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1 Summary

Microtubule is the major architectural element to support proper neuronal
structure. It is tightly organized with intrinsic polarity and affects not only
neuronal morphology but also the transport property within the cell. In many
cell types, the centrosome component y-tubulin is the principal microtubule
nucleator. However, the mechanism underlying neuronal microtubule
nucleation and organization remains unknown. During neuronal development,
the centrosome is inactivated and microtubule nucleation becomes
acentrosomal. Whether the microtubule centrosomal-independent nucleation
contributes to the establishment of polarity in neurons remains unclear and

essential to answer.

The purpose of this work is to reveal whether Augmin mediated microtubule
nucleation plays a role in building up proper dendritic morphology and
organizing dendritic microtubule polarity. To this purpose, | analyzed the
dendrite morphology of class IV ddaC da neurons in Drosophila larvae
carrying mutations for y-tubulin and Augmin. | found that dendritic morphology
and dendrite branch dynamics were changed in y-tubulin, dgt5, dgt6 (Augmin)
and Dgp71WD (y-TuRC) mutants. Interestingly, the phenotypes of these
various mutants were similar, suggesting the possibility that they might act in
concert. To test this possibility, | performed genetic interaction experiments
between ytub23C, dgt5, dgt6é and Dgp71WD and found these molecules play
coordinate roles in dendrite morphology. In Augmin complex mutant neurons,
the localization of fluorescently tagged a-tubulin and the microtubule minus-
end marker Nod were both altered, suggesting a role of Augmin in
microtubule organization in these neurons. Taken together, my work suggests
a role of the Augmin complex in the proper organization of microtubules in
neuronal dendrites, which is important for achieving dendritic complexity in
Drosophila PNS class IV da neurons.
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2 Introduction

2.1 Dendrite

The mature nervous system consists of polarized neurons with long axonal
processes and multiple dendrites. The axon is responsible for transmitting
electrical impulses away from the cell body, while dendrites act to receive and
integrate these stimulating inputs from other neurons or the environment via
synapses. Synapses are the contact sites between presynaptic axons and
postsynaptic dendrites or cell bodies and are important for information
processing and memory storage. Therefore, the appropriate development of
dendrites, underlying number and distribution of synaptic contacts, is essential
for neuronal structure and functional plasticity (Kulkarni and Firestein 2012,
Koleske 2013). Moreover, loss of dendrites is related to several psychiatric
and neurological disorders, such as Alzheimer’s disease (AD), Down
syndrome (DS), autism spectrum disorders (ASDs) (Kaufmann and Moser,
2000, Lin and Koleske 2010). For instance, major depressive disorder (MDD)
is associated with reduction of both synapse density and dendrite arbor
complexity (Licznerski and Duman 2013). Destabilization of dendrites is also
found within and adjacent to the infarct area in ischemic events in cortical
pyramidal neurons (Brown, Boyd et al. 2010).

To establish appropriate synapsis contact and ensure proper neuronal
function, the dendritic morphology needs to satisfy several requirements
during development. First, a neuron’s dendritic field should be fully covered
with proper dendritic density to integrate and process its sensory synaptic
inputs. Second, the plasticity of the dendrites needs to be carefully organized
to adjust the changes of inputs they received. Third, an elaborate interaction

between genetic programming and extracellular signals is required.
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2.2 Dendrites of Drosophila PNS da neurons

Different types of neurons are classified based on the shape of their dendritic
field and dendrite branching patterns. In sensory neurons of Drosophila
melanogaster larval peripheral nervous system (PNS) (Bodmer, Barbel et al.
1987), the dendritic arborization (da) neurons are classified into four classes
based on their distinct dendrite morphology and functions (Grueber, Jan et al.
2003) (Fig. 2.1).

There are fifteen dendritic arborization (da) neurons per larval hemi-segment
classified into four main groups in order of increasing dendrite complexity. All
da neurons are born 9h after egg laying (AEL) and dendritogenesis initiates
around 13h AEL (Grueber, Jan et al. 2003). Class | neurons have the simplest
dendritic pattern that is established early during differentiation (Grueber, Jan
et al. 2002, Sugimura, Yamamoto et al. 2003 ). They are proprioceptive and
control the coordination muscle contraction (Hughes and Thomas 2007 ).
Class Il neurons have more complicate dendritic pattern with actin-rich
filopodia-like terminal branchlets decorating the main dendrites. These
terminal branchlets are termed as “spiked protrusions” and are enriched in
actin filaments organized by the actin-bundling molecule Fascin (Nagel,
Delandre et al. 2012). Behavioral response to gentle touch is mediated by
these neurons with low threshold (Yan, Zhang et al. 2013). Class IV neurons
have the most intricate dendritic arbors that are space filling. Thus, they cover
extensively their receptive field and display filling-in responses (Grueber, Ye
et al. 2003). They represent polymodal nociceptors in Drosophila larvae. They
are important for sensation of intense mechanical nociception, thermal
nociception, harmful short wavelength ultraviolet radiation, dry-surface
environments and harmful hyperoxia (Hwang, Zhong et al. 2007, Xiang, Yuan
et al. 2010, Johnson and Carder 2012, Kim and Johnson 2014). Further,
deletion of pickpocket, a DEG/ENal type ion channel, results in a fast moving
and less turning-frequency in larvae (Ainsley, Pettus et al. 2003, Gorczyca,
Younger et al. 2014, Guo, Wang et al. 2014). All classes of neurons display
self-avoidance, and thus their dendrite branches in general do not cross. The
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mechanism underlying requires recognition and repulsion of the dendrites of
the same neuron, and is mediated by Dscam (Down syndrome cell adhesion
molecules), a transmembrane protein in the immunoglobulin superfamily
(Soba, Zhu et al. 2007, Zipursky and Grueber 2013). This function of Dscam
is cell type dependent, while Dscam does not affect dendrite self-avoidance in
Drosophila motoneurons (Hutchinson et al. 2014). Other molecules as
integrins also promote dendritic self-avoidance (Kim, Shrestha et al. 2012).
Both class Ill and class IV neurons in addition avoid the dendrite of homotypic
neurons and thus tile the epidermis (Grueber, Jan et al. 2002). Several
signaling molecules are involved in tiling in Drosophila da neurons including
Tricornered (TRC), a kinase of the NDR family, and genes of rapamycin
complex 2 (TORC2) (Jan and Jan 2010).

The Drosophila da neurons of the embryonic and larval peripheral nervous
system provide a powerful model for studying dendritic development and its
underlying molecular mechanisms owing to the following reasons. First, they
are located between the epithelium and muscle and spread their dendritic
trees in a two-dimensional manner, which can be easily accessed by in vivo
imaging with high resolution. Second, the dendrites of these neurons start to
develop in the embryonic stage, reach their maximum complexity in third
instar larval stage and undergo pruning during metamorphosis. Each stage is
presenting different molecular mechanisms and dendritic morphology that is
useful for dendrite development studying. Third, the class-specified diversity
of these neurons allows comparative analysis to find the key control elements
for the establishment of different dendritic branching patterns. Fourth, they are
accessible to genetic screens and this allows the molecular elucidation of
important steps in dendrite morphogenesis including dendrite dynamics (Gao,
Brenman et al. 1999, Gao 2007, Parrish, Emoto et al. 2007, Corty, Matthews
et al. 2009, Jan and Jan 2010, Grueber, Jan et al. 2003, Sugimura,
Yamamoto et al. 2003 ).
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Figure 2.1 The Drosophila PNS dendritic arborization (da) neurons

(A) A view of Drosophila larva with its dendritic arborization (da) neurons labeled with
GFP and schemes of their localization within a single hemi-segment. (Jan and Jan
2010). (B) Tracing of the four classes in third instar larva: class | ddaE, class Il ddaB,
class Il ddaF, and class IV ddaC. The scale bar is 75 ym. (Jinushi-Nakao, Arvind et
al. 2007)
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2.3 Dendrite differentiation

The development of dendrites is an essential process for neuronal circuitry
maturation. Therefore, the dendrites develop in a carefully coordinated
manner with proper addition and elimination of dendrites. Dendritogenesis
proceeds in 3 characteristic steps, exemplified by differentiating projection
neurons within the optic tectum of Xenopus laevis tadpoles: (i) initiation of
neurites and their differentiation into one axon and several dendrites; (ii)
dynamic branching, elongation and synapse formation; (iii) deceleration of
further outgrowth and stabilization of existing branches (Hossain,
Hewapathirane et al. 2012). The time scale between these steps can vary
among neuronal types and species, but the order of events appears

conserved.

There are three types of processes involved in the differentiation of dendrites:
dendritic branches (long dendritic processes), dendritic filopodia (small
protrusions along dendrite stretches of up to 10 um in length), and dendritic
growth cones (DGC, a small lamellipodium-like structure at the tips of
dendrites) (Crino and Eberwine 1996, Dailey and Smith 1996, Hossain,
Hewapathirane et al. 2012). The growth dynamics of these dendritic
structures are studied extensively in Drosophila larva sensory neurons,
cultured rodent hippocampal neurons, tectal projection neurons of Xenopus
tadpole and retinal ganglion cells of zebrafish using live imaging (Ziv and
Smith 1996, Wu, Zou et al. 1999, Jan and Jan 2003, Niell and Smith 2004,
Mumm, Williams et al. 2006, Hossain, Hewapathirane et al. 2012, Nagel,
Delandre et al. 2012). In general, DGCs and filopodia are coincided with
dendrite maturation. DGCs decorate the tips of dendritic branches as shown
in Xenopus tectal neurons or hippocampal slices and are important for
dendrite branching through growth cone splitting (Dailey and Smith 1996,
Hossain, Hewapathirane et al. 2012). Filopodia, which later will grow into
branches or spines, extend along the length of dendritic shafts (Wong and
Wong 2000). Stabilized filopodia then become dendritic branches and extend

further (Heiman and Shaham 2010). There are several possible triggers for
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the development from filopodia to dendritic branches including activity of
neurotransmitter receptors, signaling adhesion proteins, membrane tension
and mRNA synthesis (Jan and Jan 2003, Heiman and Shaham 2010, Koleske
2013).

2.3.1 Dendrite stabilization

Stabilization of the dendritic arbor occurs over a long period of time and
correlates with neuronal activity and synapse formation. The relation between
synaptic input and dendrite development has been extensively investigated. In
early development of optic tectal neurons of Xenopus laevis, dendritic arbors
are highly dynamic, while dendrites in more mature neurons with higher
complexity are significantly less dynamic (Wu, Zou et al. 1999). In zebrafish
larva optic tectum neurons or Xenopus tectal neurons, branches are stabilized
after an initial synaptic contact is maintained (Niell, Meyer et al. 2004, Li, Erisir
et al. 2011). Mature neurons, which have stronger synaptic inputs, have more
stable dendrites (Wu, Zou et al. 1999). Changes of presynaptic activity affect
the development of dendrites in Drosophila aCC motor neurons, which is
mediated by protein kinase A (PKA) (Tripodi, Evers et al. 2008). In Drosophila
serotoninergic neurons, the refinement of dendrites requires presynaptic input
and is driven by Wnt signaling during metamorphosis (Singh, VijayRaghavan
et al. 2010). Moreover, mediated by Rho GTPases, visual stimulation
increases dendrite growth rate as well as total dendritic length in Xenopus
optical tectal neurons (Sin, Haas et al. 2002). In ventral lateral neurons of
Drosophila larva CNS, which are important for light avoidance behavior of
larvae, extended light exposure reduces dendritic length, which is mediated
through rhodopsin and cAMP pathway (Yuan, Xiang et al. 2011). However, in
Drosophila high order visual system, dendritic development is independent of
light stimulation in vertical system (VS1) neurons (Scott, Reuter et al. 2003). It
seems that different systems within different developmental stages requires
different levels of presynaptic input. The underlying mechanisms remain
unclear. As a brief statement, in young developing neurons, new synaptic

input is essential for dendrite stability.

In addition, the neurotrophic factor BDNF (brain-derived neurotrophic factor),
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a member of the neurotrophin family, is considered to be an important
modulator, in regulating neuronal morphology through TrkB receptors.
Blocking BDNF increases dendritic complexity in young retinal ganglion cells
(RGCs) through TrkB (Lom and Cohen-Cory 1999, Yacoubian and Lo 2000).
Moreover, BDNF enhances dendritic number and length of layer Il pyramid
neurons (Niblock, Brunso-Bechtold et al. 2000). In layer Il or Ill pyramid
neurons, BDNF is necessary for dendrite maintenance in later developmental
stages (Gorski, Zeiler et al. 2003). In hippocampal neurons, BDNF increases
mRNA and protein level of cypin, which can support dendritic branching by
promoting microtubule assembly. Signaling through CREB (cAMP response
element-binding protein) and cypin regulates dendrite stability and dendritic
number increment (Kwon, Fernandez et al. 2011). Blocking NMDAR (N-
methyl-D-aspartate receptor) results in longer dendrites of barrelette neurons
and increased primary dendrites of dentate gyrus granule cells (Lee, Lo et al.
2005, Espinosa, Wheeler et al. 2009). There are also suggestions linking
BDNF to microtubule associated proteins like MAP1A and MAP2 (Koleske
2013). However, further evidence is required.

2.3.2 Dendrite dynamics

The differentiation of neuronal dendrites is a highly dynamic process, as is
observed by time-lapse analysis in various systems including Drosophila da
sensory neurons, tectal neurons of Xenopus tadpoles and zebrafish embryos
(Wu, Zou et al. 1999, Niell and Smith 2004, Hossain, Hewapathirane et al.
2012, Nagel, Delandre et al. 2012, Sugimura, Yamamoto et al. 2003 ) (Fig.
2.2). During development, terminal branches are more dynamic than the
primary and secondary dendrites, for instance in embryonic chick retinal
ganglion cells (Wong and Wong 2000). In Purkinje cells, terminal dendrites
extend at a constant speed while proximal dendritic segments are quite static
(Fujishima, Horie et al. 2012). In vivo time-lapse of single optic tectal neurons
of Xenopus tadpoles reveals that the dendrites of young neurons undergo
more dynamic changes than mature neurons (Wu, Zou et al. 1999).
Nevertheless, mature neurons still preserve some degree of dendritic

plasticity. After maturation, dendrite structure and stability can also be altered
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in physiological conditions during adult life by hormones, injury, environmental
changes, stress or learning (Tavosanis 2012). In vivo imaging of zebrafish
spinal motorneurons shows a correlation between high electrical activity of
cells and low growth dynamic suggesting a homeostatic regulation in dendritic
dynamics (Kishore and Fetcho 2013).

The stability and dynamics of the cytoskeleton within the dendritic arbor is
also crucial for dendrite stabilization and remodeling. The network of
microtubules provides structural support for dendrite remodeling and stability.
Microtubule associated proteins and regulators are involved in this process.
For instance, MAP1A, a microtubule stabilizing protein enriched in dendrites,
contributes to dendrite stability and therefore regulates dendritic growth
(Szebenyi, Bollati et al. 2005). The Rho-GTPase family can disrupt
microtubule organization and therefore impairs dendritic morphology
(Georges, Hadzimichalis et al. 2008). More details of dendritic microtubule will
be discussed in the following chapters.
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> New branch
Growing branch
> Retracting branch

Figure 2.2 Time-lapse of dendrites of second instar Drosophila class IV

ddaC da neurons within 30 min.

Terminal dendrites are imaged at different time points. Different colored arrows
indicate different dendrite dynamics of new branches, growing branches and

retracting branches. Scar bar is 10 [m.

22



2.4 Cytoskeleton of dendrites

The architecture of the dendrites is determined by the underlying
cytoskeleton. The neuronal cytoskeleton consists of actin microfilaments (7
nm diameter), intermediate filaments (10 nm diameter) and microtubules (25

nm diameter).

Microfilaments consist of actin polymers (F-actin) that can organize in bundles
as well as branched networks. F-actin is a polarized polymer with fast growing
barbed/plus ends and shrinking pointed/minus ends, generating a treadmilling
that is at the core of force generation towards the plus end and controls cell
movement or organelle transport. This dynamic is elaborately controlled by
many actin-binding proteins (ABP) function in promoting actin filament
nucleation, elongation, capping, severing and depolymerization (Campellone
and Welch 2010).

To initiate dendritic formation, when actin filaments are destabilized,
microtubules can invade into the filopodia and thus prompt the initiation of
dendrites (Georges, Hadzimichalis et al. 2008). Microtubules are also
polymers containing dynamic and stable regions that are carefully controlled
by microtubule associated proteins (MAPs) and other regulators. They are
important for neuronal structure and protein trafficking. Therefore, they may
function as “information carriers” in the neurons (Dent and Baas 2014). The
structure and function of the microtubules will be discussed in more details in

following chapters.

Intermediate filaments assemble from anti-parallel tetramers. They lack
polarity and can not serve as basis for cell motility and intracellular transport.
There are a variety of intermediate filaments in the nervous system displaying
characteristic sidearm projections. Neurofilaments (NFs) are intermediate
filaments of neurons and localized to axons to control axonal width and thus

axonal signal transmission. In Drosophila, they in general are absent.
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241 Microtubule organization in dendrites

Parallel microtubules are the main cytoskeleton components in dendrite shafts
providing support for the dendrite structure as well as for new dendrite
formation. They are regularly spaced discontinuously and lie parallel to each
other as shown early in cat retinal ganglion cells by serial electron
micrographic reconstruction (Sasaki et al. 1983). Though actin is generally
considered to play the initial role in cellular remodeling, microtubule sliding
driven by the microtubule motor kinesin-1 contributes to providing the
mechanical forces necessary for initial neurite extension in Drosophila primary

cultured neurons (Lu, Fox et al. 2013).

