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ABSTRACT
Axons can represent the majority of a neuron’s volume and are energetically demanding.
Specialized glia ensheathe axons to insulate them and are believed to support axon
function and maintenance throughout life. The morphology of axon-associated glia is
complex and requires massive growth during development. Glial cells must search for
and identify the proper axonal targets, sort them from other axons, and ultimately fully
ensheathe them. Despite their importance, little is known about how glia ensheathe
axons, what glia do to support neurons, and even less is known about how those functions
are regulated throughout the life of an organism. Understanding the mechanisms involved
in coordinating this complex process is critical as improper ensheathment can impede the
ability of glia to support axons. Human diseases such as multiple sclerosis (MS) or
Charcot-Marie-Tooth disease (CMT) are characterized by loss of glia that ensheathe
axons resulting in functional impairment and progressive degeneration of neurons. In this
dissertation I sought to provide new insights into how glia support neurons and in doing
so, identified several genes encoding secreted and transmembrane proteins that are
required in glia for long-term axon survival in vivo. I show that key components of the
TGFp superfamily are required cell-autonomously in glia for peripheral nerve
maintenance, although their loss does not grossly disrupt glial morphology. I observed
age-dependent neurodegeneration in the absence of glial TGFf signaling that was rescued
by genetic blockade of Wallerian degeneration. This work identifies the TGFp signaling
pathway as a necessary component of glial homeostasis that promotes axon survival and

suppresses neurodegeneration.
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CHAPTER I:

Glial support of axons in the Drosophila peripheral nervous system

In this chapter, I discuss the bulk of my dissertation work examining glial support of
axons in vivo. Nicky Fox generated the transgenic lines used for the screening assay.
Romina Barria and Amy Sheehan conducted much of the visual screening of the
collection of RNAI lines for phenotypes of axon disruption. Dr. Megan Corty and Jo Hill
provided indispensable guidance and assisted in acquiring electron micrographs from the

L1 wing nerve used to evaluate axon ensheathment. I completed all other experiments.

The following data is in revision for publication:

Glial TGFp signaling promotes neuronal survival in peripheral nerves

Alexandria P. Lassetter, Megan M. Corty, Romina Barria, Amy E. Sheehan, Jo Q. Hill,

Sue A. Aicher, A. Nicole Fox and Marc R. Freeman



INTRODUCTION I

Introduction 1.1 — Nervous system architecture

The nervous system is made up of many cell types but by far the most famous of these
are neurons. Neurons are a unique class of cells that are highly polarized and come in a
variety of complex morphologies. The basic makeup of a neuron includes a dendrite that
receives information, the soma that houses the nucleus and many organelles, and an axon
that transmits information from the cell body to its target. Both dendrites and axons can
be highly complex and connect to multiple synaptic partners. The soma integrates
information from multiple synaptic inputs and depending on the timing and polarity of
these signals will increase or decrease its own activity on its downstream targets. The
transfer of information at the synapse is accomplished by release of neurotransmitters

from the axon terminal that activate receptors on the opposing target’s membrane.

In addition to neurons, there are a variety of glial cell types that are present throughout the
central and peripheral nervous system (CNS, PNS). Just as there are many flavors of
neurons, there are multiple types of glial cells that serve distinct functions throughout the
nervous system. In the CNS there are astrocytes that have many functions including roles
in blood-brain barrier maintenance. Microglia are resident macrophages of the CNS that
monitor for pathogens and clear debris following injury or excess synapses during
development. Oligodendrocyte precursor cells (OPC) as their name suggests, give rise to
oligodendrocytes which form myelin sheathes around axons in the CNS (Allen & Barres,
2009). In the PNS there are two types of Schwann cells (SC) that ensheathe the axons that
make up nerves: myelinating SCs and non-myelinating Remak SCs (Harty & Monk, 2017;

Jessen & Mirsky, 2005). Remak SCs ensheathe bundles of small caliber axons and insulate



them from one another whereas each myelinating SC forms a single multi-lamellar myelin
sheath around an axon (Harty & Monk, 2017; Jessen & Mirsky, 2005). In between adjacent
myelin sheaths is a node of Ranvier where voltage-gated ion channels are concentrated to
propagate action potentials down the axon (Black et al., 1990). The insulation provided by
myelin allows for this saltatory conduction to accelerate action potential propagation along

the axon.

In addition to neurons and glia, the brain is highly vascularized to maintain a constant
stream for nutrients and oxygen necessary for its function. The vasculature is made up of
endothelial and smooth muscle cells that form the dense arterial and capillary network that
shuttle oxygenated blood throughout the brain (Dyrna et al., 2013). Also found along the
vasculature are pericytes that wrap their processes around capillaries. Since capillaries lack
smooth muscle, pericytes are required to constrict capillaries (Peppiatt et al., 2006).
Neuronal activity can be detected by astrocytes that then release vasodilators triggering
dilation of blood vessels to divert blood flow to areas of high activity (Attwell et al., 2010;
Mishra et al., 2016). Many different cell types are required to maintain the nervous system
and disruption to any of them can disrupt neurodevelopment or leave the nervous system

susceptible to neurodegenerative disease.

Introduction 1.2— Neurodegeneration

Neurodegeneration is a broad term used to describe loss or damage to the cells that make
up the nervous system. This most commonly refers to loss of neurons, but this can be

accompanied by loss of glial cells. Several human diseases are characterized by loss or



disruption to the glial cells that ensheathe axons both in the CNS and PNS. It has recently
been estimated that nearly 1 million Americans are living with multiple sclerosis (MS)
(Wallin et al., 2019) a chronic disease resulting from loss of oligodendrocytes in the CNS.
Loss of myelin in regions of the brain leads to impaired axonal function and ultimately
axons and whole neurons degenerate. Like in MS, when myelinating SCs are lost in the
PNS, axon function is impaired and eventually causes degeneration of axons leading to
peripheral neuropathies such as Charco-Marie-Tooth disease (CMT)(Brennan et al., 2015).
The similarity in disease progression between these families of diseases is suggestive of a
role for axon-associated glia in promoting survival of the axon. However, it is notable that
glial cell loss does not occur in a vacuum and can be accompanied by inflammation which
itself can be damaging to tissue (Compston & Coles, 2008; Niu et al., 2019; Obermeier et
al., 2013). For example, in MS microglia and astrocytes respond to the areas of
demyelination, releasing inflammatory cytokines and clearing debris (Alvarez et al., 2011;
Liddelow et al., 2017). In addition, break down in the blood-brain barrier can occur,
allowing peripheral immune cells to enter the brain and exacerbate inflammation (Alvarez
et al., 2011). Thus, untangling the role of glial cell loss along an axon from damaging
inflammation remains a challenge in understanding the primary cause of the

neurodegeneration that follows in demyelinating diseases.

Demyelinating diseases, like MS and CMT, are one category of neurodegenerative disease,
however, there are many causes of neurodegeneration that are characterized by different
hallmarks. For example, in Alzheimer’s Disease (AD) and Parkinson’s Disease (PD),
aggregation of misfolded or mutated proteins are pervasive and are thought to be toxic to

neurons (Baba et al., 1998; Kordower et al., 2008; Li et al., 2008; Toledo et al., 2016).



Other hallmarks common to many neurodegenerative diseases include defects in axon
transport (Baldwin et al., 2016; Edgar et al., 2004; Koch et al., 2015; Prior et al., 2017,
Sorbara et al., 2014; Young & Crish, 2014) and mitochondrial dysregulation (Baloh, 2008;
Dutta et al., 2006; Fernyhough et al., 2010; Niemann et al., 2006; Rocha et al., 2018).
Nearly all neurodegenerative diseases in humans are accompanied by changes in glia. In
the CNS, astrocytes and microglia dramatically change their morphology and expression
profiles in the diseased brain (Colonna & Butovsky, 2017; Liddelow et al., 2017; Prinz et
al., 2017). Disentangling the beneficial changes that occur in glia in this context from the
detrimental ones, however, proves challenging to study. Examples of beneficial changes
include debris clearance of damaged or dying neurons, while detrimental changes include
release of inflammatory cytokines (Colonna & Butovsky, 2017; Liddelow et al., 2017;
Prinz et al., 2017). It is clear that damage to the nervous system, whether it be disease
related or caused by an insult, triggers a cascade of adaptations in both neurons and glia
and understanding how these changes influence neurodegeneration is key to improving

treatment strategies.

Introduction 1.3 — Wallerian degeneration

Wallerian degeneration describes the process of axon destruction following an insult
(Waller, 1850). Augustus Waller, credited for his detailed description of the
phenomenon, compared the segmentation of the axon to beads of a necklace (Waller,
1850). Taking advantage of this distinct phenotype, he mapped out nerves by injuring
them and following the “beads” to their target (Waller, 1850, 1852). Once thought to be a

passive wasting process, is now understood to instead involve a cell-autonomous



molecular signaling cascade within the degenerating axon that actively breaks down the
disconnected appendage (Coleman & Freeman, 2010; Coleman & Hoke, 2020; Lunn et
al., 1989; Osterloh et al., 2012). The serendipitous discovery of the Wallerian
degeneration slow (Wld®) mutant mouse, whose axons had a significantly protracted
degeneration time after injury, was the first indication that Wallerian degeneration was a
genetically controlled process (Lunn et al., 1989). This mutant consisted of a coding
sequence for a gain of function chimeric protein composed of a portion of a ubiquitin
ligase fused to nicotinamide mononucleotide adenylyltransferase (NMNAT)(Coleman et
al., 1998; Conforti et al., 2000). Work from our lab established that the NMNAT
fragment of W1d® was essential to the protective effects following injury (Avery et al.,
2009). Depletion of NAD™ levels in the axon is a major, albeit not exclusive, contributor
in the process of Wallerian degeneration. NMNAT is a relatively short-lived protein in
the axon that generates NAD" and following injury NMNAT is degraded, and NAD"
levels drop (Di Stefano et al., 2014). Supplying NMNAT to the axon provides some
protection but not to the extent that WId® does suggesting that NAD" levels alone do not
necessarily dictate axon destruction (Araki et al., 2004; Avery et al., 2009; Conforti et al.,

2007; Sasaki et al., 2009; Wang et al., 2005).

