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ABSTRACT

Glial cells perform paramount functions within the nervous system, closely monitoring and
regulating neurons. Indispensable roles for glia have been elucidated in most aspects of proper
brain function, while they are gaining more interest in the context of neurological diseases. Glia
shape synapses in the developing brain and modulate neuronal firing in mature circuits to
maintain homeostatic conditions, while they also become activated in response to different brain
insults. Glia serve as the resident immune cells of the brain, reacting to pathogens, cellular debris,
and neuronal injury through the upregulation of specific transcripts, changes in morphology, and
phagocytic ability. As our understanding of glial cells has grown over the past decades, it has
become increasingly clear that glial responses within the brain are often context-dependent,
ranging from the neuroprotective to the neurotoxic. Recent work, along with research described
in this dissertation, has focused on uncovering the signaling mechanisms that are employed by
glia to combat neuronal injury. Unraveling the molecular underpinnings of glial responses in
varying contexts can help us understand the functional consequences of glial activation in the
brain following injury. In this dissertation, | utilize the genetically powerful model system
Drosophila melanogaster to examine injury signaling between transected neurons and the
responding glia. | demonstrate that neuronal dense core vesicles and the insulin-like signaling
pathway are regulators of glial phagocytic function following injury. Moreover, | utilize a novel
fluorescence in situ hybridization method to investigate the role of transcriptional and translational
control of glial immune genes in the injury response. The findings in this dissertation provide

evidence for novel mechanisms involved in glial function following neuronal axotomy.
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CHAPTER 1: INTRODUCTION



Glia

Over the past couple of decades, the study of glial biology has taught us that the “glue”
definition coined by Rudolf Virchow in the 1860s is largely a misnomer for these dynamic and
complex cells of the brain(1). Today, we recognize that although the word “glia” derives from the
Greek for “glue”, these cells are not merely the connective tissue that holds the brain together,
but an indispensable counterpart to neurons. Glia play paramount roles in brain development,
homeostasis, signaling, and disease, among other vital functions in the nervous system(2).
Therefore, elucidating how these cells function in a variety of contexts is essential to our
understanding of the brain as a complete system. The major types of glia within the central
nervous system (CNS) of mammals are astrocytes, oligodendrocytes, and microglia, while the
peripheral nervous system (PNS) houses Schwann cells(2). The model system utilized in this
dissertation, Drosophila melanogaster, also contains glial cells in the brain and the periphery that
closely associate with neurons and carry out functions similar to mammalian glia(3). This
conservation across species also strengthens the argument for studying neuron-glia signaling in
a tractable model system. As much of this dissertation examines the responses of glial cells to
neuronal injury events, | will begin by providing a background on what scientists have uncovered

about glial cells thus far.

Functional roles in mammals and Drosophila

Astrocytes

Astrocytes are aptly named for their star-like morphology. Their processes are highly
ramified, which allows them to tile the brain and interact with numerous other cell types. Among
these interaction partners are neurons, other glia, and blood vessels(4, 5). Astrocytes can
modulate neuronal activity through their presence at the synaptic cleft, deemed the tripartite

synapse(6). Astrocytes associate with pre- and post-synaptic neurons to remove



neurotransmitters (NTs) from the synapse to maintain homeostasis and can also impact neuronal
signaling through the release of neuroactive substances(7, 8). Moreover, astrocytes maintain the
blood-brain barrier (BBB) through connections of their end feet to the circulatory system. This
neurovascular interface is vital for the control of blood flow, transfer of nutrients, and metabolic
support to neurons(9, 10). Astrocytes also communicate to one another via calcium (Ca?")
signaling through gap junctions(11). In Drosophila, astrocytes have a similar star-like, or tufted,
morphology and occupy dense neuronal networks (neuropil regions) to play a role in modulating
synaptic signaling(12). Drosophila astrocytes do not, however, maintain the BBB. This function is
performed by two distinct glial cells: perineurial (PG) and subperineurial glia (SPG), which

separate the central and peripheral nervous system from the circulating hemolymph(13).

Microglia

Microglia are the resident immune cells of the brain, constantly surveying their
environment for the presence of pathogens, apoptotic and degenerating cells, as well as
misfolded proteins(14-16). The dynamic behavior of microglia was elegantly demonstrated by
Davalos and colleagues (2005) in an in vivo experiment that labeled microglia in the mouse brain
with GFP and imaged them through a thinned skull using two-photon microscopy(17). In striking
videos from this experiment, ramified microglial processes can be seen as highly motile as they
extend and retract their projections under basal conditions. However, when the researchers
induce an injury in the brain using a laser, microglia rapidly extend their processes to the site of
injury and sequester the area. In the context of neuronal injury and degeneration, microglia have
been shown to phagocytose and degrade material that would otherwise be neurotoxic(18).
Additionally, microglia are vital in the context of development, where they prune weak synaptic
connections, supporting a mantra of neuroscience: “use it or lose it” — by way of microglia(19). In
the Drosophila brain, immune and phagocytic functions are carried out by astrocytes and

ensheathing glia(20). The work in this dissertation is largely focused on the immune response



role of ensheathing glia in the adult olfactory system, specifically in response to axonal injury of
the olfactory receptor neurons (ORNs). Ensheathing glia are present at the border of the antennal
lobes (ALs), project through discrete nerves into the antennal lobes (ALs) of the central brain.
Ensheathing glia extend their processes to divide the synapse-rich glomeruli of the ALs and

closely enwrap projections(21).

Oligodendrocytes and Schwann cells

In order to communicate with their targets, neurons transform chemical information (NTs)
into electrical information (action potentials), which travels down the axon to propagate signals to
secondary targets. Insulation is vital for the efficient conduction of electricity down any wire, and
the same holds true for axons. Oligodendrocytes are the glial cell type in the CNS that are
responsible for wrapping their sheaths around axons to produce a lipid-rich substance called
myelin(22). A single oligodendrocyte can wrap multiple axons, which allows for neurons to
undergo saltatory conduction and increases the conduction velocity of action potentials.
Myelination continues throughout the life of the animal, into adulthood, and is vital for cognitive
development, as well as learning and synaptic plasticity(23). Pools of oligodendrocyte precursor
cells (OPCs) also exist in the brain, which retain the capacity to differentiate into oligodendrocytes
in the event of cell death or injury(24). Within the PNS, Schwann cells perform similar functions
as oligodendrocytes: they myelinate peripheral projections and provide trophic support to
neurons(25). Schwann cells also perform immune-like functions, engulfing degenerating axonal
and synaptic material during development and post-injury in adult animals(26, 27). Drosophila do
not have myelin; however, ensheathing glia within the central brain and wrapping glia in the
periphery closely associate with and enwrap axonal projections to provide trophic support and

respond to injury(28).

Other glia



A Drosophila glial subtype not yet discussed are the cortex glia, which surround neuronal
cell bodies in the cortical regions of the brain(29). They are perhaps the most understudied glial
cell type in the fruit fly; however, they are important for the support of neuronal firing and interact
with SPGs to potentially play a role in nutrient transfer from the hemolymph to neurons(3, 30).
Mammalian satellite glia in the PNS have a similar localization, as they surround neuronal cell
bodies in peripheral ganglia and play a role in maintaining homeostasis in their microenvironment
and contribute to pain following nerve damage(31). As a field, we are continuously uncovering
new information about glial biology and glial subtypes. Using single cell RNA sequencing
(RNAseq) technology, we have been able to gain new insights into the differing biological profiles
and functions of glial cells, and how they might change under different contexts, in response to
stimuli, or across brain regions(32-35). Although | have described major types of glia, new

definitions are constantly emerging, and we will undoubtedly be able to subdivide glia even further.

Neuron-glia interactions within the brain: Astrocytes & microglia

Glial cells play essential roles in the developing brain by guiding neural circuit formation,
supporting neuronal survival, and modulating neuronal signaling. Astrocytes and microglia are the
primary glial cells performing these functions(36). During the development of the nervous system,
neurons and synapses are over-produced(26). Neurons that are unable to form adequate
connections undergo programmed cell death, resulting in apoptotic debris. An example of a site
of robust neurogenesis in the brain is the developing hippocampus, where microglia have been
observed near apoptotic cells(37). Microglia are largely responsible for adopting a phagocytic
phenotype to clear dying neurons and a microglial receptor, triggering receptor expressed on
myeloid cells 2 (TREM2), has been implicated in synapse elimination in mice(38). As the principal
phagocytic glia of the brain, microglia have also been shown to prune neurons in the visual
thalamus through the classical complement cascade(39). In this cascade, complement

component 1q (C1q) tags synapses, while microglia detect these opsonized neurons and



transform into a pro-inflammatory and phagocytic state. Astrocytes also feed into this synaptic
pruning pathway, as they secrete transforming growth factor beta (TGF-R), which induces C1q
expression in neurons(40, 41). Furthermore, astrocytes are able to prune synapses through a
complement-independent mechanism during development, whereby the activation of scavenger
receptors multiple EGF-like domains 10 (MEGF10) and MER proto-oncogene tyrosine kinase
(MERTK) results in phagocytosis of phosphatidyl-serine (PtdSer)-tagged synapses and dying
cells(42-44).

Astrocytes and microglia also support neuronal development and function. Studies have
posited that microglial secretion of neurotrophic factors, such as nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), and fibroblast growth factor (FGF), among others, promote
axon elongation(45). Additionally, astrocytes stimulate neural circuit formation through the release
of Glypicans 4 and 6, Thrombospondin 1, and Hevin(46). Following development, glia are crucial
for maintaining homeostatic conditions within the brain. Through their presence at the tripartite
synapse, astrocytes support neurotransmission through removing excess glutamate to prevent
neuronal over-excitation. They are also able to influence synaptic activity and plasticity through
the release of gliotransmitters, such as glutamate, D-serine, and adenosine triphosphate (ATP)(6,

47). Within the developing and mature CNS, neurons and glia are inextricably connected.

In response to injury, degeneration, and disease

I have described some of the indispensable functions carried out by astrocytes and
microglia within a healthy CNS, but how do these cells respond to brain insults? Several
mechanisms employed by astrocytes and microglia in neuronal development and maintenance
are re-engaged in injury and disease, and with prolonged activation can often become aberrant.
Following acute brain injury, microglia transform from their ramified state to a hypertrophic and
ameboid phenotype in order to phagocytose cellular debris(48). Microglia are able to detect

dsDNA, RNA, and proteins from dying cells through cell surface receptors, which serve as an



activation signal for microglia to adopt a pro-inflammatory state(18, 49, 50). Through the release
of cytokines, microglia are also able to recruit immune cells from the periphery for the removal of
damaged neurons, myelin, and other glial cells(36). These functions are necessary to prevent the
spread of damage from the injured brain region to healthy cells. In multiple sclerosis (MS), a
disease characterized by demyelinating lesions, myelin debris is cleared away by glia(51, 52).
Studies have shown that microglia are able to remove myelin debris, with MERTK and TREM2
receptors implicated in myelin phagocytosis(53-55). In Alzheimer’s disease (AD), amyloid-beta
(AB) plaques and neurofibrillary tangles are hallmarks of disease pathogenesis and can be
identified in postmortem brains(56, 57). Microglia and astrocytes have been observed surrounding
AR plaques in AD brains, while studies have demonstrated that microglia engage the complement
pathway to tag and remove these inclusions of aggregated protein(58, 59).

In response to traumatic brain injury (TBI), astrocytes, along with microglia, make up the
glial scar, which physically sequesters areas of damage(60). Astrocytes also adopt a “reactive”
phenotype following TBI, leading to the production of cytokines, chemokines, along with matrix
metalloproteinases (Mmps). Expression of Mmps functions to remodel the extracellular matrix
(ECM) surrounding the lesion, which can create a permissive environment for neurite
outgrowth(49). Mmps have also been shown to promote glial migration and infiltration following
spinal cord injury, as well as contribute to glial scar formation(61). Astrocyte production of trophic
factors (e.g., NGF, BDNF, FGF, TGF-R) can also serve to promote neurogenesis following brain
injury(62). Although the glial functions described above promote restoration of brain homeostasis
and function, the responses of glial cells to injury and disease do not always have a
neuroprotective outcome. Reactive gliosis, or the activation of astrocytes and microglia following
injury, is a highly diverse process depending on the context, and can lead to neuronal damage

and even death.

Neuroprotection vs. Neurotoxicity



Even as the glial scar can sequester an area of damage in instances of brain injury, some
studies have suggested that this physical barrier may inhibit regrowth and regeneration of
neurons(63). This is just one example of a glial response where the neuroprotective vs. neurotoxic
function of glia has been called into question. In a mouse model of AD, for example, activation of
the complement pathway can also lead to the opsonization of not only AR, but synapses, which
can become aberrantly phagocytosed(64). Some researchers have hinted that this process may
lead to the cognitive decline observed in the disease(65). In the case of brain injury, chronic
activation of microglia and astrocytes can lead to persistent inflammation, even at sites removed
from the initial injury(18). This can create an environment that promotes neuronal degeneration.

The role of aging has been extensively studied in how glial cell functions can go awry,
leading to a neurotoxic effect. An RNAseq study in aged mice uncovered that aged astrocytes
had a distinct molecular signature in certain brain regions, when compared to young mice(34, 66).
These astrocytes expressed genes related to the inflammatory response and the complement
cascade, constituting a reactive phenotype, which could drive synapse loss. Studying glial
responses in varying contexts, and to different stimuli, may be key to understanding how glial
functions can be harnessed to promote therapies and neuroprotective outcomes in injury,
neurodegeneration and aging. Drosophila serves as a powerful tool to investigate many of these

questions.

Drosophila as a model organism to study neuronal injury and glial responses

The experiments in this dissertation have harnessed the genetic tractability of the fruit fly
as an in vivo model system to explore glial responses to neurodegeneration. Drosophila tools
allow for the manipulation of distinct populations of cells using binary expression systems and the
multitude of transgenic tools that exist in the fly. The upstream activation sequence (UAS)/Gal-4

system, co-opted from yeast and developed as a fruit fly tool by Brand and Perrimon, allows us



to use cell-type specific promoters to express the Gal-4 transcription factor, which in turn binds to
a UAS sequence to induce gene expression(67). Other binary systems have been developed,
including the LexA/Aop and QF/QS systems, which allow for the manipulation of multiple different
cell types within a single fly line(68, 69). In this dissertation, | use the UAS/Gal-4 and LexA/Aop
systems to express specific transgenes, RNA interference (RNAI) constructs, as well as
fluorescent markers. The fluorescent labeling of cellular and sub-cellular components also lends
itself to imaging and the visualization of biological processes. Beyond the genetic and imaging
tools that exist in Drosophila, various injury paradigms have been developed, which allow me to

ask questions about neuronal and glial mechanisms that are engaged following an axotomy.

Injury models in Drosophila

Olfactory receptor neuron (ORN) injury

The ORN injury paradigm is a well-described tool to study neuron-glia interactions
following axotomy, and is the primary method used in this dissertation(70). Cell bodies of ORNs
reside in the odor-sensing structures of the fly, the antennae and the maxillary palps, which send
their projections to the AL region of the brain (Fig. 1A). There, they form synapses at distinct
glomeruli onto secondary projections. Surgical ablation of the 3™ antennal segment and/or the
maxillary palps results in an axotomy of ORN projections, and their subsequent degeneration over
time(71). Antennae contain approximately 80% of ORNs, while maxillary palps contain the
remaining 20%. As a result, the effects of larger and smaller, more localized injuries can be
studied through the removal of either the antennae or the maxillary palps. Ensheathing glial cell
bodies reside at the border of the ALs, and they send their projections to subdivide the neuropil
and closely associate with ORN projections (Fig. 1B). Ensheathing glia have been shown to
expand their membranes, upregulate immune genes, and clear injured projections following
axotomy(70, 72-74). This injury can be studied in the fly using the fluorescent labeling of a subset

of ORNSs, ensheathing glia, and immunolabeling of injury-associated genes.



The adult fly wing

A comparable paradigm exists in the wing of the fruit fly, whereby peripheral projections
can be acutely injured and easily imaged by live microscopy methods(75). Cell bodies of
mechanosensory projections are distributed along the longitudinal vein 1 (L1) of the fly wing (Fig.
1C). These neurons send their projections into the thorax of the fly and are surrounded by
wrapping glia. Depending on the cut site, some projections are injured and degenerate, while
others with cell bodies distal to the cut site remain intact. A study has demonstrated that the
surrounding wrapping glia remove the debris that results from injury(75). Additionally, because
the fly wing is visually clear due to minimal cuticle, it is amenable to live imaging of fluorescently

labeled structures and molecules.
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Figure 1: Injury paradigms in the adult Drosophila brain and wing

(A) Schematic of the ORN injury from a side view of the fruit fly head. Adapted from MacDonald et al.,
2006(70). Antennae and/or maxillary palps are surgically removed, transecting ORNs. ORN cell bodies are
housed in antennae and maxillary palps, while their axons project into the brain to synapse at the antennal
lobes (ALs). (B) Schematic of the ALs within the central brain, along with the surrounding glial cell types.
A: ensheathing glia. B: cortex glia. C: astrocytes. Adapted from Doherty et al., 2009(73). (C) Fly wing injury
schematic. Adapted from Neukomm et al., 2014(75). Glutamatergic neuron cell bodies (cb; green) are
distributed along the L1 vein of the wing (red arrow). Transection of the wing will result in injury of some
mechanosensory projections, but not others, depending on the cut site.
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Ventral nerve cord (VNC) injury

Although Drosophila are invertebrates, and therefore do not have spinal cords, the VNC
in the thorax of the fly is functionally equivalent. Peripheral neurons project to and from the VNC,
such as from the legs and wings of the fly, connecting to specific neuropil regions along the
VNC(76). Purice and colleagues (2017) have described an injury paradigm whereby the legs and
wings of the fly can be surgically removed, which results in robust activation of glial cells within
the VNC (Fig. 2A)(77). Moreover, the fly can be decapitated to exacerbate the injury paradigm
and elicit a significant glial response. This novel injury model revealed a large set of differentially
expressed genes through transcriptional profiling, including matrix metalloproteinase 1 (Mmp-1),

which will be further explored in this dissertation.