Microtubules are polarized heterodimers of a- and p-Tubulins that line up in a
head-to-tail pattern to form linear protofilaments, the basic structural element
of microtubule, that assemble later into hollow tubes. They display two distinct
domains along the length of the tubule: a plus-end enriched in GTP-bound
Tubulin molecules and a domain closer to the minus end, enriched in GDP-
bound Tubulin. Microtubules continuously undergo assembly and disassembly
dynamics. As long as a GTP cap is present at their plus end, microtubules will
keep growing. Once Tubulin’s GTPase activity has hydrolyzed GTP to GDP
and eliminated the GTP cap, the microtubule will undergo rapid catastrophic
depolymerization. Different cell types display microtubules with different
number of protofilaments (11-15) suggesting the number of protofilaments is
important for the establishment of proper cellular morphology and function.
Doublecortin, a microtubule stabilizer in developing neurons, binds
preferentially to 13-protofilament microtubules in vitro (Bechstedt and
Brouhard 2012). Recent research shows that MEC-17, a a-Tubulin
acetyltransferase, is important for organizing 15-protofilament-microtubule in
touch receptor neurons (TRNs) in Caenorhabditis elegans. Loss of MEC-17
results in microtubules with various diameters and protofilament numbers.
The mutant neurons develop swelling and longer axons (Topalidou, Keller et
al. 2012).
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Besides the number of protofilaments, microtubules of mature neurons have
more frequently undergone post-translational modifications resulting in more
stable structures. Among these modifications, detyrosination and acetylation
are the most common and studied ones. Both detyrosination and acetylation
occur on o-Tubulin within polymerized microtubules, by removal of the C-
terminal tyrosine residue or modification of lysine 40, respectively
(Westermann and Weber 2003, Peris, Wagenbach et al. 2009, Janke and
Bulinski 2011). Post-translational modified microtubules are enriched in axons
and less detyrosinated microtubules in dendrites, suggesting that dendritic
microtubules are more dynamic than axonal microtubules. In rat cortical
neurons, serotonin receptor promotes microtubule dynamics by manipulating
microtubule post-translational modification and thus regulates morphology
and dynamics of dendritic growth cone (DGC) (Ohtani, Kozono et al. 2014). In
hippocampal neurons, proline/serine-rich coiled-coil protein 1 (PSRC1), a
microtubule associated protein promotes cell growth, increases acetylated
and tyrosinated microtubules and suppresses neurite/axon outgrowth (Hsieh,
Chiang et al. 2012). In the same system, kinesin translocation is affected by
microtubule post-translational modifications (Hammond, Huang et al. 2010).
This suggests that such modifications can regulate motor proteins and
regulator proteins as well, for instance by representing binding sites for them.
Kinesin-5, for example, accumulates on dendritic microtubules and prefers to
bind to tyrosinated tubulins in superior cervical ganglia (SCG) neurons (Kahn,
Sharma et al. 2014). In cerebrocortical neurons, microtubule associated
protein SEPT7, a subunit of the heteropolymerizing guanosine tri-/di-
phosphate-binding protein family, is required for dendritogenesis since its
depletion induces shorter dendrites with less complexity. Interestingly, it limits
acetylation since acetylated a-tubulin significantly accumulates in SEPT7-
depleted neurons. Further evidence shows SEPT7 interacts with HDACG6, the
major a-Tubulin deacetylase, to regulate acetylation of Tau (Ageta-Ishihara,
Miyata et al. 2013, Noack, Leyk et al. 2014). This finding suggests a role of
SEPT7 and HDACG in controlling dendrite development through interaction

with acetylated a-Tubulin.
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Another important characteristic of dendritic microtubules is their orientation.
In the shaft of mature dendrites, microtubules display mixed polarity, whereas
microtubules orientation remains uniform with the plus-ends-out in axon
(Baas, Black et al. 1989). Utilizing fluorescent-tagged plus-end binding
proteins, the dynamics of microtubule extension can be traced in vivo and
vitro. For instance, in the proximal region of cultured hippocampal neuron and
Purkinje neuron dendrites, microtubules have mixed orientations with
approximately 50% microtubules in plus-end-out direction, which is in
agreement with earlier data based on electron microscopy (Sharp, Yu et al.
1995, Stepanova, Slemmer et al. 2003). In Drosophila da neurons, growing
dendritic microtubules display a predominant minus-end out orientation
(>90%) and thus differ from the orientation of microtubules in vertebrate
neurons (Stone, Roegiers et al. 2008, Hill, Parmar et al. 2012). In nematode
neurons like two bipolar neurons in Caenorhabditis elegans, the orientation is
consistent with Drosophila neurons with predominant minus-end-out in the
dendrites and kinesin-1 is proposed to glide the plus-end-out microtubules out
of the dendrites (Yan, Chao et al. 2013, Sakakibara, Ando et al. 2013).

Microtubule polarity is important for neuronal development in Drosophila da
neurons, as exemplified by the following example. In mature Drosophila class
IV da neurons, axon lesion induces an increase in plus-end-out microtubules
in the dendrites. After the dendrite closest to the original axon has reoriented
its microtubules to a uniform plus-ends-out orientation and starts growing as
the new axon, the other dendrites then return to their minus-ends-out
dominant orientation (Stone, Nguyen et al. 2010). These data suggest plus-
end-out orientated microtubule is a sign for a dendrite turning to an axon in
Drosophila da neurons. In young cultured hippocampal neurons, minus-ends-
out microtubules start to emerge while dendrites start to form their unique
morphology, suggesting the presence of minus-end-out microtubules is a
significant character in dendrites. In this system, Kinesin-2, EB1 and APC are
required to direct microtubule growth at dendritic branch points (Mattie,
Stackpole et al. 2010). /n vitro, EB1-kinesin complex steers growing
microtubule plus ends towards the cell body, suggesting a general
mechanism for microtubule polarity establishment (Chen, Rolls et al. 2014).

26



Remarkably, the used imaging method can only detect growing microtubules
but not the already-existing ones. Thus, the orientation relation between
growing and stable microtubules is an intriguing but open issue. For more
extensive read on microtubule polarity orientation in neurons, | refer to a

recent review (Baas and Lin 2011).

2.4.2 Microtubule nucleation in neurons

To understand the polarity of microtubules, one important aspect is how
microtubules are nucleated within neurons. The centrosome is the main
microtubule organizing center (MTOC) in actively dividing cells. In newly born
neurons, most of the microtubules are nucleated from the centrosomes. In
sympathetic neurons in culture (20hs culture, during which time axon
outgrowth happens), after nocodazole treatment, microtubules have been
seen to assemble in the region of the centrosome within 5 minutes, and the
staining of tyrosinated tubulins suggests the attachment of most of these
microtubules to the centrosome (Yu, Centonze et al. 1993). In young
hippocampal neurons, microtubules are generated from centrosome as well
as the cell body. The treatment with drugs that inhibit microtubule assembly
does not abolish the present of microtubules, indicating that microtubules are
generated from the centrosome and then transported to the dendrites in early
developmental stage (Sharp, Yu et al. 1995, Stiess, Maghelli et al. 2010).
There are several essential components of the centrosome-dependent
microtubule nucleation, for instance NEDD1, AKAP450, pericetrin and
MOZART 1 and 2 (Kollman, Merdes et al. 2011). Zebrafish NEDD1
homologue has been found to play a similar role in recruiting y-Tubulin to the
centrosome as mammalian NEDD1 and depletion of zZNEDD1 yields poorly
patterned neuronal structures (Manning, Lewis et al. 2010).

As the neuron develops, the centrosome loses its function as a microtubule
organizing center (MTOC). Despite different morphology of MTOC, y-Tubulin
is considered to be the key microtubule nucleator in all MTOCs. Evidence
shows that centrioles are not surrounded by y-Tubulin in both developing and

mature neurons. Dsas-4 centriole duplication mutants as well as centrioles
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ablation don’t change the microtubule orientation in axons and dendrites
(Nguyen, Stone et al. 2011). In hippocampal neurons, y-Tubulin is present
through the axons and dendrites, where it potentially supports microtubule
nucleation. In mature hippocampal neurons, after laser ablation of the
centrosome, axons still extend and regenerate through acentrosomal
microtubule nucleation (Stiess, Maghelli et al. 2010). Taken together, these
recent data support the idea that microtubules are formed independently of
the centrosome, opening the question of how and where microtubules are

nucleated in mature neurons.

There are several possibilities for the acentrosomal microtubule nucleation. In
mammalian and Drosophila neurons, neuronal Golgi apparatus derived
compartments are enriched in dendrites, and can regulate the dynamics of
dendrites (Hanus and Ehlers 2008). Such Golgi outposts, the small isolated
Golgi stacks found predominately in dendrites (Ye et al. 2007), can serve as
non-centrosomal microtubule nucleation sites in the dendritic arbor in
Drosophila da neurons. This acentrosomal nucleation requires also y-Tubulin
and CP309 (the Drosophila homolog of AKAP450, a y-Tubulin interacting
protein) (Ori-McKenney, Jan et al. 2012). One centrosome/Golgi protein is
Myomegalin  (MMG), which  associates with  cyclic  nucleotide
phosphodiesterase and controls microtubules in vertebrates. In epithelial
cells, it localizes in cis-Golgi and binds to y-Tubulin or EB1 respectively. One
isoform CM-MMG, which has a conserved domain (CM1), acts as a
nucleation activator, recruits y-Tubulin and promotes microtubule nucleation.
The other isoform EB-MMG, which has only EB1-binding sites, localizes to
microtubule plus-ends through EB1 binding (Roubin, Acquaviva et al. 2013). It

will be interesting to test their function in the nervous system.

Evidence also shows that the existing microtubules can be the track of new
microtubule growth in Drosophila dendritic da neurons at dendritic branch
points (Mattie, Stackpole et al. 2010). This raises the possibility of microtubule
nucleation along the existing microtubules. In neurons, there are several
molecules that could be responsible for acentrosomal microtubule nucleation.

Doublecortin  (DCX), which stabilizes microtubule, is expressed in

28



differentiating neurons. It can bind to sides of microtubules lattice and
copolymerize with tubulin to form 13-protofilament microtubules predominantly
in vitro. Further research reveals that in vitro the interaction between DCX
molecules are important for it to bind to microtubules and dock at growing
microtubule ends (Fourniol, Sindelar et al. 2010, Bechstedt and Brouhard
2012). Further work to explore DCX as a microtubule nucleator in vivo would
be interesting.

Additional, microtubules originated from the centrosome can be released and
transported into the dendrites as templates (Bartolini and Gundersen 2006). In
this scenario, microtubule-severing proteins play important role in releasing
microtubules assembled at the centrosome and these severed microtubules
then have the possibility to serve as seeds for further microtubule generation.
One interesting molecule is Nezha (CAMSAP3) of the calmodulin-regulated
spectrin-associated protein (CAMSAP) family. It anchors preferentially at the
minus-ends of microtubules as a regulator of microtubule dynamics at
cadherin-based adherens junction in epithelia cells which contain oriented
non-centrosomal microtubules (Meng, Mushika et al. 2008). Drosophila
CAMSAP (ssp4/Patronin) caps and stabilizes microtubule minus-ends against
kinesin-13 induced depolymerization in Drosophila S2 cells (Goodwin and
Vale 2010). In hippocampal neurons, CAMSAP2 localizes to microtubule
minus ends in a y-Tubulin independent manner and regulates dendrite
development and neuronal polarity (Yau, van Beuningen et al. 2014). It is
suggested that CAMSAP is responsible for microtubule minus-end nucleation.
In epithelial cells, CAMSAPs preferably localize to severed microtubule
minus-ends and stabilize the microtubules lattice. And these microtubule
lattices can serve as “seeds” for microtubule outgrowth. Further, Katanin, a
microtubule severing protein, can bind to CAMSAPs and regulate the length
of CAMSAPs decorated stretches (Jiang, Hua et al. 2014). The function of

microtubule severing proteins in dendrites will be discussed later.

Nevertheless, y-Tubulin is the general nucleator required for microtubule
nucleation (Kollman, Merdes et al. 2011). Still, the localization of y-Tubulin

and how microtubule nucleation happens in neurons remains an open issue.
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2.5 Microtubule associated proteins in dendrites

Microtubule associated proteins (MAPs) contribute to regulation of
microtubule dynamics and stabilization. They usually bind directly to the
tubulin dimers through their C-terminal domains, and therefore control a wide
range of functions including microtubule stabilizing, microtubule destabilizing,
microtubule guiding and microtubule cross-linking with other proteins. Several
MAPs classes have been described, including microtubule plus-end tracking
proteins (+TIPs), structural microtubule associated proteins, microtubule
severing proteins, microtubule polymerizing proteins, microtubule motor
proteins and other microtubule regulators. An appropriate coordination of
MAPs is required for proper establishment of dendritic arbors.

2.5.1 Microtubule plus-end tracking proteins (+TIPs)

+TIPs are preferably accumulated at the plus ends of microtubule, allowing
control of microtubule dynamics and interaction with other components,
including actin. Several +TIPs as DLIS-1, Dhc64, CLIP-170, and shortstop,
have been shown to regulate dendritic arborization in Drosophila and link
microtubules to actin directly or indirectly (Gao, Brenman et al. 1999, Swiech,
Blazejczyk et al. 2011, Satoh, Sato et al. 2008, Kapitein and Hoogenraad
2011, Lansbergen and Akhmanova 2006). APC (adenomatous polyposis coli),
which promotes microtubule assembly, was shown recently as RNA-binding
protein to regulate dynamic microtubules through p2B-tubulin in cortical
neurons (Preitner, Quan et al. 2014). Further, they direct microtubule growth
also in dendrite development. For instance, in Drosophila da neurons, kinesin-
2, together with EB1 and APC, are required for normal microtubule polarity in
dendrites and essential for dendritic branching (Mattie, Stackpole et al. 2010).
Recent researches have shown in vivo and vitro that the XsIP domain of
kinesin-1 (KIF5B) and kinesin-2 (KIF7) can bind to EB1 and further conduct
new microtubule growth along existing microtubules (Chen, Brinkmann et al.
2014, Doodhi, Katrukha et al. 2014). These findings will help to further explain

microtubule-dependent microtubule organization in different systems.

30



2.5.2 Microtubule structural proteins

Classical microtubule structural proteins are divided into three families: MAP1,
MAP2 and Tau. They contribute to microtubule stabilization and thus control
the dendritic morphology. MAP1B is highly expressed during early neuronal
development. In Drosophila central nervous system (CNS) and peripheral
nervous system (PNS), loss of futsch, the Drosophila orthologue of MAP1B,
leads to a disruption of dendritic growth (Hummel, Krukkert et al. 2000).
MAP1A, which is enriched in mature dendrites, promotes dendritic branching
and growth in Purkinje cells and pyramidal neurons (Szebenyi, Bollati et al.
2005). HMW (High molecular weight) -MAP2 associates preferentially with
dendritic microtubules. In primary cultured neurons, depletion of MAP2
prevents  dendritic  differentiation  (Farah and Leclerc  2008).
Calcium/calmodulin-dependent protein kinase (lI) (CAMKII) can phosphorylate
MAP2 and increases its binding to microtubules (Vaillant, Zanassi et al. 2002).

2.5.3 Microtubule stabilizing/polymerizing proteins

Several MAPs are involved in microtubule stabilization and establishment of
neuronal morphology. DCX-like kinases (DCLK1 and DCLK2) and Gas7b
(Growth arrest specific protein 7b) are found to enhance microtubule bundling
in hippocampal neurons and neuron 2A cells, respectively (Gotoh, Hidaka et
al. 2013, Shin, Kashiwagi et al. 2013). Marlin-1 stabilizes microtubules
through its N-terminal domain and is required for neurite extension as well as
neuron migration in cortical pyramidal neurons (Vidal, Fuentes et al. 2012).
Other MAPs are found to associate with MAP2 in neurons. In primary
hippocampal neurons and dorsal root ganglion neurons, Protein kinase A
associates with microtubules in a MAP2 dependent manner and contributes to
neurite elongation (Huang, Kao et al. 2013). CRMP (Collapsin-Response-
Mediator Protein) family member CRMPS5 is important for neuronal polarity as
it inhibits dendritic neurite outgrowth by forming a complex with Tubulin and
MAP-2. It can also abrogate the function of CRMP2 in promoting neurite
outgrowth (Brot, Rogemond et al. 2010). One new possible MAPs member,
been found recently to play role in microtubule stabilization is SHATI/NATS8L.

In cortical pyramidal neurons, SHATI colocalizes with Tubulin and its
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reduction strongly simplifies dendrite complexity. These data suggest SHATI's
function as a MAP in stabilizing microtubules (Toriumi, lkami et al. 2013).
MAPG, known as STOP (stable tubule-only polypeptide), which is also known
to be responsible for microtubule-cold stability and interacts with the actin
cytoskeleton and the Golgi apparatus, inhibits retrograde lysosomal trafficking
in dendrites in primary rat neurons and results in negative regulation of
dendritic complexity, particularly in distal branching (Schwenk, Lang et al.
2014).