A genetic screen in Drosophila in our lab identified an endogenous gene, Sarm, that was
required for Wallerian degeneration to occur following axotomy (Osterloh et al., 2012).
The discovery of Sarm and its cell-autonomous role in regulating Wallerian degeneration
in Drosophila and mice, provided direct evidence for an endogenous signaling
mechanism that is required to induce axon destruction following injury. Since, many

groups have studied the function of Sarm and looked for additional regulators of



Wallerian degeneration. Sarm was also found to have endogenous NAD™ hydrolase
activity when activated, allowing it to further drive down levels of NAD" within the axon
(Essuman et al., 2017; Gerdts et al., 2015; Sambashivan & Freeman, 2021). Another
screen identified Drosophila Axed, encoding a BTB domain-containing protein, that was
demonstrated to act genetically downstream of Sarm in Drosophila (Neukomm et al.,
2017). Both Sarm and Axed mutants have robust protection from injury induced
Wallerian degeneration. In addition, there are several other factors that have been shown
to participate in Wallerian degeneration, albeit to varying degrees, such as Highwire and
mitogen-activated protein kinase (MAPK) signaling (Xiong et al., 2012; Yang et al.,

2015).

Wallerian degeneration is present in several different neurodegenerative diseases and
neurologic injuries. However, the protective effects of WId® or null Sarm alleles do not
apply to all types of neurodegeneration. For instance, Sarm mutants show reduced
degeneration in traumatic brain injury models, or peripheral neuropathies caused by
vincristine but does not protect against degeneration in a mouse model of hereditary
amyotrophic lateral sclerosis (ALS) (Geisler et al., 2016; Henninger et al., 2016a; Peters
et al., 2018). Generally, genetic factors involved in Wallerian degeneration tend to protect
better against acute insults to axons, while they are weaker or have no effect on more
chronic protracted neurodegenerative diseases. This may be in part due to the axon-
specific protection provided by these factors. While Wid® (and null Sarm alleles) provide
robust protection to axons, they fail to prevent cell death of the neuron soma in many
contexts (Adalbert et al., 2006; Beirowski et al., 2008; Fischer et al., 2005; Hoopfer et al.,

2006a; Peters et al., 2018). However, in “dying-back” diseases where the axon



degenerates before the cell body does, Wid® does prevent cell death (Ferri et al., 2003;
Samsam et al., 2003). This is true for the progressive motor neuropathy (pmn) mouse
model where normally axons and cell bodies are progressively lost. In this model,
protecting the cell body (by blocking programmed cell death) protected the cell body but
did not prevent premature death, while Wid® rescued both (Ferri et al., 2003). Taken
together, these results indicated that the primary driver of disease progression was the
axon loss and cell body loss was secondary. Although it is unclear how loss of the axon
drives death of the soma, this model provides a clear example of the axon’s status
influencing the fate of the soma. However, the factors that communicate the axon’s status

remain undefined.

Introduction 1.4 — Axon maintenance

Axons are a crucial compartment of neurons responsible for transmitting information from
the neuron’s cell body to its target. In some cases, the distance between the cell body and
the target can be a meter in length such as in the PNS. Alternatively, some axons can have
many nearby targets requiring the axon to branch profusely. In both situations, the majority
of the neuron’s volume is contained within its axon. This creates a situation where the
neuron cell body is tasked with supporting an axon many times its own size and whose
distal tip can be a meter away. Beyond their sheer size, axons require a significant amount
of energy to maintain their membrane potential and conduct action potentials (Ames, 2000;
Engl & Attwell, 2015; Harris et al., 2012). It is estimated to require 3.84 x 10® adenosine
triphosphate (ATP) molecules to repolarize a single 4 cm long axon following an action

potential (Attwell & Laughlin, 2001). Considering an axon in the PNS can be 250 times



this length, the absolute amount of ATP required to repolarize an axon after a single action
potential, let alone many thousands in a single day, becomes astronomical. To compound
these challenges further, axons must be maintained throughout life in order to maintain
proper neural circuitry and function. Together these features pose significant hurdles for

the neuron to overcome in maintaining the integrity of its axon.

In addition to meeting energy requirements, replacing damaged proteins and organelles is
crucial to sustaining a healthy axon. Many proteins are made in the cell body and can be
transported along the axon to replace damaged ones. Slow axon transport is primarily
responsible for transporting cytosolic molecules while fast transport utilizes molecular
motors, such as kinesins, consume ATP to carry vesicles, mitochondria, and membrane
associated proteins along microtubules within the axon (Grafstein & Forman, 1980;
Hollenbeck & Saxton, 2005; Vale, 2003). In addition to transporting cargos from the cell
body to the axon, dynein is a molecular motor that brings cargos from out in the axon back
to the cell body (Vale, 2003). These can include signaling molecules such as nerve growth
factor (NGF)-TrkA complexes that are required for axon growth during development in
peripheral nerves (Angeletti et al., 1972; Campenot, 2009; Levi-Montalcini et al., 1968,
1969). Retrograde transport is also important for eliminating damaged proteins and
organelles from the axon via autophagosomes and lysosomes (Stavoe & Holzbaur, 2019).
Together these mechanisms provide an avenue for the cell body to support its axon by

turning over proteins and organelles.



Introduction 1.5 — Axon metabolism

Between the ATP consumed through neural transmission and that of homeostatic functions,
like transport, the axon requires a steady pool of ATP to function. Several studies indicate
that neurons primarily rely on energy produced by mitochondria from aerobic metabolism
(Flinfschilling et al., 2012; Pellerin & Magistretti, 1994; Volkenhoff et al., 2015).
Mitochondria utilize metabolites such as pyruvate to fuel the tricarboxylic acid (TCA)
cycle and produce energy in the form of ATP. Indeed, several studies have shown that
genes encoding glycolytic enzymes can be eliminated selectively from neurons with little
to no effect while knocking down some proteins required for the TCA cycle just in neurons
is lethal (Volkenhoff et al., 2015). Together, these studies indicate that axon energy
demands are met primarily by mitochondrial metabolism. Metabolites used to fuel
mitochondria can be taken up from local external sources by various monocarboxylate
transporters (MCT) in the plasma membrane (Delgado et al., 2018; Pérez-Escuredo et al.,
2016). There are several potential sources of metabolites used by axons to support their
function. These include the neuron’s soma, the extracellular space, and glia that directly
ensheathe axons. In the PNS the axons are ensheathed by glia, effectively blocking their
access to an extracellular supply other than that shuttled via the glia; and the axons in the
PNS are so long that relying on diffusion from the distant cell body would be inefficient.
Furthermore, myelinanting glia in the CNS have been shown to express MCTs on their
adaxonal membranes, providing evidence for a transport mechanism between glia and

axons (Saab et al., 2016).
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Introduction 1.6 — Glial ensheathment of axons in Drosophila

Drosophila melanogaster, the model used in these studies, have wrapping glia (WG) that
closely resemble Remak SCs in vertebrates (Stork et al., 2008). Like Remak SCs, WG
interdigitate between and ensheathe multiple axons in peripheral nerves but do not form
compact myelin sheathes (Stork et al., 2008). While the role of myelin in accelerating nerve
transduction is well characterized, the function of non-myelinating glial ensheathment is
not. This represents a significant gap in our collective knowledge, as this non-myelin form
of ensheathment is hypothesized to represent the ancestral form and indeed the vast
majority of axons in human peripheral nerves are ensheathed in this way (Ochoa & Mair,

1969; Schmalbruch, 1986; Weil et al., 2018).

There are several contributing factors to why the function of these cells remains elusive.
First, there is yet to be a robust tool to genetically manipulate Remak SCs in mammalian
systems independently from myelinating SCs, making it difficult to attribute mutant
phenotypes directly to Remak SCs. During development, both myelinating and Remak SCs
are derived from neural crest cells that interdigitate between axons in the peripheral nerves
sorting small caliber axons (<1 um in diameter) into bundles ensheathed by Remaks while
larger caliber axons become myelinated in a process called radial sorting(Harty & Monk,
2017; Jessen & Mirsky, 2005). Additionally, because Remak SCs ensheathe small caliber
axons which are dwarfed in size compared to their myelinated counterparts, they require
higher resolution imaging for detailed analysis such as transmission electron microscopy.
One of the few observations regarding Remak SCs in the literature is defects in radial
sorting where larger caliber axons that should be myelinated are instead ensheathed by

Remak SCs. Beyond this, Remak SCs are largely ignored and methods for quantifying their
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ensheathment of axons have not been rigorously standardized. These are among the top
reasons why Remak SC function remains largely undefined. Filling in this gap in our
knowledge about the role of non-myelinating glia is crucial to understanding the
fundamental role(s) of this highly conserved glial cell type. Unlike Remak SCs, WG, the
Drosophila counterpart, are more easily manipulated genetically and provide a tractable
model to directly study non-myelinating glia that ensheathe axons(Stork et al., 2012).
Additionally, work on these cells will likely have a direct impact on understanding human
neuropathies, as many of the neurons affected in these diseases are small caliber axons
ensheathed by Remak SCs (Beirowski, 2013; Fernyhough et al., 2010; Gongalves et al.,

2020; Niemann et al., 2006; Viader et al., 2011, 2013; Wei et al., 2019).