The larval system

The previous injury paradigms that | have described are all performed in the adult fly.
However, the developing fruit fly system is particularly amenable to genetic and physical
manipulation, and a multitude of studies have harnessed the fruit fly larva to study neuron/glia
developmental processes, including neuromuscular junction (NMJ) outgrowth and refinement,
and even responses to neural injury(78-80). Drosophila larvae can be filleted open, exposing the
CNS and the segmented musculature that is innervated by motoneurons (Fig. 2B,C)(81, 82). This
in vivo model can be easily manipulated in a number of ways, including surgical and laser ablation,
drug application, live imaging, and electrophysiological manipulation. The animal can be kept alive
through this process by bath application of a hemolymph-like solution (HL-3) and allows scientists

to study various biological questions in vivo.
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Ventral nerve cord (VNC) injury
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Figure 2: The Drosophila ventral nerve cord (VNC) and the larval preparation

(A) Schematic of the adult Drosophila body, including the brain and the VNC. Taken from Purice et al.,
2017(77). Color coding corresponds to specific neuromere regions. Orange: antennal, receive projections
from ORNs. Green: prothoracic, receive projections from legs. Purple: accessory mesothoracic, receive
projections from wings. Cyan: Mesothoracic, receive projections from legs. Magenta: metathoracic, receive
projections from legs. Neuromeres in the brain and VNC are circled with the corresponding colors. (B)
Schematic of the larval Drosophila dissection/fillet. Adapted from Ramachandran & Budnik, 2010(82). 1:
larva is placed in a well with hemolymph-like solution. 2: pins are placed in posterior and anterior end of the
larva and stretched. 3: larval is cut open between the spiracles. 4: organs are removed, keeping the nervous
system intact. 5: remainder of the pins are used to stretch out the larva. (C) Representative image of the
stretched-out larva indicating the muscle segments (A1-A7). Adapted from Ramachandran & Budnik,
2010(82).
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Signaling mechanisms modulating neuron-glia interactions following injury

Neuronal events

Neurons are vulnerable to a variety of insults, including crush, stretch, axotomy, and
disease(83). In response to some of these injuries, neurons can undergo a process that is distinct
from apoptosis, initiating a neuron-intrinsic program first described by Augustus Waller in 1850,
where he observed the degeneration of a frog tongue nerve following transection(84, 85). Studies
have demonstrated that Wallerian degeneration (WD) is conserved between species, from
Drosophila to mammals, and involves rapid breakdown and disintegration of the axon(83, 86, 87).
Under physiological conditions, glial cells infiltrate the area of damage and clear cellular debris(20,
36). Some neuron to glia signaling mechanisms following injury have been elucidated; however,
questions still remain about the pathways utilized between these cells to initiate glial immune

responses.

Wallerian degeneration and Calcium signaling

WD has been described in three distinct phases, which begins with axonal injury(87).
Immediately after damage to the neuron, the acute axonal degeneration stage begins, whereby
the region of the axon near the injury site fragments. This is followed by a lag phase, where the
detached axon remains intact. In the mouse sciatic nerve, this latent phase lasts approximately
40 hours, while in Drosophila ORNs it is between 6 and 8 hours(70, 88). Finally, fragmentation
occurs, which rapidly degrades the axon into small pieces that are cleared by phagocytic cells(89).
Many studies have focused on elucidating the molecular signaling events that mediate this
neuron-intrinsic process, and due to their amenability to genetic manipulation, Drosophila have
contributed greatly to proposing a WD pathway.

Following axotomy, the E3 ubiquitin ligase highwire is activated, which leads to the

degradation of nicotinamide mononucleotide adenylyltransferase (Nmnat), an enzyme required
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for nicotinamide adenine dinucleotide (NAD+) synthesis(90-92). This step causes the reduction
of NAD+ and activates sterile alpha and armadillo motif (Sarm) protein, a signaling molecule that
has been shown to act downstream of Toll receptors(93, 94). Along this pathway, axundead is
activated in ORNs and the wing to induce degradation(95). The direct mechanism by which the
Sarm pathway results in axon degeneration is still unclear; however, microtubule and
neurofilament breakdown contribute to the fragmentation of the axon(96).

Much progress in understanding WD has also come from a mutant mouse line(97). The
mutation was traced back to a fusion protein, which is produced by the joining of two genes:
Nmnat1 and the N-terminus of Ube4b, an E4 ubiquitin ligase(98). Researchers observed that
injured axons in these mice survived 10 times longer than WT animals; therefore, the mutant
fusion was named Wallerian degeneration slow (WIds)(97, 99). In the Drosophila ORN model,
expression of WIds in olfactory projections results in axon survival for up to 3 weeks after
axotomy(70, 71). Furthermore, WIds has been shown to delay axon degeneration in models of
TBI, neuropathy, glaucoma, and PD(100).

Ca?* entry into the neuron plays a substantial role in WD; it is both necessary and sufficient
for axon degeneration, while chelating Ca** can delay axon degeneration(101-104). Ca*" imaging
in zebrafish has shown that there appear to be two distinct phases of Ca®* increase within the
neuron following axotomy. The first is a local wave of Ca**, which occurs right after axotomy at
the injury site. The second wave is more global and occurs throughout the cell just before
fragmentation(105). Vargas and colleagues (2015) found that WIids blocks the second Ca?* wave,
but not the first. In a larval Drosophila model, WIds suppressed the first wave(105, 106). Studies
have found a role for Ca?* during WD in the activation of calpain, a calcium-dependent cysteine
protease, which is thought to destabilize microtubules(107). Many intrinsic mechanisms have
been elucidated in neurons following injury, but after the onset of WD, how do neurons

communicate “find me” and “eat me” signals to glia?
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Injury signals released from neurons

Cells rely on adenosine triphosphate (ATP) for energy, while cellular damage can result
in the release of large amounts of ATP into the extracellular environment. This response has been
demonstrated to stimulate microglial proliferation and reactive astrogliosis in the nervous
system(108, 109). In an experiment examining the role of ATP as a chemoattractant following
neuronal injury, Davalos et al., 2005 demonstrated that microglia rapidly change their morphology
and migration in response to a laser ablation injury(17). Microglial activation through the P2Y
purinergic G protein-coupled receptor (GPCR) allows for detection and extension of microglial
processes to the site of neuronal injury.

Finally, recent work has uncovered the role of PtdSer in phagocyte function during
development and injury. PtdSer localizes to the inner leaflet of the plasma membrane; however,
its exposure results in cell engulfment by professional phagocytes(110, 111). This process is
conserved from invertebrates to mammals(112). In the embryonic brains of zebrafish, microglia
lacking PtdSer receptors are unable to properly clear apoptotic cells that result from
development(113). In C. elegans, necrotic cells expose PtdSer in response to elevation of
cytoplasmic Ca?*(114). In Drosophila, PtdSer is exposed on degenerating dendrites after physical
injury and during remodeling(110). In the visual system, damaged photoreceptors cause the
upregulation of glial fibrillary acidic protein (GFAP) in Muller glia in response to PtdSer(115).
Studies have demonstrated that NAD+ disruption, previously described in the process of WD,
controls PtdSer exposure(110). Although some mechanisms have been uncovered, it is unclear
whether neurons might utilize other signals and signaling pathways in glia for different stages of

the glial immune response.

Glial events
As previously described in this introduction, glial responses to neuronal injury are varied

and often context dependent. Importantly, glial activation can result in both neuroprotective and
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neurotoxic outcomes for the brain. Therefore, it is vital to uncover which glial responses are
engaged following neuronal injury, as this could lead to new therapeutic targets in the field of
clinical neuroscience. | have previously discussed the neuronal events that follow an injury, and
in this section, | will highlight some of the major glial pathways that are activated. | will pay
particular attention to studies that have been conducted in Drosophila and that are of interest in

relation to the studies presented in this dissertation.

Draper (Drpr) receptor

Drpr is an engulfment receptor expressed in a variety of glial subtypes, including
ensheathing glial cells in the Drosophila nervous system(70). It is highly conserved across species:
as Ced-1in C. elegans and MEGF10 in mammals, and is required for the detection of apoptotic
cells, cellular debris, protein aggregates, and PtdSer(116). In the fruit fly, Drpr is an essential
component of the innate immune glial response to axotomy, allowing ensheathing glia to undergo
transcriptional changes, cytoskeletal remodeling, and the initiation of phagocytosis(117-121). In
the ORN injury model described earlier, drpr’” flies were unable to clear severed projections from
the ALs(70). Activation of the Drpr pathway has several downstream effects (Fig. 3). In the
presence of an injury signal, Scr42A is activated, and through its kinase activity phosphorylates
the intracellular domain of Drpr(122). This allows for SH2 ankyrin repeat kinase (Shark) to bind
and initiate cytoskeletal rearrangement of the ensheathing glial cell. Drpr activates the adaptor
protein Ced-6, which is required for glial phagocytic activity(123). Drpr also regulates its own
expression in response to injury, whereby Rac1, a GTPase, signals through the transcription
factor Stat92E to upregulate drpr(74, 124). This is required for ensheathing glial engulfment of
axonal debris. The robust upregulation of drpor mRNA is observable by qPCR at 3 hours post-
injury (hpi), while the protein is significantly upregulated at 18-24hpi(119). These initial findings
characterizing glial signaling in an event of axotomy, highlight the importance of transcriptional

regulation in orchestrating a proper glial immune response.
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Figure 3: The Draper (Drpr) pathway

upregulation

The engulfment receptor Drpr is activated ensheathing glial cells in response to an injury signal. Src42a
phosphorylation of Drpr leads to Shark binding and results in cytoskeletal remodeling and the engulfment
of cellular debris. Ced-6 is activated by Drpr and plays a role in ensheathing glial phagocytosis, while Rac1
initiates the Stat92E-dependent upregulation of drpr, which is required for glial engulfment function.

Adapted from MacDonald et al., 2013 and Doherty et al., 2014(72, 74).

18



Matrix metalloproteinase 1 (Mmp-1)

Previous work by a graduate student in the Logan lab uncovered a new transcriptional
target of the Drpr pathway (Fig. 4). In an RNAseq screen, Purice and colleagues (2017)
demonstrated that Mmp-1 is upregulated in injured VNCs(77). Mmps have been implicated in
cancer, cell migration, and ECM remodeling(125, 126). Our group showed that Mmp-1
upregulation in ensheathing glia is necessary for clearance of injured ORN projections(77).
Additionally, they determined that Mmp-1 was upregulated through the Drpr pathway, specifically
c-Jun N-terminal kinase (JNK) and janus kinase/signal transducer and activator of transcription
(JAK/STAT) signaling, which activates the transcription factors activator protein 1 (AP-1; dimer
composed of c-Fos and c-Jun) and Stat92E to induce Mmp-1 expression. The study hypothesized
that Mmp-1 is secreted from the ensheathing glial cell to remodel the ECM through its protease
activity following injury, which would allow ensheathing glial membranes to infiltrate areas of

damage and phagocytose injured projections.

19



Ensheathing glia

Figure 4: The Matrix metalloproteinase 1 (Mmp-1) pathway
The engulfment receptor Drpr is activated ensheathing glial cells in response to an injury signal. Draper
signals through the JNK and JAK/STAT pathways to induce the AP-1 and Stat92E-dependent upregulation
of mmp-1. Mmp-1 is likely secreted from glial cells to induce extracellular matrix (ECM) remodeling. Adapted

from Purice et al., 2017(77).
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Insulin-like signaling (ILS)

The insulin signaling pathway has been extensively studied in the context of development,
growth, and energy homeostasis; however, not much is known about its role in brain injury(127,
128). A handful of studies have presented conflicting results regarding the role of insulin signaling
activation in response to neuronal trauma(129-131). It is unclear whether the activation of this
pathway promotes or inhibits neuronal survival following injury. To untangle how insulin signaling
might play a role in this process, a study from our lab examined the conserved ILS pathway in the
fruit fly. The Drosophila insulin receptor (InR) is a receptor tyrosine kinase which is homologous
to the vertebrate insulin receptors(128). Musashe et al., 2016 found that following ORN injury,
ensheathing glial InR phosphorylation results in Akt-1/Stat92E activation and subsequent drpr
upregulation (Fig. 5)(132). This pathway is required for adequate clearance of injured ORN
projections. These results summarize the glial findings; however, the researchers also found that
perturbing the processing of InR ligands, the insulin-like peptides (llps), or their release via dense
core vesicles from neurons, significantly attenuated InR phosphorylation and Drpr upregulation.
We hypothesize that DCVs could serve as a signal from injured neurons to the surrounding glial

cells; however, their role in injury signaling has not been extensively investigated.
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Figure 5: The insulin-like signaling (ILS) pathway

The insulin receptor (InR) is activated by an injury signal, resulting in its phosphorylation. InR activation
leads to Akt-1 phosphorylation and the Stat92E-dependent upregulation of the Drpr receptor. Adapted from
Musashe et al., 2016(132).
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Is there a role for dense core vesicles (DCVs) in injury and disease?

DCVs get their name from their appearance by electron microscopy, where they can be
observed as a lipid bilayer surrounding a dark core (Fig. 6A)(133). Their role in the body is multi-
faceted and DCVs can be found in a number of organs ranging from the brain to the
pancreas(134). DCVs release their contents through the regulated secretory pathway, and much
like synaptic vesicles (SVs), they have a paramount impact in brain development and signaling
between neurons, acting through both GPCRs and ion channels(134). DCVs have also been
found in astrocytes; however, their role in glia is less well studied. In Drosophila neurons, DCV
cargo includes llps, the ligands of the InR, which is activated on glial cells to engage the ILS
pathway in responses to neuronal injury(135, 136). The ILS pathway is necessary for glia to
upregulate a well-described immune gene and clear degenerating projections(132). In this section,
I will provide some background on these specialized vesicles and their proposed role as a

neuronal injury signal.
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Figure 6: Dense core vesicles (DCVs) in axons and dendrites

(A) Transmission electron micrograph of dense core vesicles (white dotted circle) in axons (red) and
dendrites (blue) of cultured neurons. (B) DCV fusion events in axons (blue) and dendrites (magenta),
measured using neuropeptide Y (NPY)-mCherry as a reporter. NPY-mCherry fluorescence (F/F) is

decreased following DCV release of cargo, indicating fusion. Modified from Persoon et al., 2018(133).
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DCVs
Biogenesis

Following synthesis, proteins that are destined for DCVs move from the endoplasmic
reticulum (ER) through the Golgi stacks, where they may undergo post-translational modifications.
DCV cargo includes neuropeptides (e.g., neuropeptide Y; NPY) and neurotrophic factors (e.g.,
BDNF), which are required for neuronal growth and survival, along with synaptic plasticity(134,
137). Cargos that are targeted to DCVs begin to aggregate in the trans-Golgi network (TGN). This
process has been demonstrated to require an acidic environment and the presence of Ca**(138-
140). Moreover, sorting receptors and cargo-binding proteins have been proposed as
mechanisms to mediate DCV-specific cargo packaging(141, 142). The journey of a DCV begins
at the Golgi apparatus, where immature vesicles bud from the TGN in a clathrin-dependent
manner(143). The small GTPases Rab2 and Rab6 have also been shown to mediate DCV
budding(134). Proton pumps on DCVs mediate their maturation, further acidifying the vesicle
lumen(144). Mature DCVs then begin traveling along microtubules to cites of release in axons

and dendrites.

Trafficking in neurons

DCV ftrafficking is a unique process, whereby association with distinct adaptor and motor
proteins allows for the movement of DCVs in both an anterograde and retrograde direction. In
cultured hippocampal neurons, Dynactin was found to play a role in bidirectional transport of
DCVs, allowing for them to associate with the motor protein Dynein for retrograde movement(145).
In a Drosophila study, anterograde movement was mediated by KIF1A, a kinesin-3 motor
protein(146). Further studies at the fruit fly NMJ have also demonstrated that DCVs circulate in
motoneurons, much like sushi on a conveyor belt(147, 148). Wong et al., 2018 found that DCVs

travel to distal boutons first and make their way back toward the soma, with only a small
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percentage of them being captured at each bouton(147). Moreover, the switch from anterograde

to retrograde is mediated by the switch of the aforementioned motor proteins(149).

Exocytosis

Like SV release, DCV exocytosis is Ca®'-dependent; however, it requires greater and
more prolonged rises in Ca?*(150). And while SVs release their contents at the synaptic active
zone, DCVs can be released extrasynaptically, along axons and even from dendrites (Fig.
6B)(133, 151). Presumably, this allows DCV cargo to have a more widespread signaling effect,
not just at the synapse. Although the locations of DCV and SV release in neurons differ, both
types of vesicles require the N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex at the plasma membrane(152, 153). But how do neurons differentially regulate
DCV and SV release?

In mammalian and invertebrate models, the DCV-associated calcium-activated protein for
secretion (Caps) has emerged as a potential mediator of DCV, but not SV, release. Mammals
have two Caps isoforms, Caps-1 and Caps-2; they are highly homologous and likely perform
similar functions(154, 155). In C. elegans and Drosophila, Caps is encoded by a single gene(156-
158). In rat brain homogenates, Caps was observed to localize to DCVs but not SVs(159). Null
Caps mutants in C. elegans resulted in perturbed DCV docking and exocytosis, while at the
Drosophila NMJ, Caps was also demonstrated to regulate DCV release(156, 157). It is thought to
function as the Ca?*-sensing component of the DCV release machinery, and also play a role in
docking vesicles at sites of release by initiating SNARE complex assembly(152, 160-162). It is
also important to note that some studies have also found a role for Caps in mediating SV release;
however, this might be a secondary effect of disrupting DCV release by Caps knock out (KO)(156,

163).
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Target as an injury or disease signal

DCVs have been implicated in a variety of diseases, including neurodevelopmental,
neuropsychiatric, as well as neurodegenerative disorders. Given the important role that DCVs
and their cargo play in neuronal development and signaling, they have been studied in the context
of schizophrenia, fragile X syndrome, Parkinson’s disease, and AD(164-167). DCVs may also
play a role in the pathology of Huntington’s disease (HD), a progressive neurodegenerative
disorder caused by a polyglutamine (polyQ) expansion in the Huntingtin (HTT) gene. A study
examining the interaction between the Huntingtin (Htt) protein and DCVs in Drosophila larval
motoneurons found that KO of Htt resulted in reduced retrograde DCV transport(168). This
complements previous work investigating polyQ Htt, which demonstrated that the aberrant form
of the protein inhibited BDNF vesicle movement.

