o the consedg e of cellular uptake of ONTs on cell communication, tissue and ongan foem ation in
living embryos. Fluorescently labelled subcellular structures showed that MWONTS remained cytoplssmic and wene
exchsded from the nudews. Analysis of developing ectodermal and neural stem cells in MWONTS injected embryos nevealed
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Introduction

The first report of the synthesis of carbon nanotubes (CNT5)
wo decades ago [1] sparked imterest in such diverse fields s
electonics, optics, physics, maderial sciences medicdne and
hislogy. The promise CN'Ts hold for these fizlds onginaes from
their unique physical, chemical electrical and  mechaniol
properties [2]. Consequendy, commercial production and appli-
cafigns are ncressing and CNTS have a growing presmce in our
daily Bves ([3], see also Woodrow Wikon Nano Inventory].
Acomulation of nanoparticlss in our enviromment & still at the
detection threshold but the continuous release of particles by
production, wear and tear, and wase disposal makes an incressed
emvironmental exposnre nevitable [4]. In sddifion, the fitre nse
of CNT s in medical applications such as dmyg defivery, biosensors
and surgim] smfiolds [3] will increase human conma with CNTs
and justifies inermational effirs for the development and
sandardisation of existing toxicity tess, a5 well o= of new
approaches i st the health impact of CNT's [6].

Environmen@] concems and the hazard o human health
amsnciated with CNT s have atracted widespread attenfion [7 8],
CNTs can canse cellular and tisue damage by stimmlating
inflammation and necrosis doe to increased production of reactive
oy gen species (ROS) [7,9]. Single walled CN'Ts tend i he mone
damaging than muliavalled CNTs (MWONTS) [10]. The shape,

PLOS OME | wersr plosone ang

length and the addition of side groups alo inflnence CN'T toadcity
[7], An increasing mumbers of studies ndicade that many of the
mxc effeds inftally reporied may be cansed by contminations
depoited during ONT production, an obssrvation explaining
some of the inconsisencies in previous smdies [7,9]. Cell cubures
are ghien the medium of choice b waxdcity tests since they offer a
st bow cost and high-throughput approach. Yet, cell culture
resuls vary with el type and culre condifons [9], and reults
may N translate directly into the whale organism enviromment
where, in 2 temporal and spatially controlled fashion, thousands of
endogenous proteing and hundreds of different cell types interact
with each other. Due o high costs, high tmoughput toxicity
studies on mammak ane scarce. [t may be advantagesis toopt for
an alemative way, cmducting high throughput studies in lower
vertebrages and imerehmtes with short generation fime and high
fecundity, and vabidase resuls obiined in thess smdies in o Bmited
number of rodents. Indesd, aehaafish [11,12,13] and the flatworm
Ceiegans [14,15] have been recently wed to smudy the todciy of
CNTs. Both mode]l organisms allow the establishment of hasic
mechamisms of CNT inadcity by examining vishility, fertility, teme
and cellar inegrity [16]. They abo give an insight ini
alterations in gene expression changes, which underfie altened
argan fanction [11,15].

Hare we present o thind simpls animal made] system snwands
the sindy of ONT toxicity, Drassphile embryos. Embryos of
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HYGSRYYYGGLPYGYRERDLERFFKGYGRTRDILIKNGYGFYEFEDYRDADDAYYELHGKELL GERYYYEPARGTARGSHRDRYDDRYGGRRGGGGGRYHEK——--~ SSSRYGPPLRTEYRLIVENLSSR
HYGSRYYYGGLPYGYRERDLERFFKGYGRTRDILIKHGYGFVEFEDYRDADDAYYELHGKELLGERYYYEPARGTARGSHRORYDDRYGGRRGGGGGRYHEK -~
HYGSRYYYGGLPYGYRERDLERFFKGYGRTRDILIKHGYGFYEFEDYRDADDAYYELHGKELLGERYYVEPARGTARGSHRDRYDDRYGGRRGGGGGRYNEK ==
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HYGSRYYYGGLPYGYRERDLERFFKGYGRTRDILIKHGYGFYEFEDYRDADDAYYELNGKELLGERYYYEPARGTARGSHRDRYDDRYGGRRGGGGGRYHEKHKNSRSSSRYGPPLRTEYRLIYENLSSR
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YSHODLKD-YHROQAGEYTYADAHKORRNEGYYEFASLSONKTATEKLDDTELNGRRIHLVEDRRGGRSGGGGGSGRGRSRSS5SRSRSRSRRRSRSRRSSHSRSKSRSRSKSRGGRSKSKSPYKSRSRSR
YSHODLKD-YHROAGEY TYADAHKORRNEGYYEFASLSOHKTATEKLDDTELHGRRIHLVEDRRGGRSGGGGGSGRGRSRSS5SRSRSRSRRRSRSRRSSHSRSKSRSRSKSRGGRSKSKSPYKSRSRSR
YSHODLKD-YHROAGEY TYADAHKORRNEGYYEFASLSONKTATEKLDDTELNGRRIHLVEDRRGGRSGGGGGSGRGRSRSS5SRSRSRSRRRSRSRRSSHSRSKSRERSKSRGGRSKSKSPYKSRSRSR
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SRSHKSRDYSKSKSKSHSRTRSESPKRERDSRSRSRSYSKRESRSRSRSKS THRDSRSRORSASAENKSRSRSRSRSASPKHGHASPDRNNESHDD
SRSHKSRDYSKSKSKSHSRTRSRSPKRERDSRSRSRSYSKRESRSRSRSKSTHRDSRSRORSASAENKSRSRSRSRSASPKHGHASPDRHNESHDD
SRSHKSRDYSKSKSKSHSRTRSRSPKRERDSRSRSRSVSKRESRSRSRSKS THRDSRSRORSASAENKSRSRSRSRSASPKNGHASPDRNNESHDD
SRSHKSRDYSKSKSKSHSRTRSRSPKRERDSRSRSRSYSKRESRSRSRSKSTHRDSRSRORSASAENKSRSRSRSRSASPKHGHASPDRHNNESHDD
SRSHKSRDYSKSKSKSHSRTRSRSPKRERDSRSRSRSYSKRESRSRSRSKSTHRDSRSRORSASAENKSRSRSRSRSASPKHGHASPDRHNESHDD
SRSHKSRDYSKSKSKSHSRTRSRSPKRERDSRSRSRSVSKRESRSRSRSKS THRDSRSRORSASAENKSRSRSRSRSASPKNGHASPDRNNESHDD
SRSHKSRDYSKSKSKSHSRTRSRSPKRERDSRSRSRSYSKRESRSRSRSKSTHRDSRSRPPTYYYOKLYL

Figure. Al Alignment of Drosophila B52 protein isoforms
Drosophila B52 Isoforms S, K, | and D are the shortest, having sequences about half the length compared to other protein isoforms. Isoforms M, O and B have extra 5 amino

acids present in the consensus region. All of them contains at least one RRM (shortest isoforms), 7 of them have long enough sequence to cover a second RRM.
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