Introduction 1.7— Glial support of axons

One hypothesized role for this form of ensheathment could be to prevent ephaptic
coupling of neighboring axons, where electrical activity of one axon could influence the
excitability of neighboring axons. There is also some evidence for a role for a role of WG
in improving conduction velocity of peripheral nerves in Drosophila (Kottmeier et al.,
2020). The most well characterized function of glial ensheathment is a trophic role for
glia in supporting axon metabolism. For instance, work on myelinating glia in mice has
demonstrated that MCTs that are capable of transporting metabolites that are required in
oligodendrocytes for axon survival (Lee et al., 2012). One of these metabolites, lactate, is
a product of glycolysis and is thought to be transported to axons to fuel the TCA cycle in
the axon (Fiinfschilling et al., 2012; Lee et al., 2012; Nave, 2010; Saab et al., 2016). In

line with this, inhibiting mitochondrial function by knocking out Cox/0 does not cause
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degeneration in myelinated CNS axons, suggesting that TCA cycle activity in mature
oligodendrocytes is dispensable (Fiinfschilling et al., 2012). Similarly, in Drosophila,
eliminating glycolytic enzymes from glia, but not neurons, results in axon degeneration
(Volkenhoff et al., 2015). In addition to metabolic support, a more recent study has
identified a role for glia in protecting axons against iron-mediated toxicity (Mukherjee et

al., 2020).

Understanding the depth of glial support of axons requires a broad and unbiased approach
to identify new components involved in different facets of glial support. One method to
accomplish this is using a genetic approach to identify specific genes whose disruption
cause defects in glial support. The genetic tools in Drosophila allow one to do just this
and specifically disrupt a single gene only in glia while also observing the effect on axon
and neuron survival. Using this strategy, I conducted a screen with my colleagues and
identified a variety of genes that caused reduced axon survival when eliminated
exclusively from glia or caused whole animal lethality. This dataset provides new
avenues to study glial support of axons by identifying a host of molecules that are

required in glia to support axon survival.

Introduction 1.8 — Identifying glial genes required for axon maintenance

Drosophila melanogaster is a genetically tractable model organism with many tools
available to precisely manipulate both glia and neurons independently. In the PNS of
Drosophila, there are three glial subtypes that ensheathe nerves: perineurial glia (PG)

form the outermost layer, subperineurial glia (SPG) create a blood-nerve barrier in the
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intermediate layer, and wrapping glia (WG), analogous to Remak Schwann cells,
interdigitate between axons, separating them from one another (Stork et al., 2008). There
is a peripheral sensory nerve in the L1 vein of the adult wing along the anterior wing
margin that can be imaged directly through the wing. Using this tissue as our model, we
generated a sensitized screening assay to systematically disrupt glia and evaluate the
impact on axon maintenance. Among the hits identified in this screen were several
components of the TGFp superfamily. In addition to hits that caused disruption to axon
integrity, we also identified 138 genes that when knocked down in glia failed to produce
viable adults. Interestingly, a large proportion of these targets are implicated in blood

brain barrier function.

Introduction 1.9 — TGFp signaling in glia

The TGF superfamily has two distinct branches, TGF and BMP. Each has a variety of
secreted ligands that bind to and activate a heterodimer of type I and type II
serine/threonine receptor kinases. Upon activation the type I receptor phosphorylates a
cytosolic transcription factor which then binds to a cofactor allowing it to enter the
nucleus and modify transcription within the cell (reviewed in Feng & Derynck, 2005;
Upadhyay et al., 2017). The superfamily is divided into two based on the types of
processes they coordinate. The actions of TGFp signaling are highly context dependent,
but it commonly regulates cell proliferation and cell death in many tissues during
development (Jang et al., 2001; Perlman et al., 2001; Raftery et al., 2008; Ramesh et al.,
2009; Sanchez-Capelo, 2005; Schuster & Krieglstein, 2002a, 2002b; Yoo et al., 2003; J.

Yu et al., 2008). Excess Schwann cell precursors are eliminated during nerve
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development through activation of the TGFP pathway (D’ Antonio et al., 2006; Parkinson
et al., 2001). BMP signaling on the other hand is generally involved in coordinating
tissue morphogenesis and patterning (Upadhyay et al., 2017; Weiss & Attisano, 2013).
During embryogenesis, BMP signaling is crucial to dorsal-ventral patterning of the
organism as well as specific tissues (Mullins et al., 1996; Neul & Ferguson, 1998). While
many roles for this pathway have been established in developmental contexts, an ongoing

role for this signaling pathway in glial support of axons has not been established.

Introduction 1.10— TGFp signaling beyond development

Most of the work studying this superfamily has been done in the context of development.
However, as a regulator of cell proliferation and death, TGFp has also been implicated in
numerous cancers and is classified as a tumor-suppressor (Massagué, 2008). In addition,
TGF has also been implicated in regulating metabolic activity in the fat body of
developing Drosophila larvae (Ghosh & O’Connor, 2014). Ghosh & O’Connor, 2014
identified a role for the ligand Dawdle in inhibiting expression of genes involved in
mitochondrial biogenesis. They found that loss of this ligand resulted in increased TCA
cycle intermediates, and they demonstrated that this phenotype was reliant on the
receptor baboon (babo) and its target Smad on X (Smox). Similar effects on mitochondrial
regulation by TGFf have also been reported in studies on human cancers (Fiz et al.,
2021; Slattery et al., 2021). Dysregulation of mitochondria and decreased metabolic
activity observed in natural killer cells from breast cancer patients was shown to result

from increased TGFp receptor activation (Slattery et al., 2021). Similarly, TGFf} was
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shown to inhibit PGC-1a production (a major regulator of mitochondrial biogenesis)

resulting in decreased TCA cycle output in renal cancer cells (Nam et al., 2021).

Introduction 1.11 — Dissertation overview

The following work presented here will address the question of how glia support axons in
vivo. | present the results of a genetic screen identifying numerous genes that negatively
impact axon survival when eliminated exclusively from glia. I provide in vivo evidence for
the requirement of WG to support neuron maintenance in aged animals. In addition, I
demonstrate that the protection afforded to axons by Wid® depends on the presence of glia
and without glia, axon protection from Wallerian degeneration is compromised in vivo. |
further demonstrate that TGFf activation within glia is critical for the long-term survival
of the peripheral neurons they ensheathe identifying this pathway as a regulator of glial

support of axons.

16



MATERIALS & METHODS 1

Fly husbandry

Flies (Drosophila melanogaster) were grown on standard molasses cornmeal agar with
added dry yeast and maintained at 25°C. The following Drosophila stocks used in this
study were obtained from the following sources. Bloomington: OK371-QF2 (66473),
10xQUAS-6xGFP, UAS-mtdTomato-3xHA (66479), Repo-GAL4 (7415), UAS-Reaper'*
(5824), UAS-dronc::GFP (56759), UAS-lacZ.NZ*"? (3956), UAS-lacZ.NZ*" (3955), Vglut-
QF2 (60315), QUAS-mCDS::GFP (30002), UAS-lamin::GFP (7376), nrv2-GAL4 (6799),
UAS-baboP" (64423), babo™? (40866), Smox™12 (41670), thv"™' (40937), ma V4
(34650), put™4 (39025), UAS-mCherry.NLS® (38424), babo-Gal4“R™MIC00274 (83164),
tubP-Gal80%° (7019), UAS-mito-roGFP.GrxI (67664) (see also KEY RESOURCE
TABLE). Vienna Drosophila Resource Center RNAI lines are listed in APPENDIX I
(Diezle et al. 2007). Additional RNAi lines including tkv®*i pus™4 and sax®V were
generously provided by Dr. Michael O’Connor. UAS-dark was kindly provided by Dr. John
M. Abrams (Akdemir et al., 2006). The protein trap nrv2-GFP was published in Stork et
al., 2008. The ATP sensor was provided by Dr. Baljit Khakh (Lobas et al., 2019). The WG
split-Gal4 line was established using the nrv2-DNA binding domain construct previously
reported in (Coutinho-Budd et al.,, 2017) combined with a VP16 activation domain
converted from the /7.0117-Gal4 (BL62647) using methods described in (Gohl et al.,
2011). The pQUAST-WId® plasmid was sent to BestGene Inc. for injection into w’/!%

embryos to generate the QUAS-WId®(111) line used in these studies.
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Sensitized RNAI screen

RNAI lines were crossed to the w* ; Vglut-QF2, QUAS-mCDS::GFP/CyO ; QUAS-WId',
Repo-Gal4/TM3 driver line. After 7 days, parents were discarded and progeny returned to
25°C. Adult progeny were later collected, anesthetized on CO; fly pads, and sorted for
genotype using visible markers. After 4 days at 25°C, flies were anesthetized on CO» and
one wing was cut between the two cross veins of the wing using spring scissors (F.S.T
#15002-08), while the other wing served as an uninjured control. Injured flies were
transferred to fresh standard cornmeal agar vials every 3-7 days and then imaged 10 or 14
-days post axotomy (see imaging). For screening of each RNAI line at least 5 wings were
evaluated, results are reported in APPENDIX I. RNAI lines were scored as lethal if no
viable adult flies of the correct genotype emerged or if all adults died before the imaging
timepoint. Both female and male progeny were used except where genetics prohibited use

of males.

