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Abstract

Investigating the role of Wnt/PCP proteins in axon growth and
neuronal cytoskeleton regulation

The Wnt/Planar Cell Polarity (PCP) signalling is responsible for the establishment of
planar polarity in epithelial tissues. Besides this function, it is also known to play
multiple roles in neuronal development, however, the mechanism by which PCP
signalling acts in these processes remained largely unclear. Neurons are highly
polarised cells with extended neuronal protrusions in order to connect to target cells.
The growth and maintenance of these protrusions crucially depend on the
cytoskeleton. In recent years, many direct regulators of the neuronal cytoskeleton
have been described, however it is still not completely understood how external or
internal signals are conveyed to the neuronal cytoskeleton. The aim of this project
was to study how core members of the PCP signalling module regulate the neuronal
cytoskeleton, and to understand how they contribute to axon growth in Drosophila
melanogaster.

To this end, we used primary embryonic cell cultures which provide powerful
subcellular readouts to determine the state of the neuronal cytoskeleton; and we
studied the embryonic and the adult nervous system in order to assess the in vivo
relevance of our findings.

Our results showed that most PCP proteins are present both in the embryonic
central and peripheral nervous system, and the loss of some of these components
causes an early stall of the intersegmental nerve b (ISNb) in embryos. In addition, we
found that the PCP proteins regulate axon growth and guidance in the ventral lateral
neurons (LNy), a group of neurons in the adult brain that are responsible for controlling
the locomotor activity and sleeping behaviour of the flies, as the LN, axons project
ectopically in most of the PCP mutants. Accordingly, these pathfinding defects result
in a strongly reduced LN, function and lead to severe alterations, particularly in the
sleep/wake transition, since the morning activity of the PCP mutant flies is disrupted
and becomes associated with an increased amount of daytime sleep.

In accordance with these, we found that some PCP proteins affect axon growth in
primary neuronal cell cultures as well. In addition, the lack of some of the PCP
components alters the state of the actin and microtubule (MT) cytoskeleton in cultured
neurons. In order to investigate the mechanism by which these PCP proteins can
control the neuronal cytoskeleton and contribute to axon growth, we also studied
DAAM (Dishevelled Associated Activator of Morphogenesis), a formin type of protein
which has previously been linked to PCP signalling. Besides its known actin-
regulatory function, we found that DAAM strongly affects the MT cytoskeleton as well,
in ways similar to the PCP proteins. Moreover, the loss of DAAM causes a similar
ISNb stalling phenotype than that of the PCP proteins in the embryo.

Together these findings suggest that the PCP proteins are necessary to properly
regulate the neuronal cytoskeleton, presumably by controlling DAAM, and contribute
to axon growth in vivo in the embryonic nervous system and in the adult brain. Beyond
that, our studies also revealed a new physiological function of the Wnt/PCP pathway
in controlling the sleeping behaviour of the adult flies.



1. Introduction

1. 1. Axon growth and the neuronal cytoskeleton

The formation of neuronal circuits during development is essential for proper
functioning of the nervous system. Neurons are structurally and functionally highly
polarised cells that extend slender neuronal protrusions, dendrites and axons, to
reach their target cells and communicate with them. The dendritic compartment is
responsible for receiving of the information whereas the axons are indispensable for
transmission of the neuronal signals. Axonal growth is guided by the growth cone
(GC), a highly dynamic fan-shaped structure, localised at the distal tip of the axon.
GCs play a fundamental role in correct pathfinding by reacting to the attractive and
repulsive guidance cues of their environment. Growth cone advance is critically
dependent on the neuronal cytoskeleton that undergoes dynamic changes upon
guidance signalling and plays an essential role in directed movement of the axon

towards its appropriate targets.

1. 1. 1. Organisation of the neuronal cytoskeleton and its role in axon advance

The neuronal cytoskeleton comprises of two main components, the actin and the
microtubule (MT) cytoskeleton. Figure 1 shows the principal organisation of the
neuronal cytoskeleton in the axon. Along the axonal shaft MTs are organised into
parallel running discontinuous MT bundles which provide a strong structural scaffold
for the axon. In addition, the MT tracks also serve as highways for axonal transport

mechanisms, for example, during synapse formation they ensure the transport of
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synaptic proteins from the soma to the GC [1]. The axon shaft also contains actin
filaments, of which the most prominent are the regularly spaced cortical actin rings,

formed by short actin filaments [2].
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Figure 1. The principal organisation of the neuronal cytoskeleton

Bundles of MTs are shown in green in the axon and in the growth cone (GC). Along the axon,
most MTs point distally with their plus ends [3] and are organised into a robust shaft. From the
MT-rich central zone of the GC, individual splayed MTs can invade into filopodia and
subsequently become stabilised in response to attractive signals (green arrow). In the
peripheral zone, F-aktin (shown in pink) form parallel bundles in the filopodia which promotes
MT extension. In contrast, in the lamellipodia F-actin is organised into a misaligned meshwork.
Red arrows represent the retrograde flow of F-actin which pushes back most MTs into the
central zone. In addition, circumferential F-actin arcs (transverse bundles of F-actin in the

transition zone) also antagonise MT extension into the peripheral zone. (adapted from [4])

The GC can be subdivided into three main structural domains designated as the
peripheral, central and transition zones. The peripheral zone of the GC often
comprises of two different types of membranous protrusions, the finger-like filopodia
and the veil-like lamellipodia. These structures are actin rich, filopodia contain parallel
bundles of filamentous actin (F-actin), whereas a network of relatively short actin

filaments can be found in lamellipodia. The tip of the axonal MT shaft forms the MT-
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rich central zone of the GC, from where individual splayed MTs can invade into the
actin-rich peripheral zone. The transition zone lies between these two regions in which

the actin and MT cytoskeleton overlap and eventually interact with each other [5, 6].

Regionof Bundled F-actin (rib) =— :icrt:ubule
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Figure 2. The stages of axon growth

Schematic figure showing the three stages of axon advance. In the first stage, new membrane
protrusions of the GC emerge by the extension of filopodia and lamellipodia. During
engorgement, MTs invade the new protrusions which subsequently become invested with
membranous vesicles and organelles. In the final stage called consolidation, the proximal part

of the GC shrinks leading to the formation of a new axon segment. (adapted from [5])
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During axon growth, GCs sense the guidance cues through their filopodia and
lamellipodia, and subsequently undergo dynamic changes in their shape by the
continuous assembly and dis-assembly of the cytoskeletal components. In the
process of GC advance there are three morphologically distinct stages of axon growth
called protrusion, engorgement and consolidation (Fig. 2) [7]. Protrusion occurs at the
leading edges of the GC by the elongation of filopodia and lamellipodia which is
thought to be primarily driven by polymerisation of the actin filaments. During
engorgement, MTs invade the newly formed protrusions which become filled with
membranous vesicles and organelles, such as mitochondria and endoplasmic
reticulum, likely through both Brownian motion and MT-driven transport. This is
followed by the stage of consolidation, when the proximal side of the GC shrinks
around the axonal MT bundle, during which the majority of the actin filaments
depolymerise, resulting in the formation of a cylindrical axonal shaft [5]. The
continuous repetition of these three stages leads to the elongation of the axon, until
recognition of the target cell(s), followed by synapse formation.

In the process of axon growth MTs play an essential role in axon extension,
whereas the actin cytoskeleton is thought to be primarily required for proper
pathfinding. Many studies showed that the inhibition of actin polymerisation does not
necessarily supress axon growth per se, but results in misdirected axon outgrowth
both in vivo and in cultured neurons [8-14]. In contrast, the blocking of MT dynamics
leads to axon growth inhibition [14-16]. These observations suggested that F-actin is
particularly important for the dynamic shape changes and exploratory movements of
the GC, whereas the MT cytoskeleton, besides providing a basic scaffold along the
axon, is indispensable for axon elongation.

In addition, it has become clear that the dynamic interactions between the actin
and MT cytoskeleton are crucial for GC advance. From the central zone of the GC,
individual MTs can extend into the actin-rich lamellipodia and filopodia, and can
explore the peripheral zone through dynamic polymerisation and depolymerisation

13



events (Fig. 1). Therefore, individual MTs interact with F-actin during this process in
which their exploratory behaviour is influenced by the actin cytoskeleton. F-actin
backflow both from filopodia and lamellipodia, and the formation of transverse actin
bundles antagonise MT extension, whereas radial F-actin bundles can serve as tracks
for MT elongation and promote MT extension into filopodia. Once external signhals
stabilise a filopodium against retraction, it captures individual MTs into a certain
direction which then become stabilised and joined by other MTs from the central zone
of the GC. Subsequently, it initiates engorgement and consolidation, and finally leads

to the formation of a new axonal segment. [5, 6, 17-20]

1. 1. 2. The regulation of cytoskeletal dynamics during axon growth

The continuous change and rearrangement of the cytoskeletal elements is required
for GC movements during axon growth, which cannot be achieved without the
regulation of cytoskeletal dynamics. Both MTs and actin filaments are dynamic
polymers that sometimes have to be in a stable form but at other times exist in an
actively changing state, thus, the precise control of their dynamics during axon growth
is essential.

MTs are polarised structures with a plus (+) and a minus (-) end. Their smallest
units are the a- and B-tubulin monomers which form heterodimers and polymerise into
protofilaments. The majority of MTs contain 13 protofilaments which arrange into
hollow tubes to form MT polymers (Fig. 3). Most MTs point distally with their plus ends
along the axon, and aim towards the periphery in the GC [3, 19-22]. In vivo, MTs show
dynamic instability evident at their plus ends primarily: the event in which growth is
followed by shrinkage is termed catastrophe, whereas the transition from shrinkage
to growth is called rescue [23]. Actin filaments are also polarised polymers exhibiting
a (+) end (a.k.a. barbed end) and a (-) end (a.k.a. pointed end). Compared to MTs,
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actin filaments are more flexible and they are composed of globular actin monomers
forming a double helical structure (Fig. 3). In GCs barbed end of the actin filaments

usually faces towards the cell membrane [5, 19, 20, 24].
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T-zone leading edge

Figure 3. The dynamics of actin filaments and microtubules

Actin filaments are polarised polymers of globular actin monomers (red spheres), presenting
a barbed and a pointed end. Actin monomers exists in two forms, such as ATP-actin and ADP-
actin. ATP-actin association usually happens at the barbed end of actin filaments, it is followed
by GTP hydrolysis, and GDP-actin dissociates from the pointed end. MTs are also polarised
structures, with a plus and a minus end, and composed of protofilaments [made out of a- and
B-tubulin heterodimers (blue and grey spheres)]. GTP-tubulin dimers are preferentially added
to the plus end of MTs, similarly to actin GTP hydrolyse, and GDP-tubulin dimers can

dissociate from the minus end. (adapted from [19])

The formation, stability and destruction of both MTs and actin filaments are well-
controlled in the entire neuron and throughout the whole life of the cell. In order to

maintain such structures like the shaft of MTs along the axon, or induce dynamic
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cytoskeletal rearrangements during morphogenetic changes of the GC, MTs and actin

filaments are regulated by a huge set of MT- and actin-associated proteins.

1. 1. 2. 1. Actin-binding proteins and MT-binding proteins as cytoskeleton

regulators

The actin-binding proteins and MT-binding proteins regulate actin and MT dynamics
at multiple levels. Both groups exhibit numerous members that form complex
networks to provide a robust machinery for proper control in all conditions. Based on
their function and their effect on actin or MTs, the members of these two groups can
be divided into many categories: (1) some of them are nucleation factors that are
required for the formation of new actin filaments or MTs; (2) others bind monomers or
oligomers of actin or tubulin and control their availability for nucleation or
polymerisation; (3) some others bind the plus end (or barbed end) of MTs or actin
filaments and regulate several aspects of plus end dynamics; (4) whereas minus end
(or pointed end) binding proteins affect the stability of the polymers; (5) in addition,
proteins that bind along MTs and actin filaments are essential for protecting them
against depolymerisation, for cross-linking, and for linking them to other cytoskeletal
components; (6) furthermore, some others are known to sever or actively
depolymerise MTs and actin filaments; (7) finally, motor proteins are involved in
controlling filament contraction and movements, and cargo transport [4, 5, 25, 26].
Table 1 lists many members of the above mentioned categories of actin- and MT-

binding proteins.
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Cytoskeleton regulator class

microtubule binding proteins

actin binding proteins

Nucleators

Plus-end-binding proteins

Maono- or oligomer-binding proteins

y-tubulin ring complex (y Tub23C and
other compaonents); doublecortin {DCX-
EMAP)

Arp2/3 complex (Arpcl, Arp3, etc.);
formins (DAAM, Fhas, CG32138, dia)

MAPFRE/ER (eb1 ); MT-plus-end-tracking ENAH/VASP (ena ); formins {DAAM,

proteins (+TIPs); doublecortin {DCX-

Fhos, CG32138, dia ); capping proteins

EMAP ); CKAPS/CHTOG/XMAP215 (msps ) (cpa, cpb ); adducins (hts)

Stathmin/SCG10 (stai ); DPYSL2/CRMP2
(CRMP ); CKAPS/ CHTOG/XMAP215
(msps ); doublecortin (DCX-EMAP ); tub-
specific chaperone E (tbce ); CLASP (chb )

WASF/SCAR/WAVE (SCAR ); WASL/N-
WASP (WASp ); APC [Apc ); pa-
thymosin/TMSB4X (cib ); profilin (chic );
twinfilin {twf)

Shaft stabilisers and cross-linkers MAPT (tau ); MAP2 (tou ); MAPL1B

(futsch ); MACF1; dystonin (shot )

Fascin (sn); a-actinin (Actn );
plastinffimbrin (Fim ); filamin (cher };
tropomyosin (Tm1 ); moesin, ezrin,
radixin (Moe ); afB-spectrin (a /8 -Spec );
drebrin (CG10083 ); coronin (coro, pod1 );
MLLT4/Afadin-6 (cmo ); CTTN (Cortactin );
PPP1RIA (spinophilin )

Minus-end stabilisers y-tubulin ring complex (y Tub23C and Tropomodulin {tmod ); Arp2/3 complex
other components); CAMSAPL (Patronin ) (Arpcl , Arp66B , etc.)

Plus-end motors Type 1 kinesins {Khc, Klc, Patl ); type 2
kinesins (Kip64D, Kip68D, Kif3C, Kap3 );
type 3 kinesins (unc-104, Khc-73)

Myosin XWA (Myol0A ); myosin VA
(didum ); myosin Il {zip, sqgh)

Minus-end motors cytoplasmic dynein/dynactin ({Dhes4c,
ctp, sw, Gl , etc.); type 13
kinesins/KIF2C/MCAK (Klp104, KIp59¢,
Kip59D )

katanin (Kat60 ); spastin (spas ); type 13 Cofilin (tsr ); gelsolin (Gel )
kinesins/KIF2C/ MCAK (Kip104, KIp59C,

Kip59D )

Myasin VI {(jar)

Severers, de-polymerisers

Table 1. Examples of conserved MT- and actin-binding proteins in Drosophila and
human
Some proteins are indicated in more than one categories since they fulfil multiple functions.

Drosophila orthologs are shown in the brackets. (adapted from [4])

In this work we studied DAAM (Dishevelled Associated Activator of
Morphogenesis) as a possible cytoskeleton regulator involved in controlling neuronal
development. DAAM belongs to the formin protein family encoding conserved actin
nucleation factors, therefore out of the numerous MT- and actin-binding proteins the
group of actin nucleators are discussed in this section. The generation of new actin
filaments and networks is indispensable for various cell biological processes.
Nucleation is the first step of actin polymerisation which involves the assembly of two
or three actin monomers into a complex, providing a nucleus for further
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polymerisation. This process is kinetically unfavourable in vivo, therefore, cells require
actin nucleation factors to catalyse the formation of new actin filaments.

Historically, the Arp2/3 (actin-related protein 2/3) complex was identified first as a
major actin nucleator [27]. Instead of nucleating actin filaments de novo, this complex
contributes to the generation of branched actin networks and it consists of seven
highly conserved subunits: Arp2, Arp3, and five additional supporting units (ArpC1-5)
[28-30]. The complex in itself is inactive, it exists in a conformation in which the two
Arp2 and Arp3 subunits are localised too far from one another to start nucleation, and
it requires the presence of nucleation-promoting factors to function properly [30, 31].
Members of the Wiskott-Aldrich syndrome protein (WASP) family are known as the
main nucleation-promoting factors of the Arp2/3 complex. These WASP proteins are
able to bind actin monomers through their conserved C-terminus, whereas their
central amphipathic and acidic regions together can bind the Arp2/3 complex [32-34].
The binding of WASP proteins induces a conformational change by which the complex
will be able to bind to an existing actin filament. Subsequently, the Arp2 and Arp3
subunits will form a specific structure to mimic an actin dimer which serves as a
nucleation core for new filament assembly. In addition, the recruitment of actin
monomers by the WASP proteins is also an essential element of this process, since
the monomer binding activity of the Arp2/3 complex alone is very weak [35-37]. As a
result of these, the new actin filament will rise from the side of a pre-existing filament
ata 70° angle.

