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Abstract
Glia are dynamic modulators required for the development and function of the nervous
system, and various cell surface receptors which interpret the extracellular landscape are integral
to their actions. However, the mechanisms by which glia accomplish such tasks remain to be
fully characterized. This thesis explores the function of a major transmembrane heparan sulfate
proteoglycan (HSPG) protein, Syndecan (Sdc), and its function in the Drosophila nervous
system.
In the central nervous system, where Syndecan is robustly expressed, I have shown that
its downregulation in glia leads to a reduction in neuroblasts population, resulting in shrinkage of
the brain lobe. In parallel, I observed elongation of the ventral nerve cord, indicative of
disruption to the glial-ECM interactions.
Syndecan is also found in high levels in various glial membranes within the peripheral
nervous system, where I observed distinctive and cell-autonomous defects upon downregulation
of Syndecan expression within each glial layer. Our results suggest Syndecan is required for the
maintenance of blood-nerve barrier integrity, as Syndecan knockdown disrupted separate
junction morphology of peripheral subperineurial glia. Moreover, I showed Syndecan is required
for the ensheathment by multiple glial populations, including perineurial and wrapping glia. In
particular, laminin deposition in the basal lamina surrounding the peripheral nerve was reduced
upon knockdown of Syndecan in the outermost (perineurial) glial layer. Overall, these results
demonstrate several novel aspects of Syndecan’s role in vivo during neural and glial
development.
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Lay Summary
Cells use various receptors to sense their surroundings and communicate with other cells. This is
also true for glial cells, the main non-neuronal cell type in the nervous system. I studied a protein
called Syndecan which is highly conserved across different species and can be found on the cell
surface of neurons and glia. I found that when I removed Syndecan from the glia, the
neighboring neural stem cells which can give rise to neurons, are unable to maintain or expend
their cell numbers. I also found that Syndecan is needed for glia to wrap around their associated
neurons, and to maintain the shape and structural integrity of the nervous system. Overall, the
work in this thesis uncovered that Syndecan as a necessary protein for glia to perform their
different functions in the development of the nervous system.
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Preface
Chapter 2: Exploring the role of Syndecan in Drosophila neural and glial development
Work in this chapter contributes to the ongoing investigation into characterizing Syndecan’s
expression and subcellular localization in the Drosophila nervous system and elucidating
Syndecan’s function in glial interactions and development. For this chapter, I made major
contributions to experimental design, data collection and analysis, writing and editing. Jaimy
Coates contributed to data collection. Dr. Mary Gilbert and Dr. Mriga Das made significant
contribution editing. Vanessa J Auld contributed to experimental design, data interpretation and
analysis, writing and editing.
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Chapter 1: Introduction
Glia (derived from Greek for “glue”) are the main cell type within the nervous system
apart from neurons. Glia were historically mislabeled by Virchow in 1846, who coined the term
“nervenkitt” to describe the abundant connective structure within the brain as “the glue that holds
neurons together” (Somjen, 1988). For more than a century, proposed glial functions were
confined to providing passive structural and metabolic support to the neurons they surround.
However, this paradigm has shifted dramatically where we now appreciate that glia are active
and highly dynamic regulators of nervous system development, function, and disease
(Magnusson et al., 2014; Saab et al., 2016; Fernandes et al., 2017; Cui et al., 2018). Regardless
of our recent advancements, numerous questions remain as to the molecular machineries and
pathways required for glial function. For instance, the ability to communicate with neighboring
glia and the extracellular environment (i.e., the extracellular matrix or ECM) is a vital for glia to
properly encase/isolate neurons and provide the necessary protection. Yet, the mechanisms
utilized by glia to interact with their environment are still being elucidated. Cellular adhesion and
growth factor mediated signaling has been shown to play a pivotal role in the glial development.
This thesis focuses on characterizing a heparan-sulfate proteoglycan (HSPG) ECM receptor,
Syndecan (Sdc), and the role Sdc plays in modulating cell-ECM adhesion and growth-factor
mediated pathway in Drosophila nervous system development.

1.1

Glia of the Drosophila Nervous System
Drosophila melanogaster is an invaluable model organism to test our understanding of

principles of neurobiology as its nervous system shares many broad structural and functional
similarities to vertebrates (Freeman and Doherty, 2006; Freeman, 2015). In both the larvae and
1

2

Figure 1.1: The major compartments of the Drosophila larval nervous system
(A-B) Image of a larval fillet with the entire nervous system visualized through
horseradish peroxidase (HRP) staining. At the third instar stage, the central nervous
system is comprised of two brain lobes (brain/BL) and the ventral nerve cord (VNC).
Eight pairs of abdominal nerves (A1-A8) branch off from the VNC and contain both
motor and sensory axons. The nerve extension region (NER) is defined as the segment
of the nerve between the VNC and the muscle field area (MFA). ISN, intersegmental
nerve; SN, segmental nerve; TN transversal nerve. Scale bar = 200µm. (Adapted from
(Matzat et al., 2015)) (C) The CNS contains two distinct structures, the neuropile
(yellow) contains all synapses and neuronal somata are found within the cortex layer
(light grey).
adult stages, the Drosophila central nervous system (CNS) contains a diverse range of glial cell
types categorized mainly by their morphology and their association with neurons. The CNS
of Drosophila larvae is made up of two brain lobes (BL) and the ventral nerve cord (VNC) (Fig.
1.1A, B). Most neuronal cell bodies are found in the cortex of the CNS and the synapses are
within the neuropile at the core (Fig. 1.1C). Within the CNS, glial cells are divided into three
main classes: neuropile glia (NG), cortex glia (CG), and surface glia (SG). Neuropile glia can be
further categorized into ensheathing glia (EG) and astrocyte-like glia (AG). Drosophila
astrocyte-like glia behaviour resembles in parts vertebrate astrocytes. Though morphologically
distinct, both regulate synaptic function, and both extend membrane projections that surround
synapses and actively regulate neurotransmitter homeostasis (Awasaki et al., 2008; Stork et al.,
2012, 2014; Yildirim et al., 2019). Ensheathing glia dwell mainly along the neuropile-cortex
interface. Consequently, EGs’ main functions are thought to provide compartmentalization by
separating the neurite and synapse-dense neuropile from the soma-packed cortex, and divide
major groups of axons into discrete commissures (Doherty et al., 2009; Stork et al., 2012).
Ensheathing glia also regulate axon fiber tract formation and guidance within the developing
3

CNS (Spindler et al., 2009). Cortex glia directly enwrap multiple neuronal somata (Pereanu et
al., 2005; Hartenstein, 2011; Stork et al., 2012) and associated nerves as they exit the ventral
nerve cord (Fig. 1.2A) (Freeman, 2015). Due to their close proximity, cortex glia are thought to
provide trophic and metabolic support to the neurons (Pereanu et al., 2005; Hartenstein, 2011).
The last class of CNS glia, the surface glia, ensheathe the entire CNS and are responsible
for forming the blood-brain barrier (BBB) (Hindle and Bainton, 2014). Surface glia are
comprised of two sub-types: the outer perineurial glia (PG) and the inner subperineurial glia
(SPG) (Hindle and Bainton, 2014) (Fig. 1.2A-C). Perineurial glia directly contact the overlying
ECM that coats the entire nervous system. Together with the ECM, perineurial glia contribute to
the overall CNS morphology through regulation of cell-ECM interactions (Xie and Auld, 2011;
Hunter et al., 2020). Subperineurial glia are located directly below the perineurial glia and their
most notable function is to maintain the ionic homeostasis within the nervous system, they do
this by virtue of septate junctions (SJ), which create a permeability barrier (Auld et al., 1995;
Baumgartner et al., 1996; Stork et al., 2008). For this thesis, I will mainly be focusing on both
perineurial and subperineurial glia, collectively known as surface glia, and cortex glia when
discussing the CNS glia function during Drosophila development.
The peripheral nervous system (PNS) is comprised of mixed sensorimotor nerves, with
axons ensheathed by three glial layers (Fig. 1.2B). Each nerve can be further broken down into
the nerve extension region (NER) and the muscle field area (MFA) (Fig. 1.1A, B). The muscle
field is where the motor axons branch off each nerve to innervate their associated muscles and
the sensory axons enter each nerve. The glial ensheathment of each PNS nerve is comparable to
the CNS, with the surface glia forming the blood-nerve barrier (BNB) in a similar manner (Fig.
1.2A, B). Positioned at the center of each nerve are wrapping glia (WG). Wrapping glia are in
4
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Figure 1.2: An overview of superficial glial populations within the Drosophila the CNS
and PNS
(A-B) Illustrations showing subset glial position and morphology within CNS cortex
and PNS. The ECM (light brown) covers the nervous system in its entirety. Residing
below are the perineurial glia (blue) which in turn ensheathe the subperineurial glia
(orange). The subperineurial glia establishes the septate junction (cyan) forming a
tight seal as the blood-brain/nerve-barrier. Below the subperineurial glia are the cortex
glia (magenta in A) and wrapping glia (magenta in B) within the CNS and PNS,
respectively. Cortex/Wrapping glia sort neurons/axons into individual compartments
or small bundles. (C) Electron microscopy image of a peripheral nerve section
showing the layering of different glial cell types illustrated in B. Scale bar = 500 nm.
(Adapted from (Petley-Ragan et al., 2016))
close association with axons and directly ensheathe them (Stork et al., 2008). In the late larval
stages, each wrapping glial cell is capable of ensheathing individual axons or small bundles.
While loss of wrapping ensheathment has no deleterious effects, the loss of wrapping glia
themselves can affect axonal conduction (Stork et al., 2008; Matzat et al., 2015; Kottmeier et al.,
2020). The ensheathment of Drosophila wrapping glia resembles that of non-myelinating
Schwann cells (nMSC) in vertebrates. This is an important yet poorly understood class of glia
that ensheathe small-caliber axons such as C-fibers (Nave and Salzer, 2006; Nave and Trapp,
2008). Therefore, Drosophila is often used as a model to study the underlying molecular
mechanisms of glial ensheathment during vertebrate development (Xie and Auld, 2011; Matzat
et al., 2015; Kottmeier et al., 2020). Though all the glial subtypes mentioned above are important
for nervous system function, the underlying mechanisms that glia utilize to direct such function
remains to be fully decrypted. The following sections will explore the development and function
of those Drosophila glial classes that are the focus of this thesis.
6

1.1.1

Perineurial glia
Late in embryonic development, perineurial glial cells arise in part from the lateral edge

of the CNS. After several rounds of symmetric cell division, perineurial glia then migrate over
the surface of the CNS and along the peripheral nerves (von Hilchen et al., 2013). Mature
perineurial glia are elongated with many fine cell processes (Stork et al., 2008) (Fig. 1.3A, B),
and completely cover the nervous system by the third instar larval stage (Awasaki et al., 2008;
Stork et al., 2008; von Hilchen et al., 2013). Individual perineurial glial cell are highly mobile
and able to migrate over large distances; more than half of the length of the larva in some cases
(von Hilchen et al., 2013). The mitotically active nature of perineurial glia is in contrast with
other glia (i.e., wrapping glia, subperineurial glia) which are polyploid and undergo hypertrophy
as the larva grows (von Hilchen et al., 2013; Matzat et al., 2015). The division and differentiation
of the perineurial glia are controlled by a number of signaling pathways. The activation of
Insulin-like receptor (InR) / Target of rapamycin (TOR) pathway is required for perineurial glial
proliferation, as loss of function mutants of the InR pathways reduced their numbers (AvetRochex et al., 2012). Acting in parallel, fibroblast growth factor (FGF) signaling regulates
perineurial glia growth through paracrine signaling by the FGF ligand Pyramus (Pys) and the
fibroblast growth factor receptor (FGFR), Heartless (Htl) (Avet-Rochex et al., 2012). Together
the combined activity of InR/TOR and Htl generates the perineurial pool in the larval and adult
stages (Fig. 1.3C) (Avet-Rochex et al., 2012).
As the most superficial glial layer, perineurial glia contribute to the formation of the
ECM by secreting laminin, a core ECM component, into the extracellular space (Petley-Ragan et
al., 2016). Other ECM components such as Perlecan, Collagen, Nidogen, and secreted-protein
acidic cystine-rich (SPARC) are secreted by adipocytes and haemocytes (i.e. macrophages)
7
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Figure 1.3:The growth and morphology of Drosophila perineurial glia
(A-B) Fluorescent images of perineurial glia (green) in the brain lobe (A) and VNC
(B). Individual perineurial glia (green) were labeled with actin::GFP showing
extensive cell projection (white arrowhead). All glia nuclei are stained using an antirepo antibody (red)(Stork et al., 2008). (C) Illustration showing the proliferation of
perineurial glia (PG) is controlled by Fibroblast growth factor (FGF) and InR/TOR
pathways. Pyramus (Pys) activates Ras-MAPK signaling cascade via FGFR in a
paracellular signaling manner. In conjunction, the InR/TOR pathway is activated
through Drosophila insulin-like peptide 6 (dilp-6), acting in parallel to promote
perineurial glial division for the ensheathment of the underlying subperineurial glia
(SPG). Dof, Downstream of FGFR, an FGF scaffolding protein necessary for FGFR
signal transduction; Dp110, a catalytic subunit of Phosphatidylinositol 3-kinase; PIP3,
Phosphatidylinositol (3,4,5)-triphosphate; Tsc1/2, Tuberous sclerosis complex 1/2, an
inhibitor of the TOR pathway; Rheb, Ras homolog enriched in brain, activate the
growth regulator, Target of rapamycin (Tor).
(Broadie et al., 2011). Collectively the extensive and cross-linked ECM surrounding the nervous
system is known as the “neural lamella” (Broadie et al., 2011; Zang et al., 2015). Additionally,
perineurial glia express various ECM receptors, such as integrin (Xie and Auld, 2011; Meyer et
al., 2014; Hunter et al., 2020), and modulate the neural lamella by secreting matrix
metalloproteinases (MMPs) (Meyer et al., 2014; Skeath et al., 2017). Loss of ECM adhesion or
degradation of ECM by overexpressing a membrane-bound MMP (i.e., MMP-2) on perineurial
glial cells results in an elongated ventral nerve cord and deformed brain lobes. In the PNS,
disruption of glia-ECM interactions leads to incomplete ensheathment by perineurial glia,
peripheral nerves prone to mechanical damage and lethality at larval stages (Xie and Auld, 2011;
Meyer et al., 2014).
Despite not being in direct contact with neurons, perineurial glia influence neuron
survival, and behaviour (Brankatschk et al., 2014; Volkenhoff et al., 2015; Kanai et al., 2018;
Parkhurst et al., 2018). Perineurial glia express a variety of nutrient transporters such the sugar
9

Trehalose transporter 1-1 (Tret1-1), and metabolic enzymes such as pyruvate kinase (Volkenhoff
et al., 2015). Moreover, perineurial glia can influence neuroblast growth and division through the
expression and release of Dally-like protein (Dlp) and Insulin-like peptides (dilp) (Chell and
Brand, 2010; Kanai et al., 2018). While more and more evidence points to the importance of
perineurial glia in the development and function of the nervous system, many questions remain
with respect to the mechanisms perineurial glia use to communicate with their surroundings.