2.5.4 Microtubule severing proteins

The function of microtubule severing proteins is critical for releasing
microtubules from nucleation sites and thus allowing their transport within the
neuron. Further, they are suggested to contribute for generating seeds for
new microtubules generation (Sharp and Ross 2012). One severing protein
Katanin consists of two subunits, P60 and P80. And it is distributed widely
throughout the neurons. In cultured Rat sympathetic neurons, Katanin has
been initially implicated in releasing microtubules generated at the
centrosome, and regulating microtubule length throughout the cell body
(Ahmad, Yu et al. 1999). The sensitivity of microtubules to severing by
Katanin is regulated by microtubule acetylation in both axons and dendrites of
young hippocampal neurons (Sudo and Baas 2010). In the same system,
p60-katanin (one subunit of Katanin) is up regulated by protein kinase C
activation and results in neurite retraction (Korulu, Yildiz-Unal et al. 2013).
The mechanisms underlying regulation of Katanin need further investigation.
In Drosophila da neurons, the Katanin family member Katanin p60-like 1 (Kat-
60L1) is required for microtubule disruption in the proximal dendrites and
plays an essential role in dendrite pruning (Lee, Jan et al. 2009). During
development, Kat-60L1 contributes to dendrite morphology by increasing the
number of growing microtubules and thus establishes terminal branch stability
and dendrite complexity (Stewart, Tsubouchi et al. 2012). Another microtubule
severing protein is Spastin, which has an ATPase domain. In contrast to Kat-
60L1, although loss of Spastin also simplifies the dendrite arbor of Drosophila

class IV da neurons, microtubule polymerization within dendrites is unaffected
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(Stewart, Tsubouchi et al. 2012). Considering previous work showing that
proper dosage of Spastin is required to establish not only appropriate
dendritic arbor but also axon elaboration in the ventral nerve cord (VNC)
(Jinushi-Nakao, Arvind et al. 2007, Ye, Kim et al. 2011), Spastin is considered
to have a broader function that is not exclusively in dendrites. Interestingly, in
the same system Spastin overexpression can destroy stable microtubules,
while Kat-60L1 has no effect (Stewart, Tsubouchi et al. 2012). Further,
reduction of Spastin does not affect the microtubule polarity and the dendrite
outgrowth after pruning. And normal Spastin gene dosage is specifically
required for regeneration of an axon from a dendrite (Stone, Rao et al. 2012).
All these results suggest that in the Drosophila class IV da neuron dendrite
arbors, Kat-60L1 may have a microtubule regulatory role in promoting
dendrite stability with a different mechanism than Spastin. Spastin seems to
be tightly controlled at the transcriptional level. The transcription factor Knot
can increase dendritic arbor outgrowth through promoting the expression of
Spastin (Jinushi-Nakao, Arvind et al. 2007). Dar1, which encodes a novel
transcription regulator in the Kruppel-like factor family, is suggested to
promote dendrite growth in part by suppressing the expression of Spastin. In
Drosophila da neurons, depletion of Dar1 results in severe growth defects of

microtubule- but not of F-actin-based dendritic branches (Ye, Kim et al. 2011).
2.5.5 Actin-microtubule cross-linkers

Some MAPs, as the MAP2/Tau family, act as actin-microtubule cross-linkers.
The actin binding domain is located within the microtubule binding domain
(Dehmelt and Halpain 2004). As one member of the conserved actin-
microtubule linkers, Shot regulates microtubule polymerization and axon
extension in Drosophila primary neurons (Alves-Silva, Sanchez-Soriano et al.
2012). Other MAPs regulate actin-microtubule binding through actin binding
proteins. For instance EB3, a microtubule +TIPs protein, can interact with
actin binding protein Drebrin and redirect microtubules into spines in
hippocampal neurons. Actin-dissembling drugs or Drebrin knockdown can
diminish the microtubule invasion to spines revealing this invasion event is

controlled in a drebrin-dependent manner (Merriam, Millette et al. 2013). To
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coordinate interaction between actin and microtubule, GTP-binding protein
Septin, formed a ring-shaped complex and colocalized with actin in yeast and
mammalian cells (Kinoshita, Field et al. 2002), is important for dendritic
development in hippocampal neurons (Tada, Simonetta et al. 2007). Septin7,
abundant in the brain, binds to microtubules and recruits them to enter the
axonal filopodia and thus induces collateral branching (Hu, Bai et al. 2012,
Ageta-Ishihara, Miyata et al. 2013).

2.5.6 Microtubule-based transport

In addition to functioning as structural component, another essential role of
microtubules is to deliver various cargos over long distances within the
dendrites. The key molecules for the anterograde and retrograde transport are
motor proteins, including myosin along actin filaments, Dynein and Kinesin
along microtubules (Schlager and Hoogenraad 2009). Microtubule post-
translational modification sites can serve as “road signs” to direct motor

transport to specific subcellular destinations (Verhey and Gaertig 2014).

The Dynein family comprises: cytoplasmic Dynein, intraflagellar transport
(IFT) Dynein and axonemal Dyneins. Cytoplasmic Dynein moves along the
microtubules in a minus end-directed manner in most eukaryotic cells
(Roberts, Kon et al. 2013). This movement manner may affect microtubule
orientation. For instance, in Drosophila da neuron axons, loss of Dynein
results in mixed orientation of the axonal microtubules, whereas the mixed
dendritic microtubule polarity remains intact (Zheng, Wildonger et al. 2008).
These data suggest that Dynein is required for the uniform plus-end-out
microtubule organization. In hippocampal neurons, Dynein is found to conduct
bidirectional transport in dendrites (Kapitein, Schlager et al. 2010). The

underlying mechanism remains an open and interesting issue.

In contrast to Dynein, Kinesins are mostly plus-end directed motors (Namba,
Nakamuta et al. 2011). Depletion of Kinesin-6 (barely detected in axons) or
Kinesin-12 in rat sympathetic neurons causes a reduction of minus-end-out
microtubules in developing dendrites, which results in an axon-like

morphology. Interestingly, depletion of either motor results in faster growing
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axons with greater numbers of mobile microtubules. Therefore, these two
motors may regulate the microtubule pattern in both axons and dendrites by
driving minus-ends-out microtubules into developing dendrites and preventing
the entry of minus-ends-in microtubules transport from the cell body into the
axons (Lin, Liu et al. 2012). In Caenorhabditis elegans DA9 neurons, Kinesin-
1 is also critical for minus-end-out microtubule organization in dendrite. In
UNC-116 (kinesin-1/kinesin heavy chain) mutants, dendritic microtubule
polarity is completely reversed and adopts an axonal-like plus-end-out
organization. Likely, Kinesin-1 regulates dendrite microtubule polarity through
directly gliding the plus-end-out microtubules out of the dendrite (Yan, Chao et
al. 2013). For RNA transport in cortical primary neurons, KIF1Bf forms RNA-
protein complexes suggesting its function on mediating bi-directed transport of
dendritically localized mRNAs (Charalambous, Pasciuto et al. 2013). Based
on these findings, Kinesins may conduct bi-directed transportations in both
axons and dendrites.

Other researches further investigate proteins interacting with motors. In
hippocampal neurons, TRAK1 and TRAK2 (TRAK family adaptor proteins) are
required for mitochondrial motility in axon and dendrites respectively. TRAK1
binds to both Kinesin-1 and Dynein/Dynactin, is prominently targeted to axons
and needed for axonal growth and branching, whereas TRAK2 predominantly
interacts with Dynein/Dynactin but not Kinesin-1, is exclusively present in
primary dendrites and required for primary dendrites outgrowth (van
Spronsen, Mikhaylova et al. 2013). The ubiquitin E3 ligase TRIM3 (also
known as BERP) binds to KIF21B motor in hippocampal neurons. Though the
degradation of KIF21B is not due to the TRIM3 E3 ligase function, depletion of
TRIM3 reduces the directionality of the motor (Labonte, Thies et al. 2013).
Considering the function of TRIM3 binding to Myosin V, this molecule

provides an interesting prospective of actin-microtubule interface in dendrites.
2.5.7 Small GTPases-mediated control of dendrite microtubules

The dynamic interaction between actins and microtubules is required for
neuronal morphogenesis. One important family that is essential for the

regulation of cytoskeletal dynamics is that of the small Rho GTPases
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(Gonzalez-Billault, Munoz-Llancao et al. 2012). Rho GTPases are members
of Ras superfamily and are clustered in distinct subgoups: Rho (RhoA-C,
RhoD, RhoL and Rnd1-3), Rac (Rac1-3) and Cdc42. In neurons, some of
these Rho GTPases are essential during dendritic development and
determine the complexity of dendrites (Newey, Velamoor et al. 2005).

Although small Rho GTPases were firstly shown to be involved in actin
regulation, several recent studies have revealed the need for Rho GTPases in
microtubule stabilization in association (Pertz 2010). The members of Rho
family seem to be major players in regulating actin-microtubule cross-linking
in developing neurons. Several potential regulators of Rho GTPases are quite

interesting for further investigation (Conde and Caceres 2009).

MAP1B, distributed in the dendrites of mature neurons and enriched at the
postsynaptic densities, has been extensively studied for its function in
promoting microtubule assembly and stabilization (Georges, Hadzimichalis et
al. 2008). Recently, it has been shown that it may regulate the structure of the
cytoskeleton by interacting with Rho. For instance, in cultured hippocampal
neurons, Rho regulates dendrite number and microtubule dynamics through
Cypin, which is a guanine deaminase that promotes microtubule assembly
(Chen and Firestein 2007). Also in hippocampal neuron primary cultures,
Rac1 activator Tiam1 interacts with both the actin-binding and microtubule-
binding domains of MAP1B and regulates the actin cytoskeleton via Rac1
(Tortosa, Montenegro-Venegas et al. 2011, Henriquez, Bodaleo et al. 2012).
Reelin, a conserved extracellular glycoprotein, regulates actin and
microtubules via Rho GTPases in neurons (Leemhuis and Bock 2011).
Another regulator is GSK3 signaling that cross-talks with several pathways to
control neuronal polarity, including Rho GTPases. It is also suggested to be a
key molecule to control microtubule dynamics via microtubule-binding proteins
regulation (Kim, Hur et al. 2011). Future work will be required to reveal the link
between Rho GTPases and microtubule cytoskeleton.

36



2.6 y-Tubulin, y-TURC and the Augmin complex

2.6.1 y-Tubulin and y-TuRC (y-Tubulin ring complex)

The globular protein y-Tubulin is the major microtubule nucleator and it is
found primarily at the microtubule organizing centers (MTOC) in eukaryotes. It
was first discovered in Aspergillus (Oakley and Oakley 1990). Itis a
ubiquitous and highly conserved protein. Disruption of y-Tubulin leads to
animal lethality and microtubule depletion (Oakley and Oakley. 1990; Sunkel
et al. 1995). Disruption or depletion of y-Tubulin results in microtubule dis-
organization in mammalian cells and Xenopus egg extracts (Joshi et al. 1992;
Stearns and Kirschner 1994), indicating y-Tubulin plays a key role in
organization of microtubule arrays. In vitro synthesized radiolabeled y-Tubulin
was shown to tightly bind to microtubule ends and the binding is specific (Li
and Joshi 1995). The X-ray crystal structure of y-Tubulin is similar to a- and §-
Tubulins. Researchers suggested that y-Tubulin might regulate its affinity for
of-Tubulin through GTP binding and hydrolysis (Aldaz et al. 2005). In
Drosophila there are two forms of y-Tubulin: yTub37C and yTub23C.

In Drosophila, Xenopus and human, y-Tubulin assembles with several
associated proteins to form the y-Tubulin ring complex (y-TuRC), consisting of
GCP2, GCP3, GCP4, GCP5, GCP6 and NEDD1, according to its ring shape
in electron micrographs, which acts as a scaffold or template for o/f tubulin
dimers during microtubule nucleation (Moritz et al. 2000; Oegema et al. 1999;
Zheng et al. 1995). In human Hela metaphase spindles, y-TuRC are bound to
minus ends of non-centrosomal spindle microtubules (Lecland and Luders
2014), which may contribute to non-centrosomal microtubule nucleation. In
Saccharomyces cerevisiae and other related yeasts, components of y-TuRC
are absent. They retain only the y-Tubulin small complex (y-TuSC), which
consists of 2 y-Tubulins associated with GCP2 and GCP3, suggesting a core

role of the nucleating machinery for y-TuSC (Vinh et al. 2002). Several
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reviews have presented nucleation models and structural aspects of y-TuRC
(Kollman, Merdes et al. 2011, Lin, Neuner et al. 2014).
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Figure 2.3 Structure of y-TuRC and y-TuSC
(A)(B) Cartoon models of y-TuRC and y-TuSC structure. (C) Cartoon model of
microtubule nucleation. (D) Protein list of y-TUuRC and y-TuSC components. (Kollman,

Merdes et al. 2011) (E) Cartoon model of the opening and the opposite side of y-
TuRC structure in Drosophila (Moritz, Braunfeld et al. 2000).

38



2.6.2 The Augmin complex

Recent studies using Xenopus egg extracts and human U20S cells have
revealed that a newly forming microtubule can be nucleated at the side of an
already existing microtubule. This process requires binding of y-TuRC to the
sides of existing microtubules through the Augmin complex. The resulting
daughter microtubules have the same polarity as the mother microtubules
(Petry et al. 2012; Kamasaki et al. 2013).

The Augmin complex was recently identified as a set of proteins that
facilitated efficient spindle assembly. It is a conserved complex in Drosophila,
vertebrate cells and plant cells, consisting of eight subunits. (Goshima et al.
2008; Lawo et al. 2009; Ho et al. 2011; Hotta et al. 2012). The Drosophila
Augmin complex is a hetero-octamer composed of dgt2 (dim y-tubulin 2) to
dgt9 (dim y-tubulin 9). Recently, analysis of biochemical reconstitution of the
Augmin complex with recombinant proteins and electron microscopy reveal
the subunit organization and overall architecture of the augmin complex in an
elongated Y-shaped structure (Hsia et al. 2014). The human Augmin is
named as HAUS and its subunits are as shown in Fig2.4.

l Human “
augmin y-TURC Kinetochore

| New microtubule s .
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Cytokinesis

Pre-eiisting micrtubule

Figure 2.4 A Speculative Molecular Model of the Augmin/y-TuRC-
dependent Micrutubule Generation. (Human augmin subunits are described in
this diagram) (Uehara et al. 2009).
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Depletion of any of the eight subunits leads to destabilization of the complex
and reduced microtubule density along the spindle, suggesting coregulation of
the subunits (Goshima et al. 2008). These subunits cooperate to recruit y-
TuRC and increase microtubule density. In plant cells, Augmin-y-Tubulin is
important for postanaphase microtubule generation (Nakaoka et al. 2012) and
subunit8 is shown to be a microtubule plus-end binding protein, which can
promote microtubule polymerization in vitro (Cao et al. 2013). In interphase
plant cells, Augmin is associated to interphase cortical microtubules and
recruits y-TuURC and thus initiates microtubule nucleation (Liu et al. 2014). In
Drosophila embryos, it is also suggested that the Augmin complex contributes
to centrosome-dependent astral microtubule assembly (Hayward et al. 2014).
However, depletion of Wac, which is suggested to be a new Augmin
component, does not affect microtubule assembly during female meiosis in
Drosophila (Meireles et al. 2009). In general, Augmin complex is considered
to associate with microtubule nucleation via y-TuRC, but the mechanism

underlying remains still unclear.

Furthermore, in Hela and U20s cells, Augmin is evenly distributed along the
microtubule lattice on spindles, which is determined by interaction between
NEDD1 and y-Tubulin (Lecland and Luders 2014). In human U20S cells
utilizing electron tomography, a 29nm rod-shaped structure was suggested to
be the structure of the Augmin complex connecting the end of the newly
formed microtubule to the wall of the existing microtubule (Kamasaki et al.
2013). These researches suggest a possible scenario of the augmin complex

in mediating acentrosomal microtubule nucleation along existing microtubules.
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Figure 2.5 Model for spindle microtubule nucleation. y-TuRC is recruited
to the Augmin complex through its targeting subunit NEDD1 (Lecland and
Luders 2014).

In Drosophila S2 cells, immunoprecipitation has suggested an interaction
between Dgt6 and Dgp71WD (Uehara et al. 2009). Interestingly, disrupting
the interaction between NEDD1 (Dgp71WD) and y-Tubulin results in a specific
reduction of the amount of Augmin in pole-proximal spindle regions,
suggesting a regulation function of NEDD1 in Augmin recruitment. It has been
proposed that Dgt6 and its human homolog FAM29A recruit y-TuRC via
NEDD1 to spindle microtubules, indicating an important role of Dgt6 among
the subunits of the augmin complex (Zhu, Coppinger et al. 2008, Uehara et al.
2009). Moreover, Hice1, the human homolog of Drosophila Dgt4, binds
directly to microtubules and interacts with Hec1, a coiled-coil protein important
for mitotic progression, to stabilize microtubules (Wu, Lin et al. 2008, Wu, Wei
et al. 2009; Uehara el al. 2009). Aurora-A Phosphorylation of Hice1 regulated
by Aurora-A is important for microtubule binding activity (Tsai, Ngo et al.
2011). RanGTP is also involved in stimulation of the interaction between the

Augmin complex and the microtubule (Hsia et al. 2014). These researches
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suggest interaction between Augmin and y-TuRC may require the involvement

of other molecules.

The processes underlying the formation of neuronal dendrite branches are
fundamental to our understanding for the development, wiring and function of
the nervous system. In this work, | identified the Augmin complex (Dgt5 and
Dgt6) that co-functioned with yTub23C and Dgp71WD, which is the main
microtubule nucleator in proper dendrite morphology establishment. Cell-
autonomous RNAi-mediated depletion, as well as loss-of-function mutations
led to a strong reduction in the number of terminal branchlets in Drosophila
larvae class IV da neurons. This phenotype could be rescued by over
expression of these molecules, which suggests a cell-autonomous function of
the Augmin complex in maintaining proper dendritic morphology in the
neuronal system. The reduction in the number of terminal branchlets was
largely due to impairment of elongation of dendrite branching as revealed by
in vivo time-lapse analysis of differentiating Drosophila da neurons,
suggesting additional microtubule stabilization function of these molecules.
Moreover, the organization of dendritic microtubules was disrupted in the
Augmin complex components trans-heterozygous mutants. Taken together, a
novel function of the Augmin complex in dendritic branch formation was

suggested here in my thesis.
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3 Results

3.1 yTub23C is necessary for proper establishment of class IV

da neuron distal dendritic arbor

Microtubules are major architectural elements of neuronal dendrites and are
nucleated primarily by y-tubulin. Recently, a key role of ytub23C in acentrosomal
microtubule nucleation was suggested in the maintenance of the terminal
dendrites of Drosophila PNS class IV da neurons (Ori-McKenney, Jan et al.
2012). However, the localization and nucleation sites for acentrosomal ytub23C

mediated microtubule nucleation in these neurons remain unclear.