Finally, a C. elegans model of amyotrophic lateral sclerosis (ALS) demonstrated a direct
link between neuronal DCV signaling and innate immunity(169). Veriépé and colleagues (2015)
showed that SV and DCV release from motoneurons expressing the mutant ALS genes TAR DNA
binding protein 43 (TDP-43) or Fused in Sarcoma (FUS) were necessary for the activation of an
innate immune pathway in intestinal and hypodermal cells (Fig. 7). In their model, SV and DCV
exocytosis from motoneurons expressing the mutant ALS genes results in the activation of the
toll interleukin-1 receptor signaling pathway, an ortholog of the mammalian Sarm1, in
motoneurons and distal cells. In motoneurons, this results in degeneration, while in the intestinal
and hypodermal cells it engaged an antimicrobial defense pathway, resulting in the upregulation
of nlp-29, an antimicrobial peptide. Blocking DCV or SV release significantly diminished the
amount of motoneuron degeneration and blocked the innate immune pathway activation in ALS
mutant animals. Given the link between DCVs and various disease states, as well as findings in
Drosophila implicating neuronal DCV release in glial activation, | was interested in further

elucidating how these vesicles might function as a neuron-glia injury signal.
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Figure 7: The role of DCVs in a C. elegans model of amyotrophic lateral sclerosis (ALS)
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DCV and SV release from motoneurons expressing mutant ALS genes activates motoneuron degeneration
and the innate immune response in distal cells through the Sarm1 pathway. Taken from Vériépe et al.,

2015(169).
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CHAPTER 2: EXAMINING THE ROLE OF NEURONAL DCV RELEASE IN THE GLIAL INJURY

RESPONSE
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Abstract

Glial cells play an essential role in maintaining neuronal health. Microglia function as the
resident immune cells of the brain, they respond to pathogenic insults and degenerating neurons
by becoming reactive and infiltrating areas of damage. Their ability to phagocytose and degrade
neuronal debris has been demonstrated to confer neuroprotection at sites of injury. In the event
of an axotomy, neurons signal through a variety of mechanisms, and initiate intracellular cascades
to induce proliferation, cytoskeletal changes, and phagocytic activity. Studies in Drosophila
melanogaster have aimed at elucidating the genetic and molecular changes enabling glia to
become reactive. The glial engulfment receptor Draper is essential for initiation of cytoskeletal
remodeling and phagocytic activity following axotomy, while the recently characterized matrix
metalloproteinase-1 (Mmp-1) is required for extracellular matrix remodeling and glial clearance of
neuronal debris. Despite these findings, less is known about the intrinsic axonal changes that
occur in neurons to elicit glial responses. Questions remain regarding the signaling mechanisms
used by neurons when they are injured, how such signals are released from severed projections,
what prompts their release, and how these signals are transduced to produce glial responses.
Drosophila serves as a tractable model to examine the pathways by which neurons signal to glia
upon axotomy. We have previously demonstrated that neuropeptide-containing dense core
vesicles (DCVs) are released from ORN projections following axotomy. This activates the insulin-
like signaling (ILS) pathway, which elicits STAT92E-dependent draper upregulation. However, the

role of DCVs in eliciting glial responses to injury are not fully understood.
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Introduction

Glia are a vital cell type within the brain, carrying out essential and varied functions(2).
While the complexity of neurons has been extensively studied, we are gaining increasing insight
into the multitude of roles glial cells play in maintaining neuronal health and homeostasis,
influencing action potential propagation and synaptic transmission, as well as responding to
pathogens(170). In addition, upon neuronal injury and degeneration, glia are vital in conferring
protection against neurotoxic inflammation and sequestering the area of damage to prevent
further cell death(17, 171-175). In order to carry out these functions, glia become reactive and
induce changes in gene expression, proliferation, cytoskeletal arrangement, motility, and
phagocytic activity to clear axons undergoing degeneration(72, 174). Although we are broadening
our insight into the role of glia in the nervous system, the signaling between neurons and glia
following injury, as well as the transduction of these signals to elicit glial responses, remains
elusive.

In our lab, we employ Drosophila as a model system to study conserved glial responses
to injury(176, 177). This is possible, in part, due to the availability of a number of genetic tools,
and our capability to visualize different populations of cells. The Drosophila CNS contains three
major glial subtypes, which associate closely with neurons and carry out functions similar to
mammalian glia(3). Astrocytes occupy the neuropil regions and play a role in modulating synaptic
signaling. Ensheathing glia extend their processes along the neuropil and enwrap axonal
projections, while cortex glia reside in the cortical regions of the Drosophila brain and surround
neuronal cell bodies. The peripheral nerves of the fruit fly are covered by perineurial and
subperineurial glia, along with wrapping glia, which extend around sensory and motor projections.
In the context of injury, ensheathing glia have been found to be the principal phagocytic cell
responsible for clearing cellular debris following axotomy(73).

The response of ensheathing glia to acute axotomy is regulated by a number of signaling

cascades, which induce genetic and morphological changes to allow these cells destroy
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structures such as damaged neurons or apoptotic cells(118, 122). Draper, an engulfment receptor
expressed on ensheathing glia, but not astrocytes, is required for the initiation of cytoskeletal
remodeling and phagocytic activity following axotomy(70). Downstream of the Draper receptor,
the JNK signaling pathway activates AP-1 and STAT92E-dependent upregulation of
transcriptional targets(72, 74, 178). Among these targets is draper, which is positively regulated
through this cascade, as well as the recently characterized Mmp-1(77). The upregulation of both
in ensheathing glia after injury has been found to be necessary for the clearance of severed axons.
Despite our increasing knowledge of injury-activated glial pathways, further work is necessary to
elucidate how canonical signaling mechanisms may act in parallel with, or converge on, novel
pathways.

Previous work in our lab has implicated the ILS as a novel pathway regulating glial
clearance of cellular debris following acute axotomy(132). A well characterized ORN injury
paradigm was employed, where the Drosophila third antennal segments or maxillary palps are
ablated to induce WD in the ORN projections(80). Due to the tractability of the Drosophila model
system, degeneration of these axons can be visualized, while changes in glial molecular
mechanisms can be characterized after injury. Musashe and colleagues (2016) found that, upon
axotomy, the InR is activated and signals through Akt-1 to clear degenerating axons. This is
achieved through STAT92E-dependent upregulation of Draper(132).

Injured neurons were hypothesized to release DCVs. These vesicles transport
neuropeptides, including the activating ligands of the Drosophila InR: insulin-like peptides 1-8
(lps)(135, 142). Moreover, disruption of neuropeptide processing by proprotein convertase 2
(PC2) RNAI or perturbation of Ca?*-dependent DCV release by knockdown of Ca**-activated
protein for secretion (Caps) attenuates InR activation and reduces Draper levels in injured
conditions(132). These results suggest a model in which DCVs play a role in neuron-glia signaling
after ORN axotomy; however, the mechanisms and dynamics of this process have not yet been

fully elucidated.
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DCVs have been characterized in a number of cell types, ranging from neurons to
neuroendocrine, endocrine, and hemopoietic cells(179). Their physiological functions are distinct
and varied across these cell types. In neurons they play a role in the regulation of processes such
as brain development and synaptic plasticity(180, 181). A study has also found that disruption of
DCV release is associated with cognitive and mood disorders(182). DCVs are packaged at the
TGN, where neuropeptides, neurotrophic factors, and monoamines are loaded into vesicles(137,
183). DCVs are then transported along the microtubule network by motor proteins to sites of
release along axons and dendrites(147, 184-186). As with SVs, release of DCVs has been
demonstrated to be mediated by Ca®" influx; however, their release is not limited to the
synapse(185, 187). Several studies have explored the mechanisms involved in DCV release, and
specifically the Ca®* sensing components of its release machinery(149, 160, 188). Among these
proteins is Caps, which regulates Ca?*-triggered exocytosis(157, 162). Upon Ca*" entry, Caps is
thought to dock DCVs at the plasma membrane and prime them for secretion by initiating SNARE
complex assembly(156, 161). Although the mechanisms behind DCV exocytosis are well studied
across species, their role in injury-mediated release remains elusive. In this chapter, we explore

the role of DCVs in neuron-to-glia signaling following axotomy.

Results

DCVs are significantly reduced in injured ORNSs along a time course

In order to assess DCV dynamics following ORN injury, we performed a unilateral antennal
ablation and observed DCVs within ONR projections using two well-described markers of DCV
cargo, atrial natriuretic peptide (ANF)-GFP and llp2-GFP(147, 189). Using the Gal-4/UAS system,
DCV markers were expressed in a subset of ORNs, which were also labeled with tdTomato. This
method allows for the detection of DCVs as GFP+ puncta in uninjured and injured ORNs within
the same brain along a time course after antennal ablation. We find that ANF-GFP-labeled DCVs

are reduced within injured projections starting at 30 minutes post-injury (mpi) although this is not
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a significant reduction (Fig. 1A, B). However, at later timepoints after axotomy (75 and 120 mpi),
DCVs are significantly decreased when compared to uninjured projections (Fig. 1A, B). These
results are recapitulated using a separate DCV marker, lIp2-GFP. Here, significant DCV reduction
is already detected at the 30 mpi timepoint and DCV puncta within the injured projections are
further reduced at 75 and 120 mpi (Fig. 2C, D). In the case of both markers, the number of DCVs
per axon volume (um?®) begins to plateau by 120 mpi. This could be explained by the use of non-
endogenous DCV markers and the resulting high levels of ANF-GFP and llp2-GFP expression.
Moreover, examination of later timepoints (4, 6, 8 hpi) after axotomy reveals that this plateau
persists (data not shown).

To determine whether DCV reduction is axotomy-specific, we wanted to compare the
quantity of another organelle in uninjured and injured ORNSs. For this experiment, GFP-tagged
mitochondria were expressed in a subset of projections and a unilateral antennal ablation was
performed (Fig. 2C). We found that mitochondria are not reduced as a result of injury at a
timepoint where we detect significant DCV reduction, 2 hours post-injury (hpi) (Fig. 2D). Taken
together, these results indicate that DCVs are reduced from ORNs in an injury-dependent manner,
suggesting that DCV contents may be released from neurons after axotomy. Although the injury
model in the brain allows us to assay snapshots of DCV behavior, it is not particularly amenable
to live imaging and observation of post-axotomy DCV dynamics. For this reason, we turn to the

Drosophila wing.
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Figure 1: DCVs are reduced in injured ORN projections
(A) Representative images of ANF-GFP labeled DCVs in a subset of uninjured and injured (unilateral

antennal; 30, 75, 120 mpi) ORN projections from the same brain. Images are maximum intensity
projections (MIPs): 25 um. Scale bar: 10 um. Genotype: UAS-ANF-GFP/+ or Y;+/+;0r22a-Gal4, 10X-

UAS-myr-tdTomato/+ (B) Quantification of ANF-GFP puncta within ORN projection volumes (ums;
dotted area in Fig. 3A). 30 min uninjured (n=9), 30 min injured (n=10), 75 min uninjured (n=11), 75 min
injured (n=12), 120 min uninjured (n=12), 120 min injured (n=12). Mean * SEM. Two-way ANOVA
(Sidak’s post hoc test). Ns: non-significant, ***p<0.001, ****p<0.0001. (C) Representative images of lIp2-
GFP labeled DCVs in a subset of uninjured and injured (unilateral antennal; 30, 75, 120 mpi) ORN
projections from the same brain. Images MIPs: 25 um. Scale bar: 10 ym. Genotype: ;UAS-lIp2-
GFP/+;0r22a-Gal4, 10X-UAS-myr-tdTomato/+ (D) Quantification of llp2-GFP puncta within ORN
projections volumes. 30 min uninjured (n=12), 30 min injured (n=12), 75 min uninjured (n=13), 75 min
injured (n=13), 120 min uninjured (n=11), 120 min injured (n=10). Mean + SEM. Two-way ANOVA
(Sidak’s post hoc test). **p<0.01, ****p<0.0001.
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Figure 2: DCV reduction in ORNs is axotomy-specific

(A) Representative image of llp2-GFP labeled DCVs in a subset of uninjured and injured (unilateral
antennal; 2 hpi) ORN projections from the same brain. Images are MIPs: 25 ym. Scale bar: 20 uym.
Genotype: ;UAS-lIp2-GFP/+;0r22a-Gal4, 10X-UAS-myr-tdTomato/+. (B) Quantification of llp2-GFP

puncta within ORN projection volumes (pms). Uninjured (n=26), injured (n=26). Individual data points.
Paired t-test. ****p<0.0001. (C) Representative images of mito-GFP labeled mitochondria in a subset of
uninjured and injured (unilateral antennal; 2 hpi) ORN projections from the same brain. Images are
MIPs: 25 um. Scale bar: 20 pm. Genotype: ;UAS-mito-HA-GFP/+;0r22a-Gal4, 10X-UAS-myr-

tdTomato/+. (D) Quantification of mito-GFP within ORN projection volumes (pms). Uninjured (n=22),
injured (n=22). Individual data points. Paired t-test. Ns: non-significant.
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Live imaging reveals that neuronal DCV movement is halted following axotomy in the fly wing

A well-described injury model exists in the fruit fly wing, whereby mechanosensory
neurons can be severed and undergo the conserved process of WD(75, 190, 191). The cell bodies
of these neurons are present along the L1 vein of the wing, and they send their projections into
the thorax of the fly (Fig. 3A). As a result, cuts made to the wing will injure some projections, but
not others, depending on the site of the cut and the site of imaging. By using a motoneuron-
specific driver, OK371-Gal4, we are able to express tdTomato to visualize the neurons, along with
the DCV marker, llp2-GFP, and observe DCV dynamics in uninjured and injured wings. Live
imaging can be performed through the cuticle of the wing by sticking the body of the fly to a
coverslip with UV polymerizable glue and spreading the wing in halocarbon oil against the
coverslip.

In an uninjured wing, we find that DCV movement is dynamic within neuronal projections
and is observable in the anterograde and retrograde direction, as previously reported in the
literature (Fig. 3C). However, when the wing is cut, DCV movement is almost immediately halted
at 5 mpi (approximately the time it takes to cut the wing and take the preparation to the microscope
forimaging) (Fig. 3D). Moreover, when examining a later timepoint after injury (60 mpi), movement
remains halted (Fig. 3E). When assessing these videos, it is also interesting to note that DCV
movement is halted in both in injured and uninjured projections. Near the site of the cut at 5 mpi,
we observe that DCVs in intact projections have stopped trafficking (Fig. 3D; yellow arrowhead).
This result is recapitulated at a later timepoint, 60 mpi, more distal to the cut site (Fig. 3E; yellow
arrowhead). Previous work by Hsu and colleagues (2020) has demonstrated that the movement
of other vesicles and organelles is halted in response to injury of the fly wing, in both uninjured
and injured mechanosensory neurons, and this is mediated by the wrapping glia surrounding the
glutamatergic projections(192). These results, coupled with the reduction of DCVs in our static
imaging experiments, lead us to hypothesize that DCVs may be released from projections

following axotomy as an injury signal to the surrounding glia.
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Figure 3: DCV movement is halted in neuronal projections following axotomy

(A) Schematic of wing injury. Glutamatergic projections in the L1 vein of the wing are labeled using
tdTomato. Cell bodies of neurons are distributed along the length of the L1 vein. Created using
Biorender.com (B) Example of wing live imaging set-up. Fly affixed to coverslip using UV polymerizable
glue (magenta arrow) with wing spread against coverslip in halocarbon oil (green arrow). (C-E) lIp2-GFP
labeled DCVs in tdTomato-labeled glutamatergic projections of the wing. Still frames from live imaging
videos. C: 1 min, 52sec. D: 2 min, 18sec. E: 2 min, 18sec. Yellow arrowheads indicate halted DCVs in
uninjured projections. MIPs: 3.04um. Scale bar: 20pm. Genotype: ;OK371-Gal4, UAS-lIp2-GFP, 10X-
UAS-myr-tdTomato/+; (c-e”’) Time lapse tracking of DCVs within neuronal projections. Heat map
corresponds to movement of DCVs through time. (¢’) Uninjured wing. (d’) Injured wing, 5 mpi. White
dotted line indicates cut site. (e’) Injured wing, 60 mpi. Image taken distal to cut site.
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The role of Ca®* in DCV release and WD

Ca®" entry into an injured neuron is required to initiate the process of WD, while it is also
necessary for DCV release under physiological conditions(106, 156). The expression of WIids
blocks axonal fragmentation following axotomy by increasing the Ca** buffering capacity of
mitochondria(193). As a result, we were interested in examining the result of Wids expression in
ORNSs on DCV number after an injury event. The expression of WIds in a subset of ORNSs results
in axon fragmentation being blocked 24 hpi (Fig. 4A). We hypothesized that by buffering Ca?*,
WIds would block the DCV reduction we observe following axotomy. Previous work in zebrafish
has demonstrated that there are two waves of Ca?* entry into injured neurons: immediately after
axotomy, and just preceding fragmentation(105). Therefore, we selected timepoints with
significant DCV reduction following antennal injury and before fragmentation, which occurs at 6-
8-hpi in flies.

Surprisingly, WIds expression in ORNs did not block DCV reduction after injury at any of
the timepoints assayed. DCVs were reduced to similar levels in both controls and Wids-
expressing neurons (Fig. 4B). There is evidence to suggest that the effects of WIlds are dose-
dependent, and it would be interesting to examine how DCV number would be affected with the
expression of an additional copy of WIds(194, 195). Moreover, it would be important to assess
the time course of Ca?* entry into injured projections, as well as the effects of Wids on Ca?* spikes
after injury. There is conflicting evidence as to whether the initial Ca®* increase after axotomy, or
the one immediately preceding fragmentation, is blocked by WIds expression, depending on the
model organism(105, 193). Another approach would be to express a selective blocker of DCV
release in ORNs to observe the effect on DCV reduction after injury. A tool that could be used is
Caps RNAI, which is thought to perturb the Ca®*-sensing component of the DCV release

machinery(147, 156).
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Figure 4: Wids expression in ORNs does not block DCV reduction following injury

(A) Expression of WIds in ORNs blocks fragmentation of axonal projections 24 hpi (antennal). Images
are MIPs: 31 ym. Scale bar: 10 ym. Control genotype: ;UAS-lIp2-GFP/elav-LexA;Or22a-Gal4, 10X-UAS-
myr-tdTomato/+. Wids genotype: ;UAS-lIp2-GFP/elav-LexA;Or22a-Gal4, 10X-UAS-myr-tdTomato/Aop-

Wids. (B) Quantification of llp2-GFP puncta within ORN projection volumes (pms). 2 hpi: control
uninjured (n=17), control injured (n=18), WIds uninjured (n=21), WIds injured (n=27). 4 hpi: control
uninjured (n=10), control injured (n=10), WIds uninjured (n=9), WIds injured (n=9). 6 hpi: control
uninjured (n=13), control injured (n=13), WIds uninjured (n=12), WIds injured (n=12). Mean + SEM. One-
way ANOVA (Sidak’s post hoc test). ****p<0.0001. Created using Biorender.com
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The ILS pathway in glia regulates responses to neuronal injury

Work by a previous graduate student in the lab uncovered that the ILS pathway is engaged
in glia in response to neuronal injury(132). In this model, the InR on ensheathing glia is activated
by its ligands, llps, which results in phosphorylation and the downstream activation of Akt and
Stat92E (Fig. 5). This causes the upregulation of the well-described immune receptor, Draper,
and the clearance of degenerating projections. As llps are the ligands of the InR and are packaged
into DCVs as cargo, we posit that DCV release from injured neurons activates downstream
immune signaling in the surrounding ensheathing glia. The involvement of DCV release in the
context of brain development has been well-described; however, it has not yet been investigated
as an injury signal from neurons to glial cells(180, 181). Musashe et al., 2016 began to uncover
the role of DCV release in glial immune regulation, finding that perturbation of DCV release results
in a significant attenuation of InR phosphorylation and Draper upregulation, pointing to DCV
release as an injury signal from neurons.