1.1.2

Subperineurial glia
Subperineurial glia are large, flattened cells that surround each nerve and the entire CNS

(Fig. 1.4 A). During embryogenesis, subperineurial glia are in direct contact with axons and the
neural lamella. As development proceeds, wrapping glia, cortex glia, and perineurial glia expand
their region of ensheathment reducing subperineurial contacts with neurons and the ECM. The
subperineurial glial population is established through the ventral neuroectodermal neuroblast
progenitor population (von Hilchen et al., 2013). Fully differentiated, subperineurial glia do not
divide; rather they undergo hypertrophy in order to accompany the dramatic growth of the
animal (Brink et al., 2012; von Hilchen et al., 2013). One of the subperineurial glia’s most
notable functions is maintaining ionic balance through septate junctions that span the entire
nervous system and stop just short of the neuromuscular junction (Fig. 1.4 B, C). Septate
junctions act as a paracellular diffusion barrier that isolates the neurons from the high
concentration of K+ in the hemolymph (Auld et al., 1995; Baumgartner et al., 1996; Stork et al.,
2008). Insect septate junctions are functionally analogous to the tight junctions forming the
blood-brain barrier in vertebrates. However, they are molecularly similar to paranodal junctions
that flank vertebrate Nodes of Ranvier flanked by myelinating Schwann cells (MSC) and
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oligodendrocytes (Hortsch and Margolis, 2003). The core adhesion components of the septate
junction in subperineurial glia consist of a complex of membrane proteins including Neurexin
IV (NrxIV), Contactin, Neuroglian (Nrg) and the Na+/K+ ATPase pump (the α-subunit (ATPα)
and β-subunit-Nervana 2 (Nrv2)) (Fig. 1.4 D). Loss of any of these core proteins compromises
the junction, and disrupts the blood-nerve barrier, leading to the hindrance of action potential
conduction and paralysis (Baumgartner et al., 1996; Genova and Fehon, 2003; Faivre-Sarrailh,
2004; Banerjee, 2006). The process by which the septate junction is assembled and maintained
remains an active area of research with recent investigations showing that the architecture of the
septate junction changes from “Mr. NoodleTM ramen-like” parallel fibers in the late embryonic
stage to a more linearized restaurant-style ramen later on (Babatz et al., 2018). However, the
machinery by which subperineurial glia maintain septate junction integrity throughout this
drastic remodeling phase remains to be described.
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Figure 1.4: Subperineurial glial morphology and core components of the septate
junction
(A, A’) Fluorescent image of an individual subperineurial glia (green) label with
actin::GFP with all glial nuclei stained using repo (red). Subperineurial glia do not
have cell projections (A’) unlike perineurial glia. (B) Fluorescent image of septate
junctions (green) morphology in the CNS visualized via Neurexin-IV::GFP, all glial
nuclei (red) are labeled with anti-repo antibody, neurons are labeled with HRP (blue).
Scale bar = 85µm. (Stork et al., 2008) (C) EM image of the ultrastructure of the
septate junction of a peripheral nerve demonstrating adhesion proteins as an electrondense pleated sheet between the two opposing cell membranes. Scale bar = 85µm.
(Babatz et al., 2018) (D) illustration showing the core components of the bicellular
septate junction. Transmembrane adhesion protein Neurexin-IV and Neuroglian along
with membrane-linked adhesion receptor Contactin, and Na+/K+ ATPase forming the
pleated ladder structures visualized in (C). Both Neurexin-IV and Neuroglian are
shuttled to the membrane by coracle, an intracellular adaptor protein.

1.1.3

Wrapping glia
Wrapping glia reside within each peripheral nerve and enwrap individual nerve fibers or

small fiber bundles (Fig. 1.2 B, C) (Stork et al., 2012). These resemble “Remak fibers” formed
by non-myelinating Schwann cells in vertebrates. A few wrapping glia, like cortex glia, can also
encase a limited number of neuron somata near the peripheral nerve roots in the ventral nerve
cord (Stork et al., 2012). Peripheral wrapping glia arise near the end of embryogenesis and are
born in the ventral nerve cord. Using mechanisms that are still unknown, wrapping glia migrate
to the periphery and initiate the ensheathment of the PNS axons. They ensheathe almost all axons
of the nerve simultaneously by the third instar stage (Matzat et al., 2015). Like subperineurial
glia, wrapping glia do not proliferate. Rather, they are polyploid and grow to over 1mm in
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length. Similar to other glial cell types, both FGF and epidermal growth factor (EGF) signalling
serve critical roles in the ensheathment process. EGF acts mainly through autocrine signaling
with the release of Vein (the Drosophila homologue of mammalian neuregulin) from wrapping
glia and binding to epidermal growth factor receptor (EGFR) on the wrapping glia surface
(Matzat et al., 2015). Blocking EGF signaling results in the complete absence of wrapping glial
ensheathment, with the cells collapsing into a single strand in the center of the nerve (Matzat et
al., 2015). Similar results can be seen by reducing the function of FGF signalling (Kottmeier et
al., 2020); FGFR-mediated ensheathment relies on activation of Htl expressed by the wrapping
glia, though the specific FGF ligand is still unclear.

1.1.4

Cortex glia
At the late larval stage, cortex glia span the thickness of the cortex and forms a structure

called the “trophospongium” – a honeycomb-like network of cell membrane projections, where
each cell surrounds upward 50 to 100 neurons and neural stem cells (Fig. 1.5 A, B) (Freeman,
2015). Cortex glia are closely associated with the subperineurial glia and the tracheal vasculature
as it penetrates the CNS (Freeman, 2015). Cortex glia provide metabolic support to neurons by
expressing various nutrient transporters, such as Chaski (chk), a lactate/pyruvate transporter
(Delgado et al., 2018). Cortex glia also directly modulate neuron activity. For instance, Zydeco
(zyd), a Na+Ca2+K+ (NCKX) exchanger expressed by cortex glia, produces microdomain Ca2+
oscillations. Loss of zyd leads to seizure-like behaviour through accelerated K+ influx in neurons
(Melom and Littleton, 2013). Neuroblast proliferation is also reliant on cortex glia, and their
ablation is lethal (Coutinho-Budd et al., 2017; Spéder and Brand, 2018).
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Like perineurial and wrapping glia, cortex glial cell proliferation and ensheathment
occurs in late embryonic and early larval stages; and these are one of the few glial cell types that
remain during metamorphosis and into adulthood (Coutinho-Budd et al., 2017). Cortex glia
growth relies on similar pathways to those of perineurial glia including InR/TOR and FGF
signaling. However, Pys and InR signaling differ from that of perineurial glia, as signaling from
both ligands converge on the Ras/MAPK pathway to control cortex glial cell proliferation (Fig.
1.5 C) (Avet-Rochex et al., 2012). Cortex glia are key to neuronal development and function by
providing structural and metabolic support to neurons along with modulating circuit formation
and neuron behaviour (Spindler et al., 2009; Melom and Littleton, 2013; Coutinho-Budd et al.,
2017; McLaughlin et al., 2019; Nakano et al., 2019). Thus, while cortex glia have no clear
vertebrate homologue they do share some functional similarities with astrocytes, microglia, and
even oligodendrocytes, who perform those same roles in the vertebrate CNS.
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Figure 1.5: The morphology and proliferation of cortex glia
(A-B) Fluorescent images of a GFP-labelled cortex glial cell clone (green) with
neuropile (red) stained using an anti-Syntaxin antibody. Note the sponge-like
morphology of cortex glia, suggesting it envelops many neuron cells bodies and can
span the entire thickness of the cortex (cx), from the surface lamella (sl, white dotted
line) to the neuropile lamella (nl). Scale bar = 25µm. (Pereanu et al., 2005) (C)
Schematics of cortex glia (CG) proliferation pathways. Pyramus (Pys) from
neighboring cortex glia and neurons triggers the proliferation signaling cascade
through FGFR> Ras-MAPK signaling pathway. Similar to perineurial glia, InR and
dilp-6 also play a role in cortex glia proliferation, though it is suggested that the
pathway converges onto the Ras-MAPK signaling cascade through other pathways
canonical InR/TOR downstream mutants shows no difference in cortex glial
populations.
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1.2

Glia-extracellular matrix interactions
The extracellular matrix not only operates as a structural barrier but also as a conduit for

intercellular communication, as many matrix proteins carry crucial information via cell-ECM
interactions (Theocharis and Karamanos, 2019). The key components of the ECM are large
fibrillar glycosylated proteins including collagen, laminin, fibronectin, and proteoglycans
(GAGs), forming a highly complex and dynamic, yet organized molecular network (Theocharis
et al., 2016). The ECM also directly binds numerous growth factors, cytokines, and proteolytic
enzymes (Wilgus, 2012; Theocharis et al., 2016). The ECM prevents degradation of trophic
factors and aid in establishing trophic factor concentration gradients (Wilgus, 2012). Thus,
extracellular matrix components are capable of influencing all aspects of cellular behaviour and
function, in addition to modulating tissue homeostasis (Frantz et al., 2010; Clause and Barker,
2013; Pickup et al., 2014). It is theorized that variations in regional ECM deposition or
degradation can modulate tissue architecture and cell behaviour via alteration in the adhesive
forces or concentration of growth factors (DuFort et al., 2011). Cell membrane receptors such as
integrins, syndecan, and growth factor receptors interact with the ECM. Here I will highlight the
relevant processes and components related to ECM-cell adhesion that are the focus of this thesis.

1.2.1

ECM components
In Drosophila there are range of well characterized ECM components in the basal lamina

surrounding the nervous system. These include Perlecan, Collagen IV (Viking), and Laminin.
Both viking and perlecan are major components of the basal membrane and produced by
adipocytes and hemocytes (Pastor-Pareja and Xu, 2011). The incorporation of Viking and
perlecan into the ECM is a major determinant in tissue morphology and in particular in CNS
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morphology (see following section). Though perlecan seem to counteract collagen IV’s function
by reduce the tensile strength of the ECM, the deposition of perlecan during embryogenesis is
dependent on collagen IV (Martinek et al., 2008; Pastor-Pareja and Xu, 2011).
Laminin is one of the key ECM proteins known to be produced by glia. Laminins are
heavily glycosylated heterotrimeric ECM proteins consisting of an α, a β, and a γ subunit. In
Drosophila, there are only 2 unique isoforms, as there are just two α-subunits (wing blister, wb
and, laminin A, LanA), one β-subunit (LanB1), and one γ-subunit (LanB2) (Yamada and
Sekiguchi, 2015). In comparison to vertebrates in which there are 16 potential isoforms
(Hohenester and Yurchenco, 2013). All subunits contain a laminin N-terminal domain, subunitdependent repeats of laminin EGF-like (LE) domains, followed by α-helical domains that
mediates the coiled-coil structure. Unique to the α-subunits are five-tandem globular (LamG)
domains that contain binding sites for ECM receptors, such as integrins and Syndecan
(Yamashita et al., 2004; Yamada and Sekiguchi, 2015). For laminin to be released into the
extracellular environment, β, γ, and α-subunit need to trimerize within the endoplasmic reticulum
(ER). The α-subunit of laminin is independently secreted and drives the secretion of its β- and γpartners (Yurchenco et al., 1997). Conditional deletion of laminin in Schwann cells causes
hypomyelination as Schwann cells fail to extend processes and initiate ensheathment (Yu et al.,
2005). Equivalently, deletion of laminin in non-myelinating Schwann results in peripheral nerves
devoid of ensheathment (Yu et al., 2009). In Drosophila, the absence of β- or γ- subunit leads to
accumulation of the other subunits within the glial ER, subsequent swelling and ER stress often
accompanied by ensheathment defects in perineurial and wrapping glia (Petley-Ragan et al.,
2016). The engagement of laminin is critical to the glial cell ensheathment and different adhesion
complexes has been implicated in the laminin signaling cascades in vertebrate myelinating and
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non-myelinating Schwann cell wrapping, with integrin and dystroglycan having been best
studied (Colognato and Tzvetanova, 2011).

1.2.2

ECM receptors in glia
Along the extensive ECM surrounding both vertebrate and Drosophila glia, there are also

a range of ECM binding receptors present on the glial membrane that mediate ECM to cell
signaling. The major ECM receptor in glia in all animals are the integrins. Integrins are a
superfamily of heterodimeric receptors composed of α and β subunits. They bind to many ECM
ligands based on the specificity of individual α and β subunits, and through various adapter
proteins including talin and paxillin, connect to the intercellular actin network. Upon activation
by Talin (i.e., inside-out activation), the integrin heterodimer changes conformation (Ginsberg et
al., 2005). This allows for the integrin complex to bind its ECM ligand with high affinity and
establishing a physical coupling between the extracellular environment and the cytoskeleton
(Takada et al., 2007). The focal adhesion formed by integrin directs cell migration via the Rho
GTPases which coordinate actin dynamics as well as adhesion itself (Abram and Lowell, 2009;
Huveneers and Danen, 2009). Compared to vertebrates, Drosophila possesses a relatively small
integrin family with five alpha (αPS1-αPS5) and two beta (βPS and βν) subunits. The αPS2βPS
and αPS3βPS heterodimers are expressed in the Drosophila peripheral glia (Xie and Auld, 2011),
with inflated (if) and scab (scab) encoding the αPS2 and αPS3, respectively; βPS is produced by
myospheroid (mys) (Brown, 2000; Takada et al., 2007). However, the respective ligand(s) that
bind to these integrin heterodimers has yet to be conclusively demonstrated. Overall integrins
play a central role in glial ensheathment in Drosophila (Xie and Auld, 2011). Down-regulating
the β-subunit (mys) in glia blocks axon ensheathment by wrapping glia and nerve ensheathment
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by perineurial glia. Consistently, downregulation of β1 integrin, the vertebrate homologue of
mys, also impedes Schwann cell radial ensheathment and axon sorting (Milner et al., 1997; Feltri
et al., 2002; McKee et al., 2012). In this system, β1 binds to laminin in the basal lamina and
activates integrin-linked kinase to promote membrane process extension and radial sorting
(Pereira et al., 2009; McKee et al., 2012). There are other cell surface laminin receptors critical
for laminin-mediated myelination in vertebrates, such as dystroglycan and heparin-containing
molecules (McKee et al., 2012). Conditional dystroglycan knockout mice resulted in various
Schwann cell myelination abnormalities, including polyaxonal myelination and hypomyelination
(Masaki and Matsumura, 2010). Similarly, treating cultured dorsal root ganglion cultures with
laminin lacking LG4-5, which contains the dystroglycan and heparin-binding site, blocks
myelination (McKee et al., 2012). Later in this chapter, I will discuss syndecan, a laminin
interaction partner as a potential candidate in influencing glia-ECM communication.

1.2.3

Glia-ECM interactions and ventral nerve cord condensation
The shortening of the ventral nerve cord occurs during Drosophila development and

relies heavily on glial-ECM interactions, but how this occurs is still unclear (Meyer et al., 2014;
Skeath et al., 2017). During embryogenesis, as the ventral nerve cord becomes clearly defined, it
spans approximately 80% of body length; however, by late embryogenesis, the ventral cord
nerve shrinks to about 60%, eventually attaining a final size of just 10% of the body length
(Olofsson and Page, 2005). The process of ventral nerve cord condensation is regulated in part
by non-neural tissues, such as haemocytes, which transiently contact the ventral nerve cord
around stage 12 of the Drosophila embryogenesis (Tepass et al., 1994; Olofsson and Page, 2005;
Evans et al., 2010). Haemocytes secrete multiple ECM components, such as Perlecan, Nidogen,
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Collagen IV, and laminin. Elimination of haemocytes reduces ECM glycoprotein deposition
within the animal cavity resulting in an elongated ventral nerve cord (Olofsson and Page, 2005).
The fat body also produces ECM proteins, and nerve cord elongation is a consequence of
blocking adipocyte exocytosis (Pastor-Pareja and Xu, 2011; Zang et al., 2015). However, not all
ECM components act in the same way. In perlecan (trol) loss of function mutants, the ventral
nerve cord become over-condensed (Pastor-Pareja and Xu, 2011). In contrast to the overcondensed VNC triggered by loss of perlecan, the loss of collagen IV produces an elongation of
the ventral nerve cord. This has led to a model where collagen cross-linking works to increase
matrix stiffness and counteract the action of perlecan (Pastor-Pareja and Xu, 2011; Isabella and
Horne-Badovinac, 2015). The Drosophila’s ECM stiffness and tensile characteristics is a
balance between perlecan and collagen IV, where perlecan serves to “soften” the basement
membrane as observed using atomic force microscopy on the Drosophila egg chamber (Crest et
al., 2017). In comparison, collagen IV acts to increase the basement membrane stiffness.
Degradation of the collagen that surrounds embryonic columnar epithelium leads to rapid
flattening and planar expansion (Pastor-Pareja and Xu, 2011). These studies emphasize that the
structure and properties of the ECM are not set in stone and the cells that interact with the ECM
can also alter these properties.. For example, in Drosophila ADAMTS-A (A disintegrin and
metalloproteinase with thrombospondin motifs metallopeptidase with thrombospondin type 1
motif A) works to inhibit the accumulation of Viking and promotes perlecan in the basement
membrane (Skeath et al., 2017).
Glia can also regulate ventral nerve cord architecture: as reducing glial cell numbers
results in ventral nerve cord elongation (Campbell et al., 1994). Additionally, glia express ECM
receptors such as integrin, and a suite of ECM modulators including ADAMTS-A (Xie and Auld,
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2011; Skeath et al., 2017). Altering the composition of the integrin-mediated focal adhesion
complex or ADAMTS-A results in defective ventral nerve cord condensation (Fig. 1.6A-C)
(Meyer et al., 2014; Skeath et al., 2017). This effect is likely mediated by perineurial glia, as they
express both integrin and ADAMTS-A, and are in direct contact with the neural lamella (Xie and
Auld, 2011; Skeath et al., 2017). Though it is highly likely that there are non-integrin-mediated
mechanisms working in parallel to regulate ventral nerve cord length, as integrin knockdown
within the CNS produces a relatively mild elongation in comparison to the elimination of the
ECM (Fig. 1.6A-E) (Xie and Auld, 2011; Meyer et al., 2014).