Aging assay

Animals of the appropriate genotypes were crossed, as described above, selected for
markers at eclosion, and adults were aged for the indicated time windows at 25°C. Aging
flies were transferred into fresh vials every 3-7 days. The number of dead flies in each vial
was recorded during each transfer and these tallies can be found in Figure S3. Subsets of
wings from each cohort were imaged at 4, 14, and 28 days after progeny were originally
collected. All wings were inspected at 63x for injuries and were excluded if they had any

visible tears or scars in the L1 wing vein containing the nerve.
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Adult-specific knockdown

Crosses were performed at 18°C and the progeny were allowed to develop at 18°C. Adults
of the correct genotype were collected into standard cornmeal agar vials and transferred to
31°C. Flies were maintained at 31°C and transferred to fresh vials every 3-5 days until

imaging at 4- and 14-days post eclosion.

Imaging acutely dissected L1 nerves

Imaging of the wing nerve was done as previously described in (Neukomm et al., 2014).
Briefly, flies were anesthetized using CO» and their wings were removed using spring
scissors, mounted on a slide in Halocarbon oil 27 (Sigma #H8773), covered with #1.5 cover
glass, and imaged within 15 minutes of mounting. Z-stack images were taken of the nerve
on a Zeiss Axio Examiner equipped with a Yokogawa spinning disk and Hamamatsu
camera using a 63x1.4NA oil-immersion objective. The same acquisition settings were
used across samples for each of the experiments and control samples were imaged in the
same imaging session as experimental samples. VGlut" neuron cell bodies in the L1 vein
were counted under 63x magnification. Cells were counted as intact if they had a clear
nucleus and dendrite or were considered dead if they were shrunken and the dendrite or

nucleus were not clearly visible (see Figure 3B).
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Quantification of axon degeneration

Images were classified into phenotypic categories (intact, mild, or severe degeneration)
with the conditions blinded to the scorer (Figure 3A). All genotypes and ages for a given
experiment were scored together in one session and later decoded. For experiments in
which the wrapping glia were ablated, the channel containing the axons was first extracted
from the two-color images before blinding and scoring so that the scorer remained blind to

the presence or absence of glia.

Immunofluorescence

Wandering third instar larvae were dissected and pinned open as filets in cold PBS and
fixed in 4% paraformaldehyde in PBS for 15 minutes at room temperature. Larvae were
then permeabilized in 0.3% PBST (PBS + TritonX-100) for 15 minutes at room
temperature with agitation and remaining wash and antibody solutions were made in 0.3%
PBST. Antibodies used were: (1°) anti-Repo (Mouse anti-Repo, DSHB #8D12), Alexa
Fluor® 647 anti-HRP (Goat anti-HRP, Jackson Labs #123-605-021), anti-oaz (Rabbit anti-
oaz, this paper & Corty et al. 2021), anti-GFP (Chicken anti-GFP abcam #ab13970); (2°)
DyLight™ 405 Donkey anti-Mouse (Jackson Labs #715-475-150), Alexa Fluor® 488
Donkey anti-Chicken (Jackson Labs #703-545-155), Rhodamine Red™-X Donkey anti-
Rabbit (Jackson Labs #711-295-152) (see also KEY RESOURCE TABLE). Samples were
incubated in primary antibody solution overnight at 4°C with agitation. Primary antibody
solution was removed and the samples were washed 5x15 mins in 0.3% PBST at room
temperature with agitation. The same procedure was repeated for the secondary antibody

incubation. After staining, larva filets were mounted in Vectashield (Vector Labs #H-1000)
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and covered with #1.5 cover glass (Globe scientific #1404-15) and stored at 4°C. Adult
wings were stained using the same methods as larvae, however, both primary and

secondary antibody incubation steps were extended to 5 overnights at 4°C.

Quantification of iIATPsnFR and roGFP in glia

To quantify iATPsnFR intensity, images were acquired as z-stacks and maximum
intensity projections were derived for each nerve. Using ZEN 3.4 (blue edition) software,
each nerve was then traced, excluding nuclei to control for variability due to differences
in nuclei numbers. The average intensity for the traced region for each nerve was then
used for statistical analysis. To quantify the roGFP to determine redox state of
mitochondria z-stack images were analyzed using Imaris software. First, surfaces were
created from the 488 nm signal using the same threshold settings across all images. The
average intensity from each channel in the surface was recorded and the ratio was

calculated for each image. These ratios were then plotted and used for statistical analysis.

Electron microscopy

Aged flies were maintained as described above. Electron microscopy procedures were
modified from a microwave protocol from (Cunningham & Monk, 2018; Czopka & Lyons,
2011). Flies were anesthetized with CO» and their wings were removed with spring scissors
and immediately put into freshly made fix solution (2% glutaraldehyde, 4%
paraformaldehyde, 0.1M sodium cacodylate buffer). Forceps were used to gently submerge

the tissue in a 2 mL microcentrifuge tube and microwaved using the following settings: 2x
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(100W for Imin, OFF for 1 min), then immediately followed by 5x (450W for 20s, OFF
for 20s) before storing the tissue at 4°C overnight in fix solution. The following day
samples were washed 3 times in 0.1M sodium cacodylate buffer followed by secondary
fixation in 2% osmium tetroxide, 0.1M sodium cacodylate buffer and 0.1M imidazole pH
7.5 and microwaved 2x (100W for 1min, OFF for 1 min), 5x (450W for 20s, OFF for 20s).
Following osmium fixation, samples were rinsed in distilled water 3 x 10-minute washes.
Samples were stained in saturated uranyl acetate (UA) ~8% in water and microwaved 2x
(450W for 1 min, OFF for 1 min). Samples were wasted 3 x 10 minutes with distilled water.
This was followed by dehydration steps with an escalating ethanol series (25%, 50%, 70%,
80%, 95%) with each step microwaved at 250W for 45s. A final 100% EtOH step was
repeated 3 times and each repitition was microwaved for 2x (250W for 1 min, OFF for 1
min). Following EtOH dehydration, samples were dehydrated in 100% acetone and
microwaved 2x (250W for 1 min, OFF for 1 min) and repeated 3 times. For all microwave
steps, samples were insulated in a cold water bath held at 10°C to prevent overheating.
Samples were then transferred to a 50:50 resin:acetone solution and agitated overnight at
room temperature in glass scintillation vials. Final resin infiltration was done in 100% resin
and agitated at room temperature for at least 1 hour. Tissues were embedded in EMbed-
812 resin (EMS #14120) and cured in a 60°C oven overnight. Ultrathin 70 nm sections
were cut on a Leica ultramicrotome and transferred to 100mesh Formvar grids (EMS
#FCF100-Cu). Grids were counter stained for 20 minutes in 5% uranyl acetate followed by
7 minutes in Reynold’s lead citrate. Micrographs were acquired on a FEI Tecnai T12

interfaced to Advanced Microscopy Techniques (AMT) CCD camera.
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Statistical analysis

Statistical analyses were done in GraphPad Prism 8. When analyzing the effect of two
variables (genotype and age) two-way ANOVA was used with Sidak’s multiple
comparisons test to analyze the effect of genotype at each age compared to a control group.
When comparing multiple experimental groups to the same control group Welch’s
ANOVA was used with Dunnett’s T3 multiple comparisons test to compare experimental
groups to the control. When comparing one experimental group to a control a one-tailed
Welch’s t test was used. Axon classification categorical data was analyzed using either
Fisher exact probability test 2x3 (Figures 4, 9, 17 & 18) or Chi-square test (Figure 5B) and
the p-values are reported the text. Significance was determined using an o of 0.05. In
figures, p-values are represented as follows: ns not significant, * p<0.05, ** p<0.01, ***

p<0.001, **** p<0.0001.
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RESULTS I

Results 1.1 — Ablating wrapping glia causes neurodegeneration

To explore the mechanisms by which glia support axon function and survival, I used the
peripheral nerve in the Drosophila melanogaster adult L1 wing vein (Figure 1A). Using
this system, it is possible to independently manipulate neurons and glia and examine their
morphology with single cell/axon resolution in vivo (Figure 1B). This sensory nerve
contains roughly 280 sensory neurons (Figure 1C). Their cell bodies are positioned along
the anterior wing margin, and they project their axons into the thorax (Figure 1A; (Palka et
al., 1983). These are among the longest axons in Drosophila (Figure 1A; (Palka et al.,
1983) and each is individually ensheathed by wrapping glia (WG) (Figure 1 C). WG cover
the entire nerve and interdigitate into the axon bundle separating axons from one another
(Figure 1C; (Neukomm et al., 2014). Given their length, and their extensive ensheathment
by WG glia, I hypothesized that this nerve would be a suitable model to explore how glia

provide essential support for neuronal function and maintenance.