Moreover, our lab has recently shown that Mmp-1 upregulation is also required by glial
cells to infiltrate areas of damage and clear axonal debris(77). Mmp-1 is a secreted protein, which
has been demonstrated to clear ECM and is robustly upregulated in ensheathing glia by 3 hpi at
the mRNA and 24 hpi at the protein level(77, 196, 197). As a result, we wanted to examine
whether the Mmp-1 response was regulated by the ILS pathway, downstream of the InR. To do
this, we expressed the dominant negative form of the InR (dnInR) in all glial cells in a temporally
restricted manner (using Gal80ts) and induced a maxillary palp injury. In injured control brains,
Mmp-1 is robustly upregulated in the location of maxillary palp glomeruli of the ALs (Fig. 6A).
However, in brains with glia expressing the dnInR, the Mmp-1 response was noticeably
diminished (Fig. 6A). When the Mmp-1 fluorescence was quantified withing a region of interest
(ROI) of the ALs and normalized to uninjured controls, we found that the Mmp-1 response is
significantly attenuated (Fig. 6B). This data suggests that the ILS is involved in Mmp-1 regulation

in ensheathing glia following ORN injury.
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Figure 5: The ILS pathway is engaged in glia following neuronal injury

InR pathway schematic adapted from Musashe et al., 2016(132). Previous research has demonstrated that
ensheathing glial InR activation after neuronal injury results in the upregulation of the well-described
immune gene draper. The ligands of the InR, insulin-like peptides (llps), result in InR phosphorylation and
activation of downstream signaling. Created using Biorender.com
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Figure 6: The ILS pathway is involved in Mmp-1 regulation in ensheathing glia following axotomy.
(A) Representative images of Mmp-1 immunostaining in uninjured and injured (maxillary palp; 24 hpi)
antennal lobes (ALs). Dotted circle represents ROI used for quantification. Images are maximum
intensity projections (MIPs): 25 um. Scale bar: 20 uym. Control genotype: ;0r85e-mCD8-GFP, tub-

Gal80ts/+;repo-Gal4/+. dnInR genotype: ;0r85e-mCD8-GFP, tub-Gal80ts/+;repo-Gal4, InReX15/UAS-
dninR. Flies were raised at 18°C and moved to 30°C for 10 days before injury. They were maintained at
30°C for 24 hpi until dissection. (B) Quantification of Mmp-1 fluorescence normalized to uninjured
controls and represented as a percentage. Control uninjured (n=16), control injured (n=15), dninR
uninjured (n=13), dnInR injured (n=10). Mean + SEM. One-way ANOVA (Sidak’s post hoc test)
****p<0.0001.
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DCV release is required for upregulation of the glial immune gene Mmp-1

Next, we wanted to determine whether DCV release from injured neurons was required
for Mmp-1 regulation in glia. Few tools exist for the specific perturbation of DCV release, and
among the best characterized is the disruption of the Ca?*-sensing component of the DCV release
machinery: Caps. Caps localizes to DCVs and initiates SNARE complex assembly, and thus the
release of DCV cargo (e.g., llps) by full-fusion or kiss-and-run fusion events (Fig. 7A)(156, 159,
198). To test whether DCV release is functioning as a signal from injured ORNs to glia, we
expressed a previously described Caps RNAI transgene using a pan-ORN driver in a temporally
restricted manner. 24 hours post maxillary palp injury, we find that there is very little Mmp-1
expression within injured ALs of Caps RNAI expressing brains, as compared to controls (Fig. 7B).
The significant attenuation of the glial Mmp-1 response is evident when the fluorescence is
quantified within ROls, highlighting that DCV release from ORNSs is required to elicit a robust
Mmp-1 response after injury (Fig. 7C).

We wanted to use a separate tool to validate our Caps RNA. results, but due to the limited
number of methods to block DCV release, we turned to a more widespread approach: the
expression of tetanus toxin light chain (TeTXLC) in ORNs. This method blocks all SNARE-
dependent exocytosis, including SV and DCV release(199). Due to the detrimental effects of
blocking vesicle release on a large scale, we induced the expression of TeTXLC for only 24hrs.
Then, we evaluated the glial expression of both Drpr and Mmp-1 following ORN axotomy and
found that the expression of TeTXLC in projections results in significantly attenuated responses
for both proteins (Fig. 8C). Taken together, these results suggest that DCV-mediated signaling
from injured projections is required for the adequate upregulation ofimmune genes in ensheathing

glia.
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Figure 7: Perturbation of DCV release results an in attenuated glial response following injury.
(A) Schematic representation of DCV release from neurons in response to calcium (Ca2+). Caps:
Calcium-activated protein for secretion. Created using Biorender.com (B) Representative images of
Mmp-1 immunostaining in uninjured and injured (maxillary palp; 24hpi) ALs. Images are MIPs: 25 ym.
Scale bar: 20 pm. Control genotype: pebbled-Gal4/+ or Y;+/+;tub-Gal80ts, UAS-Dicer2/+.
ORN>CapsRNAI genotype: pebbled-Gal4/+ or Y;UAS-CapsRNA'/+;tub-GaI80ts, UAS-Dicer2/+. Flies were
raised at 18°C and moved to 30°C for 7 days before injury. They were maintained at 30°C for 24 hpi until
dissection. (C) Quantification of Mmp-1 fluorescence normalized to uninjured controls and represented
as a percentage. Control uninjured (n=12), control injured (n=17), CapsRNAI uninjured (n=17), CapsRNAI
injured (n=19). Mean + SEM. One-way ANOVA (Sidak’s post hoc test) ****p<0.0001.
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Figure 8: Perturbation of DCV and SV release results in attenuated glial response after injury.
(A) Quantification of Draper-I (Drpr-l) and Mmp-1 fluorescence in uninjured and injured (maxillary palp;
24hpi) brains following tetanus toxin light chain (TeTXLC) expression in ORNs. Normalized to uninjured
controls and represented as a percentage. Control genotype: pebbled/+ or Y;+/+;tub-Gal80ts/+. Flies
were raised at 18°C and moved to 30°C for 24hrs before injury. They were maintained at 30°C for 24hpi
until dissection. TeTXLC genotype: pebbled/+ or Y;UAS-TeTXLC/+;tub-Gal80ts/+. Drpr-l: Control
uninjured (n=12), control injured (n=14), TeTXLC uninjured (n=12), TeTXLC injured (n=15). Mean *
SEM. One-way ANOVA (Sidak’s post hoc test) ****p<0.0001. Mmp-1: Control uninjured (n=16), control
injured (n=13), TeTXLC uninjured (n=15), TeTXLC injured (n=13). Mean + SEM. Kruskal-Wallis test
(Dunn’s post hoc test) ****p<0.0001.
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Perturbation of DCV release disrupts ORN clearance by glia

The ultimate result of immune gene upregulation by glia is the phagocytosis and
destruction of degenerating neuronal projections that result from an ORN injury. Given our
findings that DCVs mediate neuron-glia communication following axotomy, we hypothesized that
perturbation of DCV release would disrupt the process of ORN clearance by glia. To evaluate our
hypothesis, we performed a clearance assay of the ALs, whereby we can use a presynaptic active
zone antibody (Brp/nc82) to quantify ORNs that are present before and after an injury. In this
experiment, we induced a maxillary palp and antennal injury, effectively severing all ORNs, and
observed the presence of presynaptic sites in the ALs 6 dpi. In controls, ORNs were largely
cleared by glia at the 6-day timepoint; however, when DCV release was perturbed by Caps RNAI,
glia failed to clear projections to the same levels as controls (Fig. 9A). This was evident when the
Brp staining was quantified across multiple brains, demonstrating that disruption of DCV release
from injured neurons causes a deficit in the clearance capacity of glial cells (Fig. 9B). In conclusion,
we find that DCV release appears to contribute to glial immune gene upregulation after axotomy,

and their removal of projections undergoing degeneration.
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Figure 9: Perturbation of DCV release disrupts glial clearance of injured ORNs.

(A) Representative images of Bruchpilot (Brp) immunostaining in single ALs of uninjured and injured
(antennal and maxillary palp; 6 dpi) brains. Brp staining indicates presynaptic active zones. Images are
MIPs: 25 pm. Scale bar: 10 um. Control genotype: pebbled-Gal4/+ or Y;+/+;tub-Gal80ts/+.

ORN>CapsRNAi genotype: pebbled-Gal4/+ or Y;UAS-CapsRNA'/+;tub-GaI80ts, UAS-Dicer2/+. Flies were
raised at 18°C and moved to 30°C for 7 days before injury. They were maintained at 30°C for 6 dpi until
dissection. (B) Quantification of Brp fluorescence within ALs. Normalized to uninjured controls and

represented as a percentage. Control uninjured (n=17), control injured (n=19), CapsRNAi uninjured
(n=16), Caps " injured (n=16). Mean + SEM. One-way ANOVA (Sidak’s post-hoc test) *p<0.05.
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Supplemental Results

Due to the lack of tools available to block DCV release, we have also generated fly lines
with various point mutations in the C2 domain of Caps, aiming to make dominant negative
constructs that could be used along with Caps RNAi. The C2 domain of Caps is vital for its
dimerization at the vesicle membrane(155). These constructs were based on previous work by
Petrie et al., 2016, where the researchers showed that a C2 domain deletion and point mutations
in the C2 domain resulted in a loss of DCV exocytosis function in PC12 cells(200). Based on
these findings, we made L > E and G - E point mutation constructs at positions 468 and 476,
respectively, with the help of Amy Sheehan from the Freeman lab. Both point mutations constructs
were expressed in ORNs and evaluated for effects on the Mmp-1 response following maxillary
palp injury. The LE point mutation did not influence the Mmp-1 response, while the GE point
mutation resulted in a very modest attenuation compared to a WT Caps control in pilot
experiments; however, these results will need to be substantiated. These fly lines have also been
shared with our collaborator, Edwin Levitan at the University of Pittsburgh, who will evaluate the
effect of the point mutations on DCV release at the larval NMJ, where fluorescent tools can be
used to measure levels of DCV release. Finally, we aim to generate a C2 deletion construct in the

future to evaluate its ability to phenocopy our Caps RNAI results presented in this chapter.
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Supplementary Figure 1: Perturbation of DCV release from neurons attenuates Mmp-1 response

in glia following axotomy.

(A) Representative images of Mmp-1 immunostaining in uninjured and injured (maxillary palp; 24 hpi)
ALs. Images are MIPs: 31 pm. Scale bar: 20 pm. WT Caps genotype: pebbled-Gal4/+ or Y;UAS-WT
Caps/+;tub-Gal80ts/+. GE Caps genotype: pebbled-Gal4/+ or Y;UAS-GE Caps/+;tub-Gal80ts/+. (B)
Quantification of Mmp-1 fluorescence normalized to uninjured controls and represented as a
percentage. WT Caps uninjured (n=17), WT Caps injured (n=16), GE Caps uninjured (n=19), GE Caps
injured (n=18). Mean + SEM. Kruskal-Wallis test (Dunn’s post hoc test) ****p<0.0001.
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Discussion

Much of the work in this chapter has focused on elucidating the signaling mechanisms
that connect neurons and glia following an axonal injury, specifically how neurons signal to glia,
and how glia transduce those signals to elicit the appropriate immune responses. In this chapter,
we have added to the growing evidence that DCV exocytosis serves as an injury signal from
injured neurons to glial cells. We find through our static imaging experiments that DCVs are
reduced in injured olfactory projections within the ALs of the central brain over a time course after
injury. Moreover, we posit that this reduction corresponds to DCV release, as opposed to
trafficking away in the axon, due to halting of DCV movement observed by live imaging in wing
axons following injury. We hypothesize that DCVs are halted and primed for release from injured
projections after an axotomy. Ascertaining DCV exocytosis in the context of injury is an ongoing
effort within the lab, as only few tools exist to accurately assess DCV release in vivo. In the
appendix of this thesis, | detail the work that has been completed to build a new tool to examine
DCV release within the intact fly brain and allow for a better investigation of our hypothesis.

Future experiments examining DCV release from injured neurons should test whether the
reduction of DCVs from ORNs following axotomy can be blocked using the tools available to
perturb DCV release (e.g., Caps RNAI, dnCaps, TeTXLC). We initially tested whether WIds could
potentially block the reduction of DCVs in our unilateral ORN ablation assay. However, we found
that using only the Gal-4/UAS system results in titration, and a reduction in DCV numbers even
in uninjured projections, compared to controls without the WIds transgene. In the experiment
presented in this chapter, we turned to adding the LexA/Aop system for the expression of WIds;
although, one copy of the gene did not affect DCV reduction following injury. It would be interesting
to test the addition of multiple copies of WIids, as mentioned earlier, or the use of different tools,
such as Caps RNAI, the dnCaps constructs, or TeTXLC, for their ability to block DCV reduction
after injury in the LexA system. Such experiments could further bolster our argument that DCV

reduction from ORNSs can be tied to vesicular release following neuronal injury.
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Furthermore, new evidence suggests that DCV-associated small GTPases, namely Rab2
and Arl8, regulate DCV transport within axons. Using Drosophila larvae, Lund et al., 2021 found
that Rab2 localizes to DCVs to interact with the motor protein complex(201). The researchers
found that Rab2 was required for bidirectional axonal transport of DCVs, while Arl8 was also
required for transport, it was also necessary for the entry of DCVs into the axonal compartment.
These findings, along with our novel dnCaps constructs that are currently being tested, could add
to the genetic toolkit available to perturb DCV trafficking and release.

Examining the downstream effects of DCV release from injured neurons, our results
indicate that, through the ILS pathway, DCVs regulate the ability of glia to upregulate Mmp-1 and
properly infiltrate areas of damage to clear degenerating projections. Although the role of DCVs
in modulating Draper upregulation has been previously established, we provide novel evidence
for their role in regulating a secreted immune molecule following ORN axotomy(132). We found
that perturbing DCV release from neurons had a significant impact on Draper and Mmp-1
upregulation in glia at the protein level. However, our lab is also interested in teasing apart how
glial responses to injury are regulated at the transcriptional and translation level. It is known that
mRNA and protein expression are not always correlated, and there are multiple levels of
regulation within cells in response to various stimuli. Is DCV release required for certain steps of
immune gene upregulation in glia, but not others? Are different injury signals responsible for
changes in transcription, translation, and localization of glial immune genes? How may these
processes be altered in disease states or aging?

To address some of the aforementioned questions, we have adapted a novel fluorescence
in situ hybridization (FISH) method for the Drosophila brain, with which we can detect immune
transcripts and their associated ribosomes. In the next chapter (Chapter 3) of this dissertation, |
will detail this new method, named FLARIM v2.0, and how it can provide us with interesting
observations about glial biology and answers about these cells’ response to neuronal injury.

Moreover, in the conclusion of this dissertation (Chapter 4), | will explain how we have used this
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novel method in preliminary experiments to further tease apart the role of DCV release in glial

transcription and translation of immune genes.

Materials and Methods

ORN Axotomy Assay & Brain Dissection

For unilateral antennal ablation experiments, flies were anesthetized on a CO- pad and the right
3 antennal segment of the fly was plucked using forceps as previously described(120). For all
other ablation experiments, both antennae and/or maxillary palps were ablated (see figure
legends for details). For dissections, fly heads were pulled and fixed in 4% PFA+0.1% TX for 20
min at RT on a rocker. Heads were then washed using 1X PBS-TX (0.01%) on a rocker at RT
(3x2 min). Brains were dissected in 1X PBS-TX (0.1%). Brains were fixed in 4% PFA+0.1% TX
for 20min at RT on a rocker. Then, brains were washed in 1X PBS-TX (0.1%) at RT on a rocker
at RT (3x2 min). Brains were mounted in Vectashield (Vector Labs) under #1.5 coverslips and

imaged.

Fly husbandry and temperature shift

Crosses were set up and flies were raised in 25°C humidity-controlled incubators. Experiments
requiring temporally restricted expression of transgenes contained tubulin-Gal80ts in their genetic
background. These crosses were set up and raised at 18°C. See figures and figure legends for
details about specific experimental paradigms. Flies from 4-14 days post-eclosion (dpe) were
used for experiments, except in the case of wing experiments, where 1dpe flies were used to

avoid injury to wings during the life of the fly.

Wing Injury Assay & Live Imaging

To induce a wing injury, flies were anesthetized, and the wing was cut using Fine Science Tools

scissors. For live imaging experiments, the abdomen of the fly was affixed to a #1.5 24x60 mm
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coverslip using UV polymerizable glue. The wing was then spread out against the coverslip using
a paintbrush dipped in halocarbon oil 27. The coverslip was placed in a magnetic imaging

chamber and imaged.

Microscopy & Analysis

Samples were imaged on a Zeiss LSM 700 with a Zeiss 40X 1.4NA oil immersion plan-
apochromatic lens. Brains within the same experiment were imaged on the same day, using the
same microscope settings. Volocity 3D Image Analysis Software (Quorum Technologies) was
used for DCV and mitochondria quantification within ORN volumes, as well as Mmp-1, Drpr, and
Brp total fluorescence quantification within AL ROls. Imaris Cell Imaging Software (Andor
Technology) at the OHSU Advanced Light Microscopy Core (ALMC) was used for live image and
motion tracking analysis in the wing. GraphPad Prism 8 (Graphpad Software) was used for
statistical analysis: Student’s t-test, One-way ANOVA (Sidak’s post hoc test), Kruskal-Wallis test
(Dunn’s post hoc test), Two-way ANOVA (Sidak’s post hoc test); see figure legends for details.
Outliers were identified using the ROUT method (Q=1%). Normality of datasets was determined

using the D’Agostino-Pearson normality test.

dnCaps Constructs

Point mutation and WT Caps constructs were synthesized with the help of S. Speese and A.