In contrast to the Arp2/3 complex, formins are de novo nucleation factors which
catalyse the generation of linear actin filaments. There are several formins that has
been identified in different model organisms (6 in Drosophila melanogaster, 15 in
mammals) [38, 39], out of which the best-studied are the Diaphanous-related formins
including Diaphanous, DAAM and FRL (formin-related protein). A common
characteristic feature of all formin proteins is a highly conserved formin homology 2
(FH2) domain, which is localised in the C-terminal half of the protein [38, 40-42]. This
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domain plays an essential role in actin nucleation, in addition, it also has the ability to
bind the barbed end of actin flaments. Besides the FH2 domain, Diaphanous-related
formins also contain several other homology domains that are involved in controlling
their activity. The N-terminal region comprises of a GTPase-binding domain, a
diaphanous inhibitory domain, a dimerization domain and a coiled-coil region,
whereas the FH2 domain is flanked by a formin homology 1 (FH1) and a diaphanous
autoinhibitory domain in the C-terminal region [43, 44]. The domain structure of a
typical Diaphanous-related formin is shown in Figure 4. Basically, the association of
the N-terminal diaphanous inhibitory domain and the C-terminal diaphanous
autoinhibitory domain keeps formins in an inactive conformation [41, 45]. Due to small
GTPase binding to the N-terminus, these two inhibitory domains disassociate,
resulting in an active conformational state [41, 46-50]. In order to become active,
formins also need to form homodimers in which the dimerization domain and the
coiled-colil region are essential. After dimerization, the two FH2 domains create a ring-
like structure which is thought to bind and stabilise spontaneously formed actin dimers
or trimers, providing a nucleation core for filament assembly. Following this nucleation
step, formins remain attached to the barbed end through their FH2 domains, which
allows the processive elongation of the forming actin filament. On the one hand, their
presence inhibits the binding of capping proteins [45, 51-54]. In addition, there is a
prolin-rich region within the FH1 domain that acts as a binding site for Profilin,
therefore this domain also has a very important role in filament elongation by recruiting

Profilin-bound actin monomers for the elongation steps [55].
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Figure 4. Domain architecture of Diaphanous-related formins, and the mechanism of
activation

(A) The figure shows the structure of a typical Diaphanous-related formin which contains
several conserved homology domains such as the GTPase-binding domain (GBD), the
diaphanous inhibitory domain (DID), the dimerization domain (DD), the coiled-coil region (CC),
the formin homology 1 (FH1) domain, the formin homology 2 (FH2) domain, the diaphanous
autoinhibitory domain (DAD) and the C-terminal tail region (CT). The role of the certain
domains is discussed in the text above. N, N-terminus; C, C-terminus. (B) By default,
Diaphanous-related formins exist in an inactive autoinhibited state caused by the binding of
the DID and DAD domains. Due to small GTPase binding to the GBD, these two inhibitory

domains disassociate resulting in an opened active conformation of the protein. (adapted from

[56])

Besides formins, several other factors have also been found to be responsible for
de novo actin nucleation, such as Spire, Cordon-bleu, Leiomodin and junction-
mediating regulatory protein, which are collectively called as tandem-monomer-
binding actin nucleators [57-60]. The junction-mediating regulatory protein catalyses
the formation of both linear actin filaments and branched actin networks, since it
serves as a nucleation-promotion factor of the Arp2/3 complex as well [60], but other
members of the group take part only in the nucleation of unbranched filaments [61,
62]. The common property of these nucleators is the presence of multiple WASP-
Homology 2 (WH2) domains which are often found as tandem repeats in the protein
and are able to bind actin monomers. The number of the WH2 domains varies
between the different members. For example, Spire has four domains (the most in the

group) [57] whereas the presence of three domains in the other members is already
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sufficient for actin nucleation [58, 60]. Leiomodin has only one WH2 domain, however,
it contains two other actin binding regions as well [59]. In this group, the mechanism
of nucleation is based on the actin monomer recruiting ability of the tandem actin-
binding domains which provide a polymerisation seed for actin filament assembly.

As it was described above, filopodia and lamellopodia are actin-rich structures of
the GC in neurons: linear actin filaments are organised into parallel bundles along
filopodia, whereas branched actin networks are typically localised in lamellopodia.
According to this, it seems unambiguous that the different nucleation factors may act
independently in the nucleation of filopodial and lamellopodial actin networks,
however, several studies have suggested that formins and the Arp2/3 complex are
necessary for actin filament assembly during the formation of filopodia and
lamellopodia as well [36, 63]. Figure 5 demonstrates a model for filopodia generation
in Drosophila melanogaster.

The example of the actin nucleation factors already shows that even the initial
steps of actin filament generation involves many cytoskeleton regulators. Considering
the huge number of MT- and actin-binding proteins, with many different functions, it
is conceivable that the assembly and disassembly of cytoskeletal components is
regulated by a complex and robust system in the cells. In the context of axon growth,
it is well established that the dynamic rearrangement of the neuronal cytoskeleton is
crucial in the process, however, it remained largely unclear how these changes are
controlled at the cellular level. Despite the fact that many actin- and MT-binding
proteins were already linked to the regulation of GC actin and MT dynamics, it is not
exactly clear how these proteins are integrated into a complex regulatory system
which is able to modify the state of the neuronal cytoskeleton in response to the
external signals. Thus, unravelling those mechanisms that link guidance cues and

cytoskeletal regulators into a functioning molecular machinery is a pivotal question.
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Figure 5. Filopodia generation model in Drosophila neurons

(A) The initial step of filopodia formation requires actin filament nucleation, however the
assembly of new actin filaments can be initiated de novo or from the side of pre-existing
filaments. In Drosophila, formins and Arp2/3 are well known nucleation factors (Arp2/3 is
activated by nucleation-promoting factors, NPF). At this step, Profilin competes with the
nucleation factors for the available actin monomers, therefore it suppresses actin nucleation.
(B) After nucleation, actin polymerisation continues at the barbed end of the filaments. The
presence of Enabled and formins at the filament barbed ends inhibits the binding of capping
proteins (CapA+B) thus promotes elongation. (C) During elongation, Enabled contributes to
the clustering of the filament barbed ends. In addition, the formin DAAM also promotes the
formation of parallel F-actin bundles. (D) Enabled and DAAM are also involved in the
processive elongation of actin filaments in the growing filopodium. At this stage, Profilin

provides actin monomers for further elongation. (adapted from [64])

1. 1. 2. 2. Guidance cues and signalling pathways that control axon growth

GC movement during neuronal development is controlled by the extracellular
environment. The translation of attractive and repulsive environmental guidance cues
is crucial for axon advance: surface receptors of the GC sense the extracellular
signals, and in turn, activate intracellular signalling pathways which lead to the

dynamic rearrangement of the cytoskeletal components. Therefore, the identification
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of these guidance cues and their downstream signalling pathways is crucial for
understanding the molecular machinery of axon growth.

Due to extensive studies both in vertebrates and invertebrates, four major
conserved families of axon guidance molecules were discovered in the 1990s, such
as Netrins, Slits, Semaphorins and Ephrins [65-67]. Netrins and Slits are secreted
signalling molecules, Ephrins are membrane-bound ligands, whereas the family of
Semaphorins comprises of both secreted and membrane-bound forms. In addition,
several families of transmembrane receptors were identified in relation to these
signalling molecules: Netrins signal through the receptors Uncoordinated-5 and
Deleted in colorectal carcinoma [68, 69], Slits through Roundabout family receptors
[70] and Ephrins through the Eph family of receptor tyrosine kinases [71]. For the
recognition of Semaphorins, multimeric receptor complexes are formed which include
Plexin and several other components (such as Neuropilin, the neural cell adhesion
molecule L1, and other receptor tyrosine kinases) [65, 72].

Netrins were first described as chemoattractants for vertebrate commissural axons
[73, 74], however they can also function as repellents depending on the specific
ligand-receptor context. Slits, Semaphorins and Ephrins are primarily known as
repellents, controlling axon guidance in several different types of neurons, but also
can act as attractive cues in some contexts [75]. One of the best characterised and
understood developmental events is the midline crossing of commissural axons in
which Netrins and Slits play a crucial role. In this process, Netrin functions as an
attractant for commissural axons, whereas Slit acts as a repellent to prevent

commissural axons from re-crossing, after crossing the midline (Fig. 6) [65, 76].
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Figure 6. Midline crossing of commissural axons

During midline crossing, commissural axons grow towards the midline first, cross the midline
and then continue growing on the contralateral side. Commissural axons are attracted to the
midline by netrin before crossing, and are insensitive to the repellent Slit. However, the Slit
receptor Roundabout (Robo) is expressed in commissural neurons by this time, it is targeted
to lysosomal degradation by the intracellular sorting receptor Commissureless (Comm),
instead of being delivered to the GC. After crossing the midline, Comm becomes inactivated
allowing Robo to function in response to Slit, which prevents commissural axons from crossing
the midline again. In addition, commissural axons also lose their sensitivity to netrin at this

stage. (adapted from [65])

Beyond the fact that many guidance molecules and their receptors were proved to
be involved in axon guidance, the Ras homologous (Rho)-family of small GTPases
was found to be particularly important in transduction of the environmental signals.
Rho GTPases, such as RhoA, Racl and Cdc42, are key players to integrate and link
upstream directional signals and downstream cytoskeletal changes [77, 78]. Receptor
activation by external signals first leads to the activation of Rho GTPase regulators.
Some of these regulators activate Rho GTPases, like the guanine nucleotide
exchange factors, whereas some others inactivate them, such as the GTPase
activating proteins [77, 79]. Through complex interactions, Rho GTPases gather

several upstream pathways and subsequently regulate downstream effector
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molecules that control several aspects of cytoskeletal dynamics and provoke

cytoskeletal rearrangements in many contexts (Fig. 7).
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Figure 7. Rho GTPases as key signalling nodes

The figure shows how Rho-family GTPases integrate upstream guidance signals, through
ligand-receptor binding and the subsequent activation of Rho GTPase regulators (GEFs,
guanine nucleotide exchange factors; GAPs, GTPase activating proteins), and control effector
molecules to provoke cytoskeletal changes during GC movements. The small box on the left
shows the activation/inactivation cycle of Rho GTPases by GTPase activating proteins (GAPs,
hydrolyse GTP to GDP) and guanine nucleotide exchange factors (GEFs, exchange GDP to
GTP). Abbreviations of indicated cytoskeletal regulators: ROCK, Rho-associated protein
kinase; MLCK, myosin light chain kinase; LIMK, LIM domain kinase; Ena/VASP,
Enabled/vasodilator-stimulated phosphoprotein; Arp2/3, Actin-Related protein2/3. (adapted
from [19])

As it is shown in Figure 7, guidance cues and receptors, Rho GTPase regulators,
Rho GTPases and their downstream effectors form a robust and very intricate
network, in which the same guidance cue can activate multiple GTPases through
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complex interactions between Rho GTPases and their regulators. For instance, some
of the Rho GTPase regulators are able to control several different GTPases,
furthermore, a particular Rho GTPase might be a target of numerous regulators within
the same cell. In addition, the same Rho GTPase can control different downstream
effectors and influence various aspects of cytoskeletal dynamics in the GC [19, 80,
81].

Following the discovery of the major guidance molecules, another three families of
signalling molecules were also implicated in axonal pathfinding. Notably, the
Hedgehog, Decapentaplegic/Bone Morphogenic Protein/Transforming Growth Factor
B and Wingless/Wnt families. The members of these families are secreted signal
molecules which were previously identified as morphogens. Interestingly, these
morphogens first control cell fate and tissue patterning during development, and then
appear to be reused in latter developmental stages, for example to guide axons [75].
Some of these morphogens were found to provide guidance signals for several
aspects of axon growth, such as midline crossing of commissural and retinal axons,
and motor axon advance [82-88].

During the development of the vertebrate spinal cord, commissural neurons send
axons ventrally towards the floor plate, where they cross the midline, and
subsequently turn and continue growing to the anterior direction. During the initial
phase of this process, Sonic hedgehog functions as a chemoattractant in the ventral
midline of the spinal cord [82], whereas Bone Morphogenic Proteins are expressed in
the roof plate and act as repellents [84, 85]. After crossing the midline, commissural
axons are attracted by a Wnt4 gradient to turn and grow anteriorly [87], and repelled
by a Sonic hedgehog gradient from the posterior pole [88]. Figure 8 summarises the
role of these morphogens in commissural axon development.

As exemplified above, many signal molecules have already been identified that
guide axons, however, the exact mechanisms by which they control axon growth is
still not completely understood. It would be crucial to elucidate how the combination
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of external guidance signals is translated into cytoskeletal changes during GC
movements and axon advance. For this, better understanding of the signalling
mechanisms that link upstream guidance cues with their cytoskeletal effectors is
crucial. In this work we focus on a non-canonical branch of Wnt signalling, referred as
Planar Cell Polarity (PCP) signalling, since a growing number of evidence shows that
this signalling module plays an essential role in the regulation of axon guidance and

many other aspects of neuronal development.
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Figure 8. Morphogens guide commissural axons during spinal cord development

Schematic representation of the developing vertebrate spinal cord. (A) Concentration
gradients of Bone Morphogenic Proteins (BMPs), Wnts (red) and Sonic hedgehog (Shh, blue)
specify cell fate during the early development of the spinal cord. (B) Later, these morphogens
serve as guidance signals during the growth of commissural axons, in which BMPs (red) repel
commissural axons from the roof plate (RP) and Shh (blue), in combination with Netrin 1,
attracts them to the floor plate (FP). After crossing the midline, (C) a Wnt4 gradient (green)
attracts, whereas (D) a Shh gradient (orange) repels the anterior turn of commissural axons.

D, dorsal; V, ventral; A, anterior; P, posterior. (adapted from [75])
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1. 2. Wnt signalling

Wnts are highly conserved secreted glycoproteins that are well-known for their
various functions in development including cell-fate determination, cell proliferation,
migration, polarity establishment and neuronal development [89-92]. These proteins
were designated by their firstly discovered members Wingless (Drosophila) and Int-1
(mice). The family of Wnt proteins comprises of 4 members in Drosophila and 19
members in vertebrates, which serve as ligand molecules for the Frizzled (Fz) family
of seven-pass transmembrane receptors (six members in Drosophila; ten members
in vertebrates) [93]. Upon Wnt binding to the Fz receptors three different signalling
pathways might be activated: the canonical Wnt/B-catenin pathway, and the two non-

canonical, Wnt/Ca?* or Wnt/PCP pathways [94-98] (Fig. 9).

1. 2. 1. Wnt signalling pathways

Considering the high number of Wnts and Fz receptors, questions arise such as what
gives the specificity for certain ligands and how the different Wnt signalling pathways
become activated. Interestingly, some Wnts are known to be specific for certain
pathways, whereas others appear to be involved in the activation of both canonical
and non-canonical pathways. In addition to Fz receptors, other proteins have also
been found to function as co-receptors in Wnt signalling, including the low density
lipoprotein-related protein 5/6 [94, 99-101].

Downstream of Fz, Dishevelled (Dsh) is known to be a key component in the
transduction of Wnt signals in all three Wnt signalling pathways. Dsh is thought to
become activated in response to Wnt signalling, however, the definition of its active

state is problematic. Several studies in different model organisms showed that this
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process includes the phosphorylation of Dsh, as well as that of Dvl (the vertebrate
ortholog of Dsh), but the role of this phosphorylation and the mechanism by which
Dsh becomes phosphorylated is still not clear [102-105]. Dsh is a cytoplasmic protein
and comprises of three highly conserved protein domains, the amino-terminal DIX
(Dishevelled/Axin), the central PDZ (PSD-95, DLG, Z0O1) and the carboxy-terminal
DEP (Dishevelled, EGL-10, Pleckstrin) domains. The involvement of these domains
in the canonical and non-canonical pathways is different which is crucial for the
specific activation of distinct pathways. The DIX and PDZ domains are essential for
Whnt/B-catenin signalling, whereas the non-canonical pathways utilise the PDZ and
DEP domains [106, 107]. In addition, it has also been shown that upon Wnt activation
Dsh translocates to the plasma membrane, which is crucial for activation of the
pathway.