A

sensory nerve in the wing of Drosophila (B) Images from the area depicted in the box in
A. A subset of glutamatergic neurons are genetically labeled with GFP (green) and glia
are labeled with tdTomato (magenta). The orthogonal (YZ) fluorescent image
corresponds to the location at the asterisk. (C) Electron micrograph of a cross section of
the nerve in the wing from the same region as in A. Wrapping glial membrane is
psuedocolored in cyan. Example glia (G) and axons (Ax) are labeled.
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To assess whether WG were required for maintenance of axons in this model, I selectively
ablated WG and measured neuronal integrity as the animals aged. Using the Gal4/UAS
binary expression system (Brand & Dormand, 1995), I overexpressed the cell death
molecules — Dronc & Dark, or Reaper (Dorstyn et al., 1999; White et al., 1994; Zhou et al.,
1999) — along with the fluorescent reporter tdTomato in most of the WG by using a split
Gal4 construct (Luan et al., 2006). This split Gal4 was exclusively expressed in WG and
is henceforth referred to as WG split-Gal4. WG split-Gal4 labeled 87% of WG in the wing
as determined by nuclear reporter expression as compared to nrv2-Gal4, which is expressed
in all the WG in the wing but is also widely expressed in the central nervous system (Figure

2; (Neukomm et al., 2014).
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Figure 2 WG split-Gal4 expression in the adult wing. (A-B) Expression of lamin::GFP
and tdTomato under the control of nrv2-Gal4 (A) or WG split-Gal4 (B). (C)
Quantification of the number of WG nuclei labeled by each driver. (D) Estimation plot of
the difference in nuclei labeling between the two drivers.
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Using this WG-specific driver, I ablated WG constitutively to measure the effect on
sensory neurons in the adult wing. I confirmed ablation of WG by absence of tdTomato
expression. Overall, ablation of WG was robust but occasionally faint remnants of
tdTomato” WG membrane remained (Figure 3B&C). By combining the WG split-Gal4
with another independent binary expression system QF2/QUAS (Potter et al., 2010;
Riabinina et al., 2015), I fluorescently labeled VGlut" neurons (a subset of neurons in the
wing ~40) while simultaneously ablating WG. I then examined nerves in the adult wing
from 4-, 14-, and 28-day-old animals. I classified blinded images of axons from control
and WG-ablated wings into one of three phenotypic categories: intact, mild, or severe
degeneration (Figure 3A). In addition to quantifying axon degeneration, I also counted the
number of intact neuron cell bodies from each condition, an example of an intact versus
cell corpse is shown in Figure 3B. Neurons were counted as intact if they had a clear
nucleus and attached dendrite while neuron corpses often appeared shrunken without a
clear nucleus or dendrite. Sometimes, corpses appeared dim, other times they appeared
much brighter than the surrounding intact cell bodies. This may be due to different type or

stages of cell death that could be occurring in these nerves.

severe

Figure 3 Neurodegeneration in uninjured wings. (A) Examples of nerves classified as
intact (left), mild degeneration (middle), or severe degeneration (right). (B) Image from
the distal portion of the wing showing an example of an intact (1) cell body with a
dendrite (arrowhead) and a nucleus (arrow). A cell corpse is shown in box 2.



Using the aforementioned classification criteria, I quantified the effect of ablating WG in
these animals. Eliminating WG caused increased age-dependent degeneration of axons
within this peripheral sensory nerve in the wing (Figure 4A-D). A larger proportion of
nerves from aged, ablated animals exhibited mild or severe degeneration compared with
the control group at 28 days (control: 2/18 animals, Dronc+Dark: 11/18 p=0.0027, Reaper:

10/18 p=0.018; Figure 4D).

In addition to axon degeneration, ablating WG also caused loss of sensory neuron cell
bodies (Figure 4A-C box 2 & E). At baseline (4 days post eclosion (dpe)) there were no

significant differences in the number of intact GFP" neuron cell bodies per wing between
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Figure 4 Ablating wrapping glia results in neurodegeneration in the peripheral
nerve of the wing with age. (A-C) Representative images of control and glial-ablated
wings at 28 days of age with subset of wrapping glia labeled with tdTomato. Boxes 1 & 2
show higher magnification images from ROIs in A-C. (D) Classification of axon
phenotype for each nerve categorized into intact, mild, or severe. Fisher exact probability
test 2x3. (E) Quantification of the number of intact neuron cell bodies at each time point
for nerves from A-C. Example intact and cell corpses are shown in A-C box 2. Data are
represented as mean + 95% CI. Two-way ANOVA with Dunnett’s multiple comparisons
test. Significance: *, p < 0.05, **, p <0.01, *** p <0.001, **** p <0.0001.
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genotypes (control: 38.0+2.1 n=21 animals, Dronc+Dark: 36.9+£2.7 n=20, Reaper:
37.24+2.4 n=20; Figure 4E). However, at 28 days of age, fewer GFP" neuron cell bodies
remained in WG-ablated animals compared to controls (control: 36.7+3.1 n=18 animals,
Dronc+Dark: 31.748.3 n=18 p=0.0014, Reaper: 29.0+£8.1 n=18 p<0.0001; Figure 4E).
Together, these data indicate that WG are required for axon and neuronal survival in the

sensory nerve of the wing.

Results 1.2 — The role of wrapping glia in axon maintenance

The neuron loss caused by eliminating WG suggested that WG play an important role in
axon maintenance in the L1 nerve. Additionally, this result established that this was an
appropriate model to investigate glial support of axons. Eliminating WG completely caused
neuron loss but to understand why this happened I needed a systematic approach to disrupt
specific glial functions and identify key regulators of axon maintenance. To isolate
glia—axon support mechanisms specifically (as opposed to the cell body), I severed the
axon from its soma thereby creating a situation where all that remains are the axons and
the glia that ensheathe them (Figure 5A). However, when wild type axons are severed, the
portion of the axon distal to the injury site undergoes Wallerian degeneration (WD) and is
eliminated (MacDonald et al., 2006). This process involves a signaling cascade in the axon
that can be genetically blocked by expressing W1d® in neurons (Coleman & Freeman, 2010;
Conforti et al., 2007; Farley et al., 2018; Neukomm et al., 2014, 2017; Osterloh et al.,
2012). W1d® suppresses WD and allows severed axons to remain intact for weeks after
axotomy (Figure 5A; Glass & Griffin, 1991). By expressing W1d® in neurons in the wing,

I was able to remove the neuron cell bodies while allowing the distal axons and the
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surrounding glia to remain intact. I hypothesized that this would sensitize the axon to
perturbations in glial support by removing its intrinsic support provided by its cell body.

The ability of W1d® to protect axons in intact nerves far exceeds its ability to do so in
purified neuron cultures (Adalbert et al., 2005; Buckmaster et al., 1995; Conforti et al.,
2006; Lunn et al., 1989; Wang et al., 2005). I hypothesized that this greater protection was
in part due to presence of glial support to axons in vivo. To test this, I ablated WG in
animals expressing Wid® in neurons, induced axotomy and measured axon survival at 10
days post axotomy (dpa) (Figure 5A). Nerves lacking WG exhibited decreased axon
protection compared to controls (degeneration phenotype: control=7/24 animals, WG-
ablated=18/21 p=0.0005; Figure 5B). This suggests that the protection afforded to severed

axons by W1d® is contingent upon the presence of support from surrounding glia.
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Figure 5 W1dS protects axon after axotomy except when animals lack WG. (A)
Diagram illustrating the axotomy induced by removing the distal portion of the wing. 10
days after axotomy (dpa) injured axons are cleared in control nerves while axons with
WId® remain intact. (B) Images from control nerves and nerves from WG-ablated animals
10 dpa in animals expressing WId® in glutamatergic neurons. Right: classification of
axon degeneration phenotypes from control and WG-ablated nerves. y-square test,
p=0.0005.

29



Results 1.3 — Identifying glial genes required for axon maintenance

The next step in furthering our understanding of what glial support of axons means is
identifying the relevant cellular processes and the signaling pathways that regulate them.
To do this, I used a genetic screening approach to identify glial genes that are necessary
for long term axon survival. I severed the L1 nerve in the wing in animals expressing GFP
and W1d>" in glutamatergic neurons removing the neuronal cell bodies and leaving behind
WD-resistant axons and the surrounding glia (VGlut-QF2 (Diao et al., 2015), Figure 6A).
In the same animals, a single gene was knocked down selectively in glia (repo-Gal4 Sepp
et al., 2001) using genetically encoded RNA interference (RNAi) (Perrimon et al., 2010).
Together, my colleagues and I screened >2,000 publicly available UAS-RNAi lines
targeting a panel of genes enriched for those encoding proteins containing predicted

transmembrane domains or signal peptides (Figure 6B).
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GFP* Sensory Neurons Expressing WIid®
—_— ; ===
,1‘"" ) ~.,_,—-7/“ | N o :
{ & ~— 1) Control Screen hit
A | axotomy 6 cb
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Genetics: 10 days vs. |
Neurons: GFP & Wid® T
Glia: RNAi - -
Wid® Glial RNAI
uninjured protects causes
axons degeneration
B .
control Screen hits

Wit 6 cb | Ncesgma

5 um
7 W 69 Hits
M 138 Lethal
[ 90% No phenotype
|
- 10 days post axotomy

Figure 6 Screening for novel regulators of glia support of axons in vivo. (A) Diagram
illustrating screen workflow. (B) Examples of control (left) and screen hits (right) W1dS*
nerves at 10 dpa. Pie chart summarizing screening results. See also APPENDIX 1.
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In control animals, W1d® prevented WD and axons remained intact at 10 dpa (Figure 6B).
We identified 69 candidate genes whose loss in glia resulted in axon degeneration or
defects in axon morphology despite the presence of WId® (Figure 6B). For instance,
depletion of a TGFp receptor (wit), a fibroblast growth factor (FGF) (bnl), or a mitofusin
(fzo) led to robust axon loss (Figure 6B). Glial loss of the sodium-chloride co-transporter
Ncc69, led to an axon blebbing phenotype similar to the neuronal activity-dependent axon
disruption observed in zebrafish slc/2a2b (NKCCI1b) mutants (Marshall-Phelps et al.,
2020)(Figure 6B. In addition, and consistent with previous work (Mukherjee et al., 2020),
we additionally identified 138 genes that caused lethality—defined by absence of viable

adult progeny—when selectively knocked down in glia (Figure 6B).