Sheehan (Freeman Lab). Transgenic flies were generated by BestGene.

Antibodies
The following primary antibodies were used: mouse anti-Mmp-1 (3A6B4, 3B8D12, 5H7B11,
14A3D2; Developmental Studies Hybridoma Bank [DSHB]) at 1:50 each at a 1:1:1:1 ratio, mouse

anti-Drpr (8A1 or 5D14; DSHB) at 1:400, mouse anti-nc82 (Bruchpilot; DSHB) at 1:50. All
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secondary antibodies (Jackson ImmunoResearch: 715-545-151, 715-295-150) were used at a

1:400 dilution.

Drosophila stocks

UAS-ANF-GFP (X; BDSC 7001), UAS-lIp2-GFP (ll; gift from E. Levitan and D. Deitcher), Or22a-
Gal4 (lll; BDSC 9951), 10X-UAS-myr-tdTomato (lll; BDSC 32221), UAS-mito-HA-GFP (lI; BDSC
8442), OK371-Gal4 (ll; BDSC 26160), 10X-UAS-myr-tdTomato (II; BDSC 32222), elav-LexA (ll;
BDSC 52676), Aop-WiIds (llI; gift from M. Freeman), Or85e-mCD8-GFP (ll; (202)), tubulin-Gal80ts
(Il; BDSC 7108), repo-Gal4 (lll; BDSC 7415), InR®"® (lIl; (203)), UAS-dnInR (lll; BDSC 8253),
pebbled-Gal4 (X; BDSC 80570), tubulin-Gal80ts (Ill; BDSC 7018), UAS-Dicer2 (lll; gift from T.

Lee), UAS-Caps RNAi (II; VDRC 110055), UAS-TeTXLC (ll; BDSC 28838).
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CHAPTER 3: FLARIM v2.0, AN ADAPTED METHOD TO QUANTIFY TRANSCRIPT-

RIBOSOME INTERACTIONS /N VIVO IN THE DROSOPHILA BRAIN

Modified from: Richer, P., Speese, S.D., Logan, M.A. (2021) FLARIM v2.0, an improved method

to quantify transcript-ribosome interactions in vivo in the Drosophila brain.

bioRxiv. doi: https://doi.org/10.1101/2021.08.13.456301(204)
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Abstract

Neural injury triggers striking immune reactions from glial cells, including significant
transcriptional and morphological changes, but it is unclear how these events are coordinated to
mount an effective immune response. Here, we present a new variant of the Fluorescence assay
to detect ribosome interactions with mRNA (FLARIM), which we term FLARIM v2.0, to visualize
single immune gene transcripts and association with ribosomes in glia responding to
neurodegeneration. Specifically, using an in vivo axotomy assay in Drosophila, we show that
matrix metalloproteinase-1 (Mmp-1) mRNAs and associated ribosomes are detected in distal
processes of reactive glia where they are actively engulfing degenerating axonal material,
suggesting that local translation is an important component of the glial immune response to
axotomy. This work also validates our enhanced FLARIM assay as a promising tool to investigate

mechanisms of MRNA transport and translation in a wide range of in vitro and in vivo paradigms.
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Introduction

Glial cells respond swiftly to neuronal trauma, pathogenic insult, and degeneration(2, 170,
205). Following neuronal damage, activated glia undergo distinct transcriptional, morphological,
and functional changes(173-175). In many cases, reactive glia are neuroprotective, releasing pro-
survival factors and clearing damaged neurons through phagocytic engulfment(206, 207). Thus,
understanding how glial immune responses are activated and carried out will offer new insight
into approaches that could delay the onset or progression of a range of neurodegenerative
disorders and injury conditions.

The fruit fly, Drosophila melanogaster, offers a powerful genetic in vivo model to explore
evolutionarily conserved glia-neuron signaling events after neural injury(12, 117, 118). For
example, after axotomy, adult Drosophila axons undergo a classic Wallerian degeneration (WD)
program, and local glial cells display striking immune responses to invade injury sites and rapidly
clear degenerating axonal material(70, 83, 103). Notably, nerve injury triggers robust
transcriptional changes, including upregulation of the conserved glial engulfment receptor Draper
and the secreted protease matrix metalloproteinase-1 (Mmp-1)(70, 72, 74, 77, 119, 122, 123,
178, 208).

Our lab has recently shown that upregulation of Mmp-1 is necessary for timely glial
clearance of degenerating axonal projections in the olfactory system of adult flies(77). Mmp-1 is
secreted from local ensheathing glial cells, likely to facilitate extracellular matrix remodeling,
allowing glia to extend membrane processes into neuropil regions and clear degenerating
olfactory receptor neuron axons(77, 197). Notably, the cell bodies of ensheathing glial cells
responding to degenerating axons in the olfactory system do not enter neuropil regions, which
raises interesting questions about how key immune molecules are released within the neuropil at
injury sites(70, 73). Previous work in other model systems has indeed demonstrated that directed
mRNA transport and local translation are important for glia to carry out normal functions. For

example, in oligodendrocytes, myelin basic protein transcripts are localized to oligodendrocyte
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processes to adequately myelinate axons in an activity-dependent manner, while astrocytes have
been shown to influence interactions at tripartite synapses and the gliovascular interface through
a subset of discrete localized and locally translated transcripts(209-213).

In order to further explore the transcriptional and translational changes that are essential
for proper glial responses to damaged axons, our lab has utilized various single molecule
fluorescence in situ hybridization (smFISH) techniques for the detection of individual transcripts
and a new variation of Fluorescence assay to detect ribosome interactions with mRNA (FLARIM),
referred to as FLARIM v2.0, to detect ribosome association with mmp-1 transcripts in glial cells
following nerve injury(214). smFISH has been employed in glial cells and various Drosophila
tissues to detect individual MRNAs; however, previous studies have not yet employed mRNA and
ribosome detection together in the context of neuronal injury in vivo(215-222). Here, we have
utilized single molecule inexpensive FISH (smiFISH), hybridization chain reaction (HCR), and
FLARIM, in order to visualize mmp-1 transcript localization and translation in reactive glia
following axotomy(214, 223-225). Our findings reveal that mmp-1 transcripts are localized to and
associate with ribosomes at distal glial processes at injury sites, suggesting that local translation
of Mmp-1 may be an important mechanism by which glia access and phagocytically clear

neuronal debris.

Results

Ensheathing glia respond to olfactory receptor neuron injury in Drosophila

Axotomy in the adult Drosophila antennal system is a well-characterized model to
investigate the molecular and cellular underpinnings of axon degeneration and glial immune
responses (Fig. 1A)(70, 226). The olfactory receptor neuron (ORN) cell bodies reside in the
external olfactory organs of the fly, the antennae and maxillary palps, and project to the antennal
lobes of the central brain, where they synapse onto second order neurons(20, 227). Surgical

removal of the antennae and maxillary palps results in axotomy of the ORNs, which undergo
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typical WD over the course of days, after which they are cleared by the surrounding glial cells(70,
120). In the antennal lobes, glial cell bodies (ensheathing glia and astrocytes) are located at the
very edges of the antennal lobes and extend projections to closely associate with neuropil regions
(axons, dendrites, and synapses) and demarcate olfactory glomeruli (Fig. 1B)(3, 12). In context
of ORN injury, ensheathing glia have been demonstrated to phagocytose and clear degenerating
projections(73).

Individual ensheathing glial cells have highly complex morphologies, with extensive fine
processes that interact with multiple glomeruli within the antennal lobe (Fig. 1B, Supp. Fig. 1)(3,
228, 229). In the event of an injury, the cell bodies of ensheathing glia remain positioned at the
outskirts of the antennal lobes, while the processes further invade glomeruli to clear degenerating
ORNSs(70, 73, 77). This raises the question of how intracellular signaling is mediated within
ensheathing glial cells from the cell body to the distal processes after an injury event. In order to
explore this question, we utilized multiple smiFISH methods to study how a well characterized
immune gene, mmp-1, is localized and regulated at the transcriptional and translational level

following ORN axotomy.
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Figure 1: mmp-1 transcripts are upregulated in ensheathing glia following neuronal injury

(A) Schematic representation of the olfactory receptor neuron (ORN) injury, demonstrating the removal
of the 3rd antennal segments and maxillary palps. ORN cell bodies in the aforementioned structures
extend their projections to the antennal lobes (ALs) of the central fly brain (red box). Created with
BioRender.com (B) Representative image of ensheathing glia surrounding the ALs in an uninjured brain.
White arrows indicate ensheathing glial fine processes within ALs. AL: antennal lobe, AN: antennal
nerve. Single slice (1 ym). Scale bar: 20 um. Genotype: ;UAS-mCD8::GFP/UAS-mCD8::GFP; TIFR-
Gal4/UAS-LacZ::NLS. (C) smiFISH schematic. Created with BioRender.com (D’-D””") Representative
images of mmp-1 smiFISH in uninjured and injured (4.5hpi) single ALs (yellow dotted line). Images are
MIPs: 3.75 pm. Scale bar: 10 um. Control genotype: ;tub-Gal80ts/+;repo-GaI4/+. Mmp-1RNAI
genotype: ;tub-GaI80tS/UAS-Mmp-1RNA';repo-GaI4/+. (d’-d”””’) High magnification images of mmp-1
smFISH (white box), representing single transcripts and transcription start sites (yellow arrows). MIP:
3.75 um. Scale bar: 2 ym. (E) High magnification image of mmp-1 transcripts in ensheathing glial

processes (white arrows) 4 hpi. Single slice: 0.43 um. Scale bar: 2 pm. Genotype: ;UAS-
mCD8::GFP/UAS-mCD8::GFP; TIFR-Gal4/UAS-LacZ::NLS.
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smiFISH reveals uprequlation and localization of mmp-1 transcripts following neuronal injury

Our previous RNAseq and gPCR studies have demonstrated that the mmp-17 transcript is
acutely upregulated in the central nervous system (CNS) and ventral nerve cord (VNC) of the fly
following neuronal injury. As prior research has shown that mmp transcripts can be localized to
subcellular compartments and locally translated in an activity-dependent manner, we wanted to
determine the localization of mmp-1 mRNA in ensheathing glia following ORN axotomy(230, 231).
In order to accomplish this, we utilized smiFISH to detect the mmp-1 transcript following injury
(Fig. 1C)(224). The Mmp-1 smiFISH probeset included 41 probes and was designed utilizing
Oligostan (Supp. Table 1)(224). Our previous RNAseq and qPCR data suggested that there is a
strong transcriptional response in the ensheathing glia 3 hours post ORN axotomy(77). As a result,
we used this as a starting point for our smiFISH studies.

In accordance with our gPCR and RNAseq data, we found that smiFISH reveals a low
level of mmp-1 transcript present in the uninjured brain, with the highest amount of transcript
being expressed in cells surrounding the antennal lobe, likely ensheathing glia (Fig. 1D). In
response to injury, we observe a significant increase in the amount of mmp-1 transcript detected
at 4.5 hpi (Fig. 1D”). Interestingly, when labeling ensheathing glial membranes with GFP, we also
observed the localization of the mmp-1 smiFISH signal to fine processes following injury (Fig. 1E).

To determine if the Mmp-1 probeset is specific to the mmp-1 transcript, we performed an
injury experiment where Mmp-1 was knocked down in all glia using RNAI. As expected, the RNAI

[2E}

knockdown eliminated most of the smiFISH signal (Fig. 1D’’-D””). We did however detect large
spots of Mmp-1 transcript right outside the antennal lobe, where the nuclei of ensheathing glia
are located (Fig. 1d’-d””). We posit that these large intense puncta represent the site of Mmp-1

transcription in the nucleus, as the transcript would not be subject to RNAi mediated degradation

until it was transported to the cytoplasm (Supp. Fig. 2)(224, 232).
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The FLARIM v2.0 method can be used to detect mMRNAs and associated ribosomes

While the smiFISH approach allowed us to localize the mmp-1 transcript to distal glial
processes following neuronal injury, it does not give us insight into whether there may be local
translation of the transcript at distal sites. Currently, the most accepted method for investigating
local translation is the use of photoconvertible fluorescent timer proteins, however this approach
requires tagging the protein of interest in the context of native mRNA with all its regulatory 5’ and
3’ elements(233, 234). More recently, a non-transgenic approach was developed to assess the
ribosome load on a transcript of interest while maintaining spatial localization within the cell. This
method, Fluorescence assay to detect ribosome interactions with mRNA (FLARIM), utilizes pairs
of oligonucleotide probes that bind separately to ribosomes and to the mRNA of interest (Fig.
2A)(214). When these probes are in close proximity, they form a full sequence for a linker probe
carrying a complete Hybridization Chain Reaction (HCR) initiator (Fig. 2A)(223, 225).

While the original method was able to robustly assess the ribosome load on transcripts of
interest, it has never been used in vivo on whole mount tissue. Moreover, the use of the linker
probe requires a 2™ round of hybridization before initiating the HCR reaction. Lastly, the original
method made use of separate pools of gene specific probes for transcript localization and
ribosome association, which can be problematic on short transcripts where probe binding sites
may be limiting (Fig. 2A). To address these drawbacks, we have utilized split initiator technology
to include half an HCR initiator, split B3 initiator, for reporting ribosome association on the 3’ end
of the gene specific probe and the other half of the B3 initiator on the 3’ end of a set of 25 probes
that will hybridize to the 18S rRNA (Supp. Fig. 3 and 4, Supp. Tables 2 and 3)(223, 225). Finally,
we tagged the gene specific probes with a different full HCR initiator (B2) on the 5’ end to allow
for transcript localization (Supp. Table 3)(223, 225). By taking advantage of new developments in
oligonucleotide synthesis, Integrated DNA Technologies’ oPools Oligo Pools service, we are able
to synthesize a probeset for a gene of interest for ~$100 USD. We are calling this modified version

FLARIM v2.0, and we herein demonstrate that this relatively inexpensive method is able to
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achieve transcript localization and ribosome association at depth in whole mount tissue (Fig. 2B,
Supp. Fig. 5).

In FLARIM v2.0, probes are first hybridized to the transcript of interest and to 18S
ribosomes. Then, during the detection stage, fluorescent metastable hairpins are used to
generate signals via HCR (Supp. Fig. 5). On the gene-specific probe, the full initiator sequence
opens up a set of hairpins to create a fluorescent signal indicating the presence and localization
of the mRNA transcript. Moreover, when the split initiators of the 18S ribosome probes and the
gene-specific probes are reconstituted, a second set of hairpins are opened, creating a distinct
fluorescent signal to allow for mMRNA-ribosome association detection (Fig. 2B).

The dual detection method produces diffraction limited spots, if amplification is carried out
for shorter periods of time and allows for transcript and ribosome detection within cells by
fluorescent co-labeling, providing spatiotemporal resolution. The fluorescent tags on hairpins can
also be varied to accommodate multiplexing within the same sample. Additionally, FLARIM v2.0
can be used to investigate mMRNA localization and local translation in response to various stimuli,
such as neuronal injury. We decided to assess the regulation of mmp-1 following axotomy using

the FLARIM v2.0 method.
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Figure 2: Novel FLARIM v2.0 probeset

(A) FLARIM (Burke et al., 2017)(214): Utilizes 4 probes to achieve distinct mRNA and ribosome-specific
signals by HCR amplification and allows for assessment of ribosome load on transcripts of interest. (B)
FLARIM v2.0: Utilizes 2 probesets: 1) an 18S ribosome-specific probe with the first half of a split B3 initiator
and an mRNA-specific probe with the second half of the split B3 initiator and 2) a full B2 initiator on the 5’
end of the gene specific probe. This B2 initiator allows for transcript localization and aids in quantification
by creating a normalization channel for the FLARIM signal Hybridization with these probesets and
amplification using metastable hairpins generates a separate fluorescent signal for mMRNA and mRNA-
ribosome association detection in vivo. Created using Biorender.com.
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Application of the FLARIM v2.0 method in the Drosophila ORN injury model

In order to validate our Mmp-1 probeset and explore how an immune gene is regulated
following axotomy, the FLARIM v2.0 method was tested in the context of the ORN injury model
(Fig. 3A). In uninjured brains, transcripts are sparse and localized to the edges of the antennal
lobes, where ensheathing glial cell bodies are located. Some transcripts are also associated with
ribosomes, generating a FLARIM signal and indicating that some translation may be occurring
under basal conditions. In brains that have undergone an ORN injury, there is a robust
upregulation of the mmp-1 transcript (magenta) and ribosome-association (cyan) signal both
around the antennal lobes and within them (Fig. 3A). These results mirror the time course of Mmp-
1 protein upregulation following antennal and maxillary palp injury, which is robust 1-day post-
injury (dpi)(77). Transcription start sites are also observable in ensheathing glial nuclei as intense
puncta (magenta), lacking a ribosome-association signal (cyan) (Supp. Fig. 6). Moreover, labeling
of ensheathing glial cell membranes with GFP allows for the localization of mmp-17 mRNAs and
associated ribosomes within the antennal lobes 20 hpi. To quantify these results, a total
fluorescence intensity analysis of each signal was completed within the antennal lobes. The total
intensity of both mmp-1 transcript and ribosome-association signals significantly increased within
antennal lobes 20 hpi (Fig. 3B). High-resolution imaging and quantification of mmp-7 mRNA and
ribosome-association puncta in a smaller ROI of the ALs reveals a similar trend (Supp. Fig. 7).