In the canonical pathway Wnts not only bind to the Fz receptor but also interact
with the low density lipoprotein-related protein 5/6 co-receptor in vertebrates (Arrow
in Drosophila [108]). In the absence of Wnt ligands, the proteasomal degradation of
B-catenin is promoted by the Axin - Adenomatous polyposis coli - glycogen synthase
kinase 3 multiprotein complex. Due to ligand binding, Dsh becomes activated and
induces the stabilisation of B-catenin by preventing its phosphorylation by glycogen
synthase kinase 3. It results in the cytoplasmic accumulation of B-catenin, which
subsequently enters the nucleus and forms complexes with the T-cell factor/lymphoid
enhancer-binding factor transcription factors to induce transcription of the Wnt-target
genes [91, 109-111] (Fig. 9 left panel).

The non-canonical Wnt/Ca?* signalling is known to be involved in the regulation of
cell adhesion and cell movements. In this pathway the activated Fz receptor induces
the activation of phospholipase C, with the contribution of Dsh and a heterotrimeric
G-protein, which increases the intracellular level of inositol triphosphate. In response

to the increased inositol triphosphate level, Ca?* gets released from the endoplasmic
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reticulum which subsequently activates protein kinase C and Ca?*/calmodulin-

dependent protein kinase I [96, 97, 112-114] (Fig. 9 middle panel).
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Figure 9. Wnt signalling pathways

Schematic figure showing the canonical and non-canonical Wnt signalling pathways. Wnt
ligand binding to Frizzled (FZD, the vertebrate ortholog of Fz) receptors can activate three
distinct pathways: the canonical Wnt/B3-catenin, and the non-canonical Wnt/Ca?* and Wnt/PCP
pathways. As it is indicated in the figure, FZD and Dishevelled (Dvl, the vertebrate ortholog of
Dsh) are key components and are involved in all three Wnt signalling pathways, however,
each pathway employs a different set of downstream signalling components and controls
distinct cellular processes (described in detail in the text). Abbreviations in the figure: LRP5/6,
low density lipoprotein-related protein 5/6; APC, Adenomatous polyposis coli; GSK-3,
glycogen synthase kinase 3 ; TCF/LEF, T-cell factor/lymphoid enhancer-binding factor; G,
G-protein; PLC, phospholipase C; RyR, Ryanodine receptor; PKC, protein kinase C; CamKIl,
Ca?*/calmodulin-dependent protein kinase II; RhoA, Ras homolog family member A; ROCK,
Rho-associated protein kinase; Racl, Rac family small GTPase 1; JNK, c-Jun N-terminal
kinase. (adapted from [115])
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In the Wnt/PCP signalling pathway, Flamingo, Strabismus, Prickle and Diego,
members of the core PCP protein family, form asymmetric multiprotein complexes
with Fz and Dsh (detailed below in chapter 1. 2. 3.). Through complex interactions,
these proteins are thought to modulate the activity of Dsh and thereby affect Wnt
signal transduction. In this pathway Dsh activates the small GTPases Rho and Rac,
which leads to the subsequent activation of Rho-associated protein kinase and c-Jun
N-terminal kinase, ultimately affecting cytoskeleton remodelling [94, 96, 116-120]
(Fig. 9 right panel).

Whereas the exact mechanisms of the context dependent regulation of Wnt
signalling are largely unclear, recent studies clearly suggested that the Wnt/PCP
pathway is important for multiple aspects of neural development, and it is a good
candidate to be directly involved in cytoskeletal remodelling in the GCs [121-124].
Although in this work we focus on the role of Wnt/PCP signalling in neuronal
development, traditionally it was known to be responsible for the formation of planar

cell polarity, which will be discussed in the next section.

1. 2. 2. Planar cell polarity and the non-canonical Wnt/PCP signalling pathway

Polarisation of the cells is a crucial feature during development and formation of
tissues, organs and organisms. For example, the establishment of apical-basal
polarity in epithelial tissues is essential for particular functions, such as transport of
fluids or directed secretion of specific agents and proteins. Besides apical-basal
polarisation, most epithelial tissues represent a second polarity axis within the plane
of the epithelia, which is called planar cell polarity or tissue polarity (for definitions
see: [125-127]). PCP was discovered in insects and became very well-studied in
Drosophila melanogaster, which highly contributed to the identification and
characterisation of the most important genes that are involved in tissue polarisation.
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Although several Drosophila tissues show planar polarity, the adult wing is
arguably the best characterised model system to study PCP. During pupal life each
wing cell produces an actin- and MT-rich protrusion, called a trichome, at the distal
apical surface of the cell. In the adult wing each trichome is polarised along the
proximal-distal axis and points distally. In contrast to this, in PCP mutants the
trichomes often display abnormal orientation, and/or instead of a single trichome per
cell, multiple trichomes are initiated ectopically at the centre of the cell [124] (Fig. 10

A-B).

Figure 10. Typical PCP mutant phenotypes in Drosophila

(A-B) Enlarged view of a wild type (A) and a PCP mutant (B) adult wing. In the wild type
trichomes point distally, whereas, trichomes display abnormal orientation in the PCP mutant
wing. (C) Cuticular trichomes point to the opposite direction in the PCP mutant clones. (D-E)
Representative images of wild type (D) and PCP mutant (E) adult eye sections showing the
structure and the orientation of ommatidia. The yellow segmented line shows the equator, a
dorso-ventral midline, which separates the eye into two hemispheres. Interestingly, the
ommatidia of the dorsal and ventral hemispheres are mirror-symmetric to one another. In
contrast to the wild type (D), PCP mutants (E) show an abnormal arrangement of ommatidia.
(F-G) Scanning electron micrographs of the notum of adult flies. In wild type animals (F) all
mechanosensory bristles point to the posterior direction, however, their orientation changes

and the bristles become misaligned in PCP mutant flies (G). (adapted from [128])
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Besides trichomes, the adult Drosophila cuticle is covered with mechanosensory
bristles that are innervated and function as a simple sensory organ. Normally, these
bristles point posteriorly, and changes in their orientation can be easily followed by
studying the abdomen or the notum of the flies. The development of mechanosensory
bristles depends on the asymmetrical division of the sensory organ precursor cells
during pupal life, and the alignment of the axis of division with the anterior-posterior
body axis is controlled by the PCP system. Thus, these bristles display a largely
random orientation in PCP mutants [129-132] (Fig. 10 F-G).

In addition, the Drosophila compound eye, a complex and well-structured organ,
has also been widely used to study planar polarity. The adult eye comprises around
~800 hundred unit eyes, also called ommatidia, each containing 8 photoreceptor cells
and 12 accessory cells. Due to the asymmetric arrangement of the photoreceptor
cells, each ommatidia displays an intrinsically asymmetric, chiral structure. In PCP
mutants normal arrangement of the ommatidia is disrupted that is evident in
abnormally oriented ommatidia, chirality reversals and/or in the appearance of
symmetric ommatidia instead of the chiral structures [133-135] (Fig. 10 D-E).

Genetic analysis of the mutations affecting planar polarity in Drosophila and the
subsequent identification of the most important genes involved in tissue polarisation

revealed that Wnt/PCP signalling is fundamental in the establishment of PCP.

1. 2. 3. Wnt/PCP signalling and the formation of planar polarity in the epithelium

Six proteins were identified as the key components of the Wnt/PCP signalling pathway
in Drosophila (known as core PCP proteins). Three of these are transmembrane
proteins, whereas the others are intracellular. The seven-pass transmembrane
protein Fz serves as the receptor in PCP signalling, as well as in canonical Wnt
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signalling, and it binds Wnt ligands by its cysteine-rich extracellular domain [136, 137].
The other two transmembrane components are the atypical cadherin Flamingo (Fmi;
also known as Starry night, Stan) [138], and the four-pass transmembrane protein
Strabismus (Stbm; also known as Van Gogh, Vang) [139, 140]. Dsh is an intracellular
protein which plays a crucial role in all canonical and non-canonical signalling
pathways [119, 141]. The two other cytoplasmic components of the pathway are
Prickle (Pk) and Diego (Dgo). Pk comprises of 3 LIM domains and 1 PET domain
[142], whereas Dgo is an Ankyrin repeat protein [143]. Table 2 summarises the core
PCP genes, as well as their vertebrate orthologs, and the molecular features of their
protein products.

In the Drosophila wing, PCP proteins interact with each other intracellularly to form
asymmetrically localised protein complexes on the proximal and distal sides of the
cells, which is essential for the establishment of tissue polarity. Besides this cell-
autonomous function, the transmembrane proteins of the pathway, such as Fz, Stbm
and Fmi, also have non-cell-autonomous functions and make asymmetric intercellular
connections between neighbouring cells to form planar polarity along the tissue [125,
144, 145]. Interestingly, these cell-autonomous and non-cell-autonomous functions
are necessary at different developmental phases: the interaction of PCP proteins
between adjacent cells is important at the early pupal stage, whereas the formation
of asymmetric intracellular protein complexes is necessary later during pupal life

[144].
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o orthologs
Drosophila
Core genes:
. Fz3,6 seven-pass transmembrane receptor, binds Wnt
frizzled (fz) EW. S, A and 7 ligands, Dsh; recruits Dsh and Dgo to membrane
cytoplasmic protein containing DIX, PDZ, DEP
dishevelled (dsh) al.l =i = domains, recruited to membrane by Fz, binds Fz,
tissues xDsh
Pk, Stbm and Dgo
LT .{'fm:)/ all adult cadherin with seven-pass transmembrane recep-
starry night . Celsr1-3 - .
(stan) tissues tor features, homophillic cell adhesions
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all adult cytoplasmic protein with 3 LIM domains and PET

prickle (pk) . Pk1-4 domain, recruited to membrane by Stbm, physi-
tissues ) :
cally interacts with Dsh, Stbm and Dgo

Table 2. Summary of the core PCP genes and their vertebrate orthologs

Tissues affected in Drosophila: A, abdomen; E, eye; S, sensory organ precursor cells; T,
thorax; W, wing; *other tissues not tested. The core PCP genes are highly conserved
throughout the animal kingdom; their vertebrate orthologs are also shown in the table: Fz3, 6
and 7, Frizzled3, 6 and 7 (also known as FZD); Dvl1-3, Dishevelled1-3; xDsh, Xenopus
Dishevelled; Celsrl-3, cadherin EGF LAG seven-pass G-type receptor 1-3; Diversin is also
known as Ankrd6 (ankyrin repeat domain 6); Vangl1l-2, Vang-like protein 1-2; Pk1-4, Prickle
homologue 1-4. (modified table, from [128])

The surface of the Drosophila wing is covered by hexagonally shaped epithelial
cells. According to the proximal-distal axis of the wing, the hinge of the wing is the
proximal end whereas the apex is the distal end. All of the epithelial cells are polarised
along this axis and exhibit a trichome on the distal apical surface of the cell.
Asymmetric localisation of the PCP proteins is essential for trichome formation in the
wing, however, this phenomenon is restricted to a short time period. During pupal
development trichomes emerge from the wing cells at 32-36 hours after puparium

formation. Before the establishment of trichomes, the core PCP proteins localise at
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the apical-lateral membrane and show a uniform distribution at each side of the wing
cells. This apical-lateral localisation is necessary for the proper function of PCP
signalling, as targeted mislocalisation of the PCP proteins (e.g. Fz) to the basal
membrane disrupts PCP function [146]. There is a period just before trichome
formation, at 24-32 hours after puparium formation, in which the PCP proteins
rearrange and form asymmetrically localised protein complexes at the proximal and
distal cell edges (Fig. 11). Fz localises to the distal membrane and recruits Dsh and
Dgo, whereas Stbm and Pk localises proximally. In contrast to these, Fmi can be
found in both the proximal and the distal membranes (Fig. 12). The formation of these
asymmetric complexes is critical for proper trichome initiation. Distal accumulation of
the Fz-Dsh complex induces cytoskeleton activation through other effectors, which
leads to the formation of actin- and MT-rich protrusions on the distal apical surface of
the wing cells. At the same time, this process is inhibited on the proximal side by the
Stbm-Pk complex [124, 147, 148].

During the formation of asymmetrical protein complexes each PCP component
controls the localisation of the other components through complex interactions,
however, their contribution is different. For instance, the absence of Fz, Stbm or Fmi
prevents the apico-lateral localisation of the PCP proteins, whereas, loss of the
cytoplasmic PCP proteins only affects the subcellular asymmetry of the PCP
components between the proximal and distal sides of the cells [149] (Fig. 11 D-E). In
addition, the transmembrane components of the PCP pathway are required to recruit
the cytoplasmic Dsh, Dgo and Pk proteins to the membrane which leads to the
formation of a proximal Stom-Pk and a distal Fz-Dsh-Dgo complex (Fig. 12) [150].
Through their cytoplasmic components, these two complexes antagonise one another

and prevent the formation of the other complex on the same side of the membrane.
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Figure 11. The formation of asymmetric protein complexes during wing cell

development

(A) Schematic representation of wing cells at 24 hours and 32 hours after puparium formation

(APF). At 24h APF, PCP proteins do not show polarised localisation at the apical-lateral

membrane. In contrast, PCP proteins subsequently rearrange (32h APF) and form asymmetric

protein complexes in the proximal and distal cell membranes. Each PCP protein is indicated

by a different colour in the figure: Fmi, black; Stbm, orange; Pk, green; Fz, yellow; Dsh, blue;

Dgo, pink. (B) The localisation of Fz in the pupal wing at 24h APF, which changes and

becomes polarised at 32h APF (C). (D) The asymmetric localisation of Fz is disrupted in the

dsh mutant wing (32h APF), whereas in the fmi mutant (E) even the apical-lateral localisation
of Fz is prevented (32h APF). LOF, loss of function.
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Figure 12. The asymmetric localisation of the core PCP proteins

Schematic representation of wing cells showing the asymmetric localisation of the core PCP
proteins. (modified image, from [151]) Fz is localised in the distal, whereas Stbm is in the
proximal membrane. These transmembrane proteins recruit the cytoplasmic PCP components
and form the Fz-Dsh-Dgo (distal) and Stbm-Pk (proximal) protein complexes. In contrast, Fmi

is localised in both membranes and forms homodimers between adjacent cells.

1. 2. 4. Role of the Wnt/PCP signalling in neuronal development

Traditionally, Wnt/PCP signalling was known to be responsible for the establishment
of PCP in cells and tissues, however, a growing number of studies showed that
members of this signalling pathway may have other functions. Besides Drosophila,
studies expanded to vertebrate model organisms as well, and it became clear that the
core PCP genes are highly conserved from invertebrates to vertebrates (for a review
see [151]) (Table 2) and display many functional similarities. Importantly, these novel
studies also revealed that, besides their basic function in tissue polarisation, the core
PCP proteins are fundamental to several processes during nervous system
development, such as neural tube closure, neuronal migration, axonal pathfinding and
dendritic growth.

Relevance of the core PCP proteins in neural tube closure has been demonstrated
in several model systems (e. g. Xenopus leavis, zebrafish and mice) [152-159],
moreover, their involvement has been reported in human studies as well [160]. During

neurulation, the neural plate narrows and elongates to make the neural groove, then
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it folds and closes into the neural tube [153, 161]. Figure 13 shows Vangl2 and Celsrl
mutant mice, representing a severe neural tube closure defect called
craniorachischisis. Although the reduced function of PCP proteins leads to open
neural tube formation in these cases, it is a result of impaired convergent extension
during gastrulation, therefore this aberration is a consequence of defective tissue

polarisation.