Results 1.4 — Disrupting TGFB superfamily genes in glia results in degeneration of

sensitized axons

The TGFP receptor wit was one of several members of the TGF[} superfamily identified in
our screen. The TGFp superfamily is made up of two major branches (TGFf3 and BMP
reviewed in (Upadhyay et al., 2017)(Figure 7A). Our initial screening panel did not include
RNAus targeting all members of the TGFf superfamily. I therefore obtained and evaluated
additional RNAI lines to test all genes in this pathway using the sensitized screening
approach. Most RNAI constructs targeting components of this superfamily caused axon
degeneration or lethality when expressed in glia (Figure 7B-C), suggesting a role for TGFf3
signaling in glial support of axons. Surprisingly, knocking down of both ligands and their
receptors—selectively in glia—caused axon defects, suggesting a potential autocrine

signaling mechanism in glia.
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Gene RNAi # Note
myo |[v110195 lethal (no adults)
Actp |v108663 debris

daw |v105309 axons intact
Extracellular

babo |v3825 variable, fewer/debris
Cytosal Smox_|v105687 fewer axons

mav_ |BL34650 axons intact

gbb  |v330684 debris
dpp [v330518 debris, fewer axons

scw  |v105303 debris, fewer axons
sax |v9434 fewer axons

tkv  |v105834 lethal (no adults)
Mad |[v110517 fewer axons

put |BL39025 debris

wit v103808 fewer axons

Med |v106767 debris

Figure 7 Glial-specific knockdown of TGFp and BMP pathway components causes
axon degeneration in the sensory nerve of the wing. (A) Diagram of the TGFf
superfamily members in the Drosophila genome. (B) Table summarizing the phenotypes
for the corresponding RNAis targeting the TGFf superfamily genes. VDRC — ‘v#’,
Bloominton — ‘BL#’. (C) Images of W1d5" axons in the sensory nerve of the wing 10 dpa
from control and TGFp knockdown animals. Scale bar 5 um. Pan-glial knockdown of
myo or tkv were lethal (not shown).

Results 1.5— TGF activity in glia is required for long-term axon maintenance

Ablating WG caused age-dependent degeneration in the absence of injury therefore, I next
tested whether disruption of TGFf signaling in glia alone was sufficient to disrupt glial

support of uninjured axons. I knocked down each of the TGFf superfamily genes in glia
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using RNAi in animals that do not express WId® in their neurons and evaluated axon
integrity and neuron survival as the animals aged (4, 14, and 28 days). As with the
sensitized screening approach, this resulted in robust neurodegeneration in several TGFf3
knockdown conditions as compared to controls (Figure 8A-C). [ was specifically interested
in the role of WG in promoting axon maintenance, so I next knocked down TGF[} genes
selectively in WG in the wing using nrv2-Gal4. This resulted in a similar pattern of neuron
loss as compared to pan-glial knockdown with a few notable differences (Figure 8D).
Knockdown of myo (myo”1%"?) and tkv (tkv*?°%3%) was no longer lethal when only knocked
down in WG suggesting that the lethality was caused by disruption to other glial cell types
(Figure 8D). Another key difference was that knockdown of the TGFP ligand Dawdle in
WG alone did not cause neuron loss and neither did knockdown of the BMP receptors sax
or tkv (Figure 8D). Together, this data indicates that inhibition of TGFp signaling
intracellularly in WG results in neuron loss while inhibition of BMP signaling
extracellularly from WG causes neuron loss (Figure 8D). Because knockdown of ligands
and receptors for both branches in all glia causes neuron loss, these WG-specific
knockdown results suggest crosstalk between glial subtypes via both TGFp and BMP
signaling pathways. WG appear to respond to TGF ligands from other glia and or neurons

while they provide BMP ligands to signal to other glia and or neurons.
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Figure 8 Glial-specific knockdown of TGF superfamily members results in age-
dependent neurodegeneration in the sensory nerve in the adult wing. (A)

Quantification of the number of intact neuron cell
and TGFp superfamily knockdown conditions. (B

bodies per wing at 28 days for control
) Quantification of the number of intact

neuron cell bodies per wing at each time point in control and babo-knockdown animals.
(C) Images from control and babo-knockdown animals of the axon bundle in the wing at
each time point (left) and the classification for each nerve (right) for all conditions. Fisher
exact probability test 2x3. (D) Quantification of the number of intact neuron cell bodies
in control, babo, and Smox knockdown animals using two non-overlapping RNAis each.

(E) Quantification of the number of intact neuron
animals. Data are represented as mean + 95% CI.

cell bodies in adult-specific knockdown
Statistics: (B, D, E) Two-way ANOVA

with Sidak’s multiple comparisons test; (A) One-way ANOVA with Dunnett’s T3

multiple comparisons test. Significance: ns, p > 0.

05, *, p<0.05, ** p<0.01, ¥** p<

0.001, **** p <0.0001. (See also Figure S3 & S4)

To examine the role that neurons play via this signaling pathway, I also knocked down

each of these components in the glutamatergic neurons. Somewhat to my surprise, only
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knock down of the transcription factor Smox caused significant neuron loss in aged animals
(Figure 8E). Together with the WG-specific knockdown results, this indicates that the BMP
ligands from WG are likely signaling to other glial subtypes because loss of these receptors
in neurons had no affect on neuron survival while loss of BMP receptors in all glia led to
neuron loss (Figure 8A-E). Furthermore, knockdown of TGFp ligands in glutamatergic
neurons did not cause neuron loss implying that TGFp receptors in WG respond to ligands
from other sources, likely other glia subtypes (Figure 8E). An important caveat to this result
however is that because ligands were only knocked down in a small subset of the neurons
(~40 out of ~280) it is possible that ligands generated from other neurons in this nerve
compensated for this loss thus occluding the effect. While this remains possible,
knockdown of Daw in all glia resulting in neuron loss suggests that Daw from other glial
subtypes likely contributes to TGFf activity in WG (Figure 8C). Finally, an additional
observation from these experiments was a increased likelihood of premature death in many
of the pan-glial knockdown conditions for members of the TGF[ superfamily in particular
members of the TGFB branch (Figure 8F). This observation further implicates the

importance of this signaling pathway in glia.

The strongest phenotype when knocking down components of the TGFP superfamily in all
glia was elicited by knocking down the TGFP receptor babo causing both axon
degeneration and cell body loss (Figure 9A-B, Note that data shown in Figure 9B is the
same data shown in Figure 84-C where only data for babo and its corresponding control
are shown at each timepoint). To validate this RNAi and control for possible off-target
effects, I tested a second, non-overlapping RNA1 for both babo and its downstream target

Smox. All four RNAis caused neurodegeneration in the uninjured aged nerve (Figure 9C).

35



Additionally, I further confirmed this knockdown result using an RNAi-independent
method to inhibit TGFp signaling by overexpressing a dominant negative form of the
receptor (babo”") in glia (Brummel et al., 1999). Glial expression of babo”" also resulted
in decreased neuron survival (Figure 9D), indicating that disruption of Babo in glia is
sufficient to induce neurodegeneration in aged animals. From these data, I concluded that

the TGFp pathway is required in glia for long-term neuron survival.
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Figure 9 Inhibition of glial TGF signaling results in degeneration of aged neurons.
(A) Images (left) from control and repo>baboRNAi animals at 4, 14, and 28 days.
Quantification of axon degeneration phenotype (right). Fisher exact probability test. (B)
Quantification of the number of intact neuron cell bodies from control and
repo>baboRNAi animals with age. (C) Quantification of the number of intact neuron cell
bodies from control and repo>RNAi aging animals. (D) Quantification of the number of
intact neuron cell bodies from control and repo>baboPo @i Negative animals with age. (E)
Quantification of intact neuron cell bodies from control animals and those with babo or
Smox knocked down in glia only at the adult stage using temperature sensitive Gal80. (B-
E) Two-way ANOVA with Tukey’s multiple comparisons test. Significance: *, p <0.05,
¥ p <0.01, *** p<0.001, **** p<0.0001, ns, not significant.
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Results 1.6 — babo is required in mature wrapping glia in the wing

The effects on neuronal survival could be due to developmental defects that manifest in the
mature nerve or it could signify a role for TGFp signaling in mature glia. To begin to
delineate these two possibilities, I combined glial-specific knockdown with a temperature-
sensitive Gal80 (Gal80”) construct to both spatially and temporally control RNAi
expression (McGuire et al., 2003). Using this tool, RNAi expression was inhibited during
development until animals eclosed as adults. At 4 days post RNA1 induction, there was no
significant difference in the number of neuron cell bodies between control and TGFf
knockdown animals (control: 44.0£1.65, babo: 43.9+1.65, Smox: 44.4+1.88; Figure 9E).
However, after 14 days of RNAi-mediated knockdown, both babo and Smox knockdown
animals had fewer intact neuron cell bodies (control: 44.0+£1.71, babo: 41.8+1.94
p=0.0090, Smox: 40.9£3.31 p=0.0001; Figure 9E). This phenotype was notably weaker
than the constitutive knockdown, however, this was an earlier timepoint (14 days)
compared to the 28 days in constitutive knockdown. Due to increased death in these
animals when maintained at 31°C (required for Ga/80” inhibition) I was unable to evaluate
animals aged to 28 days Nonetheless, the weaker but significant loss of neurons in the
adult-specific knockdown condition implicates babo and Smox as functioning in mature

glia and that they are required to support neuron maintenance.