To further investigate the function of ytub23C in dendritic arbor establishment, |
combined a loss of function allele, yTub23C*"*? (Vazquez et al. 2008) with a
severe hypomorphic allele yTub23C 7 (Sunkel et al. 1995), to generate viable
yTub23C mutant larvae. | analyzed the dendritic field of class IV ddaC da
neurons and | found a simplified dendritic arbor (Figure 3.1A, B) displaying a
significant reduction of the total number of dendritic branches (number of total
branches control 654 + 12.34; yTub23C mutant 504.6 + 60.15; n=5; p<0.01)
(Figure 3.1 C). This reduction in branch number could be rescued cell-
autonomously by expressing GFP-tagged yTub23C (Chen et al. 2012) in class IV
neurons using ppkGal4 (Williams and Truman, 2005) (number of total branches
617.6 + 22.45; n=5; compared to the yTub23C mutant p<0.01; compared to the
control p>0.1) (Figure 3.1 C). The total length of the dendritic tree was only
slightly modified (total length control 19063.582 um + 1065.69; yTub23C mutant
16602.853 um + 2349.96; n=5; p>0.05) (Figure 3.1 D). These data suggest
yTub23C is required for proper dendrite number but not for dendrite length in

class IV da neurons.
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Figure 3.1 Loss of y-Tubulin function alters the number of dendrites in

class IV da neurons
(A) One quadrant of a class IV ddaC neuron of third instar larvae visualized with mCD8GFP

A1924 Tub23C 7 mutants or cell-

under the control of ppkGal4 in control animals, yTub23C
autonomous rescue by ppkGal4 expressing UAS-yTub23C-GFP. White asterisk indicates the
soma. Scale bar is 50 um. (B) Tracing scheme of neurons shown in (A). Magenta indicates high
order branches. Blue indicates other branch levels. (C) Quantification of total branch number in
yTub23C mutant and rescue. (D) Quantification of total branch length in yTub23C mutant and
rescue. (E) Tracing scheme of dendrite branches. Magenta indicates high order branches. Blue
indicates other branch level. Green indicates cell body. (F) Quantification of branch length in
yTub23C mutant and rescue. (G) Quantification of branch number in yTub23C mutant and rescue.

Star indicates p < 0.05. Data is means = SD; n = 5 neurons from individual animals per genotype.
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To understand the dendrite number defect in more detail, | defined four dendritic
branching orders from proximal (primary, starting at the cell body) to distal (high
order, terminal branchlets) (Figure 3.1 B, E). A strong reduction was found in the
number of high order branches (high order control 421.2 + 41.97; yTub23C
mutant 275.4 + 34.77; n=5; p<0.01) but not in other branching levels (n=5;
p>0.05) as shown in Table 3.1 and Figure 3.1 G.

Table 3.1 Number of branches of each branch level

Primary  Secondary Tertiary High order
Control 241055 54.2+11.26 177+27.24 421.2 £41.97
yTub23C™ " 3+0 52.4+9.76 173.8+17.47 275.4+34.77*

** indicates p<0.01
This is consistent with a previous report based on yTub23C RNAI that y-tubulin is
responsible for distal dendritic branching (Ori-Mckenney, Jan et al. 2012). The

mean length of each branch level was not significantly modified as shown in
Table 3.2 (n=5; p>0.05) and Figure 3.1 F.

Table 3.2 Mean lengths of each branch level (um)

Primary Secondary Tertiary High order

Control 408.46+66.52 81.98+28.27 37.78+10.04 16.56+2.42

yTub23C™" " | 430.23+30.87  84.70%6.75 34.4+2.69 17.76+2.98
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To better understand the high order branch reduction observed in the mutant, |
performed time-lapse live imaging on late second instar larvae (approximately 72
h AEL) and monitored the initial establishment and dynamics of high order
dendrites in class IV da neurons (Figure 3.2 A). | measured the number of branch
initiations, extensions, retractions and branch loss events in newly formed branch
events after 30 minutes. These numbers were normalized to the length of the
basal dendrites and total initial branch number.

New branch formation in the yTub23C mutant was slightly reduced in comparison
to the control (control 7.79 £ 4.07/100 um, yTub23C mutant 2.98 £ 2.07/100 um,;
n=5; p<0.05) (Figure 3.2 B). The percentage of branches elongating was slightly
reduced (control 36.14 £ 13.21%; yTub23C mutant 19.1 £ 8.44%; n=5; p<0.05))
and the retraction events were increased (control 24.72 + 7.09%; yTub23C
mutant §5.20 + 17.21%; n=5; p<0.01) (Figure 3.2 C, D). | also compared the
percentage of branch number loss among newly formed branches within the time
scale of 30 minutes. However, there was no significant difference (control 51.37
1+ 11.81%; yTub23C mutant 28 £ 25.88%; n=5; p>0.1) (Figure 3.2 B), suggesting
the stability of newly formed branches was not affected by loss of yTub23C. All
the above data suggest that dendrite dynamics is altered by loss of yTub23C
function and that the existing dendrite branches are less stable in the yTub23C
mutant animals. They indicate that reduction in number of high order dendritic
branch in y-tubulin mutant class IV da neurons resulted from a defect of dendrite

emergence and maintenance.
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Figure 3.2 Dynamics of high order branches in ddaC neuron dendrites of
yTub23C*">24Tub23C " mutants.

(A) Time-lapse imaging of high order branches of ddaC neurons in second instar larvae
expressing mCD8GFP under the control of ppkGal4 (total time: 30 min, interval between single
images: 5 min). Red, blue and yellow arrows indicate new, elongating and retracting branches
respectively. Scale bar is 10 um. (B) Quantification of new branches per 100um appearing during

A124 Tub23C " neurons in second instar

30 minutes time-lapse imaging in wild type and yTub23C
larvae. (C) Quantification of branch dynamics during 30 minutes time-lapse imaging in control and
yTub23C*"*?4Tub23C " neurons. (D) Quantification of percentage of branch loss in newly
formed branches during 30 minutes time-lapse imaging in control and yTub230A15'2/yTub23C Pl
neurons.

Stars indicate p < 0.05. Data is means + SD; n = 5 neurons of individual animals per genotype.

47



To analyze the localization of yTub23C, | expressed GFP-tagged yTub23C (Chen
et al. 2012) in class IV da neurons with ppkGal4 (Williams and Truman, 2005).
The functional construct localized in discontinuous stretches along the shafts of
class IV ddaC da neuron dendrites, though barely detectable in more distal
branches at this level of expression. The localization was not concentrated at the
branching points as suggested in a previous publication (Nguyen, McCracken et
al. 2014) (Figure 3.3).

UAS-yTub-GFP

Figure 3.3 Localization of y-Tub-GPF in Drosophila ddaC da neuron
dendrites.

One quadrant of a class IV ddaC neuron of third instar larvae is shown. Red shows the dendrites
of ddaC da neurons visualized with mCD8Cherry. Green shows the localization of y-Tub-GPF

expressed using ppkGal4. Scale bar is 50 um.

Taken together, ytub23C is required for establishing proper dendritic morphology
especially in controlling the total number of high order dendrites. Moreover,
vtub23C function is important for new branch formation and dendrite
maintenance. The localization pattern of ytub23C along the dendrite shafts

suggests a possible scenario in which it mediates microtubule nucleation within

the dendrites.
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3.2 Dgt5 controls number and length of class IV da neuron

dendrites

Several studies have suggested the existence of acentrosomal microtubule
nucleation in neurons, including the Drosophila PNS da neurons (Stiess et al.
2010; Nguyen et al. 2011). To address which molecules are involved in
acentrosomal microtubule nucleation in differentiating dendrites, | performed a
candidate-based RNAi screen. Specifically, | knocked down in class IV da
neurons components of the y-Tubulin ring complex (Dgp71WD, Dgrip128,
Dgrip163 and Dgrip84) and of the Augmin complex (Dgt2-Dgt6), which is
involved in acentrosomal y-tubulin-mediated microtubule nucleation in dividing
cells (for review see Teixido-Travesa et al. 2012; Goshima et al. 2008). The
conserved Augmin complex comprises 8 subunits (dgt2-dgt9) in Drosophila and
the human orthologue is named as HAUS complex (Hotta et al. 2012; Goshima
et al. 2008; Uehara et al. 2009; Goshima and Kimura, 2010) (Figure 3.4). | found
a reduction of neuronal complexity, similar to the y-tubulin mutant phenotype,
upon RNAi-mediated knock-down of all tested Augmin complex components
(data not shown).

To confirm the phenotype, we generated a dgt5 mutant by imprecise mobilization
of a P-element inserted in the 5’-UTR of the dgt5 gene 30bp upstream of the
initiating ATG (Ou, 2013) (Figure 3.4 A). A resulting lethal deletion line dgt5-c™
was analyzed by genomic PCR analysis, which showed a 3kb deletion
encompassing most exons of the gene (Figure 3.4 B). Furthermore, western blot
analysis of embryo extracts probed with rabbit polyclonal anti-dgt5 antibody
(Goshima et al. 2008) revealed reduction of the protein level (Goshima et al.
2008) (Figure 3.4 C). Therefore, dgt5-c"’ was defined as a dgt5 null allele.
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Figure 3.4 Dgt5 controls number and length of class IV da neuron dendrites

(A) Schematic view of the Dgt5 gene. Dgt5 coding sequences are indicated in blue and UTRs in

gray; the inverted triangle represents the insertion site of dgt5EP2492

P-element. The interrupted
black line indicates the deletion in the dgt5LE10mutant. Scale bar is 1kb. (B) PCR of control,
dgt5LE10 adult animals. (C) Western blots of control, dgt5LE10and UAS-dgt5 embryo extracts driven
by kruppelGal4. (D) One quadrant of a ddaC clone obtained by MARCM of control, dgt5-c"°
mutant or rescue with UAS-dgt5. White asterisk indicates the soma. Scale bar is 50 um. (E)
Tracing scheme of neurons in (C): MARCM control, dgt5-5"° mutant and rescue. Magenta
indicates high order branches. Blue indicates other branch levels. (F) Quantification of dendritic

LE10

branch number in control, dgt5~ " and rescue MARCM clones. (G) Quantification of dendritic

LE10

branch mean length in control, dgt5~~ " and rescue MARCM clones.

Stars indicate p < 0.05. Data is means = SD; n = 5 neurons per genotype.
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To analyze the function of dgt5 in da neurons, single dgt5-5’° mutant ddaC
neurons were obtained by MARCM (Lee and Luo, 1999). These clones displayed
a significant reduction in the number of secondary, tertiary and high order
branches as shown in Table 3.3 (n=5; p<0.05) and Figure 3.4 F.

Table 3.3 Number of branches in each branch level

Primary Secondary Tertiary High order
Control 3+0 75.84+11.39  180.2429.88  380.6+47.71
dgt5-E"? 2.8+0.54 38.2+13.24*  131.2422.91* 276.2+74.90*

* indicates p<0.05

The mean length of high order branches in dgt55"° neurons was increased
comparing to the control (high order control 16.83 + 1.96 um; dgt5-c'° 21.49 +

2.52 um; n=5; p<0.05) while the mean length of branches of lower orders was not
modified as shown in Table 3.4 (n=5; p>0.05) and Figure 3.5 G.

Table 3.4 Mean lengths of each branch level (um)

Primary Secondary Tertiary High order

Control 423.23+59.71  75.84%£16.53  33.88+4.57 16.83+1.96

dgt5tt’? | 486.329+80.31 109.05+28.34 43.47+9.27  21.49+2.52*

* indicates p<0.05
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3.3 Dgt6 controls number and length of class IV da neuron

dendrites, similarly to Dgt5

The conserved Augmin complex component dgt6 does not display known
functional domains (Goshima et al. 2008; Lawo et al. 2009). Dgt6 interacts with y-
Tubulin in vivo and is important for kinetochore-microtubule regrowth during
mitotic metaphase and anaphase (Goshima et al. 2008; Zhu et al. 2008;
Bucciarelli et al. 2009; Uehara and Goshima, 2010).

To analyze the function of Dgt6, a dgt6 mutant was generated by imprecise
mobilization of the P-element in dgt6/°5"/¢57892 (Qu, 2013). This line is lethal and
contained a P-element insertion in the coding region of the dgt6 gene 8bp
downstream of the initiating ATG. This disrupts the expression of the protein as
shown in Western Blot of third instar larvae extracts probed with a rabbit
polyclonal anti-Dgt6 antibody described previously (Goshima et al. 2008) (Figure
3.5 E). The GSV6 P-element contained a UAS sequence and could potentially
drive overexpression of dgt6 in the presence of Gal4 drivers. The Dgt6
expression level was also tested in Western Blot (Figure 3.5 D). For this reason,
deletion alleles were generated by imprecise remobilization of this original P-
element. The dgt6’** allele obtained by imprecise excision still contained a
fragment of 889bp from the original P-element (Figure 3.5 A). The Dgt6 protein
level was clearly decreased in dgt6’ third instar larvae extracts probed with a
rabbit polyclonal anti-Dgt6 antibody used as described previously (Bucciarelli et
al. 2009) (Figure 3.5 B, C). Endogenous protein could not be detected in dg6’*
larvae in da neurons with antibody staining (Figure 3.5 F). Dgt6'** flies were
lethal but survived up to third instar larval stage.
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Figure 3.5 Localization of Dgt6 in Drosophila da neurons.
(A) Schematic view of dgt6 gene. Dgt6 coding sequences are indicated in blue and UTRs in gray;

esve 194 after P-element

the inverted triangle represents the insertion site of dgt6 P-element. In dgt6
remobilization, a fragment of the original GSV6 element was still present, schematized by the
lower line and the smaller inverted triangle. The remaining fragment did not contain UAS
sequences. Scale bar is 1kb. (B) Western blots of third instar larva extracts of control, dgt6’* or
UAS-Dgt6 expressed by kruppelGal4 with polyclonal anti-Dgt6 antibody described previously
(Bucciarelli et al. 2009). Blot was also probed with anti-actin antibodies as loading controls. (C)
Quantification of protein level in dgt6’** and UAS-dgt6 expressed by kruppelGal4. (D) Western
blots of control, dgt619A and dgt6GSV6 third instar larvar extracts driven by kruppelGal4 with
polyclonal anti-Dgt6 antibody described previously (Bucciarelli et al. 2009). (E) Western blots of

control and dgt6®S"®

third instar larva extracts with anti-Dgt6é antibody described previously
(Goshima et al. 2008). (F) Dgt6 staining in Drosophila da neurons. Green shows da neurons

visualized with mCD8GFP. Red shows Dgt6 staining in da neurons.
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To address the effect of loss of dgt6 function on dendrite differentiation, | imaged
class IV ddaC da neurons of dgt6’* third instar larvae using 477Gal4
UASmMCDS8GFP (Grueber et al. 2003) to highlight their morphology (Figure 3.6 A,
B). | analyzed branch morphology and found a significant reduction in the
number of high order branches comparing to the wild type (high order control
378.6 + 21.44; dgt6'** 222.8 + 21.44; n=5; p<0.01), while the number of lower
branch levels is not significantly modified as shown in Table 3.5 (n=5; p>0.05)
and Figure 3.6 C.

Table 3.5 Number of branches of each branch level

Primary Secondary Tertiary High order
Control 2.2+0.45 45+4.18 150.4+35.96  378.6+21.44
Dgt6™ 3+0 53+6.60 144.2420.05 222.8+21.44**

** indicates p<0.01

This reduction in high order branch number could be rescued by expression of a
UAS-dgt6 transgene in class |V neurons using 477Gal4 (high order rescue 362 +
35.04; n=5; compare to control p>0.1) (Grueber et al. 2003) (Figure 3.6 C).
These data indicated a cell-autonomous function of dgt6 in dendrite morphology.
Similar to dgt5-5'° MARCM but different to yTub23C mutants, the total length of
class IV neuron dendrites was significantly reduced in dgt6'** due to the large
number of dendrite loss (control 18614.22 + 1019.29 um; dgt6'% 11454.72 +
6641.02 um; n=5; p<0.05) and this phenotype could be rescued with
overexpression of full length Dgt6 (rescue 17771.38 + 825.28 um; n=5; compare
to control p>0.1) (Figure 3.6 D). The mean length of each branch level remained
unchanged (n=5; p>0.05) in dgt6’* mutants except the secondary branch order
(n=5; p<0.01) as shown in Table 3.6 and Figure 3.6 E.
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Table 3.6 Mean length of each branch level (um)

Primary Secondary Tertiary High order

Control 463.37+65.86 92.62+7.06 42.38+5.20 18.91+2.32

Dgt6'% 392.60+59.53 69.62+11.40**  34.06+8.79 18.66+2.66

** indicates p<0.01

The reduction in mean length of secondary branches in dgt6’* mutants could be
further rescued (secondary rescue 87.25 £ 11.30 um; n=5; p>0.1) (Figure 3.6 E).
Thus, dgt6 controls number and length of class IV neuron dendrites, which is

similar to dgt5 and overlapping with yTub23C function.
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Figure 3.6 Loss of dgt6 alters dendritic branch number.

(A) One quadrant of a class IV ddaC neuron visualized using 477Gal4 UASmCDS8GFP in third

instar larvae of control, dgt6’* or after cell-autonomous rescue of dgt6’® with UAS-Dgt6 under

the control of 477Gal4. White asterisk indicates the soma. Scale bar is 50 um. (B) Tracing

scheme of neurons shown in (A): control, dgt619A and rescue. Magenta indicates high order

branches. Blue indicates other branch levels. (C) Quantification of dendritic branch number of

dgt6” and rescue. (D) Quantification of total dendritic branch length of control, dgt6’** and

rescue. (E) Quantification of dendritic branch mean-length of control, dgt6’** and rescue.

Star indicates p < 0.05. Data is means * SD; n = 5 neurons of individual animals per genotype.
Magenta indicates high order branches. Blue indicates other branch levels.
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| also performed time-lapse live imaging on late second instar larvae
(approximately 72 h AEL) to analyze new branch formation and dynamics of high
order dendrites (Figure 3.7 A). There were significantly less new branches
formed in the dgt6’* mutant (control 7.79+4.07/100 um, dgt6'** mutant

2.03£1.44/100 um; n=5; p<0.05) (Figure 3.7 B). The percentage of branches

elongating in the dgt6’*

36.14+13.21%; dgt6’*! mutant 15.17+7.20%; n=5; p<0.05), whereas the number
619A

mutant was significantly reduced (control
of retracting branches was unmodified (control 45.01+£13.51%; dgt mutant
39.74+20.45%; n=5; p>0.1) (Figure 3.7 C). These data suggest that dendrite
dynamics changed due to the loss of dgt6’** function, leading to fewer new
branch formation events and less stable branches in the dgt6’* mutant animals.
The phenotype of defective elongation was similar to yTub23C mutants.
Moreover, there is a significant reduction in percentage of newly-formed branch
loss (control 51.37+11.81%; dgt6’** mutant 11.33+17.58%; n=5; p<0.001)
(Figure 3.7 D). This data suggests most of the newly formed branches failed to
elongate to stable branches, which indicates an additional function of Dgt6 in
stabilizing newly formed dendritic branches.