Brainstem

Spinal cord ol

Spinal cord

Figure 13. Neural tube defects in PCP mutant mice

The figure shows mouse embryos at embryonic day 14. In wild type embryos (a) the neural
tube is properly formed, whereas, in PCP mutants (b, Vangl2 mutant; c, Celsrl mutant) the
process of neural tube closure is impaired, resulting in an open neural tube along the neural
axis. (adapted from [162])

The rhombencephalon, a specific area of the brainstem, serves as the place of the
migration of facial branchiomotor neurons during early development. These neurons
are generated in rhombomer 4, around embryonic day 10 in mice, from which they
migrate caudally through rhombomer 5 into rhombomer 6 to form the facial motor
nucleus [163, 164]. This process is conserved from fish to mammals [165] and

studies, both in zebrafish and mice, showed that the core PCP proteins control the
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migration of facial branchiomotor neurons in a cell-autonomous and

autonomous manner as well [154, 166-170]. (Fig. 14)
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Figure 14. The role of the Wnt/PCP proteins in neuronal migration

non-cell-

(a) is a schematic representation of the developing rhombencephalon with its 6 rhombomers

(r1-r6). Rhombomer 1 is localised anteriormost, up is dorsal in the figure. (b-d) show a

particular section of the rhombencephalon (indicated in orange in a). In wild type animals (b)

facial branchiomotor neurons (FBM) are generated in rhombomer 4 and migrate caudally to

rhombomer 6, whereas, the migration of these neurons is disrupted in PCP mutants. For

example, the downregulation of pricklelb in zebrafish (c) inhibits the caudal migration of facial

branchiomotor neurons, thus, they accumulate centrally in the rhombomer. In addition, in

Celsrl mutant mice (d), besides caudal migration, facial branchiomotor neurons also migrate

rostrally. (adapted from [162])
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In addition to these, the PCP proteins have been implicated in axon growth and
guidance as well. Several studies, from Drosophila to mammals, showed that the core
PCP proteins play a pivotal role in these processes, however their exact mechanisms
have not been cleared in most cases. For instance, fmi controls axon-axon and axon-
target interactions in the visual system of the fruit fly [171, 172]. In the Drosophila
embryo, fmi interacts with pk to promote axon advance of the peripheral sensory
neurons [173, 174]. In addition, Wnt/PCP proteins also regulate axonal branching of
the Drosophila mushroom body neurons: PCP components, in cooperation with one
another, are required for proper targeting and bifurcation of the mushroom body axons
[175-177] (Fig. 15). There are some well-known mammalian examples for the
involvement of the core PCP proteins in the regulation of axon guidance. For example,
Fz3 and Celsrl are essential for axonal pathfinding in the olfactory bulb (Fig. 16 B-C)
and for the formation of reciprocal connections in the internal capsule (Fig. 16 D-E)
[178-180]. Furthermore, Fz3, Celsr3 and Vangl2 are crucial for the anterior turn of
commissural axons after midline crossing in the spinal cord (Fig 16 F-H) [87, 127,
181]. Very similarly to this, Fz3a and Vangl2 are required for anterior pathfinding of
the commissural primary ascending neurons, after midline crossing, in the zebrafish
spinal cord [182].

Beyond axonal pathfinding, some PCP proteins were also found to be involved in
dendritic development. In Drosophila, fmi is required for proper development of the
sensory neuron dendrites [183, 184]. Furthermore, it was shown that fmi interacts with
stbm, amongst other partners, in the mechanism of dendritic self-avoidance [185].
Interestingly, the mammalian homologues of fmi are also required for dendrite
formation, however, Celsr2 and Celsr3 seem to have opposite functions. The
downregulation of Celsr2 leads to decreased dendrite length and reduced complexity
of dendritic arborisations, whereas the silencing of Celsr3 results in dendritic

overgrowth [186].
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Figure 15. Phenotypes of PCP mutants in the Drosophila mushroom body

A schematic drawing of the mushroom body can be seen in the left (adapted from [177]), which
comprises three types of Kenyon cells (KC), the y (blue), a’/B’ (orange) and the a/f (green)
neurons. The cell bodies of KCs and their dendritic arborisation, called the calyx, is located in
the dorsal brain, whereas their axons extend anterolaterally and form a massive fibre called
the pedunculus. On the anterior side, the axons of y KC cells run medially and form the y lobe.
In contrast, the a’/B’ and a/f axons bifurcate to form the dorsal (a’/a) and medial (B’/B) lobes.
(A-D) confocal microscopic images of wild type (A) and PCP mutant (B-D) adult brains. The
whole mushroom body is visualised by expressing GFP (green), driven by a mushroom body-
specific driver, and the lobes are visualised by Fasll immunostaining (magenta). | contrast to
the wild type, in fz, stom and dsh mutants (B-D) the dorsal and/or medial lobes are lost or

significantly reduced (white arrowheads). (adapted from [175])
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Figure 16. Axon guidance defects in PCP mutant mice

(A-E) Schematic representations of axonal tracts in the mouse forebrain. (B-C) Horizontal
sections of the olfactory bulb (indicated in green in A). In the olfactory bulb, axons cross the
midline and innervate the contralateral side normally (B). If Celsr3 is inactivated specifically in
the dorsal telencephalon (grey areas) olfactory bulb axons fail to project contralaterally (C).
(D-E) Frontal sections of the forebrain (indicated in orange in A) showing the axons of
thalamocortical (black), corticothalamic (blue) and subcerebral (red) neurons. Normally these
neurons grow reciprocal projections in the internal capsule (D), but when the activity of Celsr3
is reduced specifically in the striatum (grey areas) their axons fail to pass through the region
and cannot make reciprocal connections (E). (F-H) Schematic drawings of the mouse spinal
cord. In wild type mice, dorsal interneurons send commissural axons ventrally that cross the
midline at the floor plate (fp), and then turn anteriorly (F-G). In Fz3 mutant animals, this turn is

randomised or commissural axons stall after crossing the floor plate (H). (adapted from [162])

Even though we see many examples for the involvement of the core PCP members
in the regulation of neuronal development, the interpretation of these phenomena may
not be straightforward. For instance, there can be situations in which PCP mutant

phenotypes occur as a consequence of changes in planar polarity instead of being
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specific for neuronal development, such as neural tube closure defects. Thus, to
distinguish between the primary and secondary effects of Wnt/PCP signalling in these
cases remained a critical concern. Furthermore, another key question is how
Wnt/PCP signalling controls several aspects of neuronal development, particularly
axon growth and guidance? What are the downstream members and effectors of this
signalling pathway that regulate axonal advance during development, presumably by
controlling the cytoskeletal changes?

To address some of these questions, Drosophila melanogaster, also known as the
common fruit fly, serves as a great model organism. The simple but well-structured
nervous system of Drosophila and the huge number of available genetic manipulation
tools provide us with many possibilities to study the role of the core PCP components,

as well as that of their possible effectors, in axon growth and guidance.
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1. 3. The fruit fly, Drosophila melanogaster

1. 3. 1. A powerful tool for genetics

The first application of Drosophila melanogaster in laboratory experiments was more

than a century ago by Tomas Hunt Morgan and it was also among the first organisms

that were used for genetic analysis. Over the time, Drosophila helped to gain a

significant knowledge in many different scientific fields — such as development,

physiology, behaviour, etc. — by the systematic application of fly genetics and it

became one of the most successful and widely used model organisms in live

sciences. There are many advantages that make the fruit fly an ideal model organism;

the most important ones are listed below:

Work in Drosophila is low cost, considerably fast and handling of the
experimental animals is easy. Several hundreds or even thousands of fly
stocks can be kept and maintained in laboratory conditions to perform high-
throughput experiments.

The generation time of the fruit fly is short, it takes about 10 days at 25°C
(Fig. 17) and the whole lifespan is about 50 days, thus, several generations
can be studied in a relatively short time.

The fruit fly genome contains only four pairs of chromosomes, one pair of
sex chromosomes (X and Y) and three pairs of autosomes (2, 3 and 4), of
which the 4™ one is significantly smaller than the others.

The whole genome sequence of Drosophila is known since 2000 [187] and
it exhibits a high level of conservation. For example, about 60% of the human

genes and about 75% of human disease genes are conserved in Drosophila
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[188]. In addition, the genome displays lower redundancy than in higher level

organisms which simplifies many experimental processes.
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Figure 17. The life cycle of Drosophila melanogaster

Drosophila is a holometabolous insect, its development includes four life stages: egg, larva,
pupa and imago. After fertilisation females lay eggs in which embryonic development lasts
about one day at 25°C. 1stinstar larvae hatch from the embryo and moult into 2" and 3" instar
larvae in the next 2 days. After 2 more days 3 instar larvae form the pupa (prepupa and then
the pupa). Metamorphosis happens during the pupal stages, which takes about 4-5 days, and

after eclosoin adult flies emerge from the pupal case. (adapted from [189])

There are several genetic manipulation tools that make Drosophila a well-tractable
model organism for genetic analysis. Amongst many of them, in this work we used
the Gal4/UAS system in order to express a GFP-tagged protein specifically in cultured
neurons in vitro. Gal4 is a transcription factor from yeast that serves as a
transcriptional activator. There are no endogenous targets of Gal4 in the Drosophila
genome, however, it specifically binds to the UAS (Upstream Activating Sequence)

enhancer element. In an experimental situation one fly line carries Gal4 with a tissue-
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or cell-specific promoter, while UAS, together with a certain gene of interest, is kept
in another fly line. By crossing these lines, in the progeny Gal4 will activate the
expression of the UAS-coupled gene at the tissue or cell that the promoter is specific
for (Fig. 18). This very versatile system allows us to overexpress, misexpress or
silence particular genes of interest at various cells or tissues at different
developmental stages in the fly [190, 191]. In addition, the expression level of the
Gal4/UAS system can be controlled by changes in the temperature or by using the
Gal80 repressor. In this case a temperature-sensitive mutant of the yeast Gal80

(Gal80") regulates the activity of Gal4 [192, 193].
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Figure 18. Schematic representation of the Gal4/UAS system

Parental fly lines carry either the Gal4 activator with a tissue- or cell-specific promoter or the
UAS sequence with a particular gene of interest (Gene X). After crosses, these two
components come together in the offspring: Gal4 specifically binds to UAS, and activates the

expression of Gene X in a tissue- or cell-specific manner. (adapted from [194])
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1. 3. 2. Drosophila as a model to study the nervous system and neuronal

development

The nervous system of the fruit fly is complex and well-structured, however, in contrast
to vertebrates where neuronal structures are usually represented by a large group of
neurons, in Drosophila these structures are formed by a relatively low number of
cellular elements. Therefore, changes in neuronal development or morphological
alterations of the nervous system are well-traceable in vivo. Despite the fact that
invertebrate and vertebrate neurons display organisational differences, their principal
structures have been proposed to be homologous [195]. Figure 19 shows a
comparison of the invertebrate and vertebrate nervous systems.

There are two phases of de novo neurogenesis during development of which the
first takes place in the embryo. Majority of the neurons formed during embryogenesis
are maintained throughout development, however, many of them needs to be
rearranged during metamorphosis. The second phase of neurogenesis starts during
the larval life and becomes completed by the end of the pupal stage [196]. As a result
of this, numerous developmental events can be examined throughout the whole life
cycle of the flies; moreover, many different technics can be applied depending on the
different stages of development. Together with these, the high number of genetic
manipulation tools in Drosophila gives us the opportunity to search for mutations that

cause morphological aberrations during neural development.
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Figure 19. Comparison of the principal organisation of the invertebrate (Drosophila)
and vertebrate (human) nervous systems

(A) shows half of the Drosophila larval brain and the ventral nerve cord (VNC), whereas, the
adult human brain and the half of the spinal cord is presented in (B). Dotted lines indicate the
midlines, symbols and abbreviations are described in the box above. Vertebrate sensory
neurons are pseudo-unipolar and located within the dorsal root ganglia; after bifurcation of the
neurites they grow both towards the central nervous system (CNS) and the periphery. In
contrast, Drosophila sensory neurons are usually unipolar, located close to the sensory organs
that they innervate and send axons towards the CNS. In Drosophila, the cell bodies of inter-
and motoneurons are located in the cortex, outside the synaptic area (neuropile), whereas,
cell bodies of comparable neurons of vertebrates are located in the synaptic area (gray
matter). In vertebrates, ascending and descending axons project outside the synaptic area
and form the white matter. In contrast, ascending and descending axons are located along the

synaptic neuropile in Drosophila. (adapted from [197])
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1. 3. 2. 1. The embryonic nervous system — a classic model for in vivo studies

on axon growth and pathfinding

The Drosophila embryo is one of the most widely used and known in vivo systems to
investigate axon growth and morphology. The embryonic nervous system can be
divided into two parts: one is the central nervous system (CNS), that is composed of
the ventral nerve cord (VNC) and the two brain lobes; whereas the other is the
peripheral nervous system which comprises of the peripheral motor nerves and the
sensory neurons. Extensive studies of the nervous system revealed that axonal
projections display a stereotypical pattern in the embryo [198-202], out of which
axonal tracts along the VNC (Fig. 20 B), peripheral motor nerves (Fig. 21 A) and
axons of the peripheral sensory neurons are the typical subjects of morphological

investigations. Figure 20 shows the principal organisation of the embryonic CNS.
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Figure 20. The embryonic central nervous system

(A) is a schematic representation of the CNS of a stage 16/17 embryo (modified image, from
A. Prokop). The ventral nerve cord (VNC), together with the brain, is located at the midline of
the embryo. The cortex of the VNC (blue) contains the cell bodies of the CNS neurons,
whereas, axonal projections form the neuropile, a ladder-like structure along the VNC (dark
green). (B) shows two typical antibody stainings to visualise axons in the VNC (modified
image, from [203]). Fas Il labels only a subpopulation of axonal fascicules in the embryonic
nervous system: in the VNC it stains 3-3 parallel longitudinal tracts. BP102 labels all the axons

of CNS neurons, showing the ladder-like structure of the neuropile composed of the
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longitudinal connectives (LC) and the anterior and posterior commissures (AC and PC) in each

segment.

‘ » 9 ISN
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Figure 21. The organisation of the peripheral motor nerves

(A) The structure of the peripheral motor nerves is shown in a filleted preparation of a stage
16/17 embryo. Black rectangles indicate certain muscle fields that are innervated by the
intersegmental nerve (ISN), the segmental nerve a (SNa) and the intersegmental nerve b
(ISNb) motor nerves. In addition, longitudinal axon fascicles of the VNC (bottom) also can be
seen in the image. (B) Schematic representation of the ISN, SNa and ISNb nerves. The axons
of motor neurons form the peripheral motor nerves, while they leave the CNS, and innervate
their target muscles along the whole hemisegment. Numbered quadrangles indicate the

individual muscle fibers. (modified image, from [204])

In each hemisegment of the embryo muscle fibers are innervated by a particular
motor nerve. These peripheral motor nerves display a complex but well-traceable

structure in the embryo which can be easily visualised by Fasll staining providing a
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great model to observe alterations in axon growth and navigation. During embryonic
development motor neurons first project into the synaptic neuropile to form dendrites
at the dorsal region [197, 205]. From there, axons exit the neuropile and enter the
peripheral branches of the motor nerves and grow towards their target muscles to
form neuromuscular junctions. In this process each motor nerve innervates a specific
muscle field of a hemisegment. The intersegmental nerve (ISN) navigate dorsally
through the whole hemisegment to project to the dorsal and dorsolateral muscles,
whereas the intersegmental nerve b (ISNb) separates from the main ISN bundle to
form its own bundle and innervates the ventrolateral muscles. The segmental nerve
a (SNa) also grows dorsally, passes the muscle field that is covered by the ISNb, and
subsequently divide into two fascicles to innervate the lateral muscles (Fig. 21) [200,
206, 207].

Since axonal projections display precise stereotypical patterns in the embryonic
VNC and in the peripheral motor nerves as well, both systems are suitable to study
axon growth and pathfinding, and were used in this study. Morphological alterations
of these axonal fascicles and nerves can be detected relatively easily, therefore the
potential regulators of the guidance mechanisms during axonal advance can be

identified.

1. 3. 2. 2. Ventral lateral neurons (LNys) in the adult brain, as an in vivo model

to study axon growth

The adult Drosophila brain is a complex organ, consisting of a large number of
neurons and different neuron types organised into a few dozens of higher neuronal
structures. In order to study axon growth in the adult brain, we chose to investigate
the ventral lateral neurons (LNys) which present a simple and stereotypical axonal
pattern in the brain. LN\s express the neuropeptide pigment-dispersing factor (PDF)
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[208], and play an essential role in the regulation of the circadian clock and the
locomotor activity of the adult flies [209-213]. The group of PDF-positive neurons is
formed by a very small number of cells and can be divided into the two subgroups as
small ventral lateral neurons (s-LN,s) and large ventral lateral neurons (I-LNys) [214].
Both subgroups consist of 4-4 neurons in each hemisphere of the brain, although
there is also a 5™ s-LN, neuron which is PDF-negative.

The development of these neurons starts in the larva and finishes by the end of
the pupal stage. During this process the axonal fascicle of the s-LNys projects dorsally,
then turn towards the midline and form axonal terminals in the dorsal protocerebrum.
Neurites of I-LN,s bifurcate close to their origin and send fascicles to both the
ipsilateral and the contralateral medullae. In order to reach the contralateral medulla,
the I-LNy neurites grow through the posterior optic tract (Fig. 22) [214, 215].