1.2.4

Extracellular matrix and glial ensheathment
Drosophila glial differentiation and ensheathment of peripheral nerve fibers occur mainly

in the larval stages, with glia born in the CNS during embryonic stages then migrating towards
the periphery along the established axon tracts (Sepp et al., 2000). The normal process of cellular
migration also applies to glial migration, including lamellipodia contacting the extracellular
substrates, and cytoskeleton contractility (Banerjee and Bhat, 2008). The actin cytoskeleton plays
a key role in glial migration as changes to the small GTPase Rho-GTPase interferes with glial
actin polymer structure and disrupts glial migration (Sepp and Auld, 2003). The integrin
adhesion complex represents a logical link between the extracellular environment and the glial
actin cytoskeleton as integrin influences Rho-GTPase activation via various effector kinases
(Huveneers and Danen, 2009), and integrin itself is able to physically link the ECM with the
cytoskeleton though various adaptor proteins including talin (Abram and Lowell, 2009).
Disruption of integrin affects glial ensheathment in both Drosophila and vertebrates. Laminin
reduction or mutation of laminins and integrins results in abnormal axonal sorting by non23

myelinating Schwann cells, and abnormal myelination by Schwann cells (Feltri et al., 2002;
Wallquist et al., 2002, 2005; Yu et al., 2009). In Drosophila, integrin reduction impedes
peripheral nerve ensheathment by both perineurial glia and wrapping glia (Fig. 1.6F, G) (Xie
and Auld, 2011). It is unclear which extracellular ligands integrins are binding to activate
migration of glia in Drosophila. There may be other ECM receptors expressed in the peripheral
glia that mediate glia-ECM interactions such as the dystrophin/dystroglycan complex and
syndecan. This thesis will focus on whether syndecan, a well-known receptor in mediating cellECM adhesion, plays a role in mediating glial function. Overall, glia-ECM interactions are key
to glial migration and ensheathment of peripheral nerves, though the identity and role of
potential ECM binding proteins have yet to be determined.
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Figure 1.6: Disruption to glial-ECM adhesion cause structural defects and impaired
ensheathment by perineurial glia
(A-C) Pan glial knockdown of integrin is associated with an elongation of the ventral
nerve cord. All glia are labeled using repo-GAL4 induced CD8::GFP expression.
Noticeable lengthening of the VNC occurs in the inflated (if) and myospheroid (mys)
knockdown group (A). Scale bar = 50 µm (Meyer et al., 2014) (D-E) Degradation of
the ECM caused large structural defects within the CNS. Using 46F-GAL4, which
directs expression of MMP-2 in perineurial glia and depletes the ECM, caused the
lengthening of the VNC (E) (Xie and Auld, 2011). (F-G) perineurial glial knockdown
of integrin impairs its ensheathment in the PNS. Perineurial glia (green) are visualized
using mCD8::GFP, upon expression of integrin-RNAi in perineurial glia, the cell
membrane becomes restricted to one side of the nerve (lower panel in G) instead of
the bilateral distribution in control (lower panel in F), overall showing a non-uniform
distribution of the glial cell membrane. AX, axon; VN, ventral nerve cord. Scale bar =
50 µm (F,G, upper panels), 10 µm (F,G lower panel). (Xie and Auld, 2011)

1.3

Syndecan, a heavily glycosylated cell surface receptor
Syndecans are a small family of transmembrane heparan sulfate proteoglycan cell surface

receptors. The vertebrate syndecan family is represented by four distinct syndecan genes (SDC 1, -2, -3, -4), whereas in invertebrates including Drosophila, there is a single gene (Spring et al.,
1994; Couchman, 2003). In mammals, each syndecan has a temporal and spatial expression
profile: SDC-1 is mainly expressed in epithelial and endothelial cell types, while SDC-2 is
mainly expressed in mesenchymal cells, SDC-3 is expressed by neurons and glia, SDC-4 is
ubiquitously expressed (Bernfield et al., 1999; Rapraeger, 2001; De Rossi and Whiteford, 2013;
Chung et al., 2016). Syndecan has been implicated in regulating cell and ECM adhesion,
migration, and proliferation. Yet, how syndecans mediate these functions in different tissues
remains unknown (De Rossi and Whiteford, 2013).
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All syndecan proteins share similar molecular architecture; an extracellular domain (i.e.,
ectodomain), a transmembrane domain, and a short highly conserved cytoplasmic domain (Fig.
1.7). The ectodomain ranges widely in size between the different family members, with little
similarity between most of the protein sequence; yet, the attachment site for heparan sulfate
glycosaminoglycan (HS-GAG) chains, Ser-Gly, is identical in all syndecan family members
across species (Xian et al., 2010; Leonova and Galzitskaya, 2013). The single-pass
transmembrane domain contains a motif “GxxxG”, which is the main substrate for syndecan’s
dimerization. The functional relevance of syndecan dimerization remains controversial where
forced heteromeric dimerization between different mammalian syndecan family members
reduces cell migration and adhesion in comparison to homomeric dimerization (Choi et al.,
2015). The cytoplasmic domain can be broken down into three mini-domains, the highly
conserved C1 (proximal to the membrane) and C2 (distal to the membrane) flanking a V region.
The V region peptide sequence is specific to each family member, suggesting distinct functional
attributes (Couchman et al., 2015). All syndecan C2 mini domains contain a canonical PDZ
binding motif (i.e., EFYA) that interacts with several PDZ proteins including
Calcium/calmodulin-dependent serine protein kinase (CASK) and Syntenin, which coordinate
syndecan trafficking and translocation to the membrane (Grootjans et al., 1997; Hsueh et al.,
1998). However, such relationships have not been demonstrated in invertebrates. In the
following sections, I will focus particularly on syndecan’s contribution to cellular adhesion and
growth factor signaling, as such processes are pivotal for glial development and ensheathment.
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Figure 1.7: Mammalian and Drosophila syndecan family members
Syndecan is a family of single-passed transmembrane heparan sulfate proteoglycans.
All family members share a similar protein structure. All Syndecan bear heparan
sulfate chains, though some members (Syndecan-1/-3 and Drosophila Syndecan) also
bear chondroitin-sulfate chains. The function of chondroitin-sulfate chains or the
difference in the sulfate status between the different family members is currently
unclear. The mammalian Syndecan family can be further divided into two subfamilies:
syndecan-1/-3 in one and syndecan-2/-4 in the other.

1.3.1

Syndecan and cellular adhesion
The evidence supporting syndecan's role in integrin-mediated cellular adhesion has been

more thoroughly investigated, albeit in cell culture. In fibroblasts, integrin-mediated adhesion is
sufficient to direct fibroblast attachment and spread on fibronectin (Woods et al., 2000).
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However, integrin alone was insufficient for focal adhesion and stress fiber formation. Rather the
formation and maturation of adhesion complexes require the GAG chains and the syndecan's
protein core (Woods et al., 2000; Mahalingam et al., 2007). The interaction between SDC-4 and
the heparin-binding domain II of fibronectin in combination with integrin α5β1 leads to
cytoskeletal rearrangement and ultimately, formation of focal adhesion and subsequent
syndecan-mediated cell migration (Kwon et al., 2012). Various studies have shown different
syndecans modulate different integrin complexes with different ECM substrates (Fig. 1.8).
Although in vitro, SDC-1 can enhance αvβ3 adhesion to Vitronectin, SDC-2 cooperates with
α5β1 binding with Fibronectin, and SDC-4 itself can bind to the ECM and directly interacts with
laminin through the globular domain. Though Drosophila Sdc shows similar interactions with
laminin, its binding to other ECM proteins, such as collagen, has not been demonstrated
(Munesue et al., 2002; Beauvais et al., 2004; Yamashita et al., 2004; Carulli et al., 2012; Yang
and Friedl, 2016).
Syndecan’s contribution to integrin-mediated adhesion and ECM organization has been
well-described in vitro; in contrast, the in vivo contribution of syndecan to cellular adhesion is far
less explored. Challenges to study any potential syndecan-integrin synergy in vivo arise as null
mutants in any one of the single syndecan genes in mice are healthy and fertile with no apparent
defects.. Only mild delays in cell migration is observed in wound healing in SDC-1 or -4 nulls,
and impaired performance associated with long-term potentiation in the hippocampus with SDC3 knockout (Echtermeyer et al., 2001; Kaksonen et al., 2002; Stepp et al., 2002; MelendezVasquez et al., 2005). The contrast in phenotypes between cultured cells and in vivo is theorized
to reflect the functional redundancy between the different mammalian syndecan family members.
As mentioned previously, while the four mammalian syndecans are expressed predominantly in
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Figure 1.8: List of the interaction partners of mammalian syndecan
The heparan sulfate chains (purple hexagon) can span from 40 to 500 nm away from
the core protein and can bind to a wide array of ligands that contains a heparan-sulfate
binding domain, including various chemokines, growth factor, morphogens, and ECM
structural proteins (Stepp et al., 2015). The ectodomain itself is capable of interaction
with different receptor tyrosine kinases, including EGFR and HER2. The ectodomain
(blue) can also be cleaved by metalloproteases, in a process named: “shedding”. The
intracellular domains can bind to different adaptor protein with the C1 domain
(orange) showing a preference for cytoskeleton linkage protein; the variable domain’s
(magenta bars) interaction partner (grey) are specific to each syndecan; the C2
domain (red) contains a PDZ-binding motif and mainly interaction with PDZ protein.
distinct cell types, the overlap in expression patterns is not to be dismissed. Indeed, the shared
similarities in molecular architecture between the different syndecans make it very likely that the
absence of one syndecan can be compensated by the others.

1.3.2

Syndecan and growth factor signaling
Syndecan is capable of controlling information flow between the cell and the

environment and influence cellular events by acting as a co-receptor with receptor tyrosine
kinases (RTK) signaling complexes, including growth factor receptors (Fig. 1.8) (Kwon et al.,
2012). The HS-GAG chains can orchestrate the recruitment and anchoring of soluble growth
factors, such as EGF and FGF to the membrane, subsequently allowing the growth factors to
bind to their corresponding receptors, though the HS-GAG chains may also interact with growth
factor receptors directly regardless of the ligand is present (Burgess and Maciag, 1989; Woods et
al., 1998; Xian et al., 2010). The formation of a heparan sulfate-growth factor signaling complex
has been well described with FGF-2 in vitro using various cell types. Syndecan-1, -2, -4 all
support the binding of FGF-2 to FGFR, increasing FGFR activation (Steinfeld et al., 1996). The
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syndecan-growth factor interaction does not elicit an intracellular signal, but rather, the binding
of FGF-2 to syndecan results in a high local concentration of FGF-2 at the cell surface. This
bolsters FGF-2 binding affinity to FGFR, triggering growth factor receptor clustering and
activation (Reiland and Rapraeger, 1993; Filla et al., 1998). Similar associations have been
identified in vitro between syndecan-2 and Vascular endothelial growth factor (VEGF),
syndecan-1 and hepatocyte growth factor (HGF), and EGF related signaling, among others
(Andersen et al., 2005; Kaji et al., 2006; Mahtouk et al., 2006; Corti et al., 2019). In comparison,
the evidence for syndecan contribution to growth factor signaling in vivo is very limited. One
study did find syndecan-2 is required for efficient VEGF-mediated signaling in the sprouting
angiogenesis in zebrafish (Chen et al., 2004). Our limited understanding of syndecan’s in vivo
function, in the context of growth factor signaling is likely due to functional redundancy between
the four vertebrate syndecans, where a single syndecan knockout has mild to no phenotype
(Couchman et al., 2015). Drosophila as a model organism offers a platform in which there are
limited Sdc functional redundancies, as it only possesses one Sdc gene. Similar to vertebrate
syndecans, Drosophila Sdc has a modulatory role in FGF-FGFR signaling in astrocytes-like glia
to regulate morphology (Stork et al., 2014) and in other tissues (Knox et al., 2011). The
implication of Sdc’s role in growth factor signaling in other glia requires further investigation to
determine the breadth of Sdc function.

1.4

Thesis question
The purpose of this thesis is to characterize the in vivo function of Sdc in glial

development and function within the Drosophila larval nervous system. Prior literature has
highlighted Sdc’s ability to modulate cellular adhesion and growth-factor mediated
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signaling though its interaction with integrin and growth factor ligand/receptors in vitro.
However, the function of Sdc in glia is not well characterized. Despite Sdc being robustly
expressed by the Drosophila embryonic nervous system, its endogenous expression pattern
within the larval nervous system, particularly in glia, has been inadequately described. Moreover,
it is currently unclear whether Sdc is needed for overall glial development. Thus, Chapter 2 of
this thesis will characterize Sdc’s endogenous expression within the Drosophila glia and address
the functional role Sdc serves in different glial layers in the CNS and PNS to affect nervous
system development.
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Chapter 2: Exploring the role of Syndecan in Drosophila neural and glial
development

2.1

Synopsis
Glia are active and dynamic modulators required for the function and development of the

nervous system. However, the mechanism by which glia communicate and interpret the
extracellular landscape remains to the elucidated. In this chapter, I showed Drosophila Sdc's
expression within a range of central and perineurial glia. Knockdown of Sdc in all glia resulted
in defective neuroblast proliferation. This indicates Sdc maybe a vital component to the
maintenance and development of the neural stem cell niche. Additionally, the loss of Sdc in
different glial layers resulted in disruptions in the morphologies of each glial layer. The absence
of Sdc resulted in impaired ensheathment in wrapping glia and abnormal septate junction
morphology in subperineurial glia. Moreover, I saw ensheathment defects and a reduction in
glial numbers with Sdc knockdown in perineurial glia. Loss of Sdc in the perineurial glia also
resulted in reduced laminin deposition within the peripheral ECM, suggesting perineurial glia
play a role in ECM formation within the PNS. Thus, our results indicate Sdc has multiple roles in
Drosophila nervous system development including as an integral component in regulating glial
cell morphology, in mediating glial-ECM interactions and maintaining neuroblast populations
within the optic lobe.
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2.2

Introduction
For cells of all types, the ability to communicate among themselves and the extracellular

environment is a pivotal aspect of their overall functioning. Glia are no exception as they rely
heavily on efficient adhesion and communication with their surroundings to ensheathe, protect
and modulate the nervous system. Yet, exactly how glia accomplish information exchange
between themselves and the extracellular landscape stays obscured.
Neurons in the Drosophila nervous system are surrounded by multiple glial populations.
Within the brain lobe and ventral nerve cord that makes up the CNS, individual neuron somata
are ensheathed by cortex glia (Freeman, 2015). In the PNS, axons of both sensory and motor
neurons are ensheathed by wrapping glia (Stork et al., 2012). Both the CNS and PNS are covered
by a thin layer of large polyploid cells called subperineurial glia, which establishes a
permeability barrier via the septate junctions, isolating the neurons from the circulating
hemolymph filling the animal’s cavity (Auld et al., 1995; Baumgartner et al., 1996; Stork et al.,
2008). Lying beneath the ECM that blankets the entire nervous system are perineurial glial cells.
Perineurial glia are small cells that are highly mobile and undergo mitosis throughout larval
development, spreading across the surface of the entire nervous system by the late third instar
stage (Awasaki et al., 2008; von Hilchen et al., 2013). To communicate with the overlying ECM,
perineurial glia express transmembrane receptors and release metalloproteases, such as integrin
and ADAMTS-A respectively, to direct CNS structural remodeling during development and
structural integrity in the larval stages (Meyer et al., 2014; Skeath et al., 2017). Similarly, the
perineurial glia interactions with the ECM are mediated by integrins. Disruption of glial-ECM
adhesion in the PNS by mutant or RNAi reduction manifests as incomplete ensheathment by the
perineurial glia (Xie and Auld, 2011). Though studies in both Drosophila and vertebrates have
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delved into the importance of integrin-mediated focal adhesion in glial-ECM adhesion, questions
remain about other transmembrane receptor candidates besides integrin contribute and how to the
cell-ECM adhesion in glia during development.
The syndecan family proteins constitute a group of transmembrane heparan sulfate
proteoglycans (HSPGs) cell surface receptors that consist of a core protein with heparan sulfate
glycosaminoglycan chains covalently attached to the ectodomain. There are four mammalian
syndecan, designated syndecan-1, -2, -3, and -4, with each having its unique characteristic
structural and expression profiles, though similarities do exist. Challenges arise to study them in
vivo as functional redundancy plagues attempt to delineate their functions, where the others may
compensate for the lack of one, and to date, there is no double knock out model in vertebrates
(Couchman et al., 2015). In comparison, Drosophila only contains a single Sdc gene. Despite its
simplicity as a model organism, little is known regarding Sdc’s expression pattern or cellular
localization in Drosophila. Sdc is known to be present in the embryonic nervous system, and in
the both larval neuropile and neuromuscular junction in late larva stages (Spring et al., 1994;
Stork et al., 2014; Nguyen et al., 2016). Yet, the existence of Sdc in glial populations remains
poorly explored.
Mammalian syndecans are enriched in focal adhesion and growth-factor signaling
complexes, thus placing syndecan in multiple signaling pathways and cellular functions.
Syndecan acts in cooperation with integrin to direct focal adhesion and stress fiber formation in
fibroblasts to mediate cell migration (Morgan et al., 2007). Additionally, syndecan acts to
concentrate local ECM-ligand and growth factor levels, allowing these ligands to bind to their
corresponding receptors with higher efficiency (Wu et al., 2003; Cheng et al., 2016).
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In comparison, how Sdc interacts with focal adhesions in Drosophila is not well
explored. However, Sdc is important for a range of cell migration and adhesion pathways during
Drosophila development, including axon migration and cardiogenesis (Johnson et al., 2004;
Steigemann et al., 2004; Rawson et al., 2005; Chanana et al., 2009; Knox et al., 2011; Smart et
al., 2011). Moreover, Drosophila Sdc plays a conserved role in trophic factor pathways such as
FGF signaling, including tracheal cell migration (Lin et al., 1999; Schulz et al., 2011). Similarly,
loss of HSPGs causes tracheal defects (Lin et al., 1999). In glia, Sdc directs astrocyte-like glia
morphogenesis through FGF signaling and concentrates FGF ligands similar to vertebrate
syndecan (Stork et al., 2014). However, the characterization of Sdc’s role in other glia has not
been carried out.
To understand the role of Sdc in mediating glial development I analyzed the distribution
and function of Sdc in larval glia. I observed Sdc is present in multiple glial layers in the third
instar larvae, particularly noticeable in the wrapping and perineurial glia. By reducing Sdc
expression in glia using RNAi-mediated knockdown, I observed locomotion defects and nervous
system abnormalities. Specifically, loss of Sdc in the CNS glia leads to smaller brain lobes, a
diminished neuroblast population, and an extended VNC. In the PNS, I found that Sdc plays a
key role in the perineurial glial ensheathment of the peripheral nerve. Overall, I found two novel
aspects of Sdc function in glia, where Sdc is required for optic lobe neuroblast proliferation and
is necessary for glial cell ensheathment in PNS, thus expanding the understanding of Sdc’s
influence on neural development.
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2.3