To summarize, my data suggested a cell-autonomous requirement of Augmin

complex in controlling proper dendrite morphology in both number and length of
dendrites in Drosophila class IV da neurons.
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Figure 3.7 Time-lapse analysis of high order branches of ddaC neuron
dendrites in Dgt6'** mutant.

(A) Time-lapse imaging of high order branches of ddaC neurons in dgt61%4 second instar larvae (total
time: 30 min, interval between single images: 5 min). Red, blue and yellow arrows indicate new,
elongating and retracting branches, respectively. Scale bar is 10 um. (B) Quantification of new
branches per 100um appearing during 30 minutes time-lapse imaging in control and dgt61°4 neurons
in second instar larvae. (C) Quantification of branch dynamics during 30 minutes time-lapse imaging
in control and dgt6794 neurons. (D) Quantification of percentage of branch loss in newly formed
branches during 30 minutes time-lapse imaging in control and dgt64 neurons.

Stars indicate p < 0.05. Data is means # SD; n = 5 neurons of individual animals per genotype.
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3.4 Dgt5 and Dgt6 cooperate to control appropriate dendrite
morphology

Dgt5 and dgt6 are part of the co-regulated Augmin complex (Goshima et al.
2008). The similarity of their phenotypes in class IV neuron dendrites suggests
they might function together during neuronal dendrite differentiation.

| thus analyzed the phenotype of dgt5-c'%+; dgt6’%/ + trans-heterozygous
animals in the background of ppkGal4 UASmCD8GFP. Animals of dgt5 5%+ or
dgt6’%/+ had similar dendrite number of different branch levels in class IV
neurons compared to the control (n=5; p>0.1) (data shown in Table 3.7). In
contrast, dgt5-5'%+; dgt6’%/+ trans-heterozygous third instar larvae showed a
strong reduction in high order dendrite number and therefore simplified dendritic
trees (high order dgt5-c'%dgt6’* 297.8 + 59.36; n=5; p<0.01; one-way ANOVA
P<0.005) (Figure 3.8 A, C). The branch number of other branch levels remained
unchanged (n=5; p>0.1) (data shown in Table 3.7) (Figure 3.8 A, C).

Table 3.7 Number of branches of each branch level

Primary Secondary Tertiary High order
Control 2.2+0.44 47 441254  164.2+23.86  440.8+37.00
dgt5-E"%/+ 2.6+0.89 49.2410.64  167.2+41.00 382+32.95
dgt6™¥/+ 3+0.71 66+18.44 193+43.83 376+24.78
dgt5-="%dgt6™ 3.2+.84 64.8+16.33  187.8431.91 297.8+59.36**

** indicates p<0.01 comparing to control, dgt5 5%+ and gt6'*/+, respectively.

59




The total length of dendrites in trans-heterozygotes was also significantly
reduced (dgt5-c"%/+ 18805.75 + 390.31 um; dgt6’*/+ 19559.68 + 990.18 um;
dgt5-E"%dgt6"** 16356.068 + 1528.59 um; n=5; p<0.01; one-way ANOVA
P<0.005) (Figure 3.9 D). The average length of each branch level was not
significantly modified as shown in Table 3.8 (n=5; p>0.05).

Table 3.8 Mean lengths of each branch level (um)

Primary Secondary Tertiary High order

Control 433.37425.86  90.33+5.26 32.36+7.13 17.49+0.32
dgt5-E7%/+ 421.8+70.9  85.78+11.17  35.9+10.22 19.00+2.8
dgt6™?/+ 442 52+17.23 79.05+10.77  35.41+3.81 17.48+1.39

dgt5-E"%dgt6™™* | 438.32+0.71  71.32+16.12  30.43+3.56 16.06+2.2

These data suggest the defect in dendrite morphology in trans-heterozygous
mutant is not due to the addition effect but a cooperation of Dgt5 and Dgt6. This
cooperation is required for proper dendrite number and length in class IV da
neurons.
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Figure 3.8 Normal dgt5 and dgt6 gene dosage is required for dendritic

morphology.
(A) One quadrant of a class IV ddaC neuron of third instar of control, dgt5 "’ /+, dgt6'*/+ and
dgt5-F"%+; dgt6”/+ trans-heterozygous mutant larvae. White asterisk indicates the soma. Scale

E7% heterozygous, dgt6’™

bar is 50 um. (B) (C) Quantification of branch number of control, dgt5
heterozygous, and dgt5-5"%/+; dgt6’®/+ trans-heterozygous alleles. Star indicates p < 0.05. Data
is means +SD; n = 5 neurons per genotype. (D) Quantification of total dendritic length in control,
dgt5 "% heterozygous, dgt6’* heterozygous and dgt5-5"/+; dgt6'®/+ trans-heterozygous
animals.

Star indicates p < 0.05. Data is means + SD; n = 5 neurons of individual animals per genotype.
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To distinguish whether the reduction of branch number is due to a defect in new
branch formation or branch maintenance and to better understand the dynamics
of branching in dgt5-c"%/dgt6’** trans-heterozygous mutants, | performed time-
lapse imaging in late second instar larvae (approximately 72 h AEL) (Figure 3.9
A). The number of newly formed branches appearing within 100um basal
dendrite was comparable to control (control 7.79 + 4.07/100 um; dgt5-5'%dgt6’**
9.48 + 4.16/100 wm; n=5; p>0.5) (Figure 3.9 B). Similar to the ytub23C mutant,
dgt5-E"%dgt6"** neurons showed an increase in the number of retracting
branches (control 24.72 + 7.09%; dgt5-c"%/dgt6"* 45.01 + 13.51%; n=5; p<0.05)
while the number of elongated remained unmodified (Elongation events control
36.14 + 13.21%, dgt5-E"%+; dgt6'%*/ + 27.12 + 6.71%; n=5; p>0.1) (Figure 3.9 C).
The percentage of the loss of the new-formed branches was not modified (control
51.37 + 11.81%; dgt5-F"%dgt6"* 34.67 + 12.16%; n=5; p>0.05) (Figure 3.9 D).

These data suggest a defect in the maintenance of class IV da neuron dendritic
branches, comparable to what is observed in yTub23C mutants. Reduction of the

Augmin complex did not modify the stability of newly formed dendrites.

In S2 cells, Augmin is a co-regulated complex and reduction of one Dgt reduces
the level of other Dgts (Goshima et al. 2008). Consistent with previous data, |

found the level of dgt6 was strongly reduced in dgt5-£"°

allele embryo extracts
(Figure 3.9 E). This data suggests Dgt5 and Dgt6 function as subunits within the
complex. When comparing the phenotypes of dgt6’** and dgt5-5"%/dgt6™
animals, the reduction seen in dgt6’** animals was stronger (high order branch
number dgt6’%* 222.8 + 21.44; dgt5-F'°dgt6"** 297.8 + 59.36; n=5; p<0.05),
suggesting the phenotype is a result of a more severe reduction of Augmin
complex. Moreover, the dgt5-5"%dgt6"** phenotype is similar comparing to the
phenotype of yTub23C mutants (high order branch number dgt5-"%dgt6’* 297.8
+ 59.36; yTub23C mutant 275.4 + 34.77; n=5; p>0.1), suggesting a similar level

of reduction of microtubules in both mutant animals.
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Figure 3.9 Time-lapse analysis of high order dendritic branches in
dgt5-5'%dgt6'** trans-heterozygous mutant.

(A) Time-lapse imaging of high order branches of ddaC in dgt 5-°'%+; dgt6’*/+trans-
heterozygous second instar larvae (total time: 30 min, interval between single images: 5 min).
Red, blue and yellow arrows indicate new, elongating and retracting branches, respectively.
Scale bar is 10 um. (B) Quantification of new branches per 100um appearing during 30 minutes
time-lapse imaging in ddaC neurons of dgt5-="%+; dgt6’*"/+ trans-heterozygous mutant second
instar larvae. Star indicates p < 0.05. Data is means * SD; n = 5 neurons of individual animals
per genotype. (C) Quantification of branch dynamics of ddaC dendrites of dgt5-c'%/+; dgt6’**/+
trans-heterozygous mutant second instar larvae. Star indicates p < 0.05. Data is means = SD; n
= 5 neurons of individual animals per genotype. (D) Quantification of percentage of branch loss in
newly formed branches during 30 minutes time-lapse imaging in control and dgt5-c"%/+; dgt6’¥/+
trans-heterozygous mutant neurons. Stars indicate p < 0.05. Data is means * SD; n = 5 neurons
of individual animals per genotype. (E) Western blot of control or dgt5LE10 embryo extracts,
probed with polyclonal anti-Dgt6 antibody (Bucciarelli et al. 2009).
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3.5 Dgt5 and Dgt6 cooperate to control appropriate microtubule

organization in dendrites

Given the role of the Augmin complex in promoting microtubule nucleation in
dividing cells, the question arose whether the organization of the microtubule
cytoskeleton is altered upon impairment of Augmin complex function in class IV
da neurons. | thus investigated the localization of GFP-tagged a-tubulin (Hummel
et al. 2000; Nagel et al. 2011).

Consistent with previous reports, endogenous a-tubulin was detected in proximal
branches but not in distal dendrites (Nagel et al. 2011) (Figure 3.10 A).
Nonetheless, in dgt5-€"%/+; dgt6'®/ + trans-heterozygotes, a-Tubulin-GFP could
be detected even in terminal branches and the signal was stronger comparing to
the control (Figure 3.10). These data suggest a potential increase in the number
of Tubulin monomers or an alteration in the organization of the microtubule

cytoskeleton.

Figure 3.10 Localization of a-Tubulin in dgt5-5"°/dgt6’** trans-heterozygous

mutant.

One quadrant of a class IV
ddaC neuron of third instar of
control and dgt5LE10/dgt619A

trans-heterozygous mutant

control

larvae was shown here. Red

shows dendrites of class IV da

neurons labeled with
mCD8Cherry. Green shows a-
Tubulin-GFP. Scale bar is 50
um. n = 10 neurons of individual

animals per genotype.
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| thus addressed whether the orientation of microtubules might be modified in the
dgt5-E"%dgt6"** genotype. To address this question, | investigated the orientation
of growing microtubules by imaging GFP-tagged Nod localization in Drosophila
class IV da neurons as described before (Andersen et al., 2005). The Nod-GFP
reporter construct accumulates at the minus-end of microtubules both in vitro and
in vivo, and is therefore used as a microtubule polarity marker (Cui et al. 2005;
Rolls et al. 2007). | found Nod-GFP localized in the cell body, along the proximal
segments of primary branches, accumulated at dendrite branching points and
within the terminal branchlets of class IV neurons, which is consistent with
previous research (Rolls et al. 2007). In particular, the signal of Nod-GFP was
weaker at branching points and in the terminal branches comparing to control
(n=5) (Figure 3.11). Due to the lack of an indicator marker of the dendrites, |

could not perform statistic analysis to this phenotype.

In dgt5-5"%dgt6™** trans-heterozygous mutants, the amount of Nod was reduced,
potentially suggesting the presence of less microtubules. In particular, though,
Nod-GFP was less enriched at branching points and in the terminal branches
and was rather more distributed along the dendrite branch length (Figure 3.11).
This supported the view that microtubule organization is modified in these
mutants. Nonetheless, the reduction of the Nod-GFP signal could due to a

reduction of microtubule number.
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Figure 3.11 Localization of Nod-GFP in dgt5-"°/dgt6'** trans-heterozygous

mutant.
Class IV ddaC neuron of third instar of control and dgt5LE10/dgt619A trans-heterozygous mutant
larvae was shown here. Green shows Nod-GFP expression pattern. White arrow indicates Nod-

GFP localization. Scale bar is 50 um. n = 5 neurons of individual animals per genotype.

| also checked the polarity of microtubules in the heterozygous mutant by
observing the GFP-tagged EB1 movements in class IV da neurons between two
branching points using spinning disc microscopy (Zheng et al. 2008; Stone et al.
2008; Hill et al. 2012), and less EB1 movements were found in dgt5-5"%/dgt6"
trans-heterozygous mutant animals within 100 um basal dendrite (control
37.62+13.86/100 um; dgt5-c"%dgt6"** 11.47+7.69/100 um; n=10; p<0.01) (Figure
3.12 B). These data suggest that the amount of growing microtubule was
reduced due to the reduction of the Augmin complex. However, whether the

orientation was changed remained unclear.
In summary, my data indicate that the Augmin complex controls morphology and

dynamics of high order branches in Drosophila class IV da neurons, potentially
through the regulation of microtubule regulation.
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Figure 3.12 EB1 movements in dgt5-5"°/dgt6’°* trans-heterozygous mutant.
(A) EB1 Movements in Drosophila ddaC da neurons distal dendrites of third instar of control and
dgt5LE10/dgt619A trans-heterozygous mutant. Green arrow indicates EB1 moving dots. (B)
Quantification of number of EB1 moving dots in control and dgt5-%"°/dgt6’** trans-heterozygous

mutant. Data is means + SD; n = 10 neurons of individual animals per genotype.
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3.6 The Augmin complex genetically interacts with yTub23C

Previous data have suggested possible interactions between Dgts and y-Tubulin
(Goshima et al. 2008; Bucciarelli et al. 2009). To address whether the Augmin
complex and ytub23C function together to control dendrite differentiation, |

performed genetic interaction experiments between dgt5, dgt6 and ytub23C.

Class IV ddaC da neurons of yTub23C*"*2 /+, dgt5-E"%+ or dgt6'%/+ animals
showed normal dendrite morphology (total number control 654.8 + 12.34;
yTub23C*"%?/+ 641.8 + 73.34; dgt5-F"%+ 630 + 32.66; dgt6'*/+ 618 + 52.45;
n=5; p>0.5) (Figure 3.11 A, C). Trans-heterozygous yTub23C*"%2 |dgt5-"° or
yTub23C*"%%/+; dgt6'%*/ + displayed dramatically simplified dendritic trees
(Figure 3.11 A, B). | found a significant reduction in number of high order
branches (high order yTub23C*"*%/+ 436.2 + 93.63; dgt5 c"/+ 382 + 32.95;
dgt6’/+ 376 + 24.78; yTub23C*"°?/dgt5"F"% 183.4+29.73; yTub23C"">%/+;
dgt6’/ + 193.6221.27; n=5; p<0.001) while all other branch levels were
comparable to wild type (n=5; p>0.05) as shown in Table 3.9 and Figure 3.13 D.

Table 3.9 Number of branches of each branch level

Primary Secondary Tertiary High order
Control 2.2+0.44 47.4112.54 164.2423.86  440.8+37.00
yTub’/+ 2.840.45 52.6+£19.50 178.2419.97  436.2+93.36
yTub/dgt5 3.810.84 60.2+10.33 144.6£12.58 183.4+29.73**
yTub’/dgt6 310 50.4+5.59 138.6£18.81 193.6+21.27**

** indicates p<0.01 comparing to control and yTub’/+, respectively.
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The total dendrite length was nonetheless strongly reduced, due to the loss of
high order branches (yTub23C""*%/+ 19665.239 + 1031.81 um; dgt5-"/+
18805.75 + 390.31 um; dgt6'*/+ 19559.68 + 990.18 um; yTub23C*"*?/dgt5-E"°
13614.613 +2020.60 um; yTub23C*">%/+; dgt6'%*/ + 13275.71 + 1760.70 um;
n=5; p<0.01) (Figure 3.13 E). The mean length of each branch order was not
modified as shown in Table 3.10 (n=5; p>0.05) and Figure 3.13 F. Thus, the

reduction in total length is due to a dramatic reduction in the number of branches.

Table 3.10 Mean lengths of each branch level (um)

Primary Secondary Tertiary High order
Control 433.37£25.86  90.33+5.26 32.36+7.13 17.49+0.32
yTub/+ 403.42+44.88 92.83+33.03 37.14+6.05 18.91+£1.62

yTub/dgts 385.95+60.75 70.51£11.92 32.44+4 .36 17.88+2.45

yTub/dgt6 386.05+46.42  74.59+3.51 33.74%2.30 18.96+1.78

These data indicate that both dgt5 and dgt6 can genetically interact with y-
tub23C to control distal dendrite number, suggesting Dgt5 and Dgt6 function
together with yTub23C to control dendrite morphology in Drosophila class IV da

neurons.
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Figure 3.13 yTub23C, dgt5 and dgt6 display genetic interactions.

(A) One quadrant of a class IV ddaC neuron in third instar larva of control, yTub23C*"*?
LE10 19A

&S‘c’ 6‘3‘ q} C‘*\ ">(’ N Primary Secondary Tertiary nghorder
< % 0P &B‘b

heterozygous, dgt5 heterozygous, dgt6 ™" heterozygous, or trans-heterozygous mutants of
yTub23C*"? dgt5-F"° or yTub23C*"? dgt6'®*. White asterisk indicates the soma. Scale bar is
50 um. (B) Tracing scheme of the neurons shown in (A). Magenta indicates high order branches.
Blue indicates other branch levels. (C) Quantification of total branch number in control,
heterozygous and trans-heterozygous mutants of yTub23C*"*? and dgt5-c"° or dgt6’®*. (D)
Quantification of branch number in control, heterozygous and trans-heterozygous mutants of
yTub23C*"*?and dgt55'° or dgt6’®". Magenta indicates high order branches. Blue indicates other
branch levels. (E) Quantification of total branch length in control, heterozygous and trans-
heterozygous mutants of © Tub23C*"*? and dgt5 ="’ or dgt6’®*. (F) Quantification of branch
mean-length in control, heterozygous and trans-heterozygous mutants of yTub23C*"*? and
dgtSLEm or dgt619A. Magenta indicates high order branches. Blue indicates other branch levels.