The small number of LNs and their simple and stereotypical axonal pattern allow
us to study axon growth and guidance mechanisms at a high resolution. Furthermore,
the morphology of LNy axons can be visualised simply by immunostaining for the PDF

neuropeptide, and thus, alterations in their axonal pattern can be detected accurately.
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Figure 22. PDF-positive ventral lateral neurons in the adult brain

(A) shows both the small (s-LNv) and the large (I-LNy) ventral lateral neurons and their
stereotypical axonal pattern in the adult Drosophila brain, visualised by anti-PDF
immunostaining (adapted from [216]). (B) is a schematic representation of the LNy neurons
(adapted from [215]). For simplicity, only 1 s-LNv neuron (red) and 1-1 I-LNy neurons (black
and grey) from both hemispheres are presented. Following bifurcation, neurites of I-LNv
neurons grow bi-directionally, one of them goes through the posterior optic tract (POT), to
innervate both medullae (Me). Whereas, s-LNvs project dorsally and form terminals in the
dorsal protocerebrum. In addition, I-LNv neurons also have dendritic fascicles in the ipsilateral
ventral accessory medulla (v aMe). The green arrow indicates a place in the accessory
medulla (aMe) where the s-LNy and I-LNy neurons form putative synaptic connections between

one another.
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1. 3. 2. 3. Primary neuronal cell cultures from the Drosophila embryo

Drosophila primary neuronal cell cultures provide a great opportunity to study
subcellular mechanisms of axonal growth. In this system, cytoskeletal elements
including the dynamic properties of the actin and MT cytoskeleton, can be studied
with high resolution, thus it allows us to investigate the role of potential cytoskeletal
regulators downstream of the Wnt/PCP signalling pathway accurately.

Hanging-drop cultures of neuronal cells can be generated from stage 11
Drosophila embryos (detailed later in Materials and methods, chapter 3. 5.) in which
several readouts are available to describe the state of the neuronal cytoskeleton [14,
217]. At standard temperature (26°C) neurons can be studied in a broad time period
in primary cell cultures. After 6 hours in culture, neurons are in an actively growing
stage in which the dynamic changes of the actin and MT cytoskeleton are well
detectable in the growth cone (GC), whereas in older cultures, for instance at 48h,
neurons display a complex axonal arborisation and a mature morphology (Fig. 23 A-
C) [14].

In cultured neurons many parameters of MTs and F-actin are quantifiable and
serve as useful readouts. For example, the number, the length and the dynamics of
filopodia provide information about F-actin dynamics, whereas the organisation of
MTs in the GC reveals information about MT dynamics. GC morphology is another
accessible readout which mainly represents the status of the actin-rich structures of
the GC (Fig. 23 D-G). In addition, axon length reflects the growing capability of axons,

mostly depending on MT dynamics [14].
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Figure 23. Neurons in Drosophila primary cell cultures

(A-C) Images of isolated single cultured neurons, grown at 25°C for 6h, 15h and 48h. Neurons
are stained against tubulin (tub), F-actin (act), and the presynaptic markers Synapsin (Syn)
and Bruchpilot (Brp). S indicates the soma, white arrowheads point to the GC. Mature neurons
(48H) present complex axonal arborisation, as well as many presynaptic sites, compared to
young neurons (6h). (D-G) Show GCs labelled against tubulin (green) and F-actin (magenta).
The classification of GCs and MTs is indicated by the colour code and the patterns on the right
bottom. Pointed GCs (D) have only filopodia, whereas lamellar GCs (E-G) present both
filopodia and extensive lamellipodia. In case of MTs, bundled (D-E), spread (F) and looped
(G) classes are distinguished depending on the morphology of MTs in the GC. (modified
image, from [14])

Primary neuronal cell cultures are also particularly useful to study MT and F-actin
dynamics with live-cell imaging. For instance, by expressing a fluorescently tagged
form of end-binding protein 1 (EB1), an MT plus end associated protein, MT
polymerisation and depolymerisation events become well-traceable in cultured cells
(Fig. 24). Accordingly, F-actin dynamics can be investigated with a similar method.
For example, GFP-tagged versions of fascin (a bundling factor of F-actin) or Myosin
Il (that integrates into F-actin retrograde flow) are suitable to visualise filopodia and/or
F-actin dynamics. In addition, different drugs with selective effects on MTs or actin
(for example Nocodazole, taxol, Cytochalasin D and Latrunculin A) can be applied
simply in the culture media, therefore it gives the possibility to study the differential

role of cytoskeletal components in axon advance [14].
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Together, all these features make Drosophila primary neuronal cell cultures a
versatile model system to study many aspects of cytoskeletal changes in detail, which
can contribute to better understanding of the principal mechanisms of cytoskeletal
dynamics during axon growth. Furthermore, combined with the available genetic
manipulation tools, this technic can help us to identify the members of the molecular

machinery that is responsible for the regulation of cytoskeletal dynamics in neurons.

Figure 24. MT dynamics in cultured neurons

Primary cell cultures are suitable for investigating MT dynamics by expressing a GFP-tagged
form of end-binding protein 1 (EB1::GFP) in cultured neurons during live-cell imaging.
EB1::GFP comets can be seen in the sequence of images from a movie, representing
anterograde movements of EB1::GFP puncta along the axon (curved arrows) and in a

filopodium (arrowhead). Scale bar is 5 ym. (adapted from [14])
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2. Aims

As it was described above, axon growth largely depends on the dynamic
rearrangement of cytoskeletal elements in the GC. Although several cytoskeletal
regulators have been identified in the recent years, it is still a key question what are
those signalling pathways that gather guidance signals and activate the downstream
regulators leading to cytoskeletal changes? Several studies demonstrated that
Wnt/PCP signalling is involved in cytoskeletal remodelling [121-124], and that some
members of the pathway play an important role in controlling axon growth during
neuronal development (detailed in the Introduction, chapter 1. 2. 4.), however, their
exact role remained largely elusive. Therefore, in this study our aim was to investigate
the role of the Wnt/PCP signalling pathway in the regulation of neuronal cytoskeleton
and to understand how this role contributes to axon growth, using the model organism
Drosophila melanogaster.

In order to address these problems first we studied the localisation of the PCP
proteins in the Drosophila embryonic nervous system, and next we asked whether
their absence affects axon growth in the embryo. As another in vivo system, we also
examined whether the PCP proteins are necessary for the stereotypical axonal
development of the LNy neurons in the adult brain. Since the LNys act as principal
morning pacemakers of the fruit fly circadian clock [213, 218-221], the impact of
reduced PCP function on the locomotor activity and the sleeping behaviour of the flies
was also tested. Furthermore, as the subcellular function of the PCP proteins in
neurons is largely elusive, we used primary neuronal cell cultures to study whether
Wnt/PCP signalling controls the neuronal cytoskeleton. Finally, in order to identify a
possible downstream effector of the Wnt/PCP signalling, we investigated the role of

the formin DAAM in all the above described contexts.
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3. Materials and methods

3. 1. Fly strains and genetics

Drosophila flies were kept and the crosses were made at 25°C using standard fly food
(containing corn flour, glucose, yeast and agar). We used the Oregon R wild type and
w8 fly strains as controls in our experiments. To study the expression of PCP
proteins in neurons and in the nervous system several in situ EGFP-tagged lines were
applied: w; fmi-EGFP, w; fz-EGFP, w; EGFP-pk, w; P(acman)-stbom-EGFP stbm®, yw
dsh"?®; P(acman)-EGFP-dsh and w; P(acman)-EGFP-dgo dgo®*®. In case of Fmi, Fz
and Pk the EGFP tag is inserted into the endogenous locus. For Stbm, Dsh and Dgo,
the EGFP tag was integrated into the genome by using a P(acman) rescue construct.
In addition, these lines also carry the appropriate mutant backgrounds to maintain
normal gene dosage [222].

In order to investigate the role of core PCP proteins we used the following loss of

function mutant alleles: fz¢?*, fz*%2, stom®, dsh?', pk-sple®®, pk¥®, and fmi*®2. The fz<*

R52 K21 ;

and fz™* alleles are amorphic alleles: fz"<* is associated with a chromosome inversion

R52 js a nonsense mutation

which impairs the function of the fz gene [223], while fz
resulting in a truncated protein [224]. stbm® is a null allele, carrying a frameshift
mutation that truncates most of the protein [140]. However dsh' is a hypomorphic
allele it is known to be a planar polarity null allele because the DEP domain of the
protein, which is crucial in PCP signalling, is mutated [119, 141]. The pk locus
expresses two alternatively spliced isoforms, these are the pk and sple (spiny-legs).
pk-sple'® is a double mutant allele which deletes both the pk and sple isoforms,

however, pk* removes only the pk isoform [142, 225]. fmi*®? is an X ray-induced null

mutant allele [226].
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In cases where the loss of function mutant alleles caused lethality in homozygosis
the following marked balancer chromosomes were applied: FM7 twist GFP, CyO twist
GFP and TM3 twist GFP. By using these balancers, we were able to collect
homozygous mutant embryos to perform primary cell cultures.

In addition, the DAAM®! and DAAM®®® |oss of function mutant alleles were used
to study the function of DAAM. The hypomorphic DAAM®* allele removes only the C-
terminal end of the protein, while the null mutant DAAM®®® allele is a bigger deletion,
removing the C-terminal, the Diaphanous autoinhibitory domain and most of the FH2
domain of DAAM. [203] In some experiments, in order to reduce the level of maternal
DAAM, homozygous DAAME females were crossed with DAAMEG8/yPPiV)Zs280 mg|eg
to generate DAAM®Y/DAAM®®® embryos in which maternal and zygotic DAAM
functions are both impaired.

Furthermore, to investigate the role of DAAM in the regulation of microtubule
dynamics in cultured neurons we used the w’;elav-Gal4,UAS-EB1::GFP, as control,
and the w,DAAM®:elav-Gal4,UAS-EB1::GFP strains. EB1 belongs to the family of
proteins that are localised at the growing plus end of MTs (+TIPs), where they play a
key role in controlling MT dynamics. In this case, EB1 is tagged with GFP and driven
by the neuron-specific driver elaV-Gal4, therefore the dynamics of MT plus ends can

be well-traceable in cultured neurons by this method.

3. 2. Embryo fixation, staining and dissection

3. 2. 1. Fixation

In order to collect stage 16 embryos, Drosophila flies were laying eggs for 4 hours

and eggs were kept for 13 more hours at 25°C. Following this, embryos were
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dechorionised in 50% bleach for 2 min, washed in distilled water and transferred into
a glass bottle with fixing solution which is a mix of 3ml heptane (Molar Chemicals,
06830), 2.7ml PBS and 300ul 37% formaldehyde (MERCK, 103999). After 20 min of
fixation the bottom aqueous solution was removed. In the next step 3ml methanol was
added, then embryos were vortexed for 45 sec and transferred from the bottom of the
glass bottle into a new Eppendorf and washed with methanol. At this step the embryos

can be stored in methanol at -20°C.

3. 2. 2. Whole mount embryo staining

Prior to staining, embryos were rehydrated with washing steps in PBS with 0.1%
Triton X-100 (PBT), then blocked for 1 hour at room temperature in PBT-BSA [0.2%
Bovine Serum Albumin (Sigma, A2153) diluted in PBT]. Primary antibody staining with
the anti-Fasciclin Il antibody (1D4, 1:500, mouse, DSHB) was done overnight at 4°C
in blocking buffer. After washing steps in PBT embryos were incubated with biotin
(1:500, anti-mouse, Vector Laboratories) secondary antibody for 90 minutes at room
temperature, then washed for 1 hour in PBT. In the meantime, 3,3’-Diaminobenzidine
(DAB, Sigma-Aldrich, D4168) and Urea-H.O, (Sigma-Aldrich, D4168) solutions were
prepared: 1 tablet DAB in 500ul H,O and 1 tablet Urea-H2O- in 500ul H2O. The next
step was a 30 min incubation with ABC mix at room temperature. The ABC mix (3l
buffer A and 3ul buffer B in 300ul PBT / genotype) needs to be prepared previously
and stand for at least 30 minutes before use. Following washing steps in PBT for 1
hour at room temperature again, embryos were transferred to a well-plate and PBT
was removed form embryos as much as possible. Then DAB and Urea-H;O; solutions
were mixed in 1:1, this mix was added to embryos and the reaction was monitored
under dissection microscope. When the reaction was complete 1 ml PBT was added
to stop the reaction, embryos were transferred to a new Eppendorf and further washes
of PBT were applied for 1 hour at least.
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3. 2. 3. Fluorescent staining

Similarly to the normal whole mount embryo staining, embryos were rehydrated in
PBT but then blocked in PBS-BT [PBT with 0.2% BSA and 0.02% Na-azid (Reanal)]
for 1 hour at room temperature. Overnight incubation with primary antibodies, anti-
GFP (1:1000, rabbit, Invitrogen) either with BP 102 (1:500, mouse, DSHB) or anti-Fas
[I (1D4, 1:500, mouse, DSHB), was done at 4°C in blocking buffer. After washing steps
in PBT, secondary staining was done for 2 hours at room temperature using the
corresponding Alexa-488 (1.600, anti-rabbit, Invitrogen) and Alexa-546 (1:600, anti-

mouse, Life Technologies) antibodies, and finished by washes in PBT again.

3. 2. 4. Embryo dissection

All stainings were followed by a mounting step in glycerol:PBS (1:1), and stage 16
embryos were selected based on the morphology of the embryonic VNC. In cases
where it was necessary VNCs were dissected to remove any other tissue material of
the embryo in order to achieve better quality microscopic images.

To examine the peripheral motor nerves, we prepared embryo fillets: mounted
embryos were stuck to a slide with a very small amount of glycerol:PBS (1:1), cut in
the ventral midline by using insect pins and then laid out on the surface of the slide.

Finally, the embryonic inner organs and tissues were gently removed.

3. 3. Adult brain dissection and staining

Adult Drosophila males were collected for one day and kept in fly vials at room

temperature for three more days or one more week before dissection. In one batch,
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15-20 adult brains per genotype were dissected in cold PBS, and fixed in 4% PFA
(diluted in PBS) at room temperature for 20 min. A short movie, showing the method
of adult brain dissection, is available at the following link:

https://www.youtube.com/watch?v=ul5xNrvNkPM. After washes in PBT, brains were

blocked in PBS-BT for 1 hour, stained with primary antibodies overnight at 4°C, and
then washed in PBT again. Secondary antibodies were also applied overnight at 4°C,
and following washing steps in PBT, brains were mounted in glycerol:PBS (1:1). We
used the PDF C7 primary antibody (1:200, mouse, DSHB) and the corresponding
Alexa-546 coupled secondary antibody (1:600, anti-mouse, Invitrogen) for
immunostaining. These antibodies were diluted in PBS-BT, and 200ul per genotype

was added to the brains.

3. 4. Measurement of locomotor activity of the adult flies

Flies were reared on standard fly food at 25°C with 12h light — 12h dark cycles (LD).
To measure activity and sleep behaviour, upon eclosion of the progeny, 1-5 days old
adult males were collected and were housed in glass tubes containing food with 5%
sucrose (Sigma-Aldrich, S9378) and 2% bacto agar (Becton Dickinson, 214010). The
locomotor activity was measured by the TriKinetics Drosophila Activity Monitor
(Trikinetics Inc. USA) system in LD for 7 days, however, the first day of the recording
was not analysed later in order to make sure all the flies are synchronised and
entrained for the same conditions. In this system, the activity of individual flies is
tracked by an infrared beam which detects every time when the fly crosses the way
of the infrared light while moving in the glass tube. Afterwards, the number of counts
is collected by an interface unit: this summarises the data depending on the

experimental situation and sends it to a personal computer. In our case, the activity
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was recorded by 1-min bins, and the sleep state was defined as 5 contiguous minutes
of inactivity. The obtained data was analysed and charted by using the ShinyR-DAM
program [227]. Figure 25 shows a typical experimental setting to measure Drosophila

locomotor activity.
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Figure 25. Components of the Drosophila locomotor activity data collection system
Activity monitors are housed inside incubators that control the temperature, humidity and
lightning during the experiment. Monitors are connected to the Power supply interface unit
which collects the locomotor activity counts of the flies and then sends this data to a dedicated
computer to record. If available, all electrical appliances are connected to the emergency
backup circuits in order to avoid interrupted monitoring during the experiment. (adapted from
[228])
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3. 5. Primary cell cultures and immunohistochemistry

3. 5. 1. The preparation of primary cell cultures

To perform primary neuronal cell cultures two different mediums were prepared first.
To make the neuro-culture medium fetal bovine serum (Gibco, 10270) was mixed with
fresh Schneider's Drosophila medium (Life Technologies, 21720024) in a ratio 1:4,
filtered with 0.22um bacterial filter (Millex) and kept in dark at 26°C for 3 days to make
sure it is not contaminated, then 10pl of 10mg/ml insulin (Sigma-Aldrich, 10516) was
added and pH was set to 6.8-6.9.