Based on the adult-specific knockdown result, I hypothesized that habo would be expressed
in mature glia. To test this, I examined the expression pattern of habo in developing and
mature nerves. I utilized a transgenic fly line where the Gal4 sequence was inserted into
an intron in the babo coding region with a splice acceptor, multiple stops, and a minimal

promotor sequence. This induces truncation of the babo transcript and expression of Gal4
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in its place and should therefore be expressed wherever babo is expressed (Lee et al., 2018).
In developing larval nerves, I examined co-localization of a nuclear reporter (UAS-
lamin::GFP) driven by babo-Gal4 expression with an antibody that specifically labels WG
nuclei within larval peripheral nerves (Oaz) as well as the pan-glial nuclear protein Repo
(Figure 10). All Oaz" nuclei within larval nerves were GFP*/Repo’ (n=18 Oaz" nuclei from
n=3 larvae, Figure 10) indicating that babo was expressed in WG in peripheral nerves
during development. Additionally, all Repo/Oaz nuclei within the nerve were also GFP*,
indicating that habo was also expressed in other nerve glia in addition to WG (n=123

Repo'/Oaz nuclei from n=3 larvae, Figure 10).

Figure 10 babo reporter expression in larval peripheral nerves. Visualization of babo
reporter expression of nuclear GFP (green) in nerves co-labeled with axon (blue) and glial
(magenta & gray) markers. Repo labels all glial nuclei whereas only WG nuclei are oaz"
in the nerves. Higher magnification images from the box are shown in the bottom right
showing a GFP'/oaz'/Repo” nucleus. Additionally, a GFP"/oaz/Repo’ nucleus is also
present (arrow).
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To test whether babo was expressed in adults, I combined the babo-Gal4 with a nuclear
reporter (UAS-mCherry.NLS) in a genetic background where WG were labeled
independently with GFP (a nrv2-GFP protein trap which labels all WG membranes (Stork,
Engelen, Krudewig, Silies, Bainton, & Klambt, 2008). As expected, the positive control
(nrv2-Gal4) exhibited nuclear reporter expression in nuclei contained within GFP* WG at
all timepoints tested (n=12 wings, Figure 11A-B). The experimental babo-Gal4 wings also
labeled nuclei within the GFP™ WG at all timepoints tested as well (n=12 wings, Figure
11A-B). Importantly, the only nuclei present within the nerve in this region are glial nuclei
(Neukomm et al., 2014), indicating that babo is expressed in mature WG within the
peripheral sensory nerve in the wing. To further validate that these were glial nuclei, I fixed
wings expressing GFP in glutamatergic neurons and nuclear-mCherry under the control of
babo-Gal4 and stained for the pan-glial marker Repo. All mCherry " nuclei within the axon

bundle were also Repo”, confirming they are glial nuclei (Figure 11C-D).
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nrv2-Gal4 babo-Gal4

Figure 11 babo reporter expression in the adult wing L1 nerve. (A) Low-
magnification images of the expression pattern of a nuclear mCherry reporter driven by
nrv2-Gal4 (left) or babo-Gal4 (right) in combination with nrv2-GFP at 28 days scale bar
200 um. (B) Higher-magnification images from the ROI in A showing mCherry" nuclei
surrounded by GFP+ WG scale bar 5 um. (C) Low-magnification image of the proximal
region of a fixed wing stained for GFP (axons) and Repo (glial nuclei) scale bar 20 pm.
(D) Higher-magnification orthogonal images from ROI in C showing a mCherry/Repo*
nucleus withing the axon bundle scale bar 20 um.

40



I also observed babo reporter expression in what appeared to be neurons (Figure 12A-B).
To examine this further, I crossed the babo-Gal4/UAS-mCherry.NLS to a fly expressing
GFP in glutamatergic neurons using the QF/QUAS system to independently label neurons.
In addition to mCherry" nuclei within the axon bundle (WG), all glutamatergic neurons in
the wing examined had mCherry" nuclei at all timepoints tested (Figure 12C-D). The
reporter expression pattern of babo suggests that the Babo receptor is present in both
mature glia and neurons in the wing. This expression in mature glia is consistent with the
observation that knockdown of habo in mature glia is sufficient to caused neuron loss is

aging animals and indicates a role for babo in mature glial function.
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VGlut>mGFP

babo>mCher.NLS VGlut>mGFP

Figure 12 Expression of babo in mature neurons in the wing. (A) babo nuclear
reporter (magenta) expression in the wing at 4 (top), 14 (middle), and 28 (bottom) days.
ROIs from boxes shown to the right. mCherry” (magenta) nuclei residing outside of GFP*
WG (green) resemble neuronal nuclei. (B) babo membrane reporter expression in the
adult wing at 4 days. ROIs from boxes shown to the right showing dense labeling
throughout the nerve bundle (1) and GFP" cells that resemble neurons (2). (C & D) L1
nerve from animals expressing membrane-tethered GFP (green) in VGlut" neurons along
with a nuclear mCherry reporter (magenta) driven by babo-Gal4 expression. (C) A
mCherry” WG nucleus (arrow) is seen within the bundle of axons in the proximal region.
(D) The nucleus of a glutamatergic neuron is labeled with the mCherry reporter
(arrowhead).
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Results 1.7— Disruption of TGFp signaling in glia does not alter axonal ensheathment

TGFp molecules play crucial roles in tissue development and morphogenesis, so I
examined whether loss of this pathway would affect glial development and morphology. I
quantified the number of WG present in the nerve in control and WG-knockdown
animals by using a genetically encoded nuclear reporter (UAS-lamin::GFP) (Figure 13).
Knock down of babo or Smox in WG caused a slight increase in the number of WG in the
nerve at 4 days (nrv2>: 24.9+3.52, nrv2>lacZ: 26.9+3.37, nrv2>babo™*: 30.1+3.54,
nrv2>Smox™4'; 29.0+3.76; Figure 13). At 28 days, the number of WG nuclei in habo
knockdown animals remained elevated compared to controls, but the number of WG
nuclei in Smox knockdown animals was not significantly different from controls (nrv2>:
24.543.40, nrv2>lacZ: 26.2+3.39, nrv2>babo™ 4 29.5+3.38, nrv2>Smox®N:
25.4+6.76; Figure 13).
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Figure 13 Increased number of WG nuclei when TGFp activity is disrupted. (A) Low
(top) and high (bottom) -magnification images of L1 wing nerves expressing nuclear GFP
(green) and tdTomato (magenta) in all WG in the nerve scale bar 200 um (top) and 5 pm
(bottom). (B) Quantification of the number of GFP* WG nuclei throughout the L1 nerve
for each condition at 4 and 28 dpe. Two-way ANOVA with Tukey’s multiple
comparisons test. Significance: p > 0.05, *, p <0.05, **, p <0.01, *** p <0.001.
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I hypothesized that the increase in WG nuclei observed when babo or Smox was knocked
down may be caused by a decrease in developmental apoptosis in these animals. I tested
this by overexpressing p35, an inhibitor of caspases, to block apoptosis in WG (Hay et
al., 1994). Overexpression of p35 in WG phenocopied the increased WG nuclei observed
when babo was knocked down in WG (nrv2>: 26.13+2.740, nrv2>lacZ: 27.00+3.190,
nrv2>babo™4: 31.21+1.841, nrv2>p35: 30.79+3.912; Figure 14). Next, I evaluated
whether increasing the number WG nuclei alone was sufficient to cause degeneration of
glutamatergic neurons in aged animals similar to when babo is knocked down.
Overexpression of p35 in glia did not cause degeneration of glutamatergic neurons at 28
days (repo>: 38.67£1.918, repo> babo™4i: 35.76+2.066 p=0.0130, repo> p35:
38.42+1.251 p=0.965; Figure 14). This result indicates that increased glial numbers alone
is insufficient to cause degeneration of glutamatergic neurons, and this phenotype, at least
on its own, is likely not responsible for the degeneration that occurs in glial-babo-

knockdown animals.
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Figure 14 Caspase inhibition phenocopies babo knockdown for increased WG
numbers but not decreased neuron survival. (A) Images from the L1 nerve showing
expression of a nuclear GFP (green) and tdTomato (magenta) in all WG in control, WG-
babo®™ and WG-p35°F flies. (B) Quantification of the number of WG nuclei in the L1
nerve from control, WG-babo™ ! and WG-p35°F flies at 4 dpe. One-way ANOVA with
Tukey’s multiple comparisons test. (C) Quantification of the number of intact neuron cell
bodies at 4 and 28 dpe from control, glial-babo®!, and glial-p35°F conditions. Two-way
ANOVA with Dunnett’s multiple comparisons test. Significance: p > 0.05, *, p <0.05,
¥ p <0.01, *** p<0.001, **** p<0.0001, ns, not significant.