Star indicates p < 0.05. Data is means + SD; n = 5 neurons of individual animals per genotype.
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3.7 Dgp71WD/Nedd1 controls maintenance of class IV da

neuron dendrites, similarly to y-Tub23C

Previous research suggests that y-Tubulin and the y-TuRC are important for
microtubule nucleation and the Augmin complex is involved in mediating the
recruitment of the y-TURC (Schnorrer et al. 2002; Goshima et al., 2008; Fisher et
al., 2009; Buster et al., 2009; Pellacani et al., 2009). Identified as a component of
the y-tubulin complex y-TuRC, Dgp71WD, known also as NEDD1, is a conserved
centrosomal protein (Gunawardane et al. 2003) and essential for targeting the v-
TuRC to the centrosome (Luders et al. 2006; Haren et al. 2006). In S2 cells
Dgp71WD targets the y-TuRC to the spindle through the Augmin complex thus
promoting microtubule nucleation within the spindle (Luders et al. 2006; Uehara
et al. 2009; Zhu et al. 2008; Johmura et al. 2011).

| therefore investigated the organization of class IV da neuron dendrites in larvae
carrying the Dgp771WD'?° null mutation (Reschen et al. 2012). Dendrites of class
IV ddaC neurons Dgp71WD'?° homozygous third instar larvae were simplified
(total number control 654.8 + 12.34; Dgp71WD'?° 436.4 + 64.65; n=5; p<0.01)
(Figure 3.14 A, B). Similarly to what | observed in yTub23C, dgt5 or dgt6 mutant,
the number of high order branches was clearly reduced (high order control
421.2+41.97; Dgp71WD'%° 236+49.52; n=5; p<0.001), while the number of other
branch orders were unchanged (n=5; p>0.05) as shown in Table 3.11 and Figure
3.14 D.
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Table 3.11 Number of branches of each branch level

Primary Secondary Tertiary High order
Control 2.2+0.45 47.4%12.54  164.2423.86 421.2+41.97
Dgp71WD™?° 3+0.71 49.4+12.20 148+14.92  236+49.52***

*** indicates p<0.001

The length of the entire dendritic tree of the homozygote was also significantly
reduced (control 16602.85 + 2349.96 um; Dgp71WD'?° 13223.57 + 1862.43 um;
n=5; p<0.01), while the mean length of each branch level remained unmodified
(n=5; p>0.1) as shown in Table 3.12 and Figure 3.14 C, F.

Table 3.12 Mean lengths of each branch level (um)

Primary Secondary Tertiary High order

Control 408.46+66.52 81.98+28.27 37.78+10.04 16.56+2.42

Dgp71WD'° | 371.71#50.23  73.51+20.52  30.20+2.57 18.033.15

These data suggest Dgp71WD has a similar function as yTub23C, Dgt5 or Dgt6

in controlling the dendrite number of class IV da neurons.

72




D [ control
Dgp71WD'20

*

= ~
1E =3
Z 400 QC) 15000
s = 10000
O 200 S
= S 5000
|,—
: 0 0

control Dgp71WD’20 control Dgp77WDuD
5004
[ control —
g 400 Dgp71WD'%0
g 3001
=z
S
g 200+
o
‘ © 100+
WY ml/
} N 0 T T T T
/A ;f;': F primary secondary tertiary  high order
7, '3 6007
5" A - roA Ve g; [ control
. < Dgp71WD'20
’ < ~ o 400
g
~ =
R <
o]
‘f g 2001
L. [<a)
S " 1%
o, — J e N
N LN K. By > primary secondary tertiary  high order

Figure 3.14 Dgp71WD controls dendritic morphology of Drosophila ddaC

da neurons.

120

(A) One quadrant of a class IV ddaC neuron of third instar of control and Dgp71WD “~ animals

with expression of UASmCD8GFP under the control of ppkGal4. White asterisk indicates the
soma. Scale bar is 50um. (B) Tracing scheme of the neurons shown in (A): control and

Dgp71WD720 homozygote. Magenta indicates high order branches. Blue indicates other branch

levels. (C) Quantification of total branch number of control and Dgp77WD'*° mutant. (D)

Quantification of total branch length of control and Dgp71WD120 mutant. (E) Quantification of

branch number of control and Dgp71WD'*°

homozygote. (F) Quantification of branch length of
control and Dgp71WD120 homozygote.

Star indicates p < 0.05. Data is means + SD; n = 5 neurons of individual animals per genotype.
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To analyze the dynamics of dendrite differentiation in Dgp71WD'?° mutants, |
performed time-lapse images in late second instar larvae (approximately 72 h
AEF) (Figure 3.15 A), counted the number of branches that were newly formed,
elongated, retracted and number that disappeared in newly formed branches.
These were normalized to the basal dendrite length and to the initial number of
branches.

Comparing to the wild type, | found significant reduction in the number of
elongating branches (control 36.14 + 13.21%; Dgp71WD'?° 13.32 + 8.64%; n=>5;
p<0.05). The number of retracted branches was increased (control 24.72 +
7.09%; Dgp71WD'? 39.01 + 10.77%; n=5; p<0.05), while the number of newly
formed branches was comparable to the wild type (control 7.79 + 4.07/100 um,
Dgp71WD'?° 2.67 + 3.36/100 um; n=5; p>0.05) (Figure 3.15 B, C). The
percentage of lost newly formed branches was significantly reduced (control
51.37 + 11.81%; Dgp71WD'? 11.33 + 17.58%; n=5; p<0.01) (Figure 3.15 D).
These data suggest that the dendritic defect in the Dgp71WD?° mutant was due
to defective maintenance, which is similar to what was observed in yTub23C and
dgt5-E"%dgt6"** mutants. Dgp71WD'?° and yTub23C*"*24 Tub23C ' mutants are
characterized as null mutants, and dgt5-c"%dgt6'%* mutant is trans-heterozygous
mutant. They all showed a same defect in existing dendrite maintenance. For
dgt5-E"%dgt6"** mutant, this phenotype may more due to the disorganization of
microtubules. Moreover, Dgp71WD'?° mutants failed maintaining the newly

19A
6

formed branches, which is likewise to dgt mutants.
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Figure 3.15 Dynamics of high order dendritic branches in Dgp71WD"?
mutant.

(A) Time-lapse imaging of ddaC neuron terminal dendrite branches of control and Dgp71WD120

second instar larvae carrying ppkGal4 UASmCDS8GFP (total time: 30 min, interval between single
images: 5 min). Red, blue and yellow arrows indicate new, elongating and retracting branches
respectively. Scale bar is 10 um. (B) Quantification of new branches per 100um appearing during

120

30 minutes time-lapse imaging in ddaC neurons of control or Dgp71WD ' “~ homozygous second

instar larvae. (C) Quantification of branch dynamics of ddaC dendrites of control or Dgp71WD'?°
homozygous second instar larvae. (D) Quantification of percentage of branch loss in newly
formed branches during 30 minutes time-lapse imaging in control and Dgp77WD'*’ mutant
neurons.

Stars indicate p < 0.05. Data is means * SD; n = 5 neurons of individual animals per genotype.
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3.8 Dgp71WD/Nedd1 genetically interacts with Dgt6 and Dgt5 in

controlling the dendrite number and length respectively

To test whether Dgp71WD interacts with the Augmin complex within Drosophila
class IV da neuron dendrites, | performed genetic interaction analysis between
Dgt5, Dgt6 and Dgp71WD (Figure 3.15 A, B). Dgp71WD'? heterozygous larvae
did not show defects in dendrite morphology (total number control 654.8 + 12.34;
Dgp71WD'?°/+ 636 + 66.14; n=5; p>0.5) (Figure 3.16 C). In contrast, in
Dgp71WD'? |dgt6™* trans-heterozygotes the number of dendrites was reduced
(total number Dgp71WD'?/dgt6'%* trans-heterozygote 450.8 + 63.83; n=5;
p<0.01) (Figure 3.16 A, C). In particular, the number of high order branches was
significantly reduced in trans-heterozygous Dgp71WD'?%/dgt6’** (high order
228.6 £69.27; n=5; p<0.01) (Figure 3.16 D). The total number and the number of
high order branches of trans-heterozygotes Dgp71WD'?° /dgt5-F"° were
comparable to the control (total number 614.2 £ 76.95; n=5; p>0.5; high order
number 341.2 £ 51.25; n=5; p>0.05) (Figure 3.16 C, D). Nonetheless, the high
order branches of Dgp71WD"?/dgt5-F° trans-heterozygous were shorter
(Dgp71WD'?/+ 17.52 + 2.08 um; dgt5 5%+ 18.10 + 2.80 um;
Dgp71WD'?°/dgt5"E"° trans-heterozygote 12.14 + 1.94 um; n=5; p<0.01) (Figure
3.16 F). The total length of the dendritic tree was also dramatically reduced in the
trans-heterozygotes of Dgp71WD'?°/dgt5-"° and Dgp71WD'?/dgt6'** as shown
in Table 3.13 (n=5; p<0.01) and Figure 3.16 E.
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Table 3.13 Total lengths of each genotype (um)

Control

Total length

18808.45+711.32

Dgp71WD"%°/+
Dgp71WD'?°ldgt5

Dgp71WD'®°ldgt6

18421.64+2439.78

14811.49+2360.65**

14281.65+1160.55**

** indicates p<0.01 comparing to control and Dgp71WD'?%/+, respectively.

The mean length of each branch level of Dgp71WD'?/dgt6'%* trans-heterozygote

was comparable to the control (n=5; p>0.05). However, the mean length of high

order branches of Dgp71WD"*’/dgt5-F"° trans-heterozygote showed a significant
reduction (high order Dgp71WD'?°/dgt5-E"° trans-heterozygote 12.14 + 1.94 um;
n=5; p<0.01) while the mean length of other branch level remained unmodified.

Data are shown in Table 3.14 (n=5; p>0.05) and Figure 3.16 F.

Table 3.14 Mean lengths of each branch level (um)

Primary Secondary Tertiary High order
Control 433.37+25.86 90.33%5.26  32.36+7.13  17.49+0.32
Dgp71WD'®°/+ | 407.07453.74 78.50+6.39  35.20+5.54  17.52+2.08

Dgp71WD'?dgt5 | 382.22+48.04

Dgp71WD"*°/dgt6™ | 418.53+55.48

66.60+17.62  25.88+5.98

78.30£14.93  31.72+7.58

12.14+1.94**

16.57+2.81

** indicates p<0.01 comparing to control and Dgp71WD'?%/+, respectively.
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These data suggest Dgp71WD genetically interacts with dgt5 in class IV da
neuron for dendrite length especially in the length of high order branches, while it
interacts with dgt6 in both dendrite number and length especially in the number
of high order branches. The difference we found between the trans-
heterozygotes of Dgp71WD with dgt5 or dgt6 may be due to potential different
function of dgtb and dgt6 in microtubule nucleation within the Augmin complex as
dgt6 is suggested to perform a core function in the Augmin complex in a recent
paper (Hsia et al. 2014). Future work is required to address this question. These
data support the involvement of the Augmin complex and Dgp71WD in
controlling the morphology of the distal dendrites in Drosophila class |V da
neurons. The similarity in ytub23C, dgt5, dgt6 and Dgp71WD mutant phenotypes
as well as their genetic interactions provides a possible scenario of y-Tubulin-

Augmin acentrosomal microtubule nucleation pathway in neuronal dendrites.
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Figure 3.16 Dgp71WD, dgt5 and dgt6 display genetic interactions.

(A) One quadrant of a class IV ddaC neuron of third instar larvae of control, heterozygous
Dgp71 wp™®, dgt5LE10 or dgt679A and trans-heterozygous Dgp71 WD and dgt5LE10 or dgt619A
carrying ppkGal4 UASmCD8GFP. White asterisk indicates the soma. Scale bar is 50um. (B)
Tracing scheme of neurons shown in (A). Magenta indicates high order branches. Blue indicates
other branch levels. (C), (D), (E) and (F) Quantification of total branch number, branch number,
total branch length and branch length of ddaC neurons of control, heterozygotes and trans-
heterozygotes Dgp71WD120 and dgt5LE10 or dgt619A third instar larvae. Magenta indicates high
order branches. Blue indicates other branch levels.

Star indicates p < 0.05. Data is means * SD; n = 5 neurons of individual animals per genotype
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4 Discussion

4.1 Summary of the Results

Here, | have investigated the function of Augmin complex and y-TuRC in the
establishment of dendrites in class IV da neurons in Drosophila. By loss of
function and cell-autonomous rescue, | have provided evidence for the cell-
autonomous function of ytub23C, the Augmin complex (here dgt5 and dgt6)
and Dgp71WD in dendrite morphology. Further, my experiments addressing
genetic interactions between ytub23C, the Augmin complex (here dgt5 and
dgt6) and Dgp71WD suggest that these molecules play coordinated roles in
dendrite branching. Taken together, | have provided a possible pathway of
acentrosomal microtubule nucleation during neuronal dendritic differentiation
in Drosophila Class IV da neurons. | propose that the Augmin complex
regulates acentrosomal microtubule nucleation by interaction with ytub23C

and Dgp71WD, thus controls the maintenance of the dendritic field.
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4.2 yTub23C regulates dendrite morphology of class IV da

neurons

In many cell types, centrosome is considered to be the main MTOC and
microtubule minus-ends were found anchored at it. In neurons, recent
researches have given evidence that the centrosome loses its function as a
microtubule nucleation site during development (Stiess et al. 2010; Nguyen et
al. 2011). There are several described mechanisms for noncentrosomal
microtubule nucleation. For instance, pre-existing microtubules severed by
Katanin or Spastin can be transported from the soma and are suggested to
serve as local microtubule nucleation sites by y-tubulin and other centrosomal

proteins (Kapitein and Hoogenraad 2015).

In Drosophila, class IV da neurons have the highest dendritic complexity with
fine high order branches covering the entire target field (Grueber et al. 2002).
It is provided to be a useful tool to uncover relation between cytoskeleton
structure and dendritic morphology. In this work, | have demonstrated the
importance of yTub23C in Drosophila class IV da neuron dendritic
differentiation by showing that the number of high order branches was
strongly reduced as a result of reduced levels of yTub23C. This result is
consistent with a previous report utilizing yTub23C RNAi (Chen et al. 2012;
Ori-McKenney et al. 2012; Nguyen et al. 2014). The main phenotype is a
strong reduction in high order branch number, while the branch number of
other levels is not affected. There is no effect on total dendritic length or on
mean length of each branch order. These data suggest an effect of ytub23C in
maintenance of the distal dendritic branches. Considering the fact that very
few of the loss-of function animals survive until the second instar or
sometimes even the early third instar, it is possible that maternal y-tubulin
contributes to microtubule nucleation in early stages, which allows primary
branch formation. In Drosophila there is a second y-tubulin isoform, yTub37C,
required for Drosophila female meiosis (Tavosanis et al., 1997; Oegema et
al., 1999). This second isoform is present in oocytes and may contribute to
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microtubule nucleation in dendrite development at embryonic stages, allowing
for the establishment of dendrite branches of lower level.

Previous studies have showed that, in the second instar larvae, terminal
branches in class IV da neurons undergo dynamic extension and retraction
(Nagel et al. 2012). To investigate whether the defect of high order branches
in y-tubulin mutant animals is due to a defect in branch initiation or branch
maintenance, | have performed time-lapse experiments visualizing terminal
branches in mutant animals. A reduction in the number of new branch
formation in the mutant animals was analyzed, suggesting y-Tu23C may
promote new branch formation in distal region. Moreover, a reduction in the
number of extended branches and an increase in retracted branches were
found. These data further support the effect of ytub23C in maintenance of the
distal dendritic branches. And they are consistent with the previous research
using ytub23C RNAI (Ori-McKenney, Jan et al. 2012), which suggest a

function of ytub23C in dendrite maintenance in distal region.

In summary, yTub23C mutant phenotype has suggested an important role of
yTub23C in establishing proper dendritic field in distal region. Time-lapse data
indicate a defect of branch maintenance in the existing dendrites and a failure
in new branch formation in yTub23C mutants. Therefore, y-tubulin cell-
autonomously controls the emergence and maintenance of high order
branches and thus affects the dendritic morphology independently of the
centrosome in Drosophila neurons as suggested by other researchers
(Nguyen et al. 2011).
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4.3 yTub23C targeting in class IV da neurons

To understand the mechanism of acentrosomal microtubule nucleation by y-
tubulin, one important aspect is whether other microtubule nucleation sites
exist while the centrosome loses its microtubule nucleation function in mature
neurons. One potential site is the Golgi complex. Microtubule nucleation was
reported to occur on Golgi membranes in vitro (Chabin-Brion et al. 2001) and
in vivo, which requires the association of AKAP450 and CLASPZ2 (Rivero et al.
2009). Additionally, in Drosophila da neurons, Golgi outposts are suggested to
be the nucleation site for local microtubule nucleation in dendrites and thus
involved in shaping the dendritic morphology (Ori-McKenney et al. 2012). In
this work, the localization of a GFP-tagged yTub23C construct in class IV da
neurons was clearly detectable in proximal dendrites, but only weakly in distal
dendrites, suggesting a possible scenario that yTub23C is transported to
distal dendrites in da neurons. It is possible that the Golgi complex mediates
this transportation. However, while other researchers agree that there is local
microtubule nucleation in dendrites, their data do not support the idea of Golgi
as a nucleation site (Nguyen et al. 2014).

Another important aspect is to understand the recruitment of y-tubulin. In
centrosome dependent microtubule nucleation, y-tubulin is recruited at the
centrosome from a soluble cytoplasmic pool (Khodjakov and Rieder, 1999).

In animal cells, y-tubulin associates with spindle microtubules, which suggests
y-tubulin can be bound to the ends of those microtubules that are not
anchored in the centrosome (Lajoie-Mazenc et al. 1994). Components in y-
TuRC have played a crucial role in anchoring y-tubulin. To address the
interaction between y-TuRC components, | started first by examining RNAI
phenotypes in da neuron dendrites. In class IV da neurons, | have found a
similar phenotype to loss of yfub23C function upon the RNAi-mediated
knockdown of Dgp71WD, Dgrip128, Dgrip163 and Dgrip84 (data now shown).
| then focused on Dgp71WD since this molecule is the potential linker
between y-Tubulin and microtubule nucleation sites (Reschen, Colombie et al.