2.3.1

Results

Syndecan is expressed in a range of glia in the larval nervous system
To determine the expression pattern and protein localization of Sdc among the cell

populations within Drosophila CNS and PNS, I used Sdc endogenously tagged with GFP
(Sdc::GFP.PTT) to view its endogenous expression (Buszczak et al., 2007). Animals
homozygous for the Sdc::GFP.PTT allele displayed no gross structural defects and were viable.
This suggests that the GFP insertion does not significantly impact Sdc function and localization
and thereby allowing for an accurate representation of Sdc expression. The localization of Sdc
was further confirmed using a second independent GFP insertion in the Sdc gene (Sdc::GFP.MI),
which revealed no change in Sdc expression patterns (Supp. Fig 1, see appendix).
Within the 3rd instar larvae, Sdc is expressed throughout the nervous system, including
the brain lobe, the ventral nerve cord, and the peripheral nerves. Using super-resolution imaging,
I revealed that Sdc is expressed in a linear punctate pattern that often outlines the appearance of
the glial membranes (all glial membrane labeled with repo-GAL4>mCD8::RFP) in the CNS and
PNS (Fig 2.1 A-C). Additionally, I observed robust Sdc::GFP.PTT outlining cell boundaries
within the brain lobe that did not colocalize with any glial cells (Fig. 2.1 yellow arrow). I believe
Sdc::GFP.PTT is also expressed by neurons, consistent with previous studies (Johnson et al.,
2004; Steigemann et al., 2004). Moreover, Sdc puncta localized to the superficial glial layers,
suggesting that Sdc is expressed in the perineurial glia population (Fig 2.1 white arrow).
To confirm Sdc’s expression in perineurial glia, I looked for GFP tagged Sdc (Sdc::GFP.PTT)
localization specifically within the perineurial glia, which were labelled with membrane-bound
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Figure 2.1: Syndecan is present in the central and peripheral nervous system and
expressed in neurons and glia
(A-C) Cross-section of 3rd instar larval nervous system in which all glial membranes
are labeled with membrane-bound mRFP (mCD8::RFP, magenta) driven by repoGAL4. Sdc::GFP.PTT (green) localization is visualized using an anti-GFP antibody in
the brain lobe (A-A”), the ventral nerve cord (B-B”), and the abdominal segmental
nerve (C-C”). I detect Sdc::GFP.PTT puncta in the glial membranes (white arrow), as
well as instances where the glial membrane cannot be observed (yellow arrow). All
nuclei are marked with DAPI (blue). Scale bar, 2 µm.
RFP (mCD8::RFP) using 46F-GAL4 (a confirmed perineurial glial driver (Xie and Auld, 2011)).
I found that Sdc is expressed by perineurial glia and that Sdc::GFP.PTT puncta are closely
associated with the perineurial glial membrane at the glial-ECM interface (Fig 2.2 A-C). There
were also instances where Sdc puncta localized to the perineurial-subperineurial cell-cell
interface (Fig 2.2 yellow arrow). Next, I sought to see if Sdc is found within subperineurial glia.
The subperineurial glia were labeled with membrane-bound RFP (mCD8::RFP) driven by
the moody-GAL4, and I observed patches of Sdc puncta localized to the subperineurial glial
membrane (Fig. 2.3 A-C). Interestingly, within the peripheral nerve, the localization of Sdc to
the subperineurial glia membrane was more consistent and covered longer regions compared to
the CNS. The observation with subperineurial glia also confirmed the distribution of Sdc in the
perineurial glia as I observed lines of Sdc puncta exterior to the subperineurial glia. To
distinguish whether the strings of Sdc puncta I observed in the cores of the peripheral nerves
were expressed by axons or wrapping glia, I used nrv2-GAL4 to drive mCD8::RFP to label
wrapping glial membranes. In the peripheral nerves, I saw consistent Sdc puncta corresponding
to wrapping glia membranes (Fig. 2.4, white arrow), suggesting wrapping glia express Sdc.
However, it is likely that Sdc is also expressed in the peripheral axons (Smart et al., 2011).
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Given the widespread expression of Sdc lining the cell-ECM interface, I tested whether
Sdc co-localizes with integrins within the peripheral nerve. To gain a more comprehensive
picture of Sdc expression, I analyzed the distribution of Sdc::GFP.PTT in homozygotes of the
allele compared to the β-subunit of the integrin heterodimer, myospheroid (aka βPS). Within the
PNS, Sdc puncta do not co-localize with the integrin-belts. Though not quantified, I often
observed Sdc and integrin localized in a mutually exclusive manner (Fig. 2.5; white arrows).
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Figure 2.2: Syndecan is expressed by perineurial glia and localized to the glial-ECM
interface
(A-C) Cross-section of 3rd instar larval brain (A-A”), ventral nerve cord (B-B”),
peripheral nerve (C-C”) in which all perineurial glia are labeled with membranebound mRFP (mCD8::RFP, magenta) driven by 46F-GAL4. Sdc::PTT.PTT (green)
localization is visualized using an anti-GFP antibody. Note the consistent localization
of Sdc::GFP.PTT puncta along the outer perineurial glial membrane facing the ECM
(white arrow) throughout the nervous system. Sdc:: GFP.PTT puncta can also be
detected along the perineurial glial membrane facing the subperineurial glia (yellow
arrow). All nuclei are marked with DAPI (blue). Scale bar, 2 µm.
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Figure 2.3: Syndecan localization coincides with the subperineurial glial membrane
(A-C) Cross-section of 3rd instar larval brain (A-A”), ventral nerve cord (B-B”),
peripheral nerve (C-C”) in which subperineurial glia are labeled with membranebound mRFP (mCD8::RFP, magenta) driven by moody-GAL4. Sdc:: GFP.PTT
(green) localization is visualized using an anti-GFP antibody. I observed patches of
Sdc:: GFP.PTT puncta along the subperineurial glial membrane and perineurial glia
throughout the nervous system (white arrow). Note the Sdc:: GFP.PTT puncta
localize to the exterior of the subperineurial glial layer. All nuclei are marked with
DAPI (blue). Scale bar, 2 µm.
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Figure 2.4: Syndecan is expressed by wrapping glia in the PNS
(A) Longitudinal cross-section of a 3rd instar larval peripheral nerve in which the
wrapping glia are labeled with membrane-bound mRFP (mCD8::RFP, magenta)
driven by nrv2-GAL4. Sdc:: GFP.PTT (green) localization is visualized using an antiGFP antibody. I observed a linear distribution of Sdc:: GFP puncta along the strands
of wrapping glial membranes (white arrow). Scale bar, 2 µm.
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Figure 2.5: Syndecan does not co-localize with integrin in the peripheral nerve
(A) Longitudinal cross-section of a 3rd instar larval peripheral nerve. Sdc::GFP.PTT
(green) expression is visualized using an anti-GFP antibody in comparison with
integrin β-subunit, myospheroid (mys, magenta) visualized with the βPS mAb. I
observed Sdc and integrin localization was in a juxtaposed relationship throughout the
nerve (white arrow). All nuclei were marked with DAPI (blue). Scale bar, 5 µm.

2.3.2

Syndecan is required for the functioning of the nervous system
To establish the overall requirement of Sdc in Drosophila glia, I reduced Sdc expression

using multiple RNAi lines targeting different regions of the Sdc transcript (Fig. 2.6) using a pan
glial driver, repo-GAL4, and UAS-Dicer2 (Dcr2). To visualize and assess changes to
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Figure 2.6: Schematic of the Drosophila Sdc gene map
The Sdc gene genomic region consists of seven exons and six introns. Blue marks the
protein-encoding regions, and grey is indicative of untranslated regions (UTR). Red
marks the only region of alternative splicing within the protein-encoding region. The
function of this region in Drosophila is unknown. Note the majority of the exons for
the protein-encoding regions encompassing the ectodomain (Ecto) of the protein, both
the transmembrane domain (TM) and the cytoplasmic tail (Cyto) are encoded by exon
7. The different shades of grey within the UTRs represent the prevalence within the
isoforms, increased darkness indicates more commonly found on different isoforms.
The GFP exon tag is inserted in the second intron. To reduce Sdc expression I used
different RNAi lines to target different regions of the sequence with RNAi-1, RNAi-2,
and shRNAi targeting all confirmed isoforms and indicated on the diagram.

the glia morphology, I expressed a membrane marker (mCD8::GFP or RFP) in conjunction with
the RNAi. In comparison to control animals (repo-GAL4>Dcr-2, mCD8::GFP) (Fig. 2.7 A), I
found various morphological defects spanning the CNS and PNS upon Sdc knockdown. The
VNC appeared elongated (Fig 2.7 B-C, yellow arrow), and the brain lobes were noticeably
smaller (Fig. 2.7 B-C, white arrow). We quantified the effects with knockdown using repoGAL4>mCD8::RFP and Dicer2 and found a statistically significant increase in the ratio of VNC
to body length with RNAi-1 and RNAi-2 (Fig 2.7 E). Compared to control, where the VNC is on
average 9.8% of the body length, we saw an increase where the VNC extends to 11% and 10.8%
of the body length on average in RNAi-1 and RNAi-2, respectively. Also, we observed the VNC
length ratio covered a wider distribution with RNAi-1, ranging from 8.2% to 14.2% of the body
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length (Fig. 2.7 E), but this was not observed in RNAi-2. The shRNAi line was not significantly
different from the control, suggesting shRNAi did not generate a sufficient knockdown. The
elongation of VNC seen with Sdc RNAi knockdown indicates Sdc’s possible contribution to
cell-ECM adhesion as elongation to the VNC is often observed with disruption in glial-ECM
contact (Meyer et al., 2014; Skeath et al., 2017). Next, we quantified the severity of the brain
lobe size decrease with pan glial Sdc-RNAi (Fig. 2.7 F). By measuring the brain lobe at the
widest point (from outer edge to center), we saw a 27.8% decrease in brain lobe width
with RNAi-1 and a 13.4% reduction in RNAi-2 compared to control. However, we did not
observe a significant change in VNC length and brain lobe size associated with the shRNAi line
(Fig. 2.7 E-F). Our results also suggested that RNAi-1 is more effective in knocking down Sdc
compared to RNAi-2 or the shRNAi. While not quantified, I saw a clear down regulation of
Sdc::GFP in RNAi-1, which shows it is an effectively tool in reducing Sdc expression (Supp.
Fig 2, see appendix).
The peripheral axons are encapsulated by multiple glial layers that often appear compact
and smooth as seen in control (repo-GAL4>Dcr2, mCD8::GFP) (Fig. 2.7 G). After pan-glial
expression of RNAi-1, peripheral nerves frequently displayed swelling and glial membrane
fragmentation (100% of all nerves counted, number of animals = 6) (Fig. 2.7 H, white arrow). I
observed similar phenotypes with RNAi-2 and shRNAi, albeit with much lower penetrance (
RNAi-2 = 14% of all nerves counted, number of animals = 6; shRNAi = 6% of all nerves
counted, number of animals = 6), and many nerves appeared smooth and continuous like that of
control.
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Figure 2.7: Glial Syndecan is necessary to ensure the structural integrity of the larval
nervous system
(A-D) Representative stacked images of larval CNS with repo-GAL4 and expressing
only Dcr2 as control (A), Dcr2+RNAi-1 (B), Dcr2+RNAi-2 (C), and
Dcr2+shRNAi (D). Membrane-bound GFP (mCD8::GFP) expressed by repoGAL4 was used to visualize all glia membranes. Note the misshaped ventral nerve
cord (yellow arrow) and shrinkage of the brain lobe (white arrow) upon expression of
Sdc RNAi in all glia.
(E-F) Quantification of ventral nerve cord (VNC) elongation (E) and brain lobe
shrinkage (F). Black brackets show the mean ± SD. Intact VNC and brain lobes were
measured in the repo-GAL4>mCD8::RFP background with VNC length measured as
the distance between the head nerve exit point to theA8 abdominal nerve exit point. In
(F), one brain lobe from each animal was sampled. The mean prevalence were
analyzed using one-way ANOVA (P<0.0001) with a Dunnett’s multiple posthoc comparison test of Dcr2+RNAi-1 (E; n = 36), (F; n = 40), Dcr2+RNAi-2 (E; n =
18), (F; n = 25) and Dcr2+shRNAi (E; n = 24, F; n = 26) compared to
control, Dcr2 (E; n = 23), (F; n =25) (n = number of animals pooled from four
replicates). * p ≤0.5, ***p ≤0.001, ****p ≤0.0001.
(G-J) Representative longitudinal cross-section images of peripheral nerve in control
(repo-GAL4>Dcr2) (G-G”), Dcr2+RNAi-1 (H-H”), Dcr2+RNAi-2 (I-I”),
and Dcr2+shRNAi (J-J”). Glial membranes are marked with mCD8::GFP (green) and
axons with anti-Futsch (mAb 22C10; magenta). Nuclei were labelled using DAPI
(white; G-J) and an asterisk (G’-J’, G”-J”). I observed swelling (white arrow) and
defasciculation of axons (H”) when expressing Dcr2+RNAi-1 using repo-GAL4.
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Next, I analyzed the animal’s locomotion output to determine if the morphological
defects observed with pan glial Sdc knockdown have any functional consequences. Using a
larval tracking assay, I observed a significant reduction in overall movement over one minute
and comparing the Sdc knockdown groups to control (repo-GAL4>Dcr2,) (Fig. 2.8 A-D).
Further quantification of maximum speed (Fig. 2.8 E), average speed (Fig. 2.8 F), and total
distance travelled (Fig. 2.8 G) revealed the impaired locomotion associated with RNAi-1 was the
most severe, showing a more than 50% reduction in average traveling speed and distance, which
is reflected in the movement trajectory (Fig. 2.7 A-B). A significant decrease in movement
output was observed with the other RNAi lines, though the degree of severity was less and the
decreases in RNAi-1 was significantly greater in comparison with both RNAi-2 and shRNAi lines.
These data show that glial Sdc is necessary for proper animal locomotion.
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Figure 2.8: Impaired larval locomotion is associated with pan-glial Syndecan reduction
(A-D) Representative 3rd instar larval movement trajectory of repo-GAL4 driving
Dcr2 as control (A), Dcr2+RNAi-1 (B), Dcr2+RNAi-2 (C), and Dcr2+shRNAi (D).
Each line is representative of one larvae’s movement in 60s with a starting point near
the center.
(E-G) Quantification of the mean maximum crawl speed (E), mean average crawling
speed (F), and mean total travel distance (G). repo-GAL4 driving: Dcr2 (E; n = 83),
(F; n = 84), (G; n = 78), Dcr2+RNAi-1 (E-G; n = 166), Dcr2+RNAi-2 (E-F; n = 92),
(G; n = 91), Dcr2+ shRNAi (E-G; n = 91) (n = number of animals analyzed pooled
from two replicates). Black brackets show mean ± SD, with difference of mean
between each group analyzed using one-way ANOVA (P<0.0001) with Tukey’s
multiple comparison test. **p ≤0.01, ***p ≤0.001, ****p ≤0.0001, comparison not
shown = ns, not significant.
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2.3.3