A series of control experiments were also conducted to ascertain the specificity of the
probesets and our signal. In the absence of hybridized probes, the hairpins amplified alone do
not generate a fluorescent signal (Fig. 3A, B). Additionally, hybridization of only the 18S FLARIM
probes does not result in a signal, as only half of the initiator sequence is present, and hairpins
are unable to open and generate a fluorescent signal (Fig. 3A, B). Moreover, the unbound sB3
18S FLARIM probe does not result in background when brains are incubated with the Mmp-1

probeset (Supp. Fig. 8). We also determined that the mmp-1 probeset was specific to our
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transcript of interest. Upon Mmp-1 RNAi knockdown in glial cells, mmp-17 mRNA and ribosome-

association signals were significantly diminished in the injured condition (Fig. 4A, B, C).
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Figure 3: FLARIM v2.0 to detect mmp-1 in the Drosophila ORN injury model

(A) Representative images of mmp-1 FLARIM v2.0 probeset in uninjured and injured ALs with ROIs
quantified (dotted circle). Mmp-1 FLARIM v2.0: merge of mmp-17 mRNA and ribosome-association
signal. Injured: 20 hpi. Hairpins only: 20 hpi (no probes, only amplification with fluorescent hairpins).
18S Probes only: 20 hpi (18S FLARIM probes with one half of the split initiator sequence and
amplification with fluorescent hairpins). Single slice: 0.5 ym. Scale bar: 20 ym. Genotype: ;UAS-
mCD8::GFP, TIFR-Gal4. (B) Quantification of mmp-1 FLARIM v2.0 total intensity (a.u.) in ALs. mmp-1
MRNA Uninjured (n=22), mmp-1 mRNA Injured (n=24), Ribosome-association Uninjured (n=22),
Ribosome-association Injured (n=24), mmp-1 mRNA 18S Probes Only (n=16), Ribosome-association
18S Probes Only (n=14), mmp-1 mRNA Hairpins Only (n=8), Ribosome-association Hairpins Only (n=7).
Mean + SEM; Uninjured mmp-1 mRNA and Injured mmp-1 mRNA: t-test ****(p<0.0001); Uninjured
Ribosome-association and Injured Ribosome-association: Mann-Whitney test ****(p<0.0001); non-
significant (ns).

(Continued on next page)
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c' Ensheathing glia mmp-1 FLARIM v2.0

Figure 3 continued: FLARIM v2.0 to detect mmp-1 in the Drosophila ORN injury model

(C) Representative image of mmp-1 FLARIM v2.0 probeset in an injured AL (20 hpi). Single slice: 0.5
pm. Scale bar: 10 ym. Genotype: ;UAS-mCD8::GFP/UAS-mCD8::GFP, TIFR-Gal4/TIFR-Gal4. (c’) mmp-
1 transcripts are associated with ribosomes in ensheathing glial processes (white arrows). Single slice:
0.5 pm. Scale bar: 2 uym.
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Figure 4: FLARIM v2.0 is specific to the mmp-1 transcript and its associated ribosomes
(A) Representative images of mmp-1 FLARIM v2.0 in control uninjured and injured (20 hpi) brains. Mmp-
1 FLARIM v2.0: merge of mmp-1 mRNA and ribosome-association signal. MIP: 15.5 ym. Scale bar: 20

pum. Genotype: ,'tub-GaI80tS/+;repo-Gal4/+. (B) Representative images of mmp-1 FLARIM v2.0 in brains
expressing Mmp-1 RNAI in all glial cells (repo>Mmp-1RNA'). Mmp-1 FLARIM v2.0: merge of mmp-1
mRNA and ribosome-association signal. MIP: 15.5 um. Scale bar: 20 pm. Genotype: ;tub-GaI80tS/UAS-

Mmp-1RNAi,'repo-Gal4/+. (C) Quantification of mmp-1 FLARIM v2.0 total intensity (a.u.) in ALs. Control:
Uninjured mmp-1 mRNA (n=10), Injured mmp-1 mRNA (n=14), Uninjured Ribosome-association (n=11),
Injured Ribosome-association (n=14). repo>Mmp-1RNA': Uninjured mmp-1 mRNA (n=8), Injured mmp-1
mRNA (n=12), Uninjured Ribosome-association (n=8), Injured Ribosome-association (n=10). Mean %
SEM; Mann-Whitney test ****(p<0.0001).
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mmp-1 mMRNA and associated ribosomes are localized to injured ORN glomeruli

In addition to inducing an acute ORN injury by ablating both Drosophila odor-sensing
structures (antennae and maxillary palps), a more localized injury can be performed by ablating
only the maxillary palps. These structures contain approximately 20% of ORNs that project back
to the ALs(72). To assess mmp-1 mRNA distribution and ribosome-association in a localized
injury model, maxillary palps were surgically ablated and the FLARIM v2.0 signal was imaged 20
hpi. Moreover, a subset of maxillary palp ORNs were labeled with GFP using an odorant receptor-
specific driver (Or85e-Gal4) to localize the uninjured or injured ORNs. The GFP+ glomeruli of
these ORNSs reside at a ~10 um depth within the ALs, suggesting that they are at a distance from
ensheathing glial cell bodies.

As in previous experiments, uninjured brains did not have high levels of mmp-1 mRNA or
associated ribosomes. However, 20 hours after maxillary palp injury, mmp-1 FLARIM v2.0 signal
can be detected within distinct regions of the ALs (Fig. 5A). Additionally, when examining the
GFP+ Or85e glomeruli, mmp-1 mRNA and ribosome-association puncta can be localized to the
injured glomeruli throughout the z-plane of the AL (Fig. 5B, white arrows). Quantification of the
FLARIM v2.0 signal by segmentation to GFP+ glomeruli also demonstrates the significant
increase of mmp-1 transcripts and ribosomes in the injured condition. It is also interesting to note
that mmp-1 FLARIM v2.0 signal can be detected along ORN projections (Fig. 5B, yellow arrows),
as well as near the midline of the ALs, which are presumably a distinct subset of maxillary palp
glomeruli that are not GFP labeled (Fig. 5A, white arrowheads). Taken together, these results
suggest that the immune gene mmp-1 may be directly transported to the site of the injured ORNs

within ensheathing glial cells.
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Figure 5: mmp-1 mRNA and associated ribosomes are localized to injured ORN glomeruli

(A) Representative images of mmp-1 FLARIM v2.0 probeset in uninjured and injured ALs. Injured: 20
hpi (only maxillary palps ablated). Mmp-1 FLARIM v2.0: merge of mmp-1 mRNA and ribosome-
association signal. MIP: 20.5 ym. Scale bar: 20 ym. Genotype: ;UAS-mCD8:GFP/+;0r85e-Gal4/+ (B)
High magnification inset of an ORN glomerulus (Fig. 5A: dotted rectangle) and mmp-1 FLARIM v2.0
(white arrows) at three positions along the z-axis. Yellow arrows: FLARIM v2.0 along ORN projections.
Mmp-1 FLARIM v2.0: merge of mmp-1 mRNA and ribosome-association signal. Single slice: 0.5 ym.
Scale bar: 5 um. (C) Quantification of mmp-1 FLARIM v2.0 total intensity (a.u.) in ORN glomeruli (ROI:
white dotted circle in Fig. 5A). mmp-1 mRNA Uninjured (n=12), mmp-1 mRNA Injured (n=15), Ribosome-
association Uninjured (n=12), Ribosome-association Injured (n=15). Mean + SEM; mmp-1 mRNA: t-test
***(p<0.001); Ribosome-association: Mann-Whitney test ****(p<0.0001).
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Translation machinery is present in ensheathing glial processes

We observe that mmp-1 transcripts and associated ribosomes are localized to
ensheathing glial processes following ORN injury. As a result, we hypothesize that transcript
localization and local translation of immune genes may be mechanisms employed by glial cells to
mediate responses after a neuronal injury event. This is of particularly interest in relation to Mmp-
1, as it is a secreted molecule employed by ensheathing glia to remodel the surrounding
extracellular matrix and provide access to sites of damage(77, 197). However, in order for this to
occur, translation and secretory machinery must also be present in ensheathing glial processes
to properly modify and secrete Mmp-1(211). Evidence for translation machinery in glial processes
has been demonstrated by previous groups. For example, a study in mouse astrocytes has shown
that along with a local pool of transcripts, endoplasmic reticulum (ER) and Golgi apparatus (GA)
are also present in perivascular processes and endfeet(211). Therefore, we performed
immunohistochemistry in uninjured and injured brains to assess whether the aforementioned
organelles are present in glial projections of the ALs. Super-resolution microscopy allowed for the
visualization of ER and GA within ensheathing glial fine processes (Fig. 6A-D). We were able to
observe that ER and GA are present under both basal conditions and following ORN injury (Fig.
6A-D). These results further suggest that transcript localization and local translation of immune
genes could be supported in glial processes, and could play a functional role in mediating rapid

glial responses following neuronal injury
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Figure 6: Endoplasmic reticulum and Golgi apparatus are present in ensheathing glial fine
processes

(A) Representative super-resolution images of ER immunostaining in an uninjured AL. MIP (1.75 pm).
Scale bar: 10 ym. Genotype: ;UAS-mCD8::GFP/UAS-mCD8::GFP; TIFR-Gal4/TIFR-Gal4. (a’, a”’) ER is
present within ensheathing glial fine processes of an uninjured AL. MIP (1.75 um). Scale bar: 3 pm.
(a’”’) Colocalization of ensheathing glia and ER signal. (B) Representative super-resolution images of
ER immunostaining in an injured (20 hpi) AL. MIP (1.75 um). Scale bar: 10 ym. Genotype: ;UAS-
mCD8::GFP/UAS-mCD8::GFP; TIFR-Gal4/TIFR-Gal4. (b’, b’) ER is present within ensheathing glial
fine processes of an injured AL. MIP (1.75 um). Scale bar: 2 ym. (b’”’) Colocalization of ensheathing
glia and ER signal. (C) Representative super-resolution images of GA immunostaining in an uninjured
AL. MIP (1.75 um). Scale bar: 10 um. Genotype: ;UAS-mCD8::GFP/UAS-mCD8::GFP; TIFR-Gal4/TIFR-
Gal4. (c¢’, ¢”’) GA is present within ensheathing glial fine processes of an uninjured AL. MIP (1.75 um).
Scale bar: 2 uym. (¢’’) Colocalization of ensheathing glia and GA signal. (D) Representative super-
resolution images of GA immunostaining in an injured (20 hpi) AL. MIP (1.75 pm). Scale bar: 10 ym.
Genotype: ;UAS-mCD8::GFP/UAS-mCD8::GFP;TIFR-Gal4/TIFR-Gal4. (d’, d”’) GA is present within
ensheathing glial fine processes of an injured AL. MIP (1.75 pm). Scale bar: 2 uym. (d”’) Colocalization
of ensheathing glia and GA signal.
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Supplemental Results

Supplementary Figure 1: Ensheathing glial MARCM clones at the ALs

(A) MIP of 3 or 4 ensheathing glial MARCM clones interdigitating neuronal glomeruli in the AL. MIP:
34.7um. Genotype: hsFLP/X or Y; FRTG13, UAS-mCD8::GFP/FRTG13, UAS-mCD8::GFP; TIFR-
Gal4/+. Scale bar: 20 uym. (a’) High magnification inset of white dotted rectangle. MIP: 31.2 ym. Scale
bar: 10 uym. (a”) 3D rendered filaments and nuclei of ensheathing glial processes (white dotted
rectangle). MIP: 31.2 ym. Scale bar: 10 ym. (a’’) High magnification inset of yellow dotted rectangle.
MIP: 34.7 um. Scale bar: 10 ym. (a”””’) 3D rendered filaments and nuclei of ensheathing glial processes
(yellow dotted rectangle). MIP: 34.7 um. Scale bar: 10 um.
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Supplementary Figure 2: mmp-1 transcription start sites in nuclei surrounding ALs
mmp-1 mMRNA detected in ALs using smiFISH probes in control and Mmp-1 RNAI brains. Transcription

start sites are visible in nuclei (yellow arrows, inset). Control genotype: ;tub-GaI80t8/+;repo-GaI4/+. Mmp-

1 RNAIi genotype: ;tub-GaISOtS/UAS-Mmp-'IRNA';repo-GaI4/+. Single slice: 0.2 ym. Scale bar: 10 pm.
Inset scale bar: 2 um
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Supplementary Figure 3: Detailed probe schematic

Detailed schematic of mmp-1 and 18S FLARIM probes in relation to target mRNA and associated
ribosomes. Only single sample probes are depicted here for clarity. Adapted from Burke et al., 2017(214).
Created with BioRender.com.

Legend: single 18S ribosome-specific probe sequence (blue), mmp-1 probe (magenta), linkers (black), B2
initiator (orange), B3 initiator (green)
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Supplementary Figure 4: Comparison of 18S FLARIM probes

Alignment of mouse (top) and Drosophila (bottom) 18S rRNA sequences using A plasmid Editor (ApE)
software, with Burke et al., 2017(214) 18S FLARIM probes (green) and the probes from this study (yellow)
highlighted.
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Probeset Design

Sequence for transcript Oligostan to Compare probe similarity
of interest generate probesets with noncoding RNAs

ATGACGCGGCAAA

GGCAACAAGACAA

CAAATCCAAATAGG ) —_

AGGGGAATCGATGA

ATGAATGAATTTTCG

TTGGCCCCCAAACG I

Tsanov et al, 2016

Probesets
: Probe Volume in Hybridization Buffer
Probeset Concentration Hybridization Buffer Volume
Mmp-1 smiFISH 0.867 uM 2L 100 pL
Mmp-1 HCR B2 FLARIM split B3 2.0 uM 2pL 100 pL
18S FLARIM split B3 1.6 UM 2L 100 pL

FLARIM v2.0 Protocol
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Supplementary Figure 5: Probe design and protocol workflow

Probeset design: Probesets to the transcript of interest were designed using Oligostan (Tsanov et al.,
2016(224)) and sequence similarity was compared to noncoding RNAs.

Probesets: Probeset sequences are listed in in Supplementary tables 1, 2, and 3. The smiFISH probeset
assembly, protocol, and reagents are described in Tsanov et al., 2016(224). For the Mmp-1 HCR B2
FLARIM split B3 and 18S FLARIM split B3 probesets, the FLARIM v2.0 protocol was used (see Methods
for details)

FLARIM v2.0 Protocol: Dissection and hybridization: fly brains are dissected and hybridized overnight with
gene-specific and 18S ribosome probes in a thermal cycler. Washes and amplification: the following day,
brains are washed and amplified with fluorescent hairpins to generate mRNA-specific and ribosome-
association signals (see Methods for details).

(Continued on next page)
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FLARIM v2.0 Protocol Continued

Dissection

1. Pull fly heads and fix in 400 pl of 4% PFA + 0.1% TX at RT on a rocker (20 min)
2. Wash heads in 400 pl of PBS-TX (0.01%) at RT on a rocker (3 x 2 min)

3. Dissect brains in PBS-TX (0.01%)

4. Fix brains in 400 pl of 4% PFA + 0.1% TX at RT on a rocker (20 min)

5. Wash brains in 400 pl of PBS-TX (0.1%) at RT on a rocker (3 x 2 min)

6. Permeabilize brains in 400 pl of PBS-TX (0.5%) at RT on a rocker (20 min)

Probe hybridization & signal amplification
The HCR v3.0 hybridization and amplification protocol has been described previously for whole-mount fruit fly embryos:
https://www.molecularinstruments.com/hcr-rnafish-protocols. The protocol was utilized in adult fruit fly brains as follows:

1. Remove PBS-TX (0.5%) and pre-hybridize brains by incubating in 100 pl probe hybridization buffer for 20 min at 37°C
(pre-heat buffer to 37°C before use)
2. Hybridize brains overnight (16-18 hrs) with probes in a thermal cycler at 37°C
- 2 pl probe/100 pl hybridization buffer (probe concentration should be empirically determined for each probeset)
3. Remove hybridization buffer and wash brains using 100 pl probe wash buffer (4 x 15 min) at 37°C in thermal cycler
(pre-heat buffer to 37°C before use)
4. During washes, snap-cool HCR metastable hairpin h1 and h2 in separate tubes and move amplification buffer to RT
- 2 pl hairpin/100 pl amplification buffer
- Snap-cooling: heat hairpins to 95°C for 90 sec and allow to cool to RT (protected from light)
- Once cooled, add hairpins to amplification buffer
5. Once washes are complete, remove wash buffer and wash brains again in 100 pl 5X SSC + 0.1% Tween-20 (SSCT) at RT
(2 x 5 min)
6. Remove SSCT and pre-amplify brains in 100 pl of amplification buffer at RT (10 min)
7. Remove amplification buffer and add hairpin + amplification buffer mixture to brains
8. Amplify with hairpins (amplification time should be empirically determined for each probeset)
9. Remove amplification buffer and wash brains with 100 pl 5X SSCT at RT (5 min, 2 x 30 min, 5 min)
10. Mount in Vectashield and image

Caution: Probe hybridization and wash buffers contain formamide

Supplementary Figure 5 continued: Probe design and protocol workflow

FLARIM v2.0 Protocol: Dissection and hybridization: fly brains are dissected and hybridized overnight
with gene-specific and 18S ribosome probes in a thermal cycler. Washes and amplification: the following
day, brains are washed and amplified with fluorescent hairpins to generate mRNA-specific and
ribosome-association signals (see Methods for details).