2012; Gunawardane et al. 2003). In Dgp71WD loss of function animals |
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found significant reduction in dendritic number, which is stronger than the
number reduction phenotype observed in other molecular mutants. A UAS-
Dgp71WD full-length transgene will be generated to complete these genetic
studies and address whether Dgp71WD is required cell autonomously. Time-
lapse imaging showed a defect in dendrite elongation and maintenance in the
Dgp71WD loss of function animal, which is similar to the ytub23C mutant.
However, loss of Dgp71WD did not reduce the new branch formation events,
suggesting that unlike ytub23C, Dgp71WD is not important for branch
emergence. Moreover, within the newly formed branches, there were more
stable new branches in the Dgp71WD'?° mutant, suggesting a similar function
of Dgp71WD with yTub23c in dendrite maintenance. Whether the actin
cytoskeleton plays a role in emergence of new branches remains an

interesting question.

In both zebrafish and human cells, Nedd1/GCP-WD (Dgp71WD homologue)
is essential for targeting the y-TuRC to the spindle and promoting microtubule
nucleation (Luders et al. 2006; Uehara et al. 2009). In this work, yfub23C and
Dgp71WD mutants showed similar phenotype in high order branches.
Therefore, | suggest that Dgp71WD recruites ytub23C for local dendritic

microtubule nucleation in this study.

Another possible y-Tubulin anchoring site is the side of existing microtubules.
As shown in spindles of human U20S cells, Augmin-dependent microtubule
outgrowth is found to attach to the adjacent microtubule walls (Kamasaki et al.
2013). This data suggests a possible way of y-Tu23C targeting through
Augmin complex within the dendrites. The function of Augmin components in

da neurons will be discussed in the following chapters.

The severed microtubule end is suggested to serve as nucleation site for
microtubule outgrowth. CAMSAPSs, which are important for microtubule minus-
end nucleation, are considered to play an important role in this scenario as
Katanin can bind to it (Jiang, Hua et al. 2014). | have tested the function of
Kat-60L1 and confirmed its function in controlling dendrite complexity in
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Drosophila class IV da neurons (data not shown) as reported previously
(Stewart, Tsubouchi et al. 2012). | have also performed genetic analysis
between Kat-60L1, Dgp71WD, y-Tu23C and Dgt5 (data not shown). However,
| could only find a genetic interaction between Kat-60L1 and Dgp71WD but
not the other two molecules. One possible explanation is that Kat-60L1-
Dgp71WD mediated y-Tu23C recruitment pathway other than Augmin-
mediated y-Tu23C recruitment. It would be interesting to explore further the
function CAMSAPs, Kat-60L1 and Dgp71WD in targeting y-Tu23C during

acentrosomal microtubule minus-end nucleation within dendrites.
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4.4 The Augmin complex affects high order dendrite

branching in class IV neurons

Previous report has suggested Nedd1 (Dgp71WD) is required to link y-TURC
and the Augmin complex for microtubule nucleation (Zhu et al. 2008). The
Augmin complex, consisting of 8 subunits, was first discovered by high-
throughput RNAI screens in Drosophila S2 cells. It was later shown to recruit
v-TuRC through Dgp71WD in the spindle (for review see Goshima and
Kimura, 2010). | have found a cell-autonomous function of dgt5 in controlling
the number and length of dendritic branches in class IV da neurons. The
phenotype was different than in y-tubulin and DGP71WD mutants as the
branch number in all branch levels are significantly reduced as well as the
mean length of high order branches in dgt5 mutant, while in y-tubulin and
Dgp71WD mutants the branch number in other branch level was not strongly
affected but the high order branches. The difference may due to different
technics utilized in different molecules or due to the extremely severe
reduction in the distal branches in the dgt5 null mutant. The difference could
also due to different functions of these molecules in dendrite.

| have also analyzed dgt6, which is considered to interact with y-tubulin
(Bucciarelli et al. 2009). Although dgt6'®* mutant is not a clean null mutant,
similar phenotype as dgt5”””was found in mutant animals. The reduction in
dendrite number is quite similar as seen in ytub23C and Dgp71WD mutants.
The stronger reduction in branch number in Dgp71WD and dgt6 mutants
comparing to yTub23C mutant suggests dgt6 has similar function as

6" mutant

Dgp71WD in microtubule stability. Time-lapse imaging of the dgt
showed a defect in new branch formation and branch elongation, which is
similar to the ytub23C mutant. Within the new branches, there were more

stable new branches in the dgt6’*

mutant that is comparable to the
Dgp71WD'? null mutant. In general, these data indicate a correlation

between these molecules.
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Genetic interaction analysis suggested cooperation between the Augmin
complex (dgt5 and dgt6), ytub23C and Dgp71WD. The severe reduction
phenotype in either branch length or branch number of the trans-
heterozygous mutants has suggested a potential pathway in regulating
development of dendrites in da class IV neurons. This phenotype is not due to
additive effect as is proved by one-way ANOVA analysis. The result suggests
that Augmin complex (here dgtb and dgt6) functions with y-TuRC (here
vtub23C and Dgp71WD) in regulating dendrite development, especially in
high order branch formation, possibly through the same pathway. This
hypothesis fits to the previous suggestions that the Augmin complex recruits
y-tubulin for new microtubule nucleation through the link to Dgp71WD (Zhu et
al. 2008; Lawo et al. 2009; Bucciarelli et al. 2009).

Statistic analysis has also shown difference between Dgts. Combined with
Dgp71WD, dgtb trans-heterozygous mutant has shown a reduction in mean
length of high order dendrite, while dgt6 trans-heterozygous mutant has
shown a reduction in number of high order dendrites. This difference is hard
to explain. Although the Augmin complex functions as a unit (Goshima et al.
2008), biochemical reconstitution suggests that Dgt4 and Dgt6 are the core
components within the complex (Hsia et al. 2014). Therefore, it is conceivable
that different Dgt subunits have in addition their own specific functions, which
fits to delicate difference in phenotypes observed by dgt5 and dgt6
respectively. It also potentially support the suggestion that Dgt6 binds directly
to Dgp71WD as suggested before (Uehara et al. 2009), so that a decrease of
Dgp71WD with Dgt6 will result in a severe phenotype than with other Dgts.
Considering the Augmin complex functions in acentrosomal microtubule
nucleation of other cell types, a function of the Augmin complex in controlling
proper patterning of dendrites in local microtubule nucleation in neuronal
dendrites is here suggested. And it requires the interaction with y-tubulin and
Dgp71WD.

87



4.5 Augmin components jointly regulate microtubule

organization in dendrites of class IV da neurons.

Reduction of one component in the Augmin complex results in reduction of
other components in S2 cells, suggesting the whole complex functions as a
unit (Goshima et al. 2008). In this work, dgt5-c'%dgt6’** trans-heterozygote
animals also showed a strong reduction in branch number, suggesting these
two molecules regulate dendrite morphology jointly. The reduction phenotype
in trans-heterozygote animals is comparable to the reduced phenotype seen
in the ytub23C mutant but weaker than the dgt6’** mutant. One possible
explanation is the different reduction level of Augmin complex in these
mutants. Time-lapse imaging of dgt5-5"%dgt6'** trans-heterozygote animals
showed a defect in branch maintenance, which was similarly observed in
ytub23C mutants and the Dgp71WD'?° null allele. Thus, it is possible that the
defect in branch maintenance in trans-heterozygous dgt5-5'%/dgt6’** mutant
animals is due to the reduction of microtubule mass, which is a result of the

decreasing level of the Augmin complex.

To further explore the change in microtubule structure, | have observed an
increased distribution of a-tubulin in trans-heterozygous dgt5-c'%dgt6’**
mutant animals comparing to the control. This result is contradicted to my
hypothesis as a decreased intensity was expected. One possible explanation
is that with less Augmin attached to pre-existing microtubules, the over-
expressed a-tubulin could not be nucleated and the increased monomer
intensity could therefore be detected in the high order branches. Another
possible explanation is that besides the microtubule nucleation function of
Augmin, the complex can also act as a regulation factor for a-tubulin
polymerization that certain dosage of Augmin complex is required for proper
microtubule polymerization. Future work to detect endogenous a-tubulin
distribution is needed to address this question. The distribution of actin in both
control and experimental groups was also examined by using actin over-
expression. However, | did not find any significant changes in actin distribution
(data not shown).
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One important character of dendritic microtubule is its mixed polarity. In
Drosophila da neurons, the orientation of microtubules in dendrites is also
mixed but with most (>90%) plus-ends pointing towards the soma (Stone et
al. 2008). A recent study in Xenopus egg extracts showed that the Augmin
complex conducted microtubule branching from pre-existing microtubules
(Petry et al. 2013). Later, people suggested that the Augmin complex is
required for connections between mother and daughter microtubules at the
microtubule walls in microtubule branching with same orientation (Kamasaki
et al. 2013).

To check whether the microtubule polarity was changed in Augmin mutants, |
first utilized Nod (Cui et al. 2005; Rolls et al. 2007) to detect microtubule
minus-ends in dendrites in class IV da neurons. Although the localization of
Nod is weaker in distal dendrites in trans-heterozygous animal, without
labeled dendrites, it is hard to conclude whether the polarity is changed
statistically. The reduction of Nod localization in dgt5-c'%dgt6’** mutant
animals suggests two possibilities: (i) the reduction of the microtubule mass
as a result of the reduction of microtubule nucleation; (ii) the change in
microtubule polarity because there are less microtubules orientating with their
plus-ends towards the soma.

To address this question, | have performed time-lapse imaging of GFP
targeted EB1, a microtubule +TIPs protein. The movements of EB1 illustrate
the orientation of growing microtubule as is used in pervious studies (Nguyen
et al. 2014; Chen et al. 2014; Hill et al. 2012). The time-lapse imaging has
showed less EB1 dots in trans-heterzygous mutant. However, as a small
amount of moving EB1 dots along the distal dendrites was observed, it is
difficult to conclude a change in orientation comparing to the control.
Nontheless, this result suggests interruption of Augmin complex can not
disrupt microtubule polarity in Drosophila da neuron dendrites, which is
consistent with previous studies using cell cultures (Petry et al. 2013;
Kamasaki et al. 2013). This result strongly supports the first scenario that
there are less microtubules in the Augmin trans-heterozygotes.
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4.6 A Model of Augmin-y-TuRC function in dendrite

formation

In this work, | have characterized for the first time the function of Augmin
complex (here dgt5 and dgt6) and Dgp71WD in y-TuRC in dendrite formation
in Drosophila Class IV da neurons. | have also confirmed the role of ytub23C
in dendrite maintenance in the same system. All the molecules described in
this work contribute to establishment of proper dendritic field especially in
distal dendrites. Knockdown or knockout of any of them results in reduction in
dendritic number or dendrite length, which leads to a defect in dendrite
complexity. As ytub23C is considered to be the main microtubule nucleator,
an interaction between Augmin complex, Dgp71WD and yTub23C is implied
by genetic interaction analysis, which may contribute to non-centrosomal
microtubule nucleation along the dendrites. Therefore, my data suggests a
model in which the Augmin complex interacts with yTub23C and Dgp71WD,
and thus cell-autonomously controls the dendritic morphology without
changing the microtubule polarity. Nevertheless, the mechanisms how non-
centrosomal microtubule is mediated and whether Augmin mediated
microtubule nucleation occurs locally or by transportation remain to be

elucidated.

Regarding the abnormality of over-expressed a-tubulin in Augmin trans-
heterozygoes, it is also likely that Augmin complex acts as a regulator for a-
tubulin polymerization in microtubule nucleation or a-tubulin transportation.
Considering the wide expression of Augmin complex in different organisms,
further studies on Augmin complex in dendrite development as well as in
microtubule organization would help to understand the mechanisms

underlying dendrite formation.
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Figure 4.1 Model of Augmin—y—Tubulin function in dendrite formation

In Drosophila class IV da neuron dendrites, reduction of Augmin- y-Tubulin complex results in

reduction of dendritic branches. Green lines indicate microtubules. Pink oval indicates

Augmin—-y-Tubulin complex. Red cross indicates microtubule orientation.
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5 Materials and Methods

5.1 Materials

5.1.1 Chemicals
Table 5.1 Chemicals

Chemical Supplier
Agarose, Roth
Ampicillin Roche
dNTP set Roche
Glycerine MERCK
Triton-X100 Roth
Tris Bio-Rad
Potassium chloride (KCI) MERCK
Methanol Roth
Halocarbon oil Volatef S3 Lehmann & Voss Co.
Sodium chloride (NaCl) Roth
Syber Green Bio-Rad
Glycerol Roth
Bromopherol Roth
TEMED Bio-Rad
Acrylamide Roth
Ammonium Persulfate (APS) Roth
Sodium dodecyl sulfate (SDS) Roth
Methanol Roth
Coomassie Blue Roth
Acetic acid Roth
EDTA Roth

92



Hydrochlorie acid (HCI) Roth

Natriumchlorid (NaCl) Roth
Potassium acetate (KAc) Roth
Ethanol Roth
Isopropanol Roth
Beta-mercaptoethanol Roth
Heptane Roth
Formaldehyd Polysciences
Sodiumhypochlorid (Bleach) MERCK
Fetal Calf Serum (FCS) Perbio
Sodium hydroxide (NaOH) Roth
Milk powder Roth

5.1.2 Buffers and Solutions

Phosphate buffered saline (PBS)

NaCl (137mM)

KCI (2.7mM)

Na;HPO4 (8mM)

KH2PO4 (1.5mM)

8 g NaCl, 0.2g KClI, 1.15g Na;HPO4, and 0.24g KH,PO4 were dissolved in 800
ml distilled water. The pH was adjusted with HCI to 7.4 and the volume with
distilled water to 1 L. The final solution was sterilized by autoclaving and
stored at RT.

PBT (0.1%)
0.1% Tween20 was dissolved in PBS

10% APS
1g APS was dissolved in 10 mL distilled water and the final solution was

stored at 4°C.
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Running buffer (10x)

Tris base

Glycine

SDS

151g Tris, 720g Glycine and 10g SDS were dissolved in 5 L distilled water.
The pH was adjusted to 8.3. The final solution was stored at 4°C.

Laemmli buffer (4x)

Tris-Hcl (pH 6.8) (1M)

SDS

Glycerol

Bromophenol blau

Beta-mercaptoethanol

24mL 1M Tris-Hcl with pH 6.8, 8g SDS, 32mL Glycerol and 16 mg
Bromophenol blau were dissolved in 80 mL distilled water, then 20 mL beta-

mercaptoethanol was added to make the final solution and stored at -20°C.

10% SDS
10g SDS was dissolved in 100 mL distilled water and stored at RT.

1.5 M Tris-HCI pH8.8

Tris base

HCI (1N)

182g Tris was dissolved in 700 mL distilled water. The pH was adjusted to 8.8
with 1N HCI and the volume with distilled water to 1 L. The final solution was
filtered through a 0.45 p filter and stored at 4°C.

1 M Tris-HCI pH6.8

Tris base

NHCI (1N)

60.7g Tris was dissolved in 300 mL distilled water. The pH was adjusted to
6.8 with 1N NHCI and the volume with distilled water to 500 mL. The final

solution was filtered through a 0.45 y filter and stored at 4°C.
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Transfer buffer (10x)

Tris base

Glycine

SDS

154.5g Tris, 721g Glycine and 50g SDS were dissolved in 10L distilled water
to make the 10x solution and stored at RT. 1x running buffer was made
freshly out of 10x solution every time. For 100mL 1x buffer, 20mL 10x buffer
and 40mL Methanol were mixed and the volume was added to 200ml with
distilled water.

Coomassie blue buffer

Coomassie Blue R-250

Methanol

Acetic acid

DTT (1M)

1g coomassie blue, 500mL distilled water, 400mL Methanol and 100mL Acetic
acid were mixed. Aliquots were made and stored at -20°C. 1.54g Dithiothreitol
was dissolved in 10 mL distilled water and stored at -20°C. For use of each
time, 80yl fresh DTT was add to 400ul 2x laemmili buffer.

Coomassie blue distain buffer

Acetic acid

Methanol

100mL Acetic acid was mixed with 500 mL H,0 and then mixed with 400 mL
Methanol. The final solution was stored at RT.

TAE buffer (50x)

Tris base

Glacial acetic acid

EDTA (0.5 m, pH8.0)

2429 Tris, 57.1 ml Glacial acetic acid, 100 mL EDTA were dissolved in
distilled water to obtain a final volume of 1L. For 1xTAE buffer, 20 mL of the
50x buffer were mixed with 980 mL distilled water and stored at RT.

95



Squishing buffer

Tris-HCI (10mM, pH8.2)

EDTA 1mM

NaCl 25mM

Proteinase K

1.21149g Tris was dissolved to 700mL water. The pH was adjusted to 8.2 by
HCI to make to final solution with 10mM. 1.461g NaCl was and 0.292249g
EDTA were dissolved in Tris-HCI and the final volume was 1L with distilled
water. The final solution was stored at RT.

Proteinase K was added freshly to a final concentration of 200 pug/ml.

Blocking buffer
2g milk powder was dissolved in 50 mL PBT buffer. The solution was made
freshly every time.

5.1.3 Media
Table 5.2 Media

Medium Supplier

Instant blue Drosophila medium Fisher Scientific

Instant dry yeast Fermipan Inc.