Glial Syndecan is needed for neuroblast population expansion in the CNS
In 3rd instar larval brain lobes, neurons account for the majority of the tissue volume, with

discrete regions of neuroblast proliferation that undergo cell division to generate new neurons
(Egger et al., 2008). The brain lobe shrinkage I identified with pan-glial expression of the SdcRNAi lines could be associated with decreased proliferation or an increase in programmed cell
death. I used phosphohistone-3 (pHis-3) as a marker for mitotic events in the brain lobe. In the
control (repo-GAL4>Dcr2, mCD8::GFP), I observed a belt with active proliferation events, as
marked by the robust signal of pHis-3 surrounding by dense-area of nuclei marked by DAPI (Fig
2.9 A) that likely corresponds to the optic lobe outer proliferation zone (Egger et al., 2007). By
reducing Sdc expression in all glia, I observed a reduction of active cell division where the
degree of brain lobe shrinkage with RNAi-1 was the greatest. RNAi-2 showed a lesser reduction,
and shRNAi had no effect. To test our hypothesis that increased apoptosis is not associated with
the Sdc knockdown dependent phenotype, I examined the activity of cleaved Death caspase-1
(cDCP-1), an effector protein in the apoptosis pathway and a homolog of mammalian caspase-7
(Song et al., 1997). Across all RNAi groups, I did not observe a noticeable increase in the
amount of cDCP-1 activity comparing to the control, despite the recapitulation of the brain lobe
shrinkage phenotype (Fig. 2.9 E-G). This result suggests that the decrease in brain lobe size is
due to a lack of proliferation and not an increase in cell death.
I then sought to further examine the impact on the neuroblast (NB) population upon Sdc
reduction. To visualize neuroblasts, I used Deadpan (Dpn) (San-Juán and Baonza, 2011) , and
focused on the impact of Sdc knockdown in the optic lobe outer proliferation zone, due to its
reduction in size relative to control (Fig. 2.9 A-C). The neuroblast region within the optic lobe
displayed dramatic loss in size with the Sdc knockdowns compared to control (Fig. 2.9 I-L).
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Figure 2.9: Neuroblast numbers and proliferation requires glial Syndecan
(A-D) Representative images of the cross-sections of 3rd instar larval brain lobes. All
glial membranes were labelled with membrane-bound GFP (mCD8::GFP, green)
expressed by repo-GAL4. Mitotic cells were labeled with antibodies to
phosphohistone-3 (pHis-3, red) within the brain lobe. DAPI (blue) is used to mark
nuclei and the cell-dense outer proliferation belt within the optic lobe. Notice the
changes within brain lobe size and reduced pHis-3 staining within Dcr2+RNAi-1(B)
and Dcr2+RNAi-2 (C) compared to control Dcr2 (A). Number of brain lobes analyzed
(A; n = 4, B; n = 7, C; n = 7, D; n = 8)
(E-H) Representative images of the cross-sections of the 3rd instar larval brain lobe
revealing pan glial Sdc knockdown did not increase apoptosis. Under the control
of repo-GAL4, all glial membranes were visualized by mCD8::GFP (green). An anticleaved Drosophila caspase-3 (cDCP-1, magenta) antibody was used to detect cell
apoptosis. There was no observed increase in cDCP-1 within Dcr2+RNAi-1(F)
and Dcr2+RNAi-2 (G) compared to control Dcr2 (E). Number of brain lobes
analyzed, (E; n = 6, F; n = 2, G; n = 7, H; n = 8).
(I-L) Representative crossing section image showing the proliferation belt within 3rd
instar Drosophila brain lobes. The neuroblast population was revealed using an antideadpan (Dpn, green) antibody with pHis-3 (red) marking the mitotic events and
DAPI (blue) labeling all nuclei. Note the less abundant neuroblast and miotic events
with repo-GAL4 driving Dcr-2+RNAi-1 (J) and Dcr-2+RNAi-2 (K) compared to
control Dcr2 (I). Number of brain lobes analyzed (I; n = 11, J; n = 8, K; n = 12, L; n =
10). Scale bars, 50 µm (A-L).
RNAi-1 demonstrated the most severe phenotype (Fig. 2.9 J), where a large portion of the outer
proliferation belt (white dash line) was greatly reduced or completely absent. In the RNAi2 group, I observed a decrease in the neuroblast region, though it was not as dramatic as RNAi-1.
The penetrance and severity of these phenotypes further suggests that RNAi-1 is the most
effective at reducing Sdc expression, followed by RNAi-2, and lastly, shRNAi. These results
indicated that glial Sdc is necessary for neuroblast population expansion or maintenance.

57

2.3.4

Loss of Syndecan disrupts ensheathment by wrapping glia
Based on the expression pattern in the PNS of Sdc::GFP.PTT, Sdc appears to be

expressed by wrapping glia. Thus, I sought to determine the possible function of Sdc in this glial
layer. Normally, wrapping glia expand membrane projections to encase the axon bundles (Fig.
2.10 A-A”). Using a wrapping glia driver (nrv2-GAL4) for Sdc knockdown, I observed
prominent wrapping glia ensheathment defects in all RNAi groups compared to control (nrv2GAL4>Dcr2, mCD8::RFP). Specifically, I observed a loss of the complex glial processes (Fig.
2.10 B-B’, C-C’) or breakage of the wrapping glia processes along the length of the nerve (Fig.
2.10 D-D’). Often small and thin cell processes can be seen projecting out of the central bundle
(Fig. 2.10 B’-C’), however, the lack of wrapping did not impact axonal morphology (Fig. 2.10
A”-C”). Interestingly, the migratory ability of wrapping glia remain intact with Sdc knockdown
as the wrapping glia were distributed normally along the nerve (n = 29). In RNAi-1, 95.7% of the
peripheral nerves showed a lack of ensheathment compared to 46% in RNAi-2 , 34.1%
in shRNAi, and 13% in control (Fig. 2.10 E).
I was curious to see whether the lack of ensheathment by Sdc knockdown in the
wrapping glia would affect animal locomotion. In comparison to the control (nrv2GAL4>Dcr2), RNAi-1 showed a significant decrease in all analyzed metrics (Fig. 2.11 AC). ShRNAi also showed significant decrease in total travel distance and average speed, though
not in maximum speed, compared to control. The locomotion defect pattern is likely due to
changes in the CNS, as lack of ensheathment by wrapping glia in the PNS does not alter animal
movement significantly. Indeed only in the complete absence of wrapping glia do larvae show
decreases in locomotion performance (Kottmeier et al., 2020).
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Figure 2.10: Wrapping glia require Syndecan for axonal ensheathment
(A-D) Representative stacked images of wrapping glia in the peripheral nerves
labelled with membrane-bound RFP (mCD8::RFP, magenta) under the control
of nrv2-GAL4, with anti-Futsch (mAb 22C10) antibody immunolabeling axons
(green). DAPI marked all nuclei colored in grey (A-D) and with an asterisk (A’-D’,
A”-D”). Nrv2-GAL4 drove the expression of Dcr2 (A), Dcr2+RNAi (B),
and Dcr2+RNAi-2 (C). Note the absence of wrapping glia ensheathment (B’-C’) and
membrane breakage (D’) with RNAi knockdown (white arrows). Scale bar, 10 µm
(E) Quantification of prevalence of wrapping glia with ensheathment defects. Data
showing the mean ± SD, with the defect percentage calculated by the number of
defective nerves divided by the number of intact peripheral nerves. I defined a
defective nerve as containing at least one wrapping glia showing defects in
ensheathment within the nerve extension region. Quantification was with a one-way
ANOVA (P<0.0001) and a Dunnett’s multiple post-hoc comparison
test. Dcr2+RNAi-1 (n = 11), Dcr2+RNAi-2 (n = 7) and Dcr2+shRNAi (n = 10)
compared to control, Dcr2 (n = 9) (n = number of animals pooled from two
replicates). ***p ≤0.001, ****p ≤0.0001.
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Figure 2.11: Wrapping glial knockdown of Syndecan alters animal locomotion
(A-C) Quantification of mean maximum crawl speed (A), mean average crawling
speed (B), and mean total travel distance (C) from recordings of Nrv2-GAL4 driven
Dcr2 (A-B; n = 113, C; n = 103), Dcr2+RNAi-1 (A-C; n = 31), Dcr2+RNAi-2 (A; n =
77, B; n = 71, C; n = 78), Dcr2+shRNAi (A, C; n = 70, B; n = 69) (n = number of
animals analyzed pooled from two replicates). Scatter plots show the mean ± SD with
black brackets using a one-way ANOVA (P<0.0001) and Tukey’s multiple
comparison test. *p≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001, comparison not
shown = ns, not significant.
2.3.5

Syndecan is necessary for subperineurial glia morphology and septate junction

integrity
As Sdc::GFP.PTT appeared to localize to the subperineurial glial membrane, I sought to
assess whether the morphology of subperineurial glia can be affected by the loss of Sdc. In the
subperineurial glia, septate junctions are formed between two facing subperineurial membranes
and appear as a single continuous line along the length of the nerve (Fig. 2.12 A-A’). I visualized
the septate junctions using Neurexin-IV (NrxIV), a core septate junction component
endogenously tagged with GFP, and to mark the subperineurial membranes I used mCD8::RFP
under the control of moody-GAL4, a subperineurial driver. With Sdc knocked down in the
subperineurial glia, nerves appeared to be larger in diameter in discreet areas along the nerve.
The distribution of those subperineurial glial enlargements appeared to be random with no
apparent proximity preference near the MFA or VNC. Within the regions of enlargement, the
subperineurial glia membranes exhibit lateral expansion and becomes irregular and disorganized,
in contrast to the thin and smooth membranes seen in control (Fig. 2.12 A-D, A”-D”, white
arrows). I observed that septate junction strands became destabilized from a single continuous
line to form multiple interconnected webs diffused but these changes were only observed within
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Figure 2.12: Knockdown of Syndecan disrupted subperineurial glia morphology
(A-D) Representative longitudinal cross-sectional images of peripheral nerves. The
septate junctions were visualized using Neurexin-IV::GFP (NrxIV-GFP, green) with
the GFP signal enhanced using an anti-GFP antibody. Axons were immunolabeled
with anti-Futsch (mAb 22C10; blue). The morphology of subperineurial glia was
marked with membrane-bound RFP (mCD8::RFP, red) controlled under moodyGAL4. DAPI marked all nuclei (cyan; A-D) and asterisks (A’-D’, A’’-D’’, A’’’D’’’). Moody-GAL4 drove the expression of Dcr2 (control A), Dcr2+RNAi1 (C), Dcr2-RNAi-2 (D). NrxIV spread within the glia (yellow arrow, B-D, B’-D’)
and localized glial sheath enlargement (white arrow, B-D, B”-D”) was observed in all
RNAi groups. Scale bar, 10 µm.
(E) Quantification of enlargement frequency. Data showing the mean ± SD in black
brackets, with the percentage of the phenotype calculated by the number of nerves
with the phenotype divided by the number of intact peripheral nerves. A defective
nerve is defined as at least one subperineurial glia showing cell swelling within the
nerve extension region. Quantified through a one-way ANOVA (P<0.0001) with
Dunnett’s multiple post-hoc comparison test Dcr2+RNAi-1 (n = 12), Dcr2+RNAi-2 (n
= 10) and Dcr2+shRNAi (n = 9) compared to control, Dcr2 (n = 8) (n = number of
animals pooled from two replicates). ****p ≤0.0001, comparison not shown = ns, not
significant.

the enlarged regions (Fig. 2.12 B’-D’, yellow arrow) and the septate junctions appeared normal
outside these regions. Of interest was the enlargement of the subperineurial glia did not resemble
a typical swelling phenotype seen with other mutants such as transporter mutants or ER stress,
which cause bulges, fluid accumulation, or visible vacuoles (Leiserson et al., 2011), instead the
phenotype is more comparable to that of a baked puff pastry. Additionally, the enlargement of
the glia did not appear to trigger cell death, as I did not notice any glial membrane fragmentation
or pyknotic nuclei. Moreover, the disruption within subperineurial glia did not alter axon bundle
morphology (Fig. 2.12 B’’’-D’’’). When quantified, the prevalence of such an enlargement
phenotype was significantly higher with RNAi-1 compared to control (moody-GAL4>Dcr2,
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mCD8::RFP) (Fig. 2.12 E). While there was not a statically significant increase in the
phenotypes with RNAi-2 and shRNAi, I observed an increased trend in the penetrance of the
subperineurial glia enlargement (Fig. 2.12 E). It should be noted that the subperineurial glia
disruption did not impact the animals’ survivability as Sdc knockdowns and controls produced
viable adults.
I further characterized the functional impact of the subperineurial glia phenotype by
conducting larval locomotion assays. I saw a reduction in animal movement across all RNAi
groups compared to control (moody-GAL4>Dcr2) (Fig. 2.13 A-C). However, among the RNAigroups, there was no difference between the RNAi lines in terms of maximum speed (Fig. 2.13
A) and, in contrast to previous experiments, shRNAi displayed the greatest decrease in average
velocity and travel distances. Given moody-GAL4 is also labels subperineurial glia in the CNS,
the locomotion defect pattern could be due to changes in the CNS, independent of the glial
sheath enlargement I observed in the PNS.
Subperineurial glia are close to perineurial glia, suggesting that subperineurial glia may
alter perineurial glial development and behaviour (Lavery et al., 2007). I sought to investigate
whether the localized enlargements in subperineurial glia impacts perineurial glia ensheathment
and migration. To track the perineurial glia, I used an antibody against Zipper, a myosin II heavy
chain shown to preferentially label perineurial glia in the PNS (Hunter et al., 2020) (Fig. 2.14 AA’). Within the regions of enlargement, I noticed that Zipper was diffuse throughout the nerve;
this is in contrast to the control, where Zipper labeling formed distinctive belts and puncta (Fig.
2.14 B’-C’). The Zipper staining outlining the glial-ECM interface suggests perineurial glia
ensheathment was not affected. Moreover, Zipper had a normal distribution and pattern in
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regions distant to the enlargement suggesting that the abnormal subperineurial membrane
landscape likely did not affect perineurial glial migration.
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Figure 2.13: Subperineurial glial Syndecan downregulation is associated with impaired
larval locomotion
(A-C) Quantification of mean maximum crawl speed (A), mean average crawling
speed (B), and mean total travel distance (C) from recordings of moody-GAL4 driven
Dcr2 (A-B; n=98, C; n=90), Dcr2+RNAi-1 (A; n = 82, B-C; n=83), Dcr2+RNAi-2
(A-C; n = 72), Dcr2+shRNAi (A-B; n = 57, C; n=55) (n = number of animals
analyzed pooled from two replicates). Data shows the mean ± SD, using a one-way
ANOVA (P<0.0001) with Tukey’s post-hoc multiple comparison test. *p≤0.05, **p
≤0.01, ***p ≤0.001, ****p ≤0.0001, comparison not shown = ns, not significant.
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Figure 2.14: Loss of Syndecan in subperineurial glia does not affect perineurial glia
ensheathment
(A-D) Representative longitudinal cross-section of peripheral nerves with
subperineurial glial visualized using membrane-bound RFP (mCD8::RFP, red)
expressed by moody-GAL4, immunostaining using an anti-GFP antibody to enhance
the SJ marker NrxIV::GFP (blue), anti-Zipper (green) antibody to immunolabeled
perineurial glia. All nuclei are marked with DAPI grey (A-D) and asterisks (A’-D’,
A”-D”, A”’-D’”). moody-GAL4 drove the expression of Dcr2 (A), Dcr2+RNAi1 (B), Dcr2+RNAi-2 (C), Dcr2+shRNAi (D). Note the dispersed pattern of NrxIV
(white arrow) in the RNAi groups. Scale bar, 10 µm.