Created with BioRender.com (Adapted from “Growing Norovirus in Human Intestinal Enteroids (HIEs)”,
by BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-templates)
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Supplementary Figure 6: Transcription start sites in ensheathing glial nuclei

mmp-1 mRNA and associated ribosomes detected using FLARIM 2.0. High magnification image (dotted
rectangle) of transcription start site in ensheathing glial nucleus (DAPI) without ribosome association
(white arrowhead). Genotype: ;UAS-mCD8::GFP/UAS-mCD8::GFP; TIFR-Gal4/TIFR-Gal4. Single slice:
0.21 ym. Scale bar: 10 um. Inset scale bar: 2 ym.
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Supplementary Figure 7: High resolution imaging of ensheathing glia within ALs following ORN
injury

(A) Representative super-resolution Airyscan images of uninjured and injured AL ROls (red square).
Green outline represents segmentation of ensheathing glial membranes for analysis. Yellow boxes
represent mmp-1 mMRNA puncta within ensheathing glial processes for quantification. Orange boxes
represent ribosome-association puncta within ensheathing glial processes for quantification. Single
slice: 0.15 uym. Scale bar: 5 ym. Genotype: ;UAS-mCD8::GFP/UAS-mCD8::GFP; TIFR-Gal4/TIFR-Gal4.
(B) Quantification of mmp-1 mRNA and ribosome-association puncta in uninjured and injured brains,
normalized to ensheathing glial volume. Uninjured mRNA (n=10), uninjured ribosome-association
(n=10), injured mRNA (n=10), injured ribosome-association (n=10). Mean + SEM; One-way ANOVA
(Sidak’s post hoc test); non-significant (ns), **(p=0.0039), ****(p<0.0001).
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Supplementary Figure 8: Hybridization with sB3 initiator to assess FLARIM background signal
(A) Representative image of injured ALs (20 hpi), hybridized with control probes (Mmp-1 HCR
B2/FLARIM sB3 and 18S FLARIM sB3) or with the sB3 initiator (GTCCCTGCCTCTATATCT) [1.6 uM]
and Mmp-1 HCR B2/FLARIM sB3 [2.0 uM]. (Supp. Table S4). Single slice: 0.5 pm. Scale bar: 10 ym.
Genotype: ;UAS-mCD8::GFP/UAS-mCD8::GFP;TIFR-Gal4/TIFR-Gal4. (B) Quantification of FLARIM
fluorescence intensity (a.u.) within ALs. Control uninjured (n=4), Control injured (n=5), sB3 uninjured
(n=5), sB3 injured (n=5). Mean + SEM; One-way ANOVA (Sidak’s post hoc test); non-significant (ns),
****(p<0.0001).
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Probe

Mmp-1 smiFISH-1
Mmp-1 smiFISH-2
Mmp-1 smiFISH-3
Mmp-1 smiFISH-4
Mmp-1 smiFISH-5
Mmp-1 smiFISH-6
Mmp-1 smiFISH-7
Mmp-1 smiFISH-8
Mmp-1 smiFISH-9
Mmp-1 smiFISH-10
Mmp-1 smiFISH-11
Mmp-1 smiFISH-12
Mmp-1 smiFISH-13
Mmp-1 smiFISH-14
Mmp-1 smiFISH-15
Mmp-1 smiFISH-16
Mmp-1 smiFISH-17
Mmp-1 smiFISH-18
Mmp-1 smiFISH-19
Mmp-1 smiFISH-20
Mmp-1 smiFISH-21
Mmp-1 smiFISH-22
Mmp-1 smiFISH-23
Mmp-1 smiFISH-24
Mmp-1 smiFISH-25
Mmp-1 smiFISH-26
Mmp-1 smiFISH-27
Mmp-1 smiFISH-28
Mmp-1 smiFISH-29
Mmp-1 smiFISH-30
Mmp-1 smiFISH-31
Mmp-1 smiFISH-32
Mmp-1 smiFISH-33
Mmp-1 smiFISH-34
Mmp-1 smiFISH-35
Mmp-1 smiFISH-36
Mmp-1 smiFISH-37
Mmp-1 smiFISH-38
Mmp-1 smiFISH-39
Mmp-1 smiFISH-40
Mmp-1 smiFISH-41

Gene-specific probe sequence (Mmp-1)
FLAP sequence

Sequence (5’ > 3')
CTAAGGTTCACAAATGCACTGCCCGTAGGTTACACTCGGACCTCGTCGACATGCATT
AATCGGGCGTCATGGAATCTGTAGTACTTGTTTACACTCGGACCTCGTCGACATGCATT
AGCCGAACTGGGACAGGTAGATCTCTGTTACACTCGGACCTCGTCGACATGCATT
CGACTATGAACACTGAACTTTGGCAGTTTGTCTTACACTCGGACCTCGTCGACATGCATT
GATCTTGGTGGTTAGATAAGGCGGGCAAAGTCTTACACTCGGACCTCGTCGACATGCATT
TATATAGTCACTATCACTTGGGCGAATTTGGCTTACACTCGGACCTCGTCGACATGCATT
CAGGGCACTATCCACACTCTACACTCTTACACTCGGACCTCGTCGACATGCATT
GGCTAGCACAGCTCCCAGTTTCCAAGTTACACTCGGACCTCGTCGACATGCATT
GAGCTCCTTTCCCATGTGCCGACATTTTACACTCGGACCTCGTCGACATGCATT
TTTGGAAACTTTACTCGAGTGGCTAGCGTTGATTACACTCGGACCTCGTCGACATGCATT
GCTGGTATCTCTTAGCTCTTTTAGCTAACGTTACACTCGGACCTCGTCGACATGCATT
GGCTGCGTCAAAGTCATCACCGTTGCTTACACTCGGACCTCGTCGACATGCATT
GTTCGAACTCGTTGTCCGAGCCTTCGACTTACACTCGGACCTCGTCGACATGCATT
TATTACCTGTGGACGAGGGCGTGTTCTTGTTACACTCGGACCTCGTCGACATGCATT
GAATGCCCGTGAAGCCCTCGCTGATTTTACACTCGGACCTCGTCGACATGCATT
CTTAGGGTAGACGCCGTCCATCTGACGTTACACTCGGACCTCGTCGACATGCATT
GAAGAAGTACGTCTTGCCGTTCTTGTAGGTGATTACACTCGGACCTCGTCGACATGCATT
CTTGGAGTCCTTGCAGATGGAGTCGTCTATTACACTCGGACCTCGTCGACATGCATT
TCAGCTGGTTTGTTTTGCGCCCATACAGTTACACTCGGACCTCGTCGACATGCATT
CGCCTTGTCGTCCTCGTCCAACTTGAATTACACTCGGACCTCGTCGACATGCATT
TCAGAGCGGAGCTCTGATCTGAGTGGGTTACACTCGGACCTCGTCGACATGCATT
CCACCTGGAACAGATTGGTGCCTCGAGTTACACTCGGACCTCGTCGACATGCATT
CCATGCTCGCTCTCCACGAACTTGATTTACACTCGGACCTCGTCGACATGCATT
GATCTTGTAGGTGAGGTTCTTCACACGCCTTACACTCGGACCTCGTCGACATGCATT
CGCGAAGCTTTGGAACTCCTCGATGGCTTACACTCGGACCTCGTCGACATGCATT
TGTGTGGTGGTGGAAACGGGTGCCGATTGATTACACTCGGACCTCGTCGACATGCATT
AGGCTCGTCTATTTGTCATGTGGTTCCACTTACACTCGGACCTCGTCGACATGCATT
GCCGCTGGCACTTTGAACTTTATATCACTTACACTCGGACCTCGTCGACATGCATT
TCTTTAGTTTCTTCACAGGGCTGTTTCGAACTTTACACTCGGACCTCGTCGACATGCATT
TGCTGCCCTTGAAGAAGTATATCTTGCCTTACACTCGGACCTCGTCGACATGCATT
CCCTGCGCCGAGTTGAAGAGTGTGTCTTTACACTCGGACCTCGTCGACATGCATT
GAAGGGGGGCGTGGCCGAGTCAACAGTTACACTCGGACCTCGTCGACATGCATT
CCCTTGAAGAAGTACGTGTAGCCATTGGTGTTTACACTCGGACCTCGTCGACATGCATT
CTCTTGGCCGGATCGAAGCGCCAGAATTACACTCGGACCTCGTCGACATGCATT
CCCAAACCATTGCGGCGTCCAGATGGTTACACTCGGACCTCGTCGACATGCATT
CGGGTTCAAAGCCGCGATAGAAGGGCGCTTACACTCGGACCTCGTCGACATGCATT
AAATGCGCGACCGATCTCCGCGTCGATTACACTCGGACCTCGTCGACATGCATT
CAGCGGGGCAGGGACATCAGCTTCATTTACACTCGGACCTCGTCGACATGCATT
TATTTTTGTTTGGTTCTCTCCAATTCCTTGCATTACACTCGGACCTCGTCGACATGCATT
TTTGGATTTCCTCTCATCGTATTCGATATGATTTACACTCGGACCTCGTCGACATGCATT
GCTGGTATCTCTTAGCTCTTTTAGCTAACGTTACACTCGGACCTCGTCGACATGCATT

FLAP

////7' 5

5&3 gene-specific probe
fluorophore-labeled
FLAP binding probe

Supplementary Table 1: mmp-1 smiFISH probeset
mmp-1 gene-specific sequences (magenta), FLAP sequence (blue; Tsanov, et al., 2016(224))



Probe

18S FLARIM-sB3-1
18S FLARIM-sB3-2
18S FLARIM-sB3-3
18S FLARIM-sB3-4
18S FLARIM-sB3-5
18S FLARIM-sB3-6
18S FLARIM-sB3-7
18S FLARIM-sB3-8
18S FLARIM-sB3-9
18S FLARIM-sB3-10
18S FLARIM-sB3-11
18S FLARIM-sB3-12
18S FLARIM-sB3-13
18S FLARIM-sB3-14
18S FLARIM-sB3-15
18S FLARIM-sB3-16
18S FLARIM-sB3-17
18S FLARIM-sB3-18
18S FLARIM-sB3-19
18S FLARIM-sB3-20
18S FLARIM-sB3-21
18S FLARIM-sB3-22
18S FLARIM-sB3-23
18S FLARIM-sB3-24
18S FLARIM-sB3-25

Sequence (5’ > 3)
CTTTGAGACAAGCATATAACTACTGGCAAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
GCCTTTTGCGGTTTCACTTTTAATTCGAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
TAGAATTACCACAGTTATCCAAGTAAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
CGCTTGGTTTTAGCCTAATAAAAGCAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
TTGTTATTTTTCGTCACTACCTCCCCCAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
AAGTGTACTCATTCCAATTACAGGGCCAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
TATACGCTATTGGAGCTGGAATTACCGAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
CGGTCCAAGAATTTCACCTCTCAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
GAACCTCTAACTTTCGTTCTTGATTAATGAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
GCATCGTTTATGGTTAGAACTAGGGCGAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
AAGTTTCAGCTTTGCAACCATACTTAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
GGTAAGTTTTCCCGTGTTGAGTCAAATTAAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
CACCCATAGATTCGAGAAAGAGCTAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
GGAATTAACCAGACAAATCACTCCAAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
CTGTTATTGCTCAATCTCATTATTGCTAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
AGCATGAAAGTGGTTCAGCGGTTTACAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
CACACTTACTGGGAATTCCAAGTTCATAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
GGTGTGTACAAAGGGCAGGGACGTAAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
TGATCCTTCCGCAGGTTCACCTACGAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
CAATTTGTCCATTTAAGAAGCTAGTGTCAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
GTTTCCCGGGAAGCGACTGAGAGAAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
CCAGACTTGCCCTCCAATTGGTCCTTAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
GTTACCCGTTGCAACCATGGTAGTCAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
CTGCCTTCCTTAGATGTGGTAGCCGAAAAAAAAAAAAAGTCCCTGCCTCTATATCT
TCCCTCTCCGGAATCGAACCCTGATAAAAAAAAAAAAAGTCCCTGCCTCTATATCT

18S ribosome-specific probe sequence 1st half of
Split initiator sequence (B3) split initiator
Spacer

18S probe (B3)

5 TTTTTITITd

Supplementary Table 2: 18S FLARIM split B3 probe sequences
18S ribosome-specific probe sequences (blue) and B3 split initiator sequence (green; Choi et al.,

2014(223)).
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Probe

Mmp1 HCR-B2/FLARIM-sB3-1
Mmp1 HCR-B2/FLARIM-sB3-2
Mmp1 HCR-B2/FLARIM-sB3-3
Mmp1 HCR-B2/FLARIM-sB3-4
Mmp1 HCR-B2/FLARIM-sB3-5
Mmp1 HCR-B2/FLARIM-sB3-6
Mmp1 HCR-B2/FLARIM-sB3-7
Mmp1 HCR-B2/FLARIM-sB3-8
Mmp1 HCR-B2/FLARIM-sB3-9
Mmp1 HCR-B2/FLARIM-sB3-10
Mmp1 HCR-B2/FLARIM-sB3-11
Mmp1 HCR-B2/FLARIM-sB3-12
Mmp1 HCR-B2/FLARIM-sB3-13
Mmp1 HCR-B2/FLARIM-sB3-14
Mmp1 HCR-B2/FLARIM-sB3-15
Mmp1 HCR-B2/FLARIM-sB3-16
Mmp1 HCR-B2/FLARIM-sB3-17
Mmp1 HCR-B2/FLARIM-sB3-18
Mmp1 HCR-B2/FLARIM-sB3-19
Mmp1 HCR-B2/FLARIM-sB3-20
Mmp1 HCR-B2/FLARIM-sB3-21
Mmp1 HCR-B2/FLARIM-sB3-22
Mmp1 HCR-B2/FLARIM-sB3-23
Mmp1 HCR-B2/FLARIM-sB3-24
Mmp1 HCR-B2/FLARIM-sB3-25
Mmp1 HCR-B2/FLARIM-sB3-26
Mmp1 HCR-B2/FLARIM-sB3-27
Mmp1 HCR-B2/FLARIM-sB3-28
Mmp1 HCR-B2/FLARIM-sB3-29
Mmp1 HCR-B2/FLARIM-sB3-30
Mmp1 HCR-B2/FLARIM-sB3-31
Mmp1 HCR-B2/FLARIM-sB3-32
Mmp1 HCR-B2/FLARIM-sB3-33
Mmp1 HCR-B2/FLARIM-sB3-34
Mmp1 HCR-B2/FLARIM-sB3-35
Mmp1 HCR-B2/FLARIM-sB3-36
Mmp1 HCR-B2/FLARIM-sB3-37
Mmp1 HCR-B2/FLARIM-sB3-38
Mmp1 HCR-B2/FLARIM-sB3-39
Mmp1 HCR-B2/FLARIM-sB3-40
Mmp1 HCR-B2/FLARIM-sB3-41

Gene-specific probe sequence (Mmp-1)
Split initiator sequence (B3)

Spacer

Sequence (5' > 3')
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACTAAGGTTCACAAATGCACTGCCCGTAGGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAAATCGGGCGTCATGGAATCTGTAGTACTTGTAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAAGCCGAACTGGGACAGGTAGATCTCTGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACGACTATGAACACTGAACTTTGGCAGTTTGTCAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGATCTTGGTGGTTAGATAAGGCGGGCAAAGTCAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATATATAGTCACTATCACTTGGGCGAATTTGGCAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACAGGGCACTATCCACACTCTACACTCAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGGCTAGCACAGCTCCCAGTTTCCAAGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGAGCTCCTTTCCCATGTGCCGACATTAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATTTGGAAACTTTACTCGAGTGGCTAGCGTTGAAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGCTGGTATCTCTTAGCTCTTTTAGCTAACGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGGCTGCGTCAAAGTCATCACCGTTGCAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGTTCGAACTCGTTGTCCGAGCCTTCGACAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATATTACCTGTGGACGAGGGCGTGTTCTTGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGAATGCCCGTGAAGCCCTCGCTGATTAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACTTAGGGTAGACGCCGTCCATCTGACGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGAAGAAGTACGTCTTGCCGTTCTTGTAGGTGAAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACTTGGAGTCCTTGCAGATGGAGTCGTCTAAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATCAGCTGGTTTGTTTTGCGCCCATACAGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACGCCTTGTCGTCCTCGTCCAACTTGAAAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATCAGAGCGGAGCTCTGATCTGAGTGGGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACCACCTGGAACAGATTGGTGCCTCGAGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACCATGCTCGCTCTCCACGAACTTGATAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGATCTTGTAGGTGAGGTTCTTCACACGCCAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACGCGAAGCTTTGGAACTCCTCGATGGCAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATGTGTGGTGGTGGAAACGGGTGCCGATTGAAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAAGGCTCGTCTATTTGTCATGTGGTTCCACAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGCCGCTGGCACTTTGAACTTTATATCACAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATCTTTAGTTTCTTCACAGGGCTGTTTCGAACTAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATGCTGCCCTTGAAGAAGTATATCTTGCCAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACCCTGCGCCGAGTTGAAGAGTGTGTCTAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGAAGGGGGGCGTGGCCGAGTCAACAGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACCCTTGAAGAAGTACGTGTAGCCATTGGTGTAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACTCTTGGCCGGATCGAAGCGCCAGAAAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACCCAAACCATTGCGGCGTCCAGATGGAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACGGGTTCAAAGCCGCGATAGAAGGGCGCAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAAAATGCGCGACCGATCTCCGCGTCGAAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAACAGCGGGGCAGGGACATCAGCTTCATAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATATTTTTGTTTGGTTCTCTCCAATTCCTTGCAAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAATTTGGATTTCCTCTCATCGTATTCGATATGATAAAAAAAAAAAACCACTCAACTTTAACCCG
CCTCGTAAATCCTCATCAATCATCCAGTAAACCGCCAAAAAGCTGGTATCTCTTAGCTCTTTTAGCTAACGAAAAAAAAAAAACCACTCAACTTTAACCCG

Full initiator sequence (B2) 5 —_— 3
Full initiator mRNA 2nd half of
(B2) probe split
initiator
(B3)

Supplementary Table 3: mmp-1 HCR B2 FLARIM split B3 probe sequences
mmp-1 gene-specific sequences (magenta), B3 split initiator sequence (green; Choi et al., 2014(223)), and
full B2 initiator sequence (orange; Choi et al., 2014(223)).
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Discussion

In this study, we have modified HCR and FLARIM methods to develop a novel dual
probeset strategy to visualize single mRNA transcripts and their associated ribosomes in
vivo(214, 223, 225). Specifically, we have applied this approach to visualize mmp-1 transcripts in
ensheathing glial cells responding to acute axon injury in adult Drosophila. It is becoming
increasingly clear that directed transport of select mMRNAs and local translation are essential for
a wide range of cellular responses, including glial cell function in both the developing and mature
brain(235-238). Thus, we propose that this novel methodology to visualize and quantify transcripts
and, notably, ribosome association in whole tissue will be broadly valuable.

The mechanisms of mMRNA localization and local translation are highly conserved and
provide cells with the ability to restrict responses to subcellular compartments, conserve energy,
and localize responses to specific stimuli(213, 230). Directed transport/translation of transcripts
has been well described in neurons(239-243). More recently, the importance of local translation
has been explored in glial cells. Local transcriptomes and translatomes have been characterized
within astrocyte peripheral processes at the tripartite synapse, as well as astrocytic endfeet at the
gliovascular interface(211, 212). In oligodendrocytes, myelin basic protein (mbp) mRNA is
localized to oligodendrocyte sheaths and is required for proper myelin and axon development,
while radial glia transport and locally translate mRNAs in their distal processes during
development(209, 236). Research has also focused on how specific stimuli activate such
mechanisms. Peripheral processes in astrocytes induce local translation in response to fear
conditioning in mice, while neuronal activity may control myelination by oligodendrocytes through
the induction of local protein synthesis(210, 213).