To examine whether this change in WG numbers negatively impacts ensheathment of the
nerve, I imaged glia in the L1 nerve using a genetically encoded fluorescent reporter
(UAS-tdTomato). Overall coverage of the L1 nerve was not different at 4 and 28 days in
babo® 4! conditions. Furthermore, there were no obvious defects in glial morphology or
coverage of the nerve in knockdown animals compared to controls at either timepoint (4
days: control: n=24 animals, babo: n=23, Smox: n=21; 28 days: control: n=21, babo:

n=22, Smox: n=16; Figure 15A). Notably even in nerves with evident axonal debris and
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significant neuron loss, glial ensheathment appeared intact (Figure 15A-B). Since WG
directly ensheathe axons in this nerve, I also assessed WG morphology specifically, by
examining reporter expression in WG-specific knockdown conditions compared to
controls. Similar to pan-glial knockdown, there were no obvious changes in morphology

or coverage of the nerve by WG despite the presence of neurodegeneration (4 days:
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Figure 15 Glia appear morphologically intact in animals where TGF activity is
inhibited in glia. (A) Image from the L1 nerve showing axon (green) and glia (magenta)
morphology at 4 (top) and 28 (bottom) dpe in control and pan-glial knockdown
conditions scale bar 5 um. (B) Quantification of intact neuron cell bodies in control and
pan-glial knockdown conditions. (C) Images from the L.1 nerve showing axon (green)
and glia (magenta) morphology at 4 (top) and 28 (bottom) dpe in control and WG-
specific knockdown conditions scale bar 5 pm. (D) Quantification of intact neuron cell
bodies in control and WG-specific knockdown conditions. (B&D) Two-way ANOVA
with Dunnett’s multiple comparisons test. Significance: p > 0.05, *, p <0.05, **, p <
0.01, *** p <0.001, **** p <0.0001, ns, not significant.
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control: n=23 animals, babo: n=23, Smox: n=23; 28 days: control: n=22, babo: n=24,

Smox: n=23; Figure 15C-D).

While these results did not indicate that gross morphology of WG was disrupted upon
knockdown of TGFp signaling, to examine whether axonal ensheathment was truly
unperturbed required ultrastructural analysis of this nerve using transmission electron
microscopy. I examined nerves from control, babo, and Smox pan-glial knockdown
animals and found no evidence of defects in glial ensheathment at 28 days (control: n=3
animals, babo: n=5, Smox: n=4; Figure 7C-E & Figure S10). To quantify this form of
multi-axonal ensheathment, I measured the wrapping index for each nerve using the
electron micrographs (Matzat, Sieglitz, Kottmeier, Babatz, Engelen, & Klambt, 2015).
There was no significant difference in the wrapping index between conditions, although
one nerve from the Smox knockdown condition did appear to have reduced ensheathment
(control: 0.88+0.020 n=4, babo: 0.84+0.083 n=5, Smox: 0.81+0.21 n=4; Figure 7F).
Together, this data does not indicate that inhibiting TGFp in glia causes defects in glial
ensheathment and would therefore not explain the degeneration observed in TGFf

knockdown animals.

In summary, while there was a slight increase in the total number of WG in the adult nerve
when TGFp signaling was inhibited, overall glial morphology and axonal ensheathment

appeared normal.
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Figure 16 Glial ensheathment of axons appears
intact when TGFp activity is disrupted in glial.
(A-C) Electron micrographs of cross sections of the
proximal region of the L1 nerve at 28 days from
control (A), babo (B), and Smox (C) knockdown
animals. WG are psuedocolored in cyan. (D)
Quantification of the wrapping index [(individually
wrapped axons + bundles of axons) / total axons]
from electron micrographs. Data are represented as
mean + 95% CI. One-way ANOVA with Dunnett’s
multiple comparisons test. Significance: ns, not
significant.

Results 1.8 — Inhibiting Wallerian degeneration rescues age-dependent neurodegeneration

caused by glial-knockdown of babo

In aging animals both the axons and cell body of the neurons were affected by babo

knockdown in glia. This could result from a lack of glial support to the neuronal cell bodies,

their axons, or both. The neuroprotective effects of WId® are known to specifically mediate

injury-induced axon degeneration while it fails to block apoptosis in several contexts
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(Beirowski et al., 2008; Deckwerth & Johnson, 1994; Hoopfer et al., 2006b). I tested

whether promoting axon survival with W1d® could save axons in aged babo™V4!

nerves, and
possibly the cell body loss as well. I overexpressed WId°, in glutamatergic neurons to
prevent WD in aged, uninjured control and babo knockdown animals and measured the
effect on both axon and cell body integrity. Blocking WD rescued the axon degeneration
at 28 days (control -W1d® n=17, control +W1d> n=19, babo™4 ~-W1d® n=27, babo®™* +W1d"
n=20; Figure 17A-B) indicating that loss of babo in glia leads to activation of a WId5-
sensitive axon degeneration pathway in aged, uninjured axons. Moreover, | found that
suppressing axon degeneration with W1d® also completely rescued neuron cell body loss
(Figure 17A & C). These data are consistent with a similar finding that suppressing axon
degeneration with W1d® in a model of motoneuron disease (pmn mice) reduced subsequent
cell death of neurons (Ferri et al., 2003). The simplest interpretation of this finding is that

glial loss of Babo leads to activation of an axon degeneration pathway in neurons that also

influences the survival of the cell body.
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Figure 17 WIdS overexpression in neurons rescues neurodegeneration in babo
knockdown animals. (A) Representative images of neuron cell bodies and axons within
the wing in control and habo knockdown animals at 4 (top) and 28 (bottom) days of age
with and without WId® expressed in neurons. Scale bar 5 pm. (B) Classification of axon
integrity in control and babo knockdown animals at 4 and 28 days with and without
WIdS. Fisher exact probability test 2x3. (C) Quantification of the number of VGlut"
neuron cell bodies in the wing from control and babo knockdown animals with and
without W1dS. Data are represented as mean + 95% CI. Two-Way ANOVA with Tukey’s
multiple comparisons test. Significance: ns, not significant, *, p < 0.05, ****_ p <0.0001.
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Results 1.9 — Genetic blockade of caspase-mediated cell death rescues neurodegeneration

caused by babo knockdown in glia.

Since blocking WD rescued degeneration of both the axon and cell body, I next tested
whether protecting the cell body could rescue axon degeneration as well. Caspases are
part of a signaling cascade required for apoptosis, or programmed cell death. Caspase
activity has been shown to be involved in many contexts of neuron cell death but in many
cases are not involved in axon degeneration (Finn et al., 2000; Sagot et al., 1995;
Whitmore et al., 2003). P35 is a potent inhibitor of a broad range of caspases and can
block cell death in Drosophila neurons (Hay et al., 1994).To test whether activation of a
cell death pathway contributes to neurodegeneration observed in glial-babo knockdown
animals, I overexpressed p35 in neurons while simultaneously knocking down babo in
glia. Significantly more glutamatergic neurons survived when expressing p35 than those
lacking p35 when babo was knocked down in glia (Figure 18). Interestingly, like the cell
bodies, overexpression of p35 in neurons rescued axon degeneration when babo was
knocked down in glia (Figure 18). This result indicates that knockdown of babo in glia
also induces caspase-sensitive destruction pathway in neurons. Furthermore, this caspase

activity also influences degeneration of the axon in this uninjured aged context.
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Figure 18 P35 rescues neurodegeneration caused by loss of babo in glia. (A)
Representative images of neuron cell bodies and axons within the wing in control and
babo knockdown animals at 4 (top) and 28 (bottom) days of age with and without p35
expressed in neurons. Scale bar 5 um. (B) Classification of axon integrity in control and
babo knockdown animals at 28 days with and without p35. Pairwise Fisher Exact
Probability Test Shown (two-tailed, 2x3). (C) Quantification of the number of VGlut®
neuron cell bodies in the wing from control and babo knockdown animals with and
without p35. Graph: mean + 95% CI. Statistics: 2-Way ANOVA with Tukey’s multiple
comparisons test. Significance: ns= not significant, *=p < 0.05, **=p < (.01, ***=p <
0.001, ****=p <0.0001.
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Results 1.10 — Disrupting glial TGFp activity alters metabolic function of glia

One way that glia support axons is by providing metabolites to fuel energy demands of
the axon (Fiinfschilling et al., 2012). I hypothesized that reduced TGFp signaling in glia
may reduce their metabolite output to neurons. I therefore examined whether metabolism
was altered in WG when TGFp signaling was perturbed. Using a genetically encoded
ATP sensor, I measured the relative ATP concentrations in control (UAS-lacZ) WG and
WG where babo or Smox were knocked d