Apple agar plates

Apple juice 500mL

H,O 480mL

Agar 40g

Ethanol 10.5mL

Glacial acetic acid 10mL

Apple juice, H20 and Agar were mixed and boiled until agar was dissolved
completely. After the solution cooled down to 60°C, Ethanol and Glacial acetic
acid were added and the pH was adjust to 4.25-4.40 with 100% NaOH. The
final solution was poured immediately to plates and stored at 4°C.
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Fly food (7L)

Agar 1179

Melasse 800g

Maismehl 600g

Hefe150g

Propionic acid 63mL

Methylparaben 24g

Agar was dissolved in boiled water for about 40-50% of finial volume while
maismehl and yeast were dissolved in cold water. The cold homogenious
broth was added after Melasse was added to the agar. The temperature of the
kettle was heated to 96°C. After cooked for 1.5 hours, the broth was cooled
down to 60°C and propionic acid and Methylparaben were added and mixed

well. The final broth was aliquot, covered immediately and stored in 4°C.

LB medium and plates

LB medium and plates were supplemented with 1.5% Agar before autoclave.
For Ampicillin resistant bacteria, Ampicillin was added to LB media and plates
with working concentration of 100 pg/mL.

5.1.4 Enzymes and DNA standards

Table 5.3 Enzymes and DNA standards

Enzyme/Standard Supplier
Phusion DNA polymerase NEB
Proteinase K Sigma
Restriction endonucleases NEB

T4 DNA Ligase NEB
Taq Polymerase Roche

1 kb ladder NEB
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5.1.5 Plasmids and DNA library

Table 5.4 Plasmids and DNA library

Plasmid

Supplier/Donor

Drosophila DGC cDNA clone LD47477
Drosophila DGC cDNA clone LD14121

Drosophila DGC cDNA clone RE05579

DGRC

DGRC

DGRC

pP{UAST} Juh Nung Jan
pP{UAST}attB Jonannes Bischof
5.1.6 Primers

Table 5.5 Primers

Primer Sequence 5’-3’

Use

1 TTAAGAATTCATGAAATGTGCC

2 GATCTCTAGATCATTCTAACAG

UAS-Dgt5 forward

UAS-Dgt5 reverse

3 CCGGAATTCATGGATCGGACCATAATTGCAC UAS-Dgt6 forward

4 CTAGTCTAGACTAAAAGATAATATCCTTG UAS-Dgt6 reverse

5 TTCCTTTTTTGCGGCCGCATGCATGTT UAS-Dgp71WD forward

6 CTAGTCTAGATTACTCTCCGCATGATT UAS-Dgp71WD reverse

All primers were synthesized by Eurofins MWG Operon.
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5.1.7 Antibodies

Table 5.6 Antibodies

Antibody Supplier/Donor
Rabbit anti-Dgt5 (Goshima et al. 2008) Gohta Goshima
Rabbit anti-Dgt6 (Goshima et al. 2008) Gohta Goshima
Rabbit anti-Dgt6 (Bucciarelli et al. 2009) Maria Patrizia Somma
Anti-a-Tubulin DSHB

Anti-Actin DSHB

Mouse anti-GFP DSHB

5.1.8 Commercial kits

Table 5.7 Commercial kits

Commercial Kit Supplier
QIlAquick Gel Extraction Kit Qiagen
QIAprep Spin Miniprep Kit Qiagen
QIAGEN Plasmid Midi Kit Qiagen
GFP-Trap® M Kit Chromotek
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5.1.9 Equipments

Table 5.8 Microscope systems

Microscope Supplier
Zeiss LSM780 confocal microscope under a 40x/NA 1.4 oil Zeiss GmbH
immersion objective
Zeiss Fluorescent Dissectoscope Zeiss GmbH
Yokogawa Spinning-disc confocal microscope with a EM-CCD  Nikon
camera
Zeiss Stemi 2000-C Dissectoscope Zeiss GmbH
Table 5.9 Consumables
Consumables Supplier
Electrocompetent cells TOP10 Invitrogen
Doppelband Fotostrip (Double sided tape) Tesa AG
Forcep DuMont Nr.5 Zeiss
Immersion oll Zeiss
Insect pins FST
Microscope cover glasses 24 mmx 40 mm Menzel Glaser
Microscope cover glasses 24 mmx 24 mm Menzel Glaser
Microscope sildes 76 mmx 26 mm Menzel Glaser
Small petri dishes Mat Tek Corporation
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5.2 Drosophila stocks

5.2.1 Drosophila stocks

Table 5.10 Drosophila stocks

Stock

Source

yTub23C*"*? (Vazquez et al. 2008)
yTub23C ' (Sunkel et al. 1995)
UAS-yTub23C-GFP (Nguyen et al. 2011)
UAS-o-Actin-GFP

dgt5-£'°42D

dgt6™?*

dthGSV6

DGP71WD'® (Reschen et al. 2012)
ppkGal4 (Ainsley et al. 2003)
477Gal4 (Grueber et al. 2003)

elav Gal4

FRT42D tub Gal 80

OregonR

UASmCDS8Cherry

UASmCD8GFP

UAS-dgt5

UAS-dgt6

UAS-EB1-GFP

UAS-Nod-GFP

Dr A{2-3)/ TM6

Bloomington Stock Center
Bloomington Stock Center
Rolls M.M.

Bloomington Stock Center
Tadashi Uemura
Generated in the lab
Bloomington Stock Center
Jordan W. Raff
Bloomington Stock Center
Bloomington Stock Center
Bloomington Stock Center
Bloomington Stock Center
Bloomington Stock Center
Bloomington Stock Center
Bloomington Stock Center
Generated in the lab
Generated in the lab

Rolls M.M.

Bloomington Stock Center

Bloomington Stock Center
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5.2.2 Genotypes

Table 5.11 Analyzed genotypes

ppkGal4d UASmCD8GFP/+

477Gal4 UASmCD8GFP/+

hs-FLp, elav Gal4, UAS mCD8-GFP/ +; FRT42D tub Gal 80/ +

yTub23 A2y Tub23C *'; ppkGal4 UASmCD8GFP/+

yTub23C*"*?lyTub23C *': ppkGal4 UASmCD8GFP/UAS- yTub23C-GFP
UASmCDS8Cherry/+; ppkGal4/UAS- yTub23C-GFP

hs-FLp,elav Gal4,UAS mCD8-GFP/ dgt5-c°42D; FRT42D tub Gal 80/ +
hs-FLp,elav Gal4,UAS mCD8-GFP/dgt5-c'°42D; FRT42D tub Gal 80/UAS-dgt5

ppkGal4 UASmCD8GFP/+; dgt6™*

ppkGal4 UASmCD8GFP/UAS-dgt6; Dgt6™™*
ppkGal4 UASmCD8GFP/+; dgt6™/+

ppkGal4 UASmCD8GFP/dgt5-F"°: dgt6™%*/+
ppkGal4/+; UAS-EB1-GFP/+

ppkGal4/Dgt5-F"°; UAS-EB1-GFP/Dgt6**
ppkGal4/+; UAS-Nod-GFP/+

ppkGal4/Dgt5-F"°; UAS-Nod-GFP/Dgt6™

ppkGal4, UASmCD8Cherry/+; UAS- aTub23C-GFP/+
ppkGal4, UASmCD8Cherry/+; UAS- aTub23C-GFP/+
yTub23C*"*?/+; ppkGal4 UASmCD8GFP/+
yTub23C*"*?IDgt5 5% ppkGal4 UASmCD8GFP/+
yTub23C*"*?/+; ppkGal4 UASmCD8GFP/Dgt6'**
dgp71WD"?°/+; ppkGal4 UASmCD8GFP/+
dgp71WD"?°/Dgt5-5"°; ppkGal4 UASmCD8GFP/+
dgp71WD'?°; ppkGal4 UASmCD8GFP/+
dgp71WD"?%/+; ppkGal4 UASmCD8GFP/Dgt6’**
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5.3 Methods

5.3.1 MARCM

The MARCM (mosaic analysis with a repressible cell marker) system is used
to generate genetic mosaics. The initial cells carry the Gal4, UAS-target gene,
and Gal80 suppressor. During mitotic recombination, Gal80 suppressor will be
removed from one daughter cell and therefore allow the expression of the
target gene under Gal4-UAS system. The FLP recombinase is used to
catalyze the mitotic recombination at specific FRT site. The gene of interest is
located in trans of the Gal80 at the same chromosome and the labeled cells
will go homozygous with the gene of interest after mitotic recombination (Lee
and Luo. 1999).

To analyze Dgt5 loss-of-function phenotype, DgtSLE70 line was combined
with FRT42D. The procedure of MARCM was carried as described before
(Grueber et al. 2002). hsFLP, elavGal4 UASmCDS8GFP; FRT42D
tubGal80/Cyo virgins were collected and crossed to Dgt5 5" FRT42D males.
Eggs from this cross were collected on apple agar plates for 2 hours at 25°C.
Later, the plates were incubated in 25°C for 3 hours. Heat shock was
performed at 38°C in the water bath afterwards for 45 min and followed by 30
min incubation time at RT and again heat shocked at 38°C for 45 min. The
plates were kept in 25°C till third instar larvae were selected and imaged
under the confocal microscope (Zeiss).

5.3.2 Molecular procedures

5.3.2.1 Molecular cloning

Dgt5, Dgt6 and Dgp71WD were cloned into pP{UAST} attB vector (Bischof et
al. 2007). Primers including the sites for restriction endonucleases and over-

hang nucleotides were designed using Primer3 software. For Dgt5, restriction
sites Xbal and EcoRI| were added. For Dgt6, restriction sites EcoRI and Xbal
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were added. For Dgp71WD, restriction sites Notl and Xbal were added. For
each construct, 5 independent lines were generated by embryonic injection
into different attP lines by Best Gene.

5.3.2.2 PCR (Polymerase Chain Reaction)

PCR was used to amplify the gene of interest.

The template for the PCR amplification of Dgt5 was the Drosophila BDGP
DGC cDNA clone LD47477. For Dgt6, the template was the Drosophila BDGP
DGC cDNA clone LD14121. For Dgp71WD, the template was Drosophila
BDGP DGC cDNA clone RE05579. Phusion high-fidelity DNA Polymerase

was used in all the PCR.

PCR Dgt5

1 pl cDNA clone LD47477

2 yl Primer (10 pmol/pl)

2 yl Primer (10 pmal/pl)

1 ul dNTPs (10mM)

0.5 yl Phusion DNA Polymerase
10 pl Phusion Buffer

add dH20 to 50 pl in total

Cycling conditions

98 °C 30sec
98 °C 10sec

56 °C 30sec 30 cycles
72 °C 2.5min

72 °C 10min

4°C o0
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PCR Dgt6

1 ul cDNA clone LD14121

2 yl Primer (10 pmol/pl)

2 yl Primer (10 pmal/pl)

1 ul dNTPs (10mM)

0.5 yl Phusion DNA Polymerase
10 pl Phusion Buffer

add dH20 to 50 pl in total

Cycling conditions

98 °C 30sec
98 °C 10sec

62 °C 30sec 30 cycles
72 °C 2.5min

72 °C 10min

4°C o0

5.3.2.3 Generation of transgenic flies

To generate UAS-Dgt5, UAS-Dgt6 and UAS-Dgp71WD, amplified genes of
interest were subcloned into the pP{UAST} attB vector. The bacteria were
sent to Best Gene to make transgenic flies. 5 independent lines were
generated by the company and sent back to the lab for further analysis.

5.3.2.4 Gelelectrophoresis
0.8% agarose in TAE buffer was used for the gels. Syber Green was added to
the DNA samples to run together with electrophoresis. The gel was run for 40-

60 min at 200V in TAE buffer. Chemi-doc was used then for documentation a

picture of the gel.
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5.3.2.5 Gel extraction of DNA

To purify specific DNA fragment after electrophoresis, the separated DNA
fragment was checked and cut out of the gel under UV-light with a sterile
razor blade and purified with QIAquick Ger Extraction Kit following the
manufacturer’s instruction. DNA was eluted with 50 ul Sigma water instead of
elution buffer provided by the Kit. The concentration of the DNA was later

checked by Nano-drop.

5.3.2.6 Restriction digests of DNA

Restriction digest with specific restriction endonucleases was carried under
37°C in a 20-50 ul reaction volume for 1.5 hours. Enzymes were heat

inactivated at 65°C for 5 min.

5.3.2.7 Ligation

Ligations were carried in 10-20 pl reaction volumes, containing 1 ul T4 DNA
ligase, 1-2 ul T4 DNA ligase buffer, vector and gene of interest. The
concentration of vector and DNA of gene of interest was checked by Nano-
drop. In the reaction, the ratio of the amount of vector and gene DNA was 1:9.
The reaction was incubated at 16°C overnight and inactivated at 65°C for 5
min the next day.

5.3.2.8 Transformation

50 wl Competent cells were taken from -80°C fridge and thawed to liquid on
ice. 50-100 ng DNA were added and incubated 30 min on ice. Afterward, the
mixture was heated at 42°C in the water bath for precisely 1 min and placed
on ice for 2-3 min right afterward. Then 400 ul S.0.C medium was added to
the mixture and incubated in 37°C for 1 hour to allow expression of resistance

genes in transformed cells. The mixture was then centrifuged for 5min at 6000
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rpom. After aspirate 300 ul supernatant, re-suspended bacteria were plated on

selective LB plates and incubated at 37°C overnight.
5.3.2.9 DNA miniprep

Single colony was selected from the overnight cultured LB plates and cultured
in 3ml LB medium for 8 hours as a starter. Then 3ul starter culture was put in
5ul LB medium and incubated overnight. The DNA of a 5 ml bacteria LB
culture was extracted using the QIAprep Spin Miniprep Kit as described in the
manufacturer’s instruction. DNA was eluted with Sigma water and purification
was carried after electrophoresis. Digestion was carried later to check for

positive transformation.
5.3.2.10 Cultrue and conservation of E.coli strains

Bacteria were cultured in LB medium with selective antibiotics in a shaking
incubator at 37 °C or on LB agar plates containing selective antibiotics in an
incubator at 37°C. For short time periods, bacteria were stored at 4°C, for
long period they were stored in 50% Glycerol at -80°C.

5.3.2.11 Sequencing
All the cloned vectors were sent to Seqlab for sequencing.
5.3.2.12 Hopping out

The P-element has not only been used for germline transformation to make
transgenic flies, but also been used to induce imprecise excision to delete the
flanking sequence. We have generated Dgt6 mutant using P-element
excision. Males of Dgt6!®5V1°511892 p_glement insertion line were crossed to
virgins of yw; Pin/ Cyo; Dr A{2-3)/ TM6, Ubx. Males of dgt6{®>¥/¢5"8%2/ pr Af2-
3} were selected in the next generation and crossed to Tm3/Tm6 balance line.

Single male progeny with white-eye color (indicating miniwhite in the P-
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element was gone in) was selected and crossed back to virgins of Tm3/Tm6
balancer line to create a stable line. Each single line was sequenced and
checked by western blot to select the Dgt6 excision line.

5.3.2.13 Western blot

5 third instar larvae of the right genotype were selected and grinded in 100 pl
2x Laemmli buffer plus DTT and boiling for 5min with thermo block at 95°C.
Protein separation by SDS-PAGE was done under standard procedure and
protein was transferred to nitrocellulose membrane with Trans-blot Turbo
(Bio-Rad). After block with 5% powdered mile and 0.1%Tween in PBS for 1
hour at RT, the membrane was incubated with first antibody overnight at 4°C.
For Dgt5, the antibody was a gift from Dr. Goshima’s lab (1:1000 diluted in
PBS with 0.1%Tween; Goshima et al. 2008). For Dgt6, the antibody was a gift
from Dr. Somma’s lab and Dr. Goshima’s lab (1:1000 diluted in PBS with

0.1%Tween; Goshima et al. 2008; Bucciarelli et al. 2009). After incubation,
the membrane was washed with PBS with 0.1%Tween 3x 5 min and
incubated with secondary antibody (1:1000) for 1 hour at RT. After wash the
membrane 15-30min in PBS with 0.1%Tween, the membrane was imaged
under Chemi-doc (Bio-Rad) using ECL detection reagents.

5.3.3 Gal4 UAS system

Gal4 UAS system is utilized to control the expression of genes spatially and
temporally (Brand and Perrimon, 1993). Therefore, Gal4 enhancer trap lines
combined with UAS is used in this work to visualize da neurons in the living
animals with coupled fluorophores. Membrane marker lines can specifically
label the membrane in the neurons of interest. Moreover, the Gal4 UAS

system was utilized to ectopically expression gene of interest for rescue.
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5.3.4 Confocal imaging

5.3.4.1 Confocal imaging

Wandering third instar larvae were selected to image the Class IV da ddaC
neuron at dorsal segment A4-AS5 under fluorescent microscope. Selected
larvae were then immerged in 90% glycerol and pressed between glass slide
and cover slip. Confocal microscope (Zeiss) was used to obtain confocal
images of class IV ddaC da neurons with a 40x objective. 561nm laser and
488nm laser were used to detect different fluorescent signal. Stacks of
images were processed with Imaged software (National Institutes of Health,
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/) to make maximum
projections and modifications.

5.3.4.2 Time lapse

Second instar larvae were mounted in halocarbon oil and immobilized
beteween a metal sieve and cover slip. Images were taken under confocal
microscope (Zeiss) with a 40x objective for 30 min interval of 5 min. stacks of
images were then processed with ImagedJ software (National Institutes of
Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/) and photoshop
(Adobe) for maximum projections and modifications.

5.3.4.3 Image analysis and statistics

Images were analyzed with ImageJ software (National Institutes of Health,
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/) with the Neurond Plug-in
(Meijering, Jacob et al. 2004). All the dendritic branches were traced and
classified into four classes. The long dendrites emerged from the soma were
defined as primary dendrite. Dendrites emerged from the primary dendrites
were defined as secondary dendrite. Tertiary dendrites were defined as the
dendrites emerged from the secondary dendrites and the rest were defined as
high order branches. The number and length of each branch were measured
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with Neurond. 5 different larvae were quantified per each genotype. Statistical
analysis was done using Student’s t-test.

For time lapse, NeuronJ was used to trace and measure the image at each
time point. New branches were defined as branches appeared for the first
time within 30 min imaging period. Number of new branches was counted and
normalized to the basal dendrite length. Elongated and retracted branches
were defined by comparing the length of the branches in the first image to the
last image. Number of elongation, retraction and loss of branches were

normalized to the initial branch number.
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