For dispersion media 30ml 10x Hanks' Balanced Salt Solutions (without calcium
and magnesium, phenol red; Life Technologies, 14180046) was mixed with 3 ml
penicillin-streptomycin solution (Life Technologies, 15140122), 0.01g phenylthiourea
(Sigma-Aldrich, P7629) and solved in 167ml autoclaved distilled water, and then
filtered. To make dispersion media freshly, 0.001g Collagenase (Type 1; Worthington,
LS004214) and 0.005g Dispase Il (Roche, 04942078001) was solved in 1-1 ml of this
solution (37°C, 30 min), mixed and filtered again.

Stage 11 Drosophila embryos were used to generate primary neuronal cell
cultures. 24-30 embryos per genotype were selected (8-10 embryos per slide, 3 slides
per genotype) using UV binocular microscope. Stage 11 embryos can be selected by

a specific auto-fluorescence pattern of the embryo (Fig. 26).
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LATERAL DORSAL

Figure 26. Lateral and dorsal view of a stage 11 embryo

The auto-fluorescence pattern of the embryo, which is used for selection, is shown in green.

First, the embryos were treated with 50% bleach for 30 seconds to remove the
chorion, sterilised with 70% ethanol for 15-20 seconds and washed in 100pl sterile
neuro-culture medium. In the next step the medium was changed to 100ul dispersion
medium, then the embryos were gently homogenised with autoclaved plastic pellet
pestles (Kimble-Chase, 749521-1500) and incubated for 3.5 minutes at 37°C. After
stopping the dispersion reaction by adding neuro-culture medium (200ul), the
homogenised samples were centrifuged for 5 minutes at 900 g at room temperature
and eventually re-suspended in the final volume of sterile neuro-culture medium (90pl
per genotype). 30ul of cell suspensions were placed in special culture chambers (3
per genotype), covered with sterile coverslips (previously treated with acetone), and
kept as hanging drop cultures facing upside-down with the coverslip. After 2 hours the
chambers were turned back and further incubated up to 6 hours and 2 days at 26°C.

Figure 27 shows the making of hanging drop cultures and the used culture chambers.

66



For live-imaging, cultured neurons were grown on 0.5 mg/ml Concavalin A (Sigma-
Aldrich, C2010) coated coverslips for 6 hours at 26°C, then medium was changed to
fresh neuro-culture medium and cells were imaged without fixation and staining.

For treatments with the microtubule destabilising drug Nocodazole, neurons were
plated onto coverslips coated with 0.5 mg/ml Concanavalin A and kept for 12 h at
22°C. After 12 h, neurons were treated with either Nocodazole or vehicle for further 4
h at 22°C. Dilutions of Nocodazole (100 uM, Sigma) in Schneider's medium were
prepared from stock solutions in dimethyl sulfoxide (DMSO). For controls, equivalent

concentrations of DMSO were diluted in Schneider's medium.

cell suspension sterile cover slip

ﬂé— vaseline

sterile culture chamber

cells in suspension sink onto cover slip

upside-down
for2 hr

cover slip cells adhered to cover slip

turn back
after 2 hr

Figure 27. The preparation of hanging drop cultures (adapted from [229])

Culture chambers are made of two glass slides, stacked together, with a whole in the middle
of one of them. Homogenised cell suspension is placed in the middle of the chamber and
covered with a coverslip (vaseline is used in order to make the sealing air-tight). In the first 2
hours, culture chambers are placed upside-down to let the cells adhere on the surface of the

coverslip. Following this, chambers are turned back and cells are further incubated.
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3. 5. 2. Staining of primary cell cultures

After incubation cultured neurons were fixed in 4% paraformaldehyde (PFA) in 0.05
M phosphate buffer (pH 7-7.2) for 30 min at room temperature, then washed in PBS
with 0.3% Triton X-100 (PBT). Overnight incubation in primary antibodies was done
in PBT without blocking reagents at 4°C; and the following primary antibodies were
used: anti-tubulin (1:1000, mouse, Sigma-Aldrich), anti-synaptotagmin (1:1000,
rabbit, Sigma-Aldrich). Following washing steps in PBT, neurons were incubated for
1.5 hours at room temperature in PBT using the corresponding FITC- and Cy3-
conjugated secondary antibodies (1:100, Jackson Immuno Research). F-actin was
stained with TRITC-conjugated Phalloidin (1:200, Sigma-Aldrich); Phalloidin is a toxin
that specifically binds to F-actin. Before mounting, neurons were washed in PBT again
and finally, the fixed and stained cultures were mounted using Vectashield medium

(Vector Laboratories, H-1000).

3. 6. Documentation and data analysis

Images of neurons in primary cell cultures were taken using a Qlmaging Retiga 3000
Monochrome camera mounted on Nikon Eclipse 90i fluorescent microscope.
Confocal images of adult brains, and time lapse movies of cultured cells for live
imaging (45 frames with 2000ms intervals) were done using a 3i Marianas Spinning
Disk Confocal microscope and a Hamamatsu Orca-Flash 4.0 Digital CMOS camera.
Confocal images of embryos were captured on an Olympus FV1000 LSM microscope.

Microscopic image analysis, quantification and measurements were done in Image
J software. To analyse MT dynamics, the Fiji plugin called Manual Tracking was used

to trace trajectories of individual EB1::GFP comets and to calculate MT growth
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velocity. Statistical analysis was done in GraphPad Prism 8. In the locomotor activity
and sleep measurements the experimental data was obtained from the ShinyR-DAM

program as mean+SEM, and further analysed in GraphPad Prism 8.
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4. Results

4. 1. The expression pattern of the core PCP proteins in the

embryonic nervous system

4.1.1. PCP proteins, except Dgo, are present in the ventral nerve cord

In order to investigate the in vivo function of the core PCP proteins in axon growth
and guidance, first we examined the Drosophila embryo, particularly the expression
of the PCP proteins in the embryonic nervous system. To this end, we used several
fly lines that carry in situ EGFP-tagged forms of the PCP proteins, such as EGFP-
dgo, EGFP-pk, fz-EGFP, stom-EGFP, EGFP-dsh and fmi-EGFP [222]. In order to
examine whether PCP proteins are expressed in the embryonic CNS, we applied
BP102 staining to label all the axons in the VNC of stage 16 embryos. These axons
form the neuropile which shows a ladder-like structure along the VNC, composed of
the longitudinal connectives and the anterior and posterior commissures in each
segment (Fig. 28 A). We found that Pk and Dgo cannot be detected in the VNC axons,
whereas Fz, Stbm, Dsh and Fmi show a significant expression along the neuropile

(Fig. 28).
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Oregon-R
control

Figure 28. The expression of PCP proteins in the embryonic VNC

(A) Representative image of a wild type VNC of a stage 16 embryo stained with anti-GFP and
BP102 antibodies; up is anterior. BP102 labels the neuropile, a ladder-like structure along the
VNC, which is made up of longitudinal connectives (LC), anterior commissures (AC) and
posterior commissures (PC). (B-G) Images of embryos showing the localisation of the PCP
proteins in the embryonic VNC. (B-C) Dgo and Pk cannot be detected in the neuropile,

whereas (D-G) Fz, Stbm, Dsh and Fmi exhibit strong expression in the VNC axons. (Oregon-
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R, n=26; EGFP-dgo, n=17; EGFP-pk, n=20; fz-EGFP, n=23; stom-EGFP, n=21; EGFP-dsh,

n=20; fmi-EGFP, n=22. The n values indicate the number of examined embryos.)

Interestingly, Fz, Stbm, Dsh and Fmi display differences in their localisation in the
VNC. Dsh and Fmi show a homogenous expression both in the longitudinal tracts and
the commissures (Fig. 28 F-G). By contrast, Fz and Stbm exhibit a longitudinal tract
pattern which is less uniform as compared to Dsh or Fmi, and it is partly similar to the
pattern that can be revealed by Fas Il staining. Fas Il labels only a subpopulation of
axonal fascicules in the embryonic nervous system by staining 3-3 parallel running
longitudinal tracts in the VNC (Fig. 29 A). We found that, Fz and Stbm patrtially co-
localize with these longitudinal fascicles (Fig. 29). However, in contrast to Fasll, Fz
and Stbm also stain the commissural axons crossing the midline.

In spite of that Pk displays no expression in the neuropile it occurs to be enriched
in the neuronal cell bodies of the VNC. Figure 30 shows a ventral plane of the VNC
which contains the cell bodies of the neurons that send projections to form the
neuropile. In contrast to the control, Pk forms aggregates in this plane (Fig. 30 B-B’)
suggesting that this protein is present, most likely intracellularly, in the neuronal cell

bodies.
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stbm-EGFP Oregon-R control

f2-EGFP

Figure 29. Fz and Stbm partially co-localize with the longitudinal axon tracts in the VNC
(A-C) Dissected VNCs of stage 16 embryos stained with anti-GFP and anti-Fasll antibodies;
up is anterior. (A) Section of a wild type VNC showing the 3-3 longitudinal axon fascicles in
red. (B) Stbm co-localizes with the middle and the innermost fascicles, whereas (C) Fz
accumulates in the innermost fascicles (indicated by white arrowheads). Both proteins are
present in the commissures as well. (Oregon-R, n=24; stom-EGFP, n=23; fz-EGFP, n=21. The

n values represent the number of studied embryos.)
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Oregon-R control

EGFP-pk

Figure 30. Pk forms aggregates in the cell bodies of VNC neurons

(A) Ventral plane of a wild type VNC stained with anti-GFP and anti-HRP antibodies, where
HRP staining labels the neuronal cell bodies (magenta); up is anterior. (B) Anti-GFP staining
reveals aggregates of Pk in this plane, most likely in the neuronal cell bodies. (A’-B’) Enlarged
sections of the control and EGFP-pk VNCs. (Number of the examined embryos: Oregon-R,
n=24; EGFP-pk, n=23)

4. 1. 2. Expression of the PCP proteins in the peripheral ISNb nerve

Subsequently, we investigated the localisation of the PCP proteins in the peripheral
nervous system. In each hemisegment of the embryo muscle fibers are targeted by a
particular motor nerve: the ISN, SNa and ISNb motor nerves project to the
dorsolateral, lateral and ventrolateral muscles where they form neuromuscular
junctions to innervate them. Besides the longitudinal axon tracts in the VNC, Fas Il
staining also reveals the structure of these peripheral motor nerves. Therefore, by
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using stage 16 embryos that carry the previously described in situ EGFP-tagged forms
of the PCP proteins, it is possible to detect whether PCP proteins are present in any

of these nerves.

EGFP-dgo Oregon-R control
EGFP-dsh fz-EGFP stbm-EGFP

EGFP-pk

fmi-EGFP

Figure 31. The expression of PCP proteins in the ISNb nerve

(A-G) Confocal images of the ISNb nerve in stage 16 embryos (fillet preparations) stained with
anti-GFP and anti-Fasll antibodies; up is dorsal, left is anterior. White numbers demonstrate
the 12, 13, 6 and 7 ventrolateral muscles that are innervated by the ISNb. Compared to the
control, (D-G) Stbm, Fz, Dsh and Fmi are present in the ISNb (white arrowheads), whereas
(B-C) Dgo and Pk cannot be detected. Interestingly, Stbom and Fz show a weaker expression
in the ISNb nerve than Dsh and Fmi. (Oregon-R, n=22; EGFP-dgo, n=15; EGFP-pk, n=19;
stbom-EGFP, n=20; fz-EGFP, n=20; EGFP-dsh, n=19; fmi-EGFP, n=18. The n values indicate

the number of embryos that were investigated.)
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We found that the PCP proteins exhibit a similar expression pattern in the
peripheral ISNb nerves as in the VNC axons: Dgo and Pk cannot be detected,
whereas Stbm, Fz, Dsh and Fmi are present in these nerves. Interestingly, in
comparison to our results from the embryonic VNC where all four proteins are strongly
expressed in the neuropile, Stom and Fz exhibit a weaker expression in the ISNb

nerves than Dsh and Fmi (Fig. 31).

4. 2. PCP proteins have an impact on embryonic axon growth

and guidance

After we saw that most PCP proteins are present in the embryonic VNC and in the
peripheral motor nerves, we investigated whether these proteins affect axonal growth
or guidance in vivo in the embryo. To this end we used several loss of function mutant
alleles of the PCP proteins and examined their effect in stage 16 embryos. stom®, pk*°
and dsh' are homozygous viable alleles, of which stom® is an amorphic allele [140],
whereas pk®*® and dsh® are hypomorphic alleles. Although, pk* deletes only one
isoform of the pk-sple gene, we used this allele in our experiments since it was found
to be neuron-specific in the mushroom body [177]. Despite the fact that dsh' is a
hypomorphic allele, it is considered to be a PCP-specific null mutant since the DEP
domain of Dsh, which is crucial for PCP signalling, is mutated in this allele [119, 141].
fmi*®? is a null mutant allele [226], and although it causes larval lethality, it is possible
to collect homozygous embryos from a balanced fly stock and study its effect in the

embryonic nervous system. In case of Fz we used the trans-heterozygous fz<?*/R52

K21 R52

combination in our experiments. fz"<* and fz™< are null mutant alleles, however both
are known to carry second site lethal mutations as well ([223, 224] and additional

information from FlyBase). The trans-heterozygous combination is viable, thus this
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has been chosen for our analysis in order to avoid the effect of the second site
mutations. (The molecular nature of the above mentioned loss of function mutant
alleles is described in Materials and methods, chapter 3. 1.)

Interestingly, we were able to identify changes in the VNC only in two cases. In
stbm® mutant embryos longitudinal fascicles, visualised by Fas Il staining, show an
increased number of discontinuities in which all 3 axon fascicles display gaps, at least
on one side of the VNC (Fig. 32 B). In a few cases it occurs on both sides. In addition,
fmi*®> mutant embryos exhibit axon guidance defects characterized by an impaired
midline crossing phenotype as revealed by anti-Fasll staining (Fig. 32 C). Other PCP
mutants showed no changes in the axonal fascicules of the VNC as compared to the
control.

To further investigate this subject, the peripheral motor nerves of the embryos were
analysed as well. We found that one type of these nerves, the ISNb, shows a strong
axon stalling phenotype in some PCP mutants. In contrast to the wild type, where the
ISNb innervates ventrolateral muscles 12, 13, 6 and 7, in dsh® and fmi‘®> mutant
embryos it fails to project to its target muscles, resulting in an early stalling (Fig. 33).
These data are in line with our previous findings, since Dsh and Fmi showed a strong

192

expression in the ISNb nerve. In addition, in fmi*~° mutants the ISNb appears to be

much thinner than in the wild type.
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Figure 32. Phenotypes of the stom® and fmi'®> mutant embryos in the VNC

(A-C) Dissected VNCs of stage 16 embryos stained with anti-Fas Il antibody (A)
Representative image of a wild type VNC showing the parallel longitudinal axonal tracts. The
dashed line indicates the midline of the VNC; up is anterior. (B) VNC of a stbom® mutant embryo;
the black arrow points to the axonal discontinuity that can be seen in these mutants. (C) Image
of a fmi'®2 mutant VNC, showing its axonal misguidance phenotype in several segments,
indicated by the white arrows. (D) The number of embryos with axonal discontinuities in the
VNC significantly increases in the loss of Stbm. These gaps occur mostly unilateral, but in
some cases bilateral as well. Data sets were compared by Kruskal-Wallis test first (P<0.0001),
then P values were calculated by Dunn’s multiple comparisons tests: Oregon-R vs. stbm§,
P<0.0001; Oregon-R vs. pk3°, P>0.9999; Oregon-R vs. fzK2/R52 ' P>(0.9999; Oregon-R vs. dsh?,
P>0.9999; Oregon-R vs. fmi®?, P>0.9999 (multiplicity adjusted P values). *** P<0.001; NS,
not significant. The n values represent the number of embryos in each genotype. (E) The
diagram shows the number of VNC segments with misguided axonal formations, which
strongly increases in fmi'% mutants. To compare data sets, Kruskal-Wallis test was performed
(p<0.0001), and P values were calculated by Dunn’s multiple comparisons tests: Oregon-R
vs. stbm¢®, P>0.9999; Oregon-R vs. pk¥, P>0.9999; Oregon-R vs. fzZK21/R52 P>(,9999; Oregon-
R vs. dsh?, P>0.9999; Oregon-R vs. fmil®2, P<0.0001 (multiplicity adjusted P values). ***
P<0.001; NS, not significant. The n values indicate the number of VNC segments examined in

each genotype.