2.3.6

Syndecan is required for perineurial glial ensheathment
As outlined above, Sdc has a clear presence in the perineurial glia. To determine the role

of Sdc in perineurial glia, I expressed Sdc-RNAis along with Dcr2 and a fluorescently tagged
cytoskeleton marker (Lifeact::GFP) using the perineurial glial driver, 46F-GAL4. Compared to
control nerves (46F-GAL4>Dcr2, Lifeact::GFP) (Fig. 2.15 A), I detected sections of peripheral
nerves with scattered rather than continuous perineurial glial ensheathment and
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Figure 2.15: Perineurial glial ensheathment defects observed with Syndecan knockdown
(A-D) Representative stacked fluorescent image of the abdominal peripheral nerves.
Using 46F-GAL4, I ectopically expressed Lifeact::GFP (green) to label the actincytoskeleton network in the perineurial layer. Axons are visualized using anti-Futsch
(mAb 22C10; magenta). 46F-GAL4 drove the expression of Dcr2 (A), Dcr2+RNAi1 (B), Dcr2+RNAi-2 (C), Dcr2+shRNAi (D). Note the segments of the peripheral
nerve lacking coverage of perineurial glia (white arrow) in all RNAis knockdown
groups (B-D).
(E) Quantification of ensheathment disruption in perineurial glia. Data showing mean
± SD, with the defect percentage is calculated by the number of nerves with the
phenotype divided by the number of intact peripheral nerves. A defective nerve is
defined as a segment of the nerve within the nerve extension region showing
unilateral distribution, absence, or breakage of actin coverage in perineurial glia.
Statistical analysis used a one-way ANOVA (P<0.0001) with Dunnett’s
multiple post-hoc comparison test for Dcr2+RNAi-1 (n = 12), Dcr2+RNAi-2 (n = 10)
and Dcr2+shRNAi (n = 12) compared to control, Dcr2 (n = 12) (n = number of
animals analyzed pooled from two replicates). ****p ≤0.0001. Scale bar, 100 µm.
segments of nerve lacking perineurial glial all together (Fig. 2.15 B-D, white arrow). With RNAi1, 97% of the peripheral nerves had a non-uniform coverage by perineurial glia compared to 5%
of nerves in control larvae (Fig. 2.15 E). The effectiveness of the different RNAi groups was
consistent here where RNAi-2 and shRNAi had more significant numbers of affected nerves
compared to control but the penetrance of the phenotype was reduced.
I then wanted to determine if whether the lack of perineurial glial ensheathment in the PNS
impacted animal locomotion. Surprisingly, the loss of Sdc in the perineurial glia with the
stronger RNAi-1 line did not disrupt animal locomotion (Fig. 2.16 A-C). Specifically, RNAi1 and shRNAi were not different from control (46F-GAL4>Dcr2) in all aspects. There was a
notable and significant increase in both movement and speed with RNAi-2 after the perineurial
glial knockdown. All the RNAi groups survived to the adult stage further suggesting that the
disruption of the perineurial glia by loss of Sdc is not deleterious.
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Figure 2.16: Reducing Syndecan expression in perineurial glia did not negatively impact
animal locomotion
(A-C) Quantification of mean maximum crawl speed (A), mean average crawling
speed (B), and mean total travel distance (C) from recordings of 46F-GAL4 driving
Dcr2 (A-C; n=23), Dcr2+RNAi-1 (A, C; n = 118, B; n=120), Dcr2+RNAi-2 (A; n =
85, B; n=86, C; n=78), Dcr2+shRNAi (A-C; n = 52) (n = number of animals analyzed
pooled from two replicates). Bars indicate the mean ± SD with significance calculated
using a one-way ANOVA (P<0.0001) with Tukey’s post-hoc multiple comparison
test. ***p ≤0.001, ****p ≤0.0001, comparison not shown = ns, not significant.

2.3.7

Loss of Syndecan affects laminin deposition in the PNS through alteration in

perineurial glial populations
In vitro, syndecan deficiency is often observed with disorganized ECM fibers (Klass et
al., 2000; Yang and Friedl, 2016). With the defects in radial ensheathment by the perineurial glia,
I was curious to investigate the impact loss of Sdc would have on the ECM. I primarily focused
on three common ECM components that were previously identified and analyzed in the
Drosophila neural lamella (Xie and Auld, 2011): perlecan (Trol), collagen-IV (Viking), and
laminin (LanA), all endogenously tagged with GFP. Normally, the ECM appears as a continuous
uniform sheath surrounding the surface of the nervous system as demonstrated by a single line of
Perlecan and Collagen in nerve longitudinal sections (Fig. 2.17 A-A’, D-D’). Perlecan and
Collagen distribution within the nervous system was not different between control and Sdc
knockdowns. Continuous, uninterrupted ensheathment was observed in all groups (Fig. 2.17 AF’, A’-F’), despite the presence of the perineurial ensheathment defect (Fig. 2.17 white arrow). I
next assayed laminin deposition using LanA::GFP in the PNS and CNS (Fig. 2.18). Laminin
normally forms a uniform sheath around the exterior of the nervous system and is also often
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Figure 2.17: Impaired perineurial glial ensheathment did not impact Viking and
Perlecan deposition in the neural lamella
(A-F) Representative longitudinal section of peripheral nerve. ECM proteins, Viking,
a collagen subunit (green, A-C), and Perlecan (green, D-F) endogenously tagged GFP.
Membrane-bound RFP (mCD8::RFP, red) under the control of 46F-GAL4 is used to
visualized perineurial glia. Axons were immunolabeled with anti-Futsch (mAb
22C10; blue) and nuclei with DAPI (white (A, B, D), asterisks (A’-A”’, B’-B”’, D’D”’)). 46F-GAL4 drove the expression of Dcr2 (A, D), Dcr2+RNAi-1 (B,
E), Dcr2+RNAi-2 (F), Dcr2+shRNAi (C). White arrows denote perineurial glia
ensheathment defects. Note the continuously Viking and Perlecan pattern in all
groups. Scale bar, 10 µm.
found concentrated within the center of each peripheral nerve (Fig. 2.18 A). Of note with
Sdc RNAi-1, I detected segments of the nerve that had reduced or lacked laminin distribution
along the exterior of the nerve (Fig. 2.18 D, yellow arrow). However, with RNAi-1 there were no
changes to laminin distribution in the CNS (Fig. 2.18 C) and with RNAi-2, laminin remained
unaffected in both the CNS and PNS (Fig. 2.18 E-F, hollow arrow). To verify our observation, I
quantified the instances of laminin abnormality in the PNS and only RNAi-1 showed a significant
increase in the percentage of nerves with laminin defects compared to control (LanA::GFP, 46FGAL4>Dcr2, mCD8::RFP) (Fig. 2.19).
The assembly of the ECM is disrupted in syndecan deficient cells with reduced levels of
ECM proteins and disruption of the matrix fibrillar arrangement (Klass et al., 2000; Yang and
Friedl, 2016). Perineurial glia in Drosophila express and secrete laminin (Petley-Ragan et al.,
2016) and I hypothesized changing the distribution of the perineurial glia or the number of PG’s
present could result in a change in the laminin deposition along each nerve. To test whether loss
of Sdc affects the number of perineurial glia, I quantified the number of perineurial nuclei on the
A8 abdominal segmental nerve using NLS::GFP driven by 46F-GAL4 to label the
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Figure 2.18: Reduction in Syndecan expression in perineurial glia only disrupted
laminin deposition in the PNS
(A-F) Representative cross-section images of larval brain lobe (A, C, E) and
peripheral nerve (B, D, F). Using 46F-GAL4 perineurial glial membranes were
labeled with membrane-bound RFP (mCD8::RFP, magenta). The GFP signal for
LanA::GFP was enhanced using an anti-GFP antibody (green). 46F-GAL4 drove the
expression of Dcr2 (A), Dcr2+RNAi-1 (B), Dcr2+RNAi-2 (C). Note the nonsymmetric distribution of laminin (yellow arrow) to one side of the peripheral nerve
with Dcr2+RNAi-1 (D-D”) in contrast to the uniform distribution of laminin
in Dcr2+RNAi-2 (hollow arrow) and Dcr-2. The asterisk marks a glial nucleus. Scale
bar, 20 µm (A, C, E), 10 µm (B, D, F).
nucleus. With Sdc knockdown using RNAi-1, I observed the perineurial glia population reduced
by more than 50% compared to control (46F-GAL4>Dcr2, nls::GFP) (Fig. 2.20 A-B, E). Oddly,
I found a significant increase in the perineurial glia population with RNAi-2 (Fig. 2.20 A, C, E),
matching our prior observations with repo-GAL4 (Fig. 2.7 I). Thus, the lack of defects in laminin
deposition with RNAi-2 compared to RNAi-1 could be a function of the reduced glial presence
with RNAi-1 while RNAi-2 has an increased number of glial cells. To further test our hypothesis,
I analyzed the perineurial glia population in the CNS given that laminin deposition within the
CNS is unaltered by expression of any of the Sdc RNAi lines. Using 46F-GAL4 to express GFP
and label the perineurial glial cells, I found the CNS ensheathment by the perineurial glia is not
disrupted of expression of either the RNAi-1 or RNAi-2 lines and matched control (Fig. 2.21 AC). These results suggest that the changes in laminin radial deposition in PNS with respect to
Sdc deficiency are due to the diminished presence of perineurial glial cells and that loss of Sdc
preferentially affects the distribution of peripheral but not central perineurial glia.
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Figure 2.19: Quantification of the laminin deposition defect in the PNS
Quantification showing the mean ± SD, the defect percentage is calculated by the
number of nerves with the phenotype divided by the number of intact peripheral
nerves. Laminin abnormality in the PNS is defined as a segment of the nerve within
the nerve extension region showing breakage or absence in the LanA distribution. A
one-way ANOVA (P<0.0001) followed up with Dunnett’s multiple post-hoc
comparison test of 46F-GAL4 driven Dcr2+RNAi-1 (n = 8), Dcr2+RNAi-2 (n = 5)
compared to control, Dcr2 (n = 11) (n = number of animals analyzed pooled from two
replicates). ****p ≤0.0001.
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Figure 2.20: Alteration in the PNS perineurial glial populations upon Syndecan
knockdown
(A-D) Representative stacked fluorescent image of the A8 abdominal peripheral
nerves. 46F-GAL4 drove the expression of a nuclear-localized GFP (NLS::GFP,
green) to label the perineurial nuclei. Axons were immunolabeled using anti-Futsch
(mAb 22C10, magenta) to trace the nerve. Each of Dcr2 (control, A), Dcr2+RNAi1 (B), Dcr2+RNAi-2 (C) and Dcr2+shRNAi (D) are co-expressed with NLS::GFP
under the control of 46F-GAL4. Of interest to note, the relative increase in perineurial
nuclei in Dcr2+RNAi-2 (C), and the non-uniform distribution of perineurial nuclei
in Dcr2+RNAi-1 (B). I did not observe perineurial nuclei fragmentation. Scale bar,
100 µm.
(E) Quantification of GFP+ nuclei count. Bars indicate the mean ± SD, with the mean
nuclei count analyzed using a one-way ANOVA (P<0.0001) with Dunnett’s
multiple post-hoc comparison test. Dcr2+RNAi-1 (n = 34), Dcr2+RNAi-2 (n = 29)
and Dcr2+shRNAi (n = 30) compared to control, Dcr2 (n = 34) (n = number of intact
A8 nerve analyzed pooled from three replicates, each animal contains a pair of A8
nerves). **p ≤0.01, ****p ≤0.0001.
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Figure 2.21: Syndecan knockdown in perineurial glia did not affect CNS ensheathment
(A-C) Representative stacked image of 3rd instar larval brain lobe, in which
perineurial glia express nuclear-localized GFP (NLS::GFP) to label perineurial
nucleus under the control of 46F-GAL4. The perineurial glia coverage is visualized by
the cytosolic portion of the NLS::GFP. Dcr2 (A; n = 16), Dcr2+RNAi-1 (B; n =
15), Dcr2+RNAi-2 (C; n = 16) (n = number of brain lobes analyzed pooled from two
replicate). Scale bar, 50 µm.

2.4

Discussion
Syndecan, a transmembrane heparan-sulfate proteoglycan, has long been postulated as a

key player in intercellular communication since its identification, yet its in vivo impact in
nervous system function remains largely untested. In this thesis, I have delineated two aspects of
Sdc function in neural development: Sdc regulates neuroblast proliferation in a cell nonautonomous manner; Sdc regulates the ensheathment processes of multiple glial types. Overall,
this thesis suggests Sdc acts as a fundamental regulator of key cellular processes in
Drosophila glia. This highlights the nature of Sdc’s function, in which Sdc functions to sequester
trophic factors, thereby increasing the local concentration of ligands, and interact with ECM
proteins directly to promote cell adhesion and motility.
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2.4.1

Syndecan as a non-cell autonomous regulator of neuroblast niche
The diminished neurogenesis observed in pan glial Sdc knockdown may have several

causes. From our observations in the optic lobe of cell death and mitosis, one possibility could be
that Sdc functions in the cortex glia or the subperineurial glia that are associated with the
neuroepithelium. A sub-population of cortex glia are in direct contact with the neuroblasts,
transition zone, and neuroepithelium of the optic lobe (Morante et al., 2013). These cortex glia
are capable of regulating the proneural wave progression that pushes the neuroepithelium to
neuroblast transition (Morante et al., 2013). Disruption of Sdc in the cortex glia may interfere
with components of this transition zone resulting in the incomplete expansion of the
neuroepithelium and the subsequent reduction in the outer proliferation zone neuroblast
population. Another possibility arising from the absence of glial Sdc may be due to direct glial
communication that impacts the neuroepithelium expansion directly. A third alternative for the
diminishing outer proliferation zone neuroblast population is due to the glia ensheathing the
outer proliferation zone influencing both direct and indirect processes (Morante et al., 2013;
Pérez-Gómez et al., 2013). The subperineurial glia can also make direct contact with the
neuroepithelium and control the neuroepithelium through Notch signaling (Pérez-Gómez et al.,
2013). The loss of Notch ligand in glia affects the spatial activation of the proneural wave,
triggering a premature activation of EGFR-Ras-PntP1 signaling, which pushes the
neuroepithelium to a neuroblast fate (Wang et al., 2011). Interestingly, mammalian syndecan-3
cooperates with Notch signaling to regulate adult myogenesis through interaction with Notch
ligands (Pisconti et al., 2010). This suggests a potential role for Sdc with Notch ligands to
regulate the spatial boundary of the proneural wave in the Drosophila brain lobe.
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However, it is unlikely that the subperineurial glia are solely responsible for the effects
observed with the loss of Sdc. I did not observe a noticeable decrease in brain lobe width by
downregulating Sdc in the subperineurial glia, though more quantification is needed. The cortex
glia are not only intimately associated with the neuroblast population in the brain lobe (Morante
et al., 2013), but also are known to regulate the neuroepithelium through a range of trophic
factors. Specifically, the optic lobe-associated cortex glia can serve as a direct source of the
EGFR ligand, Spitz, which triggers the neuroblast transition in the neuroepithelium (Morante et
al., 2013). Additionally, the autocrine signalling of Spitz in the optic lobe-associated cortex glia
regulates its cell size and subsequent Spitz secretion. Heparan-sulfate proteoglycans, such as
syndecan, are necessary components in the activation of EGF-signaling cascades in multiple
tissues, including myelomas and keratinocytes (Mahtouk et al., 2006; Wang et al., 2015). Thus,
another potential role for Sdc in the Drosophila brain lobe could be in the modulation of EGFR
signaling that tunes optic lobe-associated cortex glia cell growth with downstream effects on the
neuroepithelium. Cortex glia also respond to other growth factors that promote its growth and
proliferation, including FGF, IGF, and PDGF. In turn, this links growth factor pathways
indirectly to neuroblast proliferation (Avet-Rochex et al., 2012, 2014; Read, 2018). The
bioavailability and signaling of growth factors are tightly regulated through the binding of
heparan sulfate proteoglycans at the cell surface (Rogers and Schier, 2011). Syndecan is capable
of regulating the availability and ligand-receptor interaction of various growth factors by acting
as a ligand docking site at the cell surface (Kwon et al., 2012). For example, the binding of FGF2 to syndecan’s HS-GAG chains leads to a high local concentration of FGF-2 close to the cell
surface and contributes to the assembly of the ligand-receptor complex (Afratis et al., 2017). A
similar relationship has been identified between VEGF and syndecan-2 with VEGF binding to
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syndecan via its heparin-binding domain, enhancing the activity of VEGFR (Corti et al.,
2019). Comparably, the binding of PBGF-BB and EGF to syndecan has also been shown to
enhance the activity of the downstream signaling complex (Chen et al., 2004; Das et al., 2016;
Mochizuki et al., 2020).
Loss of Sdc in the cortex and/or subperineurial glia could also lead to changes in
neuroblast population size due to changes in nutrient delivery. In Drosophila, the regulation of
nutrition intake is directly linked to neuroblast population expansion where CNS insulin-like
peptide-2/6 (dilp-2/6) surge can lead to reactivation of type 1 and type 2 neuroblasts in the larval
CNS (Chell and Brand, 2010; Yuan et al., 2020). Subperineurial glia are able to convert fat-body
derived mitogen peptides and signal to the neuroblasts using Dilp-2/6 (Chell and Brand, 2010;
Spéder and Brand, 2014). Along the same lines, cortex glia express Dilp-6 to regulate neuroproliferation, however, it also requires Dilps to form extensive networks of contact with
neuroblasts and establish a stem cell niche (Read, 2018; Harrison et al., 2021). Sdc has been
shown to directly affect IGF signaling by altering Dilp availability in the body as
a Sdc hypomorphic mutation shows a lower expression of Dilp-2 in the brain (De Luca et al.,
2010). Though it is unclear how Sdc affects Dilp levels, vertebrate syndecan has been implicated
in IGF signaling by mediating crosstalk between insulin-like growth factor-1 receptors and
integrin complexes in human umbilical vein endothelial cells (HUVEC) and MDA-MB-231 cells
to direct cell migration and invasion (Beauvais and Rapraeger, 2010; Rapraeger et al., 2013).
Syndecan family members in vertebrates are necessary for enhancing or transducing
growth factor complex signaling cascades, including EGF, FGF, PDGF, IGF (Baron et al., 2002;
Wu et al., 2003; Das et al., 2016). Thus, Sdc has a conserved role and could be central to growth
factor signaling that likely drives the expansion of the cortex glial population. Thus, Sdc could
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indirectly influence neuroblast population size in the brain lobe or conversely changes to glial
Sdc could directly affect the disruption of growth factors available for neuroblast population
maintenance and expansion.