Here, we show that that our mmp-71 FLARIM v2.0 approach can reliably detect significant
mmp-1 upregulation in glia following olfactory nerve injury and that this strategy allows us to
monitor changes in the spatial distribution of mmp-1 transcripts, as well as association with

ribosomes within one day after axotomy. We propose that our detection of transcript/ribosome
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association indicates that local translation of secreted Mmp-1 protein occurs at the distal process
of glial cells as they invade injury sites (Fig. 3). We observe markers for both ER and GA in fine
distal processes of ensheathing glia under both basal and injury conditions, suggesting that this
glial subtype is equipped with organelles to locally translate and secrete a released factor such
as Mmp-1 (Fig. 5). Given the ramified morphology of ensheathing glia, and the well-known role of
Mmp-1 in ECM remodeling, rapid, local production of Mmp-1 is likely important for proper
extension of glial processes within the deeper regions of the antennal lobes. As a result, this
would aid phagocytic engulfment of degenerating olfactory neurons.

From a technical standpoint, FLARIM v2.0 offers a number of important features and,
notably, some key advantages over the original FLARIM approach (Fig. 2). Fewer probes are
required to monitor association of ribosomes and transcripts of interest. Transcripts and
ribosomes are visualized as diffraction-limited spots and can be quantified to assess relative
changes in gene expression and ribosome association in discrete cell types. Moreover, this
method allows for flexible fluorescent labeling within samples. Finally, the generation of probes
ordered as oPools is very cost effective. This and related protocols also offer the obvious benefit
of greater spatial resolution to quantify gene upregulation in discrete cell types in heterogenous
tissue, as opposed to cruder approaches (e.g., quantitative-PCR on crushed tissue).

More broadly, this approach offers a novel experimental readout for a component of glial
immunity that has not yet been explored in flies and minimally in other model organisms, namely
local translation of immune genes at injury sites. Our results now offer a new platform to explore
future questions to investigate how mRNA transcripts are transported, translated, and eventually
degraded once an immune response is no longer required. Previous work from our lab has shown
that insulin-like signaling (ILS) pathways are acutely activated in ensheathing glial cells
responding to olfactory nerve axotomy(132). Because ILS cascades are known to promote
protein translation via mammalian target of rapamycin (mTOR), this offers an intriguing candidate

by which immune gene translation is locally enhanced within glia in response to
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neurodegeneration(244). Future screening efforts will reveal how select immune gene transcripts
are shuttled throughout glial processes to support proper innate immune reactions to acute

trauma and perhaps also chronic neurodegenerative conditions.

Methods

Probe design & Synthesis

Probes to the transcript of interest were designed using Oligostan in R Studio(224, 245). The
probes were compared to a database of noncoding RNAs (http:/flybase.org(246):

http://ftp.flybase.net/genomes/Drosophila melanogaster/dmel r6.37 FB2020 0O6/fasta/; dmel-

all-miRNA-r6.37 .fasta.gz, dmel-all-miscRNA-r6.37 .fasta.gz, dmel-all-ncRNA-r6.37.fasta.gz) for
sequence similarity using Geneious (Biomatters). Any probes similar to ncRNAs (miRNA,
snoRNA, IncRNA) were discarded from the probeset. The remaining probes were used to make
up the gene-specific probesets. B2 and split B3 initiator sequences were added to the probes to
allow for HCR amplification and FLARIM detection, which have been previously described(214,
223). Probes were synthesized in 96-well plates or as 50 pmol oPools (Integrated DNA

Technologies). Probe sequences can be found in Supplementary tables 1-3.

ORN Injury Assay & Dissection

Third antennal segments and maxillary palps were removed bilaterally using forceps, as
previously described(120). Flies were raised at 25° C and returned to this temperature following
injury, until dissection at 20 hpi. Fly lines containing the tubulin-Gal80ts transgene were raised at
18°C and moved to 30°C for 7 days to induce Mmp-1 RNAI expression. These flies were then
injured and moved back to 30°C until dissection. Fly heads were pulled and fixed in 4%
paraformaldehyde (PFA; Electron Microscopy Sciences, #19210) + Triton X-100 (TX; 0.1%; MP
Biomedicals, 04807426-CF) for 20 min at room temperature (RT) on a rocker. Then, heads were

washed in 1X phosphate buffered saline (PBS; Invitrogen, AM9624) + TX (0.01%) on a rocker at
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RT (3 x 2 min). Brains were dissected in 1X PBS-TX (0.01%). Brains were then fixed in 4% PFA
+ 0.1% TX for 20min at RT on a rocker and washed with 1X PBS-TX (0.1%) on a rocker at RT (3
X 2 min). To increase probe penetration, brains were also permeabilized for 20 min in 1X PBS-TX

(0.5%), while rocking at RT. Brains for immunostaining were not additionally permeabilized.

smiFISH

The smiFISH reagents, flap hybridization, and protocol have been described previously(221, 224).
The smiFISH protocol has been adapted as follows: After dissection, fixation, and
permeabilization, brains were placed in hybridization buffer(224) with the Mmp-1 smiFISH ATTO
550 (Integrated DNA Technologies) probeset and hybridized overnight in a thermal cycler at 37°C.
The following day, brains were washed in 1X saline-sodium citrate (SSC; Invitrogen,
AM9763)/10% formamide (Sigma, F9037)/0.1% TX/0.1% Tween-20 (Calbiochem, #655204) at
50°C (2 x 30 min) in a thermal cycler. Brains were then mounted in Vectashield (Vector Labs)

under #1.5 coverslips and imaged.

Probe Hybridization & Signal Amplification

The HCR v3.0 hybridization and amplification protocol has been described previously for whole-

mount fruit fly embryos(225, 247) (https://www.molecularinstruments.com/hcr-rnafish-protocols).

The protocol was utilized in adult fruit fly brains as follows: After permeabilization, brains were
pre-hybridized for 20 min at 37°C in probe hybridization buffer (Molecular Instruments), which had
already been heated to 37°C. Brains were then hybridized overnight (16-18 hrs) with the gene-
specific and 18S FLARIM probes in a thermal cycler at 37°C. The following day, brains were
washed in probe wash buffer (Molecular Instruments) at 37°C in the thermal cycler (4 x 15 min).
During the washes, HCR hairpins (Molecular Instruments) were snap-cooled, and the
amplification buffer (Molecular Instruments) was moved to RT. Brains were washed again in 5X

SSC/0.1% Tween-20 at RT (2 x 5min). Brains were pre-amplified with amplification buffer at RT
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for 10 min. Then, hairpins were added to the amplification buffer and the HCR and FLARIM signals
were amplified. Amplification times were empirically determined for each probeset in this paper
(mmp-1 HCR B2 FLARIM split B3 Alexa Fluor 546: 1 hr; 18S FLARIM B3 Alexa Fluor 647: 6 hrs).
Following amplification, brains were washed in 5X SSC/0.1% Tween-20 at RT (5 min, 2 x 30 min,

5 min), and then mounted in Vectashield (Vector Labs) under #1.5 coverslips and imaged.

Immunostaining

Antibodies were diluted in 1X PBS-TX (0.1%), and brains were incubated in primary antibodies
overnight on a shaker at 4°C. Brains were washed in PBS-TX (0.1%) at RT (3 x 30 min) and
incubated in secondary antibodies in 1X PBS-TX (0.1%) for 2 hrs at RT on a shaker. Brains were
then washed again in 1X PBS-TX (0.1%) at RT (3 x 30 min) and mounted in Vectashield (Vector

Labs) under #1.5 coverslips and imaged.

Antibodies

The following primary antibodies were used: mouse beta-galactosidase 40-1a (Developmental
Studies Hybridoma Bank) at 1:100, chicken anti-GFP (ThermoFisher, #A10262) at 1:1000, mouse
anti-nc82 (Bruchpilot; Developmental Studies Hybridoma Bank) at 1:50, goat anti-GMAP
(Developmental Studies Hybridoma Bank) at 1:800, mouse anti-Cnx99A 6-2-1 (Developmental
Studies Hybridoma Bank) at 1:400. All secondary antibodies (Jackson Immunoresearch 703-545-

155, 715-295-150, and 705-295-147) were used at a 1:400 dilution.

Microscopy & Analysis

Samples were imaged on a Zeiss LSM 700 with a Zeiss 40X 1.4 NA oil immersion plan-
apochromatic lens. Samples with Golgi and ER staining were imaged using a Zeiss Elyra 7 with
lattice SIM with a Zeiss 63X 1.4 NA oil immersion plan-apochromatic lens at the OHSU Advanced

Light Microscopy Core (ALMC). Samples for high resolution quantification and DAPI staining were
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imaged using a Zeiss LSM 900 with Airyscan 2 with a Zeiss 63X 1.4 NA oil immersion plan-
apochromatic lens at the OHSU ALMC. Brains within the same experiment were imaged on the
same day, using the same microscope settings. Images were processed in Zen (Zeiss). Volocity
3D Image Analysis Software (Quorum Technologies) was used for fluorescence and puncta
quantification, while Imaris Cell Imaging Software (Andor Technology) at the OHSU ALMC was
used for super-resolution image processing, 3D rendering, and colocalization analysis. GraphPad
Prism 8 (Graphpad Software) was used for statistical analysis: Student’s t-test, Mann-Whitney
test, one-way ANOVA. Normality was tested using the D’Agostino-Pearson normality test. Outliers
were identified using the ROUT method. Experiments were not blinded. For mmp-1 FLARIM v2.0
quantifications, 5 um was removed from the top of each z-stack to exclude ensheathing glial cell
bodies from the analysis, and only quantify mmp-1 mRNA and ribosome-association signals
within the ensheathing glial processes of the ALs. A circular ROl was defined in each AL, where
the total fluorescence for each signal was calculated. For maxillary palp injury quantifications,
ORB85e GFP+ glomeruli were selected as ROls and segmented, and total fluorescence intensity
for mmp-1 mRNA and ribosome-association signals was calculated. For high-resolution image
analysis, GFP+ membranes were segmented, and the sum of mMRNA and ribosome-association

puncta were calculated.

MARCM clones

MARCM clones were generated as previously described with the following moderations(248): Fly
crosses were allowed to lay eggs for 48 hours at RT and were then heat shocked at 37°C for 45
minutes before being raised at room temperature. Once eclosed, flies were aged for 10-12 days

before brains were dissected and immunolabeled.

Drosophila Stocks
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Adult flies between 4-14 days old were used for experiments. The following lines were used:
w1118 (BDSC 5905), UAS-mCD8::GFP (BDSC 5137), UAS-LacZ::NLS (BDSC 3956), TIFR-

Gal4(249), repo-Gal4(70), tubulin-Gal80ts (BDSC 7108), UAS-Mmp-1 RNAI(250).

Acknowledgements

We acknowledge expert technical assistance by staff in the Advanced Light Microscopy Core,
supported by grant P30NS061800. We thank Jolanda Muenzel for ensheathing glial MARCM
images and Alexandra Houser for help with smiFISH experiments. We would also like to thank
Dirk Bohmann, Bloomington Drosophila Stock Center at Indiana University, and the

Developmental Studies Hybridoma Bank at the University of lowa for flies and antibodies.

Funding
This work was supported by National Institutes of Health grants (R21 NS084112, R21 NS107771,
and R01 NS117934), the Ken and Ginger Term Professor Award (M.A.L.), and the Tartar Trust

Fellowship at Oregon Health and Sciences University (P.R.).

Conflict of Interest

The authors declare that no competing interests exist.

93



CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS
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Glial responses to neuronal injury

Glial activation, characterized by changes in morphology, motility, gene expression,
phagocytic function, is a cellular response observed in a variety of injury models and pathogenic
contexts. Activated glia are found in TBI, ischemic injury, peripheral nerve injury,
neurodegenerative disease, and in the aging brain. Research has focused on uncovering the
changes in glial function, and the pathways that mediate them, in order to tease apart
consequences for brain health, which range from neuroprotective to neurotoxic. A novel
component of the glial response is highlighted in this dissertation, whereby immune transcript
localization and local translation may play a role in proper glial function after axotomy. These
findings raise numerous questions, including whether specific neuronal signals might regulate
these new components of the glial response. A number of neuronal injury signals have been
elucidated, including ATP signaling and PtdSer exposure; however, this dissertation presents

evidence for DCVs as a neuronal injury signal.

Do neuronal DCVs carry and release glial activation signals?

In Chapter 2, | detailed our findings implicating neuronal DCV release in the glial injury
response. Building on work by Musashe and colleagues (2016), | established a time course of
DCV reduction through static imaging in the Drosophila ORN system (Fig. 2.1)(132). Beginning
as soon as 30 mpi, DCVs are reduced from ORN projections, and this reduction persists up to 8
hpi. To complement these findings, | was able to show that DCV movement was halted in wing
projections immediately following injury, and this stoppage of movement lasted at least until 1 hpi
(Fig. 2.3). This could suggest that DCVs are docked and primed for the release of their contents
in the minutes after an axotomy.

From previous work, we also know that in the ILS pathway, glial signaling is activated by
lips, the ligands of the InR(128). However, it is unclear what other endogenous cargo might be

released from DCVs in response to neuronal injury. DCVs traffic diverse cargo, which can differ
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across cell types(134). Therefore, it is likely that DCV exocytosis could have varied downstream
effects on surrounding cells. In the context of injury and our Drosophila model, it would be
interesting to determine the cargo of ORN DCVs. This could give us new candidates for injury
signals that neurons might use to signal to glia and uncover pathways that act together or in
parallel to ones we have already described.

Ca®" plays a number of roles in neurons, including the regulation of several intracellular
signaling cascades. Moreover, it plays a vital role in regulating vesicular release(251). While the
role of Ca?* in SV release is well established, we have also learned that DCV exocytosis is reliant
on Ca*(162, 252). Caps is part of the DCV Ca*'-sensing release machinery, which has been
found to mediate docking and fusion of vesicles at the plasma membrane(157, 159). Additionally,
Ca®" is particularly relevant in the context of injury, as its entry into the axon is necessary and
sufficient for Wallerian degeneration(106). Studies have shown that significant rises of Ca** are
observed in neurons immediately following axotomy (in zebrafish and Drosophila) and just before
fragmentation of the axon (in zebrafish)(105, 106). It would be important for future experiments to
determine whether a second Ca?* wave is observed in Drosophila models, especially in the adult
fly. The wing would serve as a particularly amenable system, where live Ca®* imaging can be
performed using GCaMPs, and a laser injury can be induced. Such an experiment could be
combined with more direct measures of DCV behavior, such as DCV trafficking velocity,
compared with intra-axonal Ca** changes. Finally, it would be interesting to determine whether
perturbation of the Ca?* sensing machinery (by Caps RNAi or expression of TeTXLC) or the
chelation of Ca®" at either stage would affect DCV release or trafficking.

Our TeTXLC findings suggest that blocking both SV and DCV release have an impact on
both Draper and Mmp-1 upregulation in glia following injury (Fig. 2.8). This experiment does not
tease apart potentially distinct contributions of the vesicle types; however, previous work has
hinted at neurotransmitters (NTs) as injury signals. Aberrant action potentials can be hallmarks of

neuronal injury, and this has been demonstrated in instances of TBI, where neurons release
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excess glutamate(253). Moreover, glial cells have been demonstrated to express N-methyl-D-
aspartate (NMDA) receptors and respond to neuronal glutamate signaling(4, 254, 255). In a
murine cell culture model, microglia were shown to adopt a pro-inflammatory phenotype following

NMDA activation(256).

ILS pathway regulation of Mmp-1

The first half of Chapter 2 examined neuronal events after axotomy; however, | was also
interested in determining how DCV release might impact downstream glial responses. We know
from previous work that perturbation of neuropeptide processing and DCV release lead to
attenuated InR phosphorylation and Draper upregulation; however, | wanted to determine if the
ILS pathway, and DCV release, had a role in the recently described Mmp-1 response. | found that
expressing the dominant negative InR or perturbing DCV exocytosis resulted in a significantly
attenuated Mmp-1 response in glia (Fig. 2.6, 2.7). This further strengthens the link between
neuron to glia signaling via DCVs to initiate injury responses. Also, disrupting DCV release had a
functional consequence, as ensheathing glia were unable to adequately clear degenerating
projections over the 6 days following injury (Fig. 2.9).

Signaling from an injured neuron sets off a cascade of events in the responding glial cell;
a complex mechanism with many steps that ultimately leads to upregulation of genes, cytoskeletal
rearrangements, motility of processes, and phagocytic activity(16, 257). These steps are
coordinated by various signaling pathways. In our model, DCV exocytosis occurs in injured
neurons to release cargo, among them llps, which bind to the InR on surrounding glial cells. In
Drosophila, following insulin-like peptide activation of the InR, the receptor signals through
phosphatidylinositol-3-kinase (PI3K) and Akt(258, 259). Downstream of Akt and the target of
rapamycin (TOR), the ribosomal protein p-70-S6 (S6K) is activated and regulates protein
synthesis and ribosome biogenesis(128, 260). This suggests that the InR pathway could regulate

distinct steps of transcription and translation in glial cells following neuronal injury. As a result, |
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was interested in examining whether DCV release might differentially regulate transcription versus
translation of immune genes.

To approach this question, | used smiFISH, a technique described in Chapter 3, to
visualize mmp-1 transcripts in brains where | had perturbed DCV release using Caps RNA.. In
preliminary experiments, | found that uninjured brains had relatively low levels of mmp-1
transcripts, while injured brains upregulated mmp-7 mRNA at 5 hpi. It was especially surprising
that control and ORN>Caps RNAI brains had comparable levels of mmp-1, especially when they
differed significantly in protein expression at 24 hpi (Fig. 2.7, 4.1A). Interestingly, uninjured
ORN>Caps RNAI brains had significantly higher levels of mmp-1 transcript at basal levels than
controls. Although Caps RNAI expression was temporally restricted, as described in Chapter 2, it
is possible that leaky expression of the construct in ORNs, and therefore the disruption of DCV
release, could have resulted in glial mmp-1 expression even in uninured brains (Fig. 4.1B). To
account for this, | normalized the mmp-1 smiFISH signal to uninjured controls, which diminished
the mmp-1 mRNA upregulation observed by eye in the ORN>Caps RNAi brains (Fig. 4.1C). A
caveat of fluorescence quantification as a readout for mmp-1 transcript abundance is the inability
to accurately assess mmp-1 signal within the nucleus of ensheathing glia, since they often appear
as very bright puncta. As a result, | turned to quantitative PCR to determine whether immune
transcripts are still upregulated when DCV release is blocked from neurons. In a preliminary
experiment, | assayed three genes: drpr-I, mmp-1, and ets21C in uninjured brains and in brains
at 5 hpi. Overall, | found that immune genes were upregulated to similar levels in controls and
Caps RNAI expressing brains (Fig. 4.1D). These experiments will need to be repeated and further
substantiated; however, it is interesting to consider that neuronal DCV release following axotomy

might