78



A Oregon -R control

100%-

80%-

* %k
ok %

60%-

Percentage of stalled ISNb-s

3 <] 40%-
: ~
= 20%-
-
< 0%- —
\ N O S & N v
S & & F CXIIPN
S R ¥ &
1 o@oo 2 f N
NS
wild type mutant o 50%
p 2
* g a0%
3
- T 30%
| 12 B 3
! AR g 20%
! - 13 g
2 o 10%
6 G 3
; 0%
? ‘0:; -A:V\\l N\qt;" \@9
ISNb T &S
n S
as .o@ o\

Figure 33. ISNb nerves show an early stalling phenotype in PCP mutants

(A-C) Fillet preparations of stage 16 embryos stained with anti-Fas Il antibody to label the
structure of the ISNb nerve; up is dorsal, left is anterior. (A) Image of a wild type ISNb: black
arrowheads show the projections that innervate the 12, 13, 6 and 7 ventrolateral muscles. (B-
C) ISNb nerves fail to innervate their target muscles, indicated by the empty arrowheads, in
dsh! and fmil®2 mutant embryos. (C) In addition, fmil®2 mutants present much thinner ISNb
nerves than wild type embryos. (D) Schematic image of a wild type and a mutant ISNb nerve
where it fails to project to its target muscles. (E) Quantification of the mutant phenotype in
single PCP mutants. dsh! and fmi'®2 mutants display a strong increase in the number of stalled
ISNb-s. Data sets were compared by Kruskal-Wallis test (P<0.0001), followed by Dunn’s
multiple comparisons tests: Oregon-R vs. stbmb, P>0.9999; Oregon-R vs. pk3, P>0.9999;
Oregon-R vs. fzK21/fzR%2 P>0.9999; Oregon-R vs. dsh!, P<0.0001; Oregon-R vs. fmil%,
P<0.0001 (multiplicity adjusted P values). *** P<0.001; NS, not significant. (F) Quantification
of the axon stalling phenotype in stbm;fz double mutants. stbom and fz show dominant genetic
interaction with one another. Compared to the stbm® homozygous mutant, one copy of fzk21
significantly increases the number of stalled ISNb-s in the double mutant. Similarly to this, the
frequency of ISNb axon stalls increases in the stbmb/+;fz<?1/fzR52 double mutants compared to
the fzK21/fzR52 trans-heterozygous combination. Following Kruskal-Wallis test (P=0.0013), P
values were calculated by Dunn’s multiple comparisons tests: stom® vs. stbm®;fzK21/+,
P=0.0373; fzK21/fzR52 vys. stbmb/+;fzK21/fzR52, P=0.0158; stbm® vs. fzK21/fzR52, P>(0.9999;
stbm®;fzX2Y/+ vs. stbhmb/+;fzX?1/fzR52, P>0.9999 (multiplicity adjusted P values). * P<0.05; NS,
not significant. The n values indicate the number of examined ISNb nerves in each genotype,
both in (E) and (F).
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Despite the fact that only dsh® and fmi'? mutants show a strong axon stalling
phenotype, other PCP proteins may also be involved in controlling the growth of the
ISNb nerves, especially because we found that Stom and Fz are also present in the
peripheral motor nerves, although their expression is not as strong as that of Dsh and
Fmi. It is possible that the PCP components act in collaboration with one another in
this process and may have redundant functions. To address this question we
performed genetic interaction tests with double mutant combinations of stom and fz

K21 or stbom®

first. We found that, compared to the single PCP mutants, one copy of fz
significantly enhances the frequency of ISNb axon stalls in the stom?®;fz*?*/+ and the
stbm®/+:;fz¢*1/fz"%? double mutant combinations (Fig. 33 F). This data suggests that
stbm and fz are also necessary for the growth of the ISNb nerves and likely to act

together in this process.

4. 3. Alterations in the growth and guidance of the LNy axons

in the brain of PCP mutant adult flies

Besides the embryonic nervous system, we also examined the adult brain to further
investigate the potential in vivo role of the core PCP proteins in axon growth and
pathfinding. For this purpose, we studied the simple and stereo-typical axonal pattern
of the LN, neurons that are key components of circadian regulation. These
experiments were performed by using the same loss of function mutant alleles of the
PCP genes as in the embryonic studies, with one exception: instead of fmi*®> we used
the hypomorphic fmi" allele. In contrast to the fmi®? allele, this allele is homozygous

viable, thus it can be applied to study the effect of Fmi loss in the adult fly brain.
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LNys consist of two groups of neurons: s-LNys that send axons dorsally which
terminate in the dorsal protocerebrum, and I-LNys, axons of which bifurcate close to
their origin and innervate the medullae in both brain hemispheres. Figure 34 A shows
the s-LNy axons, as well as axonal projections of the I-LNys that form the posterior
optic tract. Compared to the control, PCP mutant brains show strong guidance
phenotypes in which ectopic axons originate from three different areas typically: (1)
from the dorsal terminals of s-LN,s, (2) from the middle section of s-LN, axons and/or
(3) from I-LNy axons that grow through the posterior optic tract. Independent of their
origin, most ectopic axons innervate the dorsomedial/medial region of the brain.
Furthermore, |I-LNy axons in the posterior optic tract are strongly defasciculated in
some cases (Fig. 34 B-E). With the exception of dsh', these phenotypes occur with a
higher penetrance in PCP mutants than in the control, and seem to show a typical
distribution among the three types of guidance problems. There is a small amount of
brains even in the Oregon-R control that present ectopic axons mostly from s-LNy
dorsal terminals and from I-LNys, however, the number of these is much higher in
some PCP mutants, such as in fzZ<?R52 and fmi". In the stbom® mutant brains majority
of the ectopic axons emerge from the middle section of the s-LNys and from the I-
LN,s. Interestingly, pk*® mutants do not show a clear tendency: ectopic axons present
a relatively even distribution among the three guidance phenotypes. In contrast to
these, the number of brains with ectopic axonal projections is reduced in dsh! mutants
as compared to its control or other PCP mutants (Fig. 34 F-G). Since the dsh® mutant

1118

chromosome also carries a w--*° marker mutation we tested whether this background

affects LNy, axon guidance. As compared to the Oregon-R control, there are

1118

considerably more ectopic axons in the w=-° mutant flies, therefore it was necessary

1118

to use w as a second control to the dsh' mutant flies.
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Figure 34. Mutant phenotypes of the LNy neurons

(A-E) Confocal images of adult brains showing the axonal projections of s-LNy and I-LNy
neurons (visualised by anti-PDF staining); up is dorsal. In contrast to the wild type, PCP
mutants exhibit severe axon guidance problems that can be classified into three groups by
their origin: ectopic axonal projections can emerge (B) from the dorsal terminals of s-LNvs (s-
LNv dors.), (C) from the middle section of s-LNv axons (s-LNv mid.) and/or (D) from the axonal
fascicles of I-LNys that grow through the posterior optic tract (I-LNv). In addition, (E) the axonal
fascicle of I-LNv neurons is strongly defasciculated in the area of the posterior optic tract (POT)
in some cases. These phenotypes are indicated by red arrowheads in the images. (F-G)

Diagrams show the distribution of the different misguidance phenotypes in the PCP mutants,
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both in 3-4 days old and 7-8 days old flies. Percentages represent the amount of brains that
display a certain type of ectopic axonal projection (one brain can exhibit more than one
misguidance phenotype). The n values indicate the number of brains that were studied in each
genotype. The diagrams are colour coded: (1) in cases when the majority of ectopic axons
come from the dorsal terminals of s-LNvs and from the I-LNvs the bars of the diagram are
green. (2) Yellow bars indicate that ectopic axons originate mostly from the middle section of
s-LNvs and from the I-LNvs. (3) When misguided axons does not show a clear preference
among the three classes the bars are blue. (4) The dsh! mutant flies present very few ectopic

axons which is not ideal to include it in any of these categories, thus the bars are grey.

Initially we used 3-4 days old flies in these experiments as young adults, however,
when we saw the dramatic axon guidance defects in the PCP mutants, we decided to
use a second age group due to the following reason. The strong changes in the
projection pattern of the LNy axons suggested that there might be alterations also in
the daily activity and/or sleep behaviour of the PCP mutants as the LNy neurons are
essential in these processes. To address this question, we performed experiments to
measure the locomotor activity of the PCP mutants (described in the next section:
chapter 4. 4.), in which 1-5 days old flies were monitored for 1 week. Therefore, in
order to match the age of those flies, we also examined the axonal pattern of the LNys
in 7-8 days old flies. These experiments revealed that the 3-4 days old and 7-8 days
old flies exhibit nearly identical guidance phenotypes and show the same tendencies
(Fig. 34 F-G).

We also found that the above described defects sometimes accumulate in the
same adult brain, one brain can exhibit several ectopic axons and/or defasciculated
I-LNy axon tracts. In order to quantify this phenomenon, we defined the mild, medium
and strong categories depending on the degree of the phenotypic aberrations in one
brain (Fig. 35 B-D). Brains in the mild category exhibit only one type of these
phenotypes (s-LNy dors./s-LNy mid./I-LN./defasc. POT; Fig. 34 B-E), two types in the
medium category and three or more types in the strong category. Our results showed

that the percentage of brains that show axon guidance problems significantly
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increases in the PCP mutants, with the exception of dsh®. Moreover, the medium and
strong categories become much more represented in the PCP mutant brains then in
the control (Fig. 35 E-F). The strongest misguidance phenotypes appear in fz<*/R2
and stbm® mutants, both in 3-4 days old and 7-8 days old flies. fmi" and pk®® mutants
also present a considerable increase in the number of ectopic axon projections,
however, in the case of pk*® it occurs to be significant only in 3-4 days old flies. In
contrast, dsh* does not follow this tendency, the frequency of misguided axons is
much lower in dsh® mutants than in the other PCP mutants and even in its w''®
control.

In addition to these, we observed another defect that occurs to be independent
from the axon guidance problems and seems to be specific to fmi™® mutants.
Normally, the majority of the I-LNy cell bodies localise ventrally close to the origin of

the s-LNy neurons, however, in fmi"™ mutants a great number of these cell bodies

appear to be misplaced to a more dorsal position (Fig. 36).
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Figure 35. The rate of LNy axon guidance defects is strongly enhanced in PCP mutants
(A-D) Confocal images of adult brains: axonal projections of s-LNv and I-LNv neurons are
visualised by anti-PDF staining; up is dorsal. (B-D) Images show the mild, medium and strong
categories that were applied to quantify the accumulation of mutant phenotypes in the adult
brains. In this classification system, the number of ectopic axonal projections and
defasciculated |-LNvs gradually increases from the mild to the strong categories. (E-F)
Quantification of the mutant phenotypes in 3-4 days old and 7-8 days old flies. The colour code
represents the previously described mild, medium and strong categories. The n values indicate

the number of examined brains in each genotype. With the exception of dshl, PCP mutants
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display a significant increase in the amount of axon guidance problems: not only the number
of brains with ectopic axonal projections increases, but the medium and strong categories
become much more represented in the PCP mutants than in the control. (E) Data sets were
compared by Kruskal-Wallis test (P<0.0001), followed by Dunn’s multiple comparisons tests
to a fixed control: Oregon-R vs. fzX21/R52 P<(0.0001; Oregon-R vs. stbm®, P<0.0001; Oregon-
R vs. pk3, P=0.0290; Oregon-R vs. fmi3, P=0.0329 (multiplicity adjusted P values). The dsh?
mutants were compared to the w118 control: P=0.0112 (chi-square test). * P<0.05; *** P<0.001.
(F) The statistical analyses of the data from 7-8 days old flies was performed similarly. Kruskal-
Wallis test: P<0.0001. Dunn’s multiple comparisons tests: Oregon-R vs. fzK21/R52. P<(.0001;
Oregon-R vs. stbm®, P<0.0001; Oregon-R vs. pk3°, P=0.1911; Oregon-R vs. fmif’z3, P=0.0375
(multiplicity adjusted P values). Chi-square test for w8 vs. dsh': P=0.2927. * P<0.05; ***
P<0.001; NS, not significant.
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Figure 36. The position of I-LNy cell bodies in the PCP mutant adult flies

(A-C) Confocal images of the right hemisphere of adult Drosophila brains showing the position
of I-LNv neurons. In the Oregon-R wild type (A) most cell bodies of I-LNv neurons are localised
closed to the origin of s-LNy neurons (black arrow), however, (B-C) in some cases I-LNy cell
bodies display a dorsal localisation (red arrows). Interestingly, (C) a small amount of these
neurons grow ectopic axon projections dorsally (red arrowheads) and even innervate the
dorsomedial brain. (D-E) shows the amount of dorsally localised cell bodies (with or without
ectopic projections; the different categories are represented by the colour code) in 3-4 days
old and 7-8 days old male flies. The n values indicate the number of hemispheres that were
investigated in these experiments. Compared to the control, only fmiT2 mutant flies show a
strong and significant increase in the amount of dorsally localised I-LNvs (many of them
presents ectopic projections as well). Data sets were analysed by Kruskal-Wallis tests (3-4
days old flies, P<0.0001; 7-8 days old flies, P<0.0001), followed by Dunn’s multiple
comparisons tests: (D) 3-4 days old flies: Oregon-R vs. fzK21/R52 p>(,9999; Oregon-R vs.
stbm8, P=0.4253; Oregon-R vs. pk3°, P>0.9999; Oregon-R vs. fmifz3, P<0.0001; (E) 7-8 days
old flies: Oregon-R vs. fzK21/R52 p>(0.9999; Oregon-R vs. stbm®, P>0.9999; Oregon-R vs. pk3°,
P=0.0720; Oregon-R vs. fmifz3, P<0.0001 (multiplicity adjusted P values). The dsh! mutant
brains were compared to the w18 control: 3-4 days old flies, P=0.2029; 7-8 days old flies,
P=0.7134 (chi-square tests). *** P<0.001; NS, not significant.
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4. 4. PCP proteins regulate the daily activity and the sleeping

behaviour of the adult flies

4. 4. 1. Alterations in the locomotor activity of the PCP mutant flies

LNy neurons are key cellular components of the machinery that is responsible for
circadian rhythms in Drosophila, and s-LN,-s are well known as morning pacemakers
which control the morning activity of the flies [218, 219]. In addition, I-LN,s were also
found to be important in regulating the sleeping behaviour of the flies. Specifically, I-
LNys mediate light-induced arousal [213, 220, 221]. We found that upon loss of PCP
components, LNy axons display serious guidance defects, therefore we wondered
whether PCP mutant flies display changes in their daily activity and/or their sleeping
behaviour. For this purpose, the locomotor activity of 1-5 days old flies was recorded
for one week in LD (12h light/12 h dark cycles) by using the previously described loss
of function mutant alleles of PCP components. For analysing these results, we only
used 5 days of our recorded data as the first day was eliminated to make sure that
the flies are absolutely entrained for the experimental conditions, and we also
removed the last day in order to reduce the number of dead flies, which may appear
in the later stage of the experiment.

Our results showed that the loss of the PCP components affects the locomotor
activity of adult flies, with the exception of Fmi, resulting in a decrease of their total
activity. Notably, stbm®, pk*® and fz“*¥R2 mutants exhibit a strong decrease in their
activity. In contrast, the loss of Dsh seems to have an opposite effect, since the dsh*
mutant flies show an increased activity as compared to the w8 control (Fig. 37 A).
By examining the separate daytime and nighttime locomotor activity of the same flies,

we found that the altered activity of the PCP mutants is caused by a strong decrease
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in their daytime activity. Interestingly, dsh® mutants present an increased activity

during the daytime and the nighttime as well (Fig. 37 B).
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Figure 37. The loss of PCP components affects the locomotor activity of adult flies

(A) The total locomotor activity of adult male flies in LD for 5 days is shown by the diagram,
indicating the mean (mean+SEM) of counts per day. Counts represent the number of events
when a fly crosses the way of the infrared light while moving in the vial in the activity monitor
(for further details see Materials and Methods, chapter 3. 4.). With the exception of the fmifz3
and dsh! mutants, PCP mutant flies exhibit a decreased activity compared to the control. The
statistical analysis was done by using one-way ANOVA (P<0.0001), followed by Dunnett’s
multiple comparisons tests: Oregon-R vs. stbm8, P=0.0006; Oregon-R vs. pk3, P=0.0064;
Oregon-R vs. fzK2U/R52 p=0,0003; Oregon-R vs. fmi"3, P=0.3795 (multiplicity adjusted P
values). The dsh! mutant flies were compared to the w118 control: P=0.0026 (unpaired t test).
** P<0.01; *** P<0.001; NS, not significant. The n values indicate the number of flies in each
genotype. (B) The diagram displays the locomotor activity (mean+SEM) of the same PCP

mutant flies split into daytime and nighttime activity which reveals that, the lesser total activity
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of the stbm8, pk3° and fzK2V/R52 mutant flies is caused by a strong decrease in their daytime
activity. In addition, dsh® mutant flies display an increased activity during the daytime and the
nighttime as well, compared to the w18 control. The statistical analysis of the daytime and
nighttime locomotor activity measurements was done similarly as described above. One-way
ANOVA: daytime, P<0.0001; nighttime, P=0.0449. Dunnett's multiple comparisons tests (1)
for daytime activity: Oregon-R vs. stbom®, P<0.0001; Oregon-R vs. pk3, P<0.0001; Oregon-R
vs. fzZK21/R52 ' P<(0.0001; Oregon-R vs. fmifz3, P=0.0609; (2) for nighttime activity: Oregon-R vs.
stbm8, P=0.2643; Oregon-R vs. pk3°, P=0.6028; Oregon-R vs. fzK21R52 p=0.3653; Oregon-R
vs. fmif23, P=0.9617 (multiplicity adjusted P values). Unpaired t tests to compare dsh! mutant
flies to the w18 control: daytime, P=0.0449; nighttime, P=0.0035. * P<0.05; ** P<0.01; ***
P<0.001; NS, not significant.

Normally, when flies are entrained to the light-dark schedule, there are two activity
maxima during the day, a morning peak and an evening peak (Fig. 38 A). Flies start
to wake up and show an increasing activity (anticipation) prior to light exposure and
they reach their activity maximum at the onset of the light (equal with dawn in the
natural environment), producing a morning peak. Subsequently, their activity
decreases to a lower level which is maintained during daytime. The evening peak is
formed very similarly to this at the beginning of the dark period (equal with dusk in the
natural environment). PCP mutant flies show a strong decrease in their morning
activity which becomes severely disrupted in some cases. In fz“*¥R%2 stom® and pk*°
mutants the morning peak almost completely disappears, and although to a lower
extent, evening activity of the stbm® and pk*® mutant flies decreases as well.
Furthermore, fmi™ mutant flies show a decrease both in their morning and evening
activities. dsh® seems to be an exception in this aspect as well because the morning
and evening activity peaks of dsh! mutants do not show a notable difference when

compared to the w'*®

control, however, the activity of the flies during the dark cycle
increases remarkably. Figure 38 displays the average activity profiles of the studied

adult flies, moreover, daily activity profiles (Appendix, Fig. 1) and actograms
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(Appendix, Fig. 2) in the Appendix provide additional detailed information about their
activity.

Together these data show that loss of the PCP components strongly affects the
locomotor activity of the adult flies resulting in a decrease of their daytime activity;
moreover, the morning activity peak almost disappears in the PCP mutants.
Interestingly, Dsh is an exception in this case since its loss leads to an increased
activity throughout the whole day. Furthermore, these findings are also in accordance
with our previous results regarding the axon guidance defects of the LN, neurons
given that the frequency of the ectopic LNy axonal projections correlates quite well

with the changes in the locomotor activity of the PCP mutant flies.
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Figure 38. Average activity profiles of the PCP mutant adult flies (fig. legend continues)
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(A-G) The diagrams show the average activity profiles of adult male flies in LD for 5 days
(Oregon-R, n=16; stbm®, n=14; pk3°, n=11; fzK2VR52 n=12; fmiz3, n=13; wll18 n=11; wilis,
dsh?, n=15), representing the average of counts per min (counts are summarised into 30 min
bins). White areas indicate the period of light exposure, whereas grey shaded areas indicate

the dark periods.

4. 4. 2. Loss of the PCP proteins affects the sleeping behaviour of the adult flies

Parallel to their locomotor activity, the sleeping behaviour of the PCP mutant adult
flies was also analysed. To this end, we used the same data set which was recorded
in LD for one week, and defined the sleep state as a minimum of 5 contiguous minutes
of inactivity. For the reasons mentioned before, only 5 days of the recording was used
for the final analysis.

We found that loss of the PCP proteins impairs the sleeping behaviour of the flies
(Fig. 39), and it is in accordance with the alterations in their locomotor activity. The

K2URS2 mutants, while pk®

total amount of sleep strongly increases in stbom® and fz
mutants also show a significant increase in the amount of sleep during the daytime.
In addition, comparison of the daytime and nighttime recordings showed that the loss
of these proteins affect the amount of sleep during daytime, which is in good
agreement with our previous results from the locomotor activity analysis. Besides
these, in accordance with the changes in the amount of sleep, the length of sleep
episodes also increases upon the loss of Stbm or Fz, although this change is not
significant in the case of Fz. Despite the fact that the sleep episode length is not
altered in pk*® mutants, these flies exhibit significantly more episodes which can also
explain the increased amount of sleep. Similarly to the previous experiments, the loss
of Dsh induces opposite changes as compared to the other PCP mutants as the

amount of sleep decreases in the dsh® mutants in total, and in the nighttime.

Moreover, these flies display shorter but more sleep episodes suggesting sleep
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fragmentation. Interestingly, the loss of Fmi does not lead to changes in any of these

parameters.
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Figure 39. PCP mutant flies show altered sleep

(A-B) The diagrams show the amount of sleep in LD for 5 days (A) in total and (B) separated
into daytime and nighttime sleep. (A) stbm®, pk3° and fzX2/R52 mutant flies exhibit an increased
amount of sleep in total, moreover, (B) this change is even more explicit during the daytime.
In accordance with these, (C) the length of sleep episodes (bout length) strongly increases in
the stbmé and fzX2V/Rs2 mutants. Although, pk3° mutants does not show changes in sleep
episode length, (D) the number of these episodes (bout number) is significantly higher which
can also result in an increased amount of sleep. Interestingly, the loss of Fmi does not lead to

changes in any of these parameters. Dsh seems to have an opposite effect than the other
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PCP proteins, (A-B) since the amount of sleep decreases in total and in the nighttime in these
mutants. In addition, (C-D) dsh? flies present shorter and more sleep episodes than the w1118
control. (A-D) All data are shown as mean+SEM in the diagrams, and the n values indicate
the number of examined adult flies in each genotype. The statistical analysis of the
experimental data was performed by using the same tests in every case: one-way ANOVA to
compare data sets, then followed by Dunnett’'s multiple comparisons tests to compare stbm®,
pk30, fzK21/R52 and fmifz3 to the Oregon-R control. In contrast to this, the dsh! mutant flies were
compared to the w118 control by using unpaired t tests. The results of these analyses are as
follows: (A) One-way ANOVA to average sleep: P=0.0144. Dunnett’s tests to average sleep:
Oregon-R vs. stbm® P=0.0254; Oregon-R vs. pk3, P=0.6323; Oregon-R vs. fzK2l/R52
P=0.0343; Oregon-R vs. fmifz3, P=0.9993 (multiplicity adjusted P values). Unpaired t test to
dsh?: P=0.0219. (B) One-way ANOVA to average sleep during daytime: P<0.0001. Dunnett’s
tests to average sleep during daytime: Oregon-R vs. stbm®, P=0.0008; Oregon-R vs. pks3°,
P=0.0050; Oregon-R vs. fzK2/R52 P<(0.0001; Oregon-R vs. fmif23, P=0.9672 (multiplicity
adjusted P values). Unpaired t test to dsh! (daytime): P=0.0736. One-way ANOVA to average
sleep during nighttime: P=0.0011. Dunnett’s tests to average sleep during nighttime: Oregon-
R vs. stom®, P=0.0608; Oregon-R vs. pk3°, P=0.2472; Oregon-R vs. fzK2lR52 p=0,3566;
Oregon-R vs. fmif23, P=0.9605 (multiplicity adjusted P values). Unpaired t test to dsh?!
(nighttime): P=0.0098. (C) One-way ANOVA to average bout length: P=0.0098. Dunnett’s tests
to average bout length: Oregon-R vs. stbmé, P=0.0418; Oregon-R vs. pk3°, P=0.8455; Oregon-
R vs. fzK2R52 pP=0,2183; Oregon-R vs. fmif23, P>0.9999 (multiplicity adjusted P values).
Unpaired t test to dsh': P=0.0081. (D) One-way ANOVA to average bout number: P=0.0003.
Dunnett’s tests to average bout number: Oregon-R vs. stbm8é, P=0.5244; Oregon-R vs. pk?9,
P=0.0022; Oregon-R vs. fzK2/R52 P>(.9999; Oregon-R vs. fmif23, P=0.6399 (multiplicity
adjusted P values). Unpaired t test to dsh?: P=0.0228. * P<0.05; ** P<0.01; *** P<0.001; NS,

not significant.

Similarly to the locomotor activity analysis, we also studied the sleep profiles of the
PCP mutant flies and found that the loss of Stbm, Pk and Fz leads to an increased

daytime sleep which is most evident in the fz<?/Rs2

mutants. According to the morning
and evening activity peaks, flies present their sleep minima at the beginning of the
light period (ZTO, Zeitgeber time) and the start of the dark period (ZT12) (Fig. 40 A).
In stom®, pk®® and fz¢?*R52 mutants this sleep minimum is remarkably higher at ZTO

than in the Oregon-R control. In addition, as contrast to wild type flies that start to

wake up before the end of the dark period which appears as a gradual decrease in
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their sleep profiles, the loss of Stbm, Pk or Fz results in an extended sleep state during

the dark period. fmi™®

mutants do not show significant alterations in their sleep profile
compared to the control, although these flies also exhibit increased sleep before the
end of the dark period. Opposite to these observations, dsh* mutant flies display less
sleep during both daytime and nighttime. Figure 40 shows the average sleep profiles
of the PCP mutant flies, while the daily sleep profiles (Appendix, Fig. 3) in the
Appendix provide further information about their sleeping behaviour.

Collectively, our data from the locomotor activity and sleep analysis show that the
loss of Stbm, Pk and Fz leads to significant changes in the sleep and the morning

activity of the flies. First, stom®, pk* and fzK?*/R52

mutants exhibit an extended sleep
period, represented by a fairly stable sleep state close to the end of the dark cycle.
Moreover, these flies fail to wake up properly at light onset, which is also detectable
by the loss of their morning activity peak, and stay in sleep and/or more frequently fall
back to sleep during the light period as indicated by the increased amount of daytime

sleep. Interestingly, fmi™®

mutants show only mild changes compared to the other
PCP mutants, whereas the loss of Dsh seems to have an opposite effect on the
activity and sleep of the adult flies. These observations are also in accordance with
our findings regarding the axonal guidance phenotypes of the LNy neurons in the PCP

mutants. stbm® and fz<?¥/R52

mutants present a high frequency of misguided axons
which presumably is the main cause of the strongly altered locomotor activity and
sleep in these flies. Although pk®* and fmi"™ mutants both display LN, axonal

guidance defects, notable changes in their activity and sleep are only detectable in

the pk*® mutant flies.
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Figure 40. Average sleep profiles of the PCP mutant adult flies (fig. legend continues)

97



(A-G) The diagrams show the average sleep profiles of adult male flies in LD for 5 days
(Oregon-R, n=16; stbm®, n=14; pk3°, n=11; fzK2VR52 n=12; fmiz3, n=13; wll18 n=11; wilis,
dsh?, n=15), representing the amount of sleep per 30 min. The time is shown in Zeitgeber time,
in which ZTO represents the start of the light period and ZT12 represents the start of the dark
period. According to this, the light period is indicated by white areas, whereas, grey shaded

areas show the dark period.

4. 5. The role of the PCP components in cytoskeleton

regulation in cultured primary neuronal cells

The above presented data demonstrate that PCP proteins regulate axon growth
and/or guidance both in the embryonic and the adult nervous system in vivo. Axon
growth and pathfinding essentially depends on the neuronal cytoskeleton and its
dynamic changes, therefore we wanted to investigate whether loss of the PCP
proteins alters the neuronal cytoskeleton, and whether these changes affect axon
growth. To this end, we used primary neuronal cell cultures which provide powerful
readouts to determine the state of the neuronal cytoskeleton. Cell cultures were
derived from Drosophila embryos (described in detail in the Materials and Methods,
chapter 3. 5. 1.), and neurons were incubated typically for 6 hours or 2 days in culture.
The previously applied loss of function mutant alleles of the PCP proteins were used
in these experiments, with the additional null mutant pk-sple®® allele which deletes
both isoforms of Pk [142, 225].

MTs and F-actin are the two key elements of the neuronal cytoskeleton with distinct
roles in axon growth and guidance. In order to investigate the involvement of PCP
proteins in their regulation, we studied different parameters of both the actin and the
MT cytoskeleton in primary cell cultures which will be summarised in the following

sections.
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4. 5. 1. PCP proteins affect the actin cytoskeleton in cultured neurons

To study the effect of the loss of PCP proteins on the actin cytoskeleton we used two
well-accessible readouts for our analysis: the number of filopodia and the morphology
of GCs. Finger-like filopodia are actin rich structures normally present at the periphery
of the GCs, but in Drosophila cultured neurons also along the whole length of the
axons. These are easily detectable in primary neuronal cell cultures after 6 hours of
incubation (Fig. 41 A). Changes in F-actin dynamics and/or in the state of the actin
cytoskeleton can lead to alterations in filopodia formation, and subsequent differences
in the number of filopodia. We found that the loss of some of the PCP proteins affects
filopodia formation, since cultured neurons derived from pk*®, fz¢?*R52 or dsh® mutant
embryos have significantly less filopodia than the control neurons. Neurons obtained
from stbm®, pk-sple®® and fmi'®> mutant embryos show no detectable change in
filopodia number (Fig. 41 C).

Besides filopodia, the peripheral zone of the GC is also actin-rich, therefore its
morphology can also provide relevant information about the state of the actin
cytoskeleton. In order to quantify whether PCP proteins control GC morphology we
classified GCs by using the “pointed” and “lamellar” categories: pointed GCs present
mostly filopodia with no or reduced lamellipodia, resulting in a narrow morphology,
whereas lamellar GCs are characterised by the presence of filopodia and big
prominent lamellipodia. In cases where GCs did not fit into any of these categories
they were classified as “no class” (Fig. 41 D). Our results showed that there are
significantly more neurons with pointed GCs in the fz“*"52 and dsh® mutant cultures,
whereas the other PCP mutant neurons do not display changes in the morphology of

the GC (Fig. 41 E).
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(A) Image of an Oregon-R control neuron in primary cell culture after 6 hours of incubation

showing the actin and MT cytoskeleton (left): MTs are labelled by a-Tubulin (Tub) antibody

staining, whereas actin is visualised by Phalloidin (Pha) staining. On the right, the image

shows only the actin cytoskeleton of the same cell in grey, representing the finger-like filopodia

along the axon. The loss of some of the PCP components leads to a decrease in the number

of filopodia, (B) shows a fzX?/R52 mutant cultured cell which display less filopodia than the

control. (C) Quantification of the number of filopodia in the PCP mutant cultured neurons after

6 hours of incubation (mean+SEM; means represent the relative number of filopodia per

neurite). pk3° and fzX21/R52 mutant neurons exhibit significantly less filopodia than the Oregon-

R control cells. Furthermore, the number of filopodia is significantly less in the dsh® mutant cell
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cultures compared to the w18 control. D’Agostino-Pearson tests were performed to test
whether the data sets are normally distributed: Oregon-R, P<0.0001; stbm®, P<0.0001; pk3°,
P<0.0001; pk-sple®3, P=0.0004; fzX21/R52 P<0.0001; fmi®?, P=0.0038; w8, P<0.0001; dsh?,
P<0.0001. In addition, the data sets were compared by using Kruskal-Wallis test (P<0.0001),
followed by Dunn’s multiple comparisons tests: Oregon-R vs. stomé, P=0.2640; Oregon-R vs.
pk3%, P=0.0001; Oregon-R vs. pk-splel3, P>0.9999; Oregon-R vs. fzK21/R52 p=0.0117; Oregon-
R vs. fmil%2 P=0.0847 (multiplicity adjusted P values). The dsh! mutant cells were compared
to the w8 control: P<0.0001 (Mann Whitney U test). * P<0.05; *** P<0.001; NS, not
significant. (D) On the left, images show GCs of cultured control neurons after 6 hours of
incubation stained with the same antibodies to visualise both F-actin (Pha) and MTs (Tub).
The actin cytoskeleton of the same cells is showed in grey (middle) to reveal the structure of
the GC. GCs were classified as pointed or lamellar in order to quantify morphological changes
in the loss of the PCP proteins. The MT cytoskeleton is also shown separately in grey on the
right to reveal the organisation of MTs in the GC. For classification, “bundled” and “unbundled”
categories were used in order to study MT organisation. In addition to this, the size of the area
that is covered by MTs in the GC was also measured as another readout. This area is indicated
by the orange dashed shape in the image. (E) Quantification of the classes of GC morphology
in the PCP mutant cultured neurons after 6 hours of incubation. The amount of pointed and
lamellar GCs is represented by the orange and green colours in the graph, whereas the GCs
that did not fit these categories are classified and indicated as “no class” (grey). Compared to
the corresponding controls, the number of n