2.4.2

Syndecan controls glial ensheathment in the PNS
I also described a role for Sdc to regulate in a cell-autonomous manner, glial

ensheathment of the CNS and the PNS. Our experiments showed lack of Sdc is contributes to
ensheathment defects in perineurial and wrapping glia in the PNS and to changes in the
perineurial glia in the VNC. The process of glial ensheathment relies on active communication
with the extracellular environment, therefore I purpose Sdc acts as an important component in
the ensheathment process. In the context of perineurial glia, Sdc is highly expressed and
localized to glial-ECM boundaries suggesting a role for Sdc as a mediator of cell-ECM
interaction. In the CNS, the extension of the VNC length in the absence of Sdc matches observed
phenotypes seen with loss of integrins and degradation of the ECM (Meyer et al., 2014; Skeath et
al., 2017). In the PNS, I observed the ensheathment of the perineurial glia was disrupted in that
each perineurial glia was limited to one side of the nerve or absent. These results were similar to
those observed with both the loss of integrin complex components (the β-subunit of integrin and
Talin) or after degradation of the ECM (Xie and Auld, 2011). Syndecan has been demonstrated
to provide a mechanical linkage from the ECM to the cytoskeleton through binding to laminin
via the HS-GAG chains and the actin-network through Ezrin or α-actinin (Granes et al., 2000;
Yamashita et al., 2004; Carulli et al., 2012; Okina et al., 2012). Syndecan can also act
synergistically with integrin to regulate ECM adhesion, focal adhesion assembly, and
cytoskeletal re-arrangement (Saoncella et al., 1999; Morgan et al., 2007; Okina et al., 2012; Fiore
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et al., 2014). Syndecan-4 has been identified as a cellular tension sensor whereby application of
external tension on syndecan-4 drives integrin-based focal adhesion growth (Chronopoulos et al.,
2020). I postulate a model in which the absence of Sdc prevents perineurial glia from interacting
or binding effectively with the overlying ECM, thus resulting in the incomplete and defective
ensheathment of the perineurial glia.
I do not think the polypeptide chains of Sdc and integrin function directly with each
other. Using super-resolution imaging, I observed that Sdc does not co-localize with integrin in
the peripheral nerves of Drosophila. Rather, Sdc puncta and integrin expression were often
mutually exclusive. This is in contrast to reports of syndecan-4 and integrin, having direct
interactions via the syndecan ectodomain and cytosolic domain (Wang et al., 2010). The spatial
organization of syndecan and integrin could reflect a model of syndecan recruitment postulated
by Roper et al., (2012). In this model Syndecan is present at the initial stages of integrin focal
adhesion complex formation and subsequently syndecan is repelled from the focal adhesion as
the focal adhesion matures. Alternatively, the long GAG chains on syndecan could influence
integrin complex association with the ECM even if the protein cores do not interact (Roper et al.,
2012; Stepp et al., 2015). Specifically, syndecan through its HS-GAG chains are known to
interact with laminin and fibronectin in the ECM and bind directly to sequester or quench ECM
components (Hoffman et al., 1998; Woods et al., 2000).
Uniquely, I saw breakages in laminin deposition upon knockdown of Sdc in the
perineurial glia of the PNS. Perineurial glia secrete and can potentially be deposit laminin into
the surrounding neural lamella (Petley-Ragan et al., 2016). In other cell types, syndecan
knockdown doesn’t impact laminin production and secretion, but rather disrupts the extracellular
assembly and the arrangement of the ECM architecture for the ECM-protein producing cells
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(Klass et al., 2000; Yang and Friedl, 2016). This suggests that the absence of Sdc either disrupts
the perineurial glia migration into the periphery and thus the deposition of laminin, or that the
loss of assembly and arrangement of laminin the ECM in the absence of Sdc changes migration
of the perineurial glia and ensheathe the nerve. Our observations of the undisrupted laminin
deposition in the brain lobes and the perineurial glial migration across the brain lobe suggest that
laminin deposition is intimately linked to the perineurial glial cell expansion.

2.4.3

Summary
In conclusion, I have characterized two potential glial functions for Sdc in vivo during

Drosophila neural development. Knockdown of Sdc reduces neuroblast proliferation within the
optic lobe causing a severe reduction in brain lobe size. This phenotype is likely a result of
misregulated neuroepithelial expansion and maintenance, through defective signaling within the
cortex glia and the subperineurial glia associated with the optic lobe. I also found that loss of Sdc
is associated with a disrupted distribution of perineurial glial processes along the length of the
nerve, in combination with changes in the deposition of laminin. Our findings provide the first
evidence for Sdc function in PNS glia, along with its potential implication in neural stem cell
maintenance and emphasizes the advantages of using of Drosophila as a platform to study Sdc in
vivo function, as there are no functional redundancy challenges to investigating as there are with
vertebrates.
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Figure 2.22: Model of Syndecan function within the perineurial glia and the optic lobe
(A) Sdc and integrin are co-expressed by perineurial glia and interacting with the
overlying ECM to mediate radial ensheathment of the peripheral nerve. Without Sdc,
integrin cannot effectively adhere to the ECM protein, which causes perineurial glia
unable to ensheathe the peripheral nerve. Thus, affecting laminin deposition within
the PNS.
(B) Sdc expressed by cortex glia (CG) or subperineurial glia (SPG) is cooperating
with various growth factors (GF) and growth factor receptors (GFR) in a cis- or transconfiguration to regulate neuroblast (NB) proliferation within the optic lobe. Sdc is
interacting with trophic factors ligand (TFL) on the subperineurial membrane to
activate trophic factor receptors (TFR), expressed by the neuroepithelium (NE). In
parallel, Sdc expressed by the cortex glia acts to enhance proliferation of the cortex
glia, tuning the secretion of cortex glia-derived growth factor signaling peptide that
controls the neuroepithelium-to-neuroblast transition, as well as maintaining the niche
established by cortex glia. Without Sdc, the growth factor signaling network is
disrupted leading to defective neuroblast transition and reduced of neuroblast
population.

2.5
2.5.1

Materials and Methods
Fly strains and genetics
Standard Drosophila husbandry techniques and genetic methodologies were used to

obtain files of the required genotypes for each experiment from the original transgenes. For the
original fly strains used in this study see Table 1. All crosses were carried out 25°C with Dcr-2
in the background unless indicated otherwise.

2.5.2

Larvae dissection and immunofluorescence
Third instar larvae were filleted and dissected in PBS on Sylgard plates. The protocol for

fixation of larvae was in 4% paraformaldehyde with 1X PBS for 20 minutes. For integrin
immunolabelling, larvae were fixed for only 10 minutes. Fixed fillets were washed two times in
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1X PBS for 5 minutes each then washed three times in PBST (1X PBS, 0.1% Triton X-100) for
10 minutes each at room temperature. For immunofluorescence, samples were first transferred
into blocking solution (4% heat-inactivated goat serum, 0.1% PBST) at 4°C overnight. All
antibodies were diluted in blocking solution. For primary antibody incubation, samples were
placed on an orbit shaker at 4°C overnight. Larvae fillets were then washed three times with
PBST for 10 mins each and incubated with secondary antibody solution for two hours at room
temperature. Lastly, samples were washed with PBST three times for 10 minutes each. Samples
were equilibrated via glycerol series up to 90% glycerol and mounted with Vectashield antifade
mounting medium (Vector Laboratories, Burlington, Canada). DAPI (1:1000 of 1 ug/mL)
(Thermo Scientific) was added along with the secondary antibodies.

2.5.3

Imaging and Image processing
Fluorescent images of the peripheral nerves were taken with a DeltaVision microscope

(Applied Precision, Mississauga, Canada) using a PlanApoN 60X oil immersion objective
(NA=1.42) at 0.2 µm steps in the z-direction. Individual channels were deconvolved separately
and merged back together with SoftWorx image processing software (SoftWorx, Toronto,
Canada). Deconvolution is performed using a point spread function measured with a 0.2 µm
fluorescent bead (Invitrogen, Toronto, Canada) in Vectashield Mounting Medium. The number
of deconvolution iterations was set to terminate once the normalized error criterion for the
constrained iterative algorithm begins to plateau. Orthogonal sections were generated using
SoftWorx. Images of peripheral nerves were stitched using the Pairwise Stitching plugin
(Preibisch et al., 2009) in Fiji (Schindelin et al., 2012). Images were further processed and
compiled using Adobe Photoshop and Adobe Illustrator (Adobe Creative Cloud).
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To measure the ventral nerve cord to body length ratio, ventral nerve cords were imaged
using a DeltaVision microscope (Applied Precision, Mississauga, Canada) with a Plan 20X air
objective (NA=0.4) at 1 µm steps in the z-direction. Body length was captured using an
Axioplan-2 microscope (Carl Zeiss Canada, Toronto, Canada) with a Zeiss A-Plan 2.5X
objective (NA=0.06) air objective. Images of VNC and larval body were stitched using the
Pairwise Stitching plugin (Preibisch et al., 2009) in Fiji. Images were further processed and
compiled using Adobe Photoshop and Adobe Illustrator (Adobe Creative Cloud).
Fluorescent images of brain lobes were acquired with an Olympus FV1000 Laser
Scanning Confocal Microscope (Bioimaging Facility, UBC, Vancouver, Canada) using a
UPLSAPO 30X silicone oil immersion objective (NA=1.05) at 0.73 µm steps. Digital zoom was
optimized to ensure Nyquist sampling. Image stitching was achieved via the Pairwise Stitching
plug-in (Preibisch et al., 2009) in Fiji (Schindelin et al., 2012). Images were further processed
and compiled using, Adobe Photoshop and Adobe Illustrator (Adobe Creative Cloud).
Super-resolution images were acquired with a Zeiss LSM800 Confocal with Airyscan
(Carl Zeiss Canada, Toronto, Canada) using a Plan-APOCHROMAT 63X oil immersion
objective (NA = 1.4) at 3.5X digital zoom. Z-step collection and frame size was set to ensure
Nyquist sampling. Laser intensity and master gain of each channel were optimized to ensure
intensity spans 1/3 - 2/3 of the displayed histogram. Scan speed was set to 4 –7 µs/pixel. Raw
images were further processed using ZEN 3.1 (blue edition, Carl Zeiss Canada, Toronto,
Canada) and compiled using Adobe Photoshop and Adobe Illustrator (Adobe Creative Cloud).
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2.5.4

Larval tracking
For each larval tracking session, multiple 3rd instar larvae were added to a fresh 2% agar

plate. Food-safe dye was added to enhance contrast. Larval movements were recorded
continuously for 60 seconds using a Canon VIXIA HF R800 video camera (Canon). The
recorded movies were analyzed using Fiji plug-in wrmTrck (Nussbaum-Krammer et al., 2015;
Brooks et al., 2016) to calculate speed and travel distance.

2.5.5

Larval survival assay
A set number of third instar larvae of the desired genotype were placed into fresh food

vials. The number of pupae within each vial was counted after larvae ceased wandering. Each
vial was then observed daily for two weeks after the first adult enclose. The newly enclosed
adults were then separated by sex and observed for two more days. Adults that died within this
48-hour window were considered to be adult lethal.

2.5.6

Statistical analyses
All statistical analyses were conducted using GraphPad Prism 9 (GraphPad Software, La

Jolla, CA). For larval locomotion assay (scatter plots) the difference in means between groups
was analyzed using an ordinary parametric one-way ANOVA and Tukey post hoc test for
multiple comparisons. For phenotype prevalence and VNC/body length ratio (bar plots), the
difference in means of control and experimental larvae were analyzed using an ordinary
parametric one-way ANOVA with Dunnett’s post-hoc multiple comparison test. All graphs show
mean and standard deviation (SD).
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Table 2.1: Origins of the transgene and antibodies used in this study
Transgenes

Source or reference

Sdc-RNAi-1

RRID: VDRC_13322

(GD13322)

(Dietzl et al., 2007)

Sdc-RNAi-2

RRID: VDRC_107320

(KK107320)

(Dietzl et al., 2007)

Sdc-shRNAi
(HMC03265)
w1118
repo-GAL4
46F-GAL4
moody-GAL4
nrv2-GAL4
UAS-mCD8::RFP
UAS-mCD8::GFP
UAS-Lifeact::GFP
UAS-NLS::GFP
UAS-Dcr-2
LanA::GFP
vkg::GFP

Additional information

RRID: BDSC_51723
RRID: BDSC_3605
RRID: BDSC_7415
(Sepp et al., 2001)
(Xie and Auld, 2011)
RRID: BDSC_90883
(Schwabe et al., 2005)
RRID: BDSC_6799
(Sun et al., 1998)
RRID: BDSC_27398
Gifted by Dr. Elizabeth Davis
RRID: BDSC_5130
(Lee and Luo, 1999)
RRID: BDSC_35544
(Riedl et al., 2008)
RRID: BDSC_4775
Gifted by Dr. Douglas W. Allan
RRID: BDSC_57326
(Dietzl et al., 2007)
RRID: VDRC_318155
(Sarov et al., 2016)
RRID: VDSC_318167
93

(Sarov et al., 2016)
trol::GFP

RRID: DGRC_110807

(perlecan::GFP)

(Morin et al., 2001)

NrxIV::GFP
Sdc::GFP.PTT
Sdc::GFP.MI

RRID: BDSC_50798
(Sepp et al., 2001)
(Buszczak et al., 2007)
RRID: BDSC_66373
(Nagarkar-Jaiswal et al., 2015)

Antibodies
Mouse anti-αPS2
Mouse anti-βPS
Mouse anti-Futsch
Rabbit anti-αPS3
Rabbit anti-cDCP-1
Rabbit antiphosphohistone
(H3-Ser10)
Rabbit anti-zipper
Rabbit anti-GFP
Chicken anti-GFP
Rat anti-deadpan

Dilution
RRID: AB_528304

1:5

DSHB, Iowa City, IA
RRID: AB_528310

1:10

DSHB, Iowa City, IA
RRID: AB_528403

1:2000

DSHB, Iowa City, IA
Provided by Dr. Shigeo Hayashi

1:100

(Wada et al., 2007)
RRID: AB_2721060

1:300

Cell Signaling Technology, Danvers, MA
RRID: AB_880448

1:1000

Abcam, Toronto, Canada
Provided by Dr. Ken Prehoda

1:2000

(Liu et al., 2008)
RRID: AB_221569

1:500

Invitrogen, Toronto, Canada
RRID: AB_300798

1:1000

Abcam, Toronto, Canada
RRID: AB_2687586

10 ug/mL
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Abcam, Toronto, Canada
Goat anti-chick

RRID: AB_2534096

Alexa 488

Invitrogen, Toronto, Canada

Goat anti-rabbit

RRID: AB_143165

Alexa 488

Invitrogen, Toronto, Canada

Goat anti-rabbit

RRID: AB_2535730

Alexa 568

Invitrogen, Toronto, Canada

Goat anti-rabbit

RRID: AB_2535812

Alexa 647

Invitrogen, Toronto, Canada

Goat anti-mouse

RRID: AB_2534069

Alexa 488

Invitrogen, Toronto, Canada

Goat anti-mouse

RRID: AB_2534072

Alexa 568

Invitrogen, Toronto, Canada

Goat anti-mouse

RRID: AB_2535804

Alexa 647

Invitrogen, Toronto, Canada

Goat anti-rat Alexa

RRID: AB_2534074

488

Invitrogen, Toronto, Canada

1:300
1:300
1:300
1:300
1:300
1:300
1:300
1:300
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Chapter 3: Discussion
Active investigations into syndecan’s structure, distribution, and function in cells and
tissue have taken place since its first identification. Due to its ability to interact with a diverse
range of ligands, syndecan has been implicated in many diseases and pathologies, with most
focusing on cancer progression given syndecan’s prominent role in regulating cell adhesion and
motility (Beauvais and Rapraeger, 2004). Prior literature has highlighted syndecan’s synergistic
interactions with the integrin adhesion complex, as loss of syndecan reduces focal adhesion
formation (Couchman, 2003). Additionally, syndecan is required for the activation of various
growth factor signaling cascades, in particular by facilitating the assembly of growth factorreceptor complexes (Afratis et al., 2017). Syndecan is strongly expressed in both vertebrate and
invertebrate nervous systems. However, the in vivo function of syndecan as a critical signaling
relay in neural development has only scratched the surface, especially with regards to glia. Our
primary goal for this thesis was to explore and characterize in-depth the requirement of Sdc in
glial and its potential role in neural development by using Drosophila melanogaster as our
model.
In Chapter 2 of this thesis, I identified novel aspects of Sdc modulation in the nervous
system development in vivo. First of all, Sdc expressed by glia acts as a cell non-autonomous
regulator of neuroblast niche within the optic lobe. Neuroblast population is negatively impacted
when Sdc expression is reduced, this suggests glial Sdc promotes neuroblast expansion or
maintenance within the optic lobe. Secondly, I showed that glial expression of Sdc in the
peripheral nervous system is necessary for the radial ensheathment of axons and of the nerves as
abnormalities were seen when Sdc is suppressed in all peripheral glia. I showed that Sdc is
necessary for wrapping glia ensheathment, and without Sdc wrapping glia are unable to extend
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their membranes to encapsulate nearby axons. Additionally, loss of Sdc leads to subperineurial
glia abnormalities, including enlargement of the subperineurial membranes and diffusion of
septate junction components. I characterized the whole nerve ensheathment defect of Sdc
reduction in perineurial glia in the PNS and saw alterations in laminin deposition within the
peripheral neural lamella correlated with the decrease population of perineurial glial cells in the
PNS (but not the CNS). All together, these results led me to propose the following model: Sdc is
present at PG cell membranes to bind and concentrate ECM proteins, such as laminin. This
facilitates integrin’s ability to efficiently bind the ECM ligands and promotes the radial
ensheathment of perineurial glia. These findings demonstrated that Sdc is a necessary modulator
of neural development and cell-ECM interaction in vivo.

3.1

Syndecan in glial and neural development
Chapter 2 of this thesis investigates the role of Sdc in the CNS and PNS of Drosophila

glial development. The following section will address some of the unanswered questions and
caveats that stemmed from our analysis.

3.1.1

Differential effects of RNAi reduction in Syndecan expression
One of the main questions raised from this study was the difference in phenotype

penetrance associated with the three different Sdc-RNAi lines. The analysis of the CNS
phenotypes suggested that RNAi-1 was the strongest with RNAi-2 intermediate and shRNAi the
weakest. However, within the peripheral glia, instead of the expected linear decrease in severity
and penetrance of the phenotypes from the three RNAis, I observed distinct effects between the
different RNAi lines within the different glial layers, including perineurial glia and wrapping
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glia. These distinct phenotypes generated by each RNAi line remains to be addressed. One
potential cause of the differential effect I observed could be due to inconsistent RNAi
knockdown efficacy of the Sdc messenger RNA (mRNA) levels, resulting in low penetrance of
the phenotype. Alternatively, the expression of RNAi-2 may provoke a compensatory mechanism
within the cell, leading to an increase in the perineurial glia population in the PNS. To extend our
RNAi results, I purpose using Sdc null mutations to determine if the phenotype associated with
the RNAis are comparable to the loss of function Sdc mutants. Prior investigation into Sdc’s in
vivo function has characterized Sdc null mutants (Fig. 3.1). The Sdc mutant Sdc97, Sdc23,
and Df(2R)48,ubi-sara (Johnson et al., 2004; Steigemann et al., 2004) were generated using
imprecise P-element extension near the 5’ of the gene which resulted in the complete absence of
Sdc expression and matched the phenotypes generated by global expression of RNAi (Knox et
al., 2011), but not specifically investigated in glia. I predict the Sdc null will reproduce the
phenotypes I observed with RNAi-1, including the more severe penetrance and phenotype. The
mutant analysis would allow me to confirm the RNAi phenotype I observed. Additionally, the
use of genetic mutants will also test for potential off-target effects associated with RNAi.
Once confirmed, I can further capitalize on the Sdc mutants to map the key domains of
the Sdc protein. For instance, the HS-GAG chain on the ectodomain is key to Sdc function (Xian
et al., 2010), and I can test the function of these HS chains by ectopically express Sdc lacking the
GAG chain attachments on the protein core (Chanana et al., 2009) to see if this transgene can
rescue the Sdc null mutants. If the HS chains are critical for Sdc function, the construct lacking
these HS-attachment sites should fail to rescue. Along the same lines, I can test the contribution
of Sdc intracellular signaling by reintroducing a version of Sdc protein without the
transmembrane or cytoplasmic tail in the Sdc mutant using the full transcript as the positive
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control (Chanana et al., 2009). This would allow me to shed light on the protein domain that
plays a role in Sdc-mediated function in neural and glial development.

Figure 3.1: Schematic of Drosophila Sdc mutant.
Genomic structure of syndecan showing the null allele Df(2R)48, ubi-sara, and
sdc23 affects the first and second exons with sdc97 affecting the first exon. The alleles
are generated using imprecise P-element excision, with Df(2R)48 deletion spanning a
large segment of the genome, affecting a neighboring gene sara, rescued under
ubiquitous expression. All mutants show little to no sdc expression confirmed by
Western blots.

3.1.2

Syndecan and the neuroepithelium
I am interested in delineating the glia population responsible for the shrinkage of the

outer proliferation zone resulting from the loss of Sdc. The brain lobe is composed of an
interleaved network of neurons and glial processes, both expressing Sdc (Johnson et al., 2006).
This poses a challenge to identify the Sdc expressing-glial populations. I can test a range of glial
GAL4 drivers, including cortex glial GAL4 driver to test whether these cells plays a role in two
ways: first by expressing Sdc-RNAi in these cells, second by rescuing Sdc function by
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expressing transgenes in these cells in the Sdc null background. I purpose to use a SdcGAL4 driver to test the pattern of expression to confirm which glial subtypes express Sdc
(Nagarkar-Jaiswal et al., 2015). Preliminary results show this driver generates similar expression
patterns to Sdc::GFP.PTT, including strong expression in wrapping glia in the PNS and the
neuropile in the CNS. Therefore, it should allow me to reliably label a select population of Sdc
expressing cells and determine whether they are glia or neuronal.
Both cortex glia and subperineurial glia have been implicated in the neuroepitheliumneuroblast transition, and each influencing neuroblast population in a unique manner. As
previously mentioned, subperineurial glia expresses Serrated, a Notch ligand, that binds to the
Notch receptor on the neuroepithelial membrane to regulate the spatial confinement of the
proneural wave (Pérez-Gómez et al., 2013). Syndecan-3 is demonstrated to bind Notch ligands
and enhance Notch signaling in vertebrate adult myogenesis, it would be interesting to see
if Drosophila Sdc has the same conserved mechanism. I purpose to test whether Sdc can
concentrate Serrate on the subperineurial membrane by utilizing a SerD (hypermorph) in
a Sdc null background (Murata et al., 1996). The hypermorphic mutation increases Serrate
protein function by eliminating the RNA degradation signal on the mRNA transcript, resulting in
a gain of function phenotype. I predict this would rescue the neuroepithelium transition as I
expect the absence of Sdc would reduce Notch signaling, thus dampen the hypermorphic
function of the Serrate allele.
The neuroepithelium transition can also be tuned by cortex glia through Notchindependent pathways that modulate growth and proliferation using various growth factor
signaling, including EGF and FGF. In parallel, with vertebrate syndecan’s contribution to EGFR
activation, I purpose using a similar approach of dampening EGFR signaling by using a
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hypomorphic version of the allele (Egfr[t1]) in a Sdc overexpression background (Clifford and
Schüpbach, 1994). Vice versa, I can also test the reliance of Sdc of EGFR signaling by using a
hypermorphic allele of EGFR (Egfr[E3]) in a Sdc null background (Brunner et al., 1994). I can
further delineate the signaling pathway by overexpressing FGF or EGF ligands in the absence of
Sdc, which could allow me to investigate whether Sdc is acting simply as a ligand reservoir or an
integral component of the signaling complex. If the former idea is true, then the overabundance
of growth factor ligand could override the requirement of Sdc by increasing bioavailability at the
cell membrane. Moreover, it would be interesting to see whether Sdc is able to influence
neuroepithelium indirectly by acting as a regulator of cortex glia growth and dissect apart the
signaling mechanics of Sdc to EGFR signaling cascades.

3.1.3

Potential perineural glia tension differences between the CNS and PNS
Surprisingly, I observed that the failure of perineurial glia to ensheathe nerves in Sdc

RNAi knockdown almost exclusively manifested in the PNS, more specifically within the nerve
extension region. This is similar to the phenotype observed with loss of integrin in the perineurial
glia (Xie and Auld, 2011). As the physical parameters from the extracellular environment exert a
great degree of influence on cell behaviours, I hypothesized that the defective ensheathment by
PG is caused by the topography change from the CNS to PNS, as perineurial glia are unable to
respond to the increase in surface tension. Specifically I propose that with the transition from the
CNS into the peripheral nerve, the surface tension experienced by the perineurial glia increases
as an inverse relationship to the radius as per LaPlace Law (Prange, 2003). In other words, as the
radius of the surface that the PG are migrating on moves from a large sphere to a narrow tube,
the surface tension of the cell membrane increases. In this model perineurial glia can sense and
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respond to this change in surface tension through Sdc and this leads to integrin activation and an
increase in focal adhesion size/engagement to promote cell-ECM adhesion. This model is based
on previous work in cultured human primary pluripotent stem cells where forces pulling on Sdc
recruit α-actinin and PI3K activation in an EGFR dependent manner (Chronopoulos et al., 2020).
Following the activation of PI3K, they observed a local accumulation of PIP3, which is then
propagated throughout the cell and binds to kindlin-2, an important integrin activator working in
cooperation with talin, which ultimately leading to the activation of integrin and increased cellECM adhesion. By applying a PI3K inhibitor, or re-expression of kindlin-2 mutant lacking PIP3
binding site, the cell-wide upregulation of integrin is abolished when applying tension on Sdc
(Chronopoulos et al., 2020). In our model, with Sdc knock down, the perineurial glia lose the
ability to respond to the increase surface tension generated from the change in topography and
are unable to upregulate focal adhesion formation and the subsequent ECM binding. This model
would also explain why loss of Sdc in the PG only led the loss of perineurial glial processes in
the PNS and not the CNS.
To test this hypothesis, I would quantify the mechanical force experienced by the
perineurial glia in vivo. I propose utilizing a Fӧrster resonance energy transfer (FRET) -based
intracellular tension sensor modified from the endogenous talin gene (Lemke et al., 2019). The
mechanical force is measured as the efficiency of fluorescent energy transfer between YPet and
mCherry fluorescent proteins. Linking the two fluorophores is a mechanosensitive molecule
incorporated within the Talin protein. As the cell experiences more force, the arrangement of
Talin changes, leading to an increase in distance between the two fluorophores, in turn
decreasing the FRET efficiency. I predict in a wild-type scenario that less FRET will be observed
in the PNS than in the CNS within a given area. I predict that downregulating Sdc will lead to an
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increase in the FRET efficiency in the PNS as the cell is unable to maintain the ensheathment
tension than in the CNS.
Accompanying the perineurial glia radial ensheathment defect was an alteration in
laminin deposition along the peripheral nerve. I hypothesized the non-uniform distribution of
laminin is a consequence of reduced perineurial glia numbers. Normal laminin distribution in the
neural lamella seen in RNAi-2 knockdown larvae may resulted from the presence of normal and
slightly increased number of PGs. In Drosophila, both hemocytes and perineurial glia are
capable of producing laminin (Petley-Ragan et al., 2016; Sánchez-Sánchez et al., 2017). Thus, to
determine the contribution of laminin in the PNS from the perineurial glia versus the hemocytes,
I purpose to test the timing of laminin deposition. I would tag the lanA gene with a GFPmCherry cassette containing protein-encoding reading frame arranged in opposing orientations
flanked by inversion-oriented FRT sites, similar to flybow constructs (Hadjieconomou et al.,
2011). Upon heat shock, flippase-mediated recombination would occur and convert the
LanA::GFP tag to LanA::mCherry. Here, I would place the flippase under the control of 46FGAL4 promoter, allowing recombination to take place within perineurial glial cells. If perineurial
glia are the major contributor of laminin deposition in the PNS, I predict that major segments of
the nerves will be covered in LanA::mCherry rather than LanA::GFP. Additionally, the result
would be direct evidence that perineurial glia produce laminin, and what relative proportion of
laminin is glial vs hemocyte produced. Moreover, this would allow me to visualize the
perineurial glia contribution of laminin remaining upon Sdc knockdown or mutants, and
determine the source of the laminin remnants I observed in the PNS.
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3.1.4

Relationship of Syndecan and integrins in the perineurial glial layer
The synergistic interaction between syndecan and integrin in vitro has been well

documented in various cell types. However, the synergistic cooperation in vivo is poorly
documented. The syndecan-integrin (SDC-1 to -3) interactions are mediated by Sdc's
ectodomain, and is independent of the HG-GAG chains (Beauvais et al., 2004). Yet, our results
indicate Sdc and integrin do not co-localize, and it is unlikely the polypeptide chains of the two
protein directly interact. Thus, I am curious to test whether they show genetic interaction in
the Drosophila glia given the similar phenotypes observed with Sdc and integrin RNAi. I would
like to confirm whether integrin or talin localization changes upon Sdc knockdown, and I predict
by downregulating Sdc, there would be a decrease in integrin localization to the membrane. I
would further examine this effect between Sdc and integrin by downregulating Sdc (using RNAi)
in an integrin heteroallelic loss of function mutant (mys[11]/+) background to observe whether
the Sdc lengthening of the VNC phenotype is enhanced. The alternative would be to
downregulate integrin b-subunit with RNAi in a Sdc heteroallelic loss of function mutant.
A previous lab publication has shown Basigin (Bsg), an immunoglobulin domain
transmembrane protein, acts as a negative regulator of integrin-mediated ECM adhesion by
reducing integrin-ECM engagement, without affecting the ECM protein deposition in the matrix
(Hunter et al., 2020). Our results suggest Sdc appears to be modulating integrin-mediated ECM
adhesion. I am curious to know whether the lack of Sdc is working through the integrins or
directly with the ECM or is functioning through Basigin. To test these ideas, I can reduce Sdc
expression in a Bsg loss-of-function (BsgΔ265) background (Curtin et al., 2005). Lack of Bsg
causes in the perineurial glia an over-engagement of the integrin pool with the ECM, resulting in
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an accordion-like compression of the nerve (Hunter et al., 2020). Thus, I predict if Sdc is altering
integrin-ECM engagement by downregulating Bsg this should counteract the loss of Sdc.

3.2

Conclusions
Syndecan's contribution to cellular function has been investigated in-depth in

vitro through its association with integrin and growth factor receptor complexes, but the full
breadth of Sdc’s function has yet to be investigated in vivo. In this thesis, I have begun to
illustrate the importance of Sdc as a cell surface receptor to mediate cell-cell, cell-ECM
communication in the various neural and glial developmental processes in
the Drosophila nervous system. However, our results also highlight many unknowns that require
further investigation, including how Sdc and integrin functionally intersect if they do not colocalize; whether Sdc co-localizes with growth factor complexes; whether Sdc operates in a cisor trans-configuration within the brain lobe to regulate the ligand concentration of the intended
receptor. This thesis has demonstrated the capability of Sdc to influence cell behaviour during
neural and glial development, though further investigation is required to concisely determine the
molecular mechanisms of Sdc’s influence.
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Appendix: Supplemental figures

Supplemental Figure A.1: Syndecan’s expression in the peripheral nerve
(A) Longitudinal cross-section of a 3rd instar larval peripheral nerve in which the all
glia are labeled with membrane-bound mRFP (mCD8::RFP, magenta) driven by repoGAL4. Sdc:: GFP.MI (green) localization is visualized using an anti-GFP antibody. I
observed similar distribution of Sdc::GFP.MI puncta along the glial membranes
comparing to Sdc::GFP.PTT. Scale bar, 2 µm.
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Supplemental Figure A.2: Syndecan RNAi effectively reduce Syndecan expression
(A-B) Representative longitudinal cross-section images of peripheral nerve in control
(w1118) (A-A”) and Dcr2+RNAi-1 (B-B”). Pan glial membranes are marked with
mCD8::RFP (magenta) under the control of repo-GAL4. Syndecan expression is
visualized by Sdc::GFP.PTT (green), enhanced by anti-GFP antibody. Note the
almost absence of Sdc staining in Dcr-2 + RNAi-1 (B’), showing the RNAi-1 is
capable of robustly reduce Sdc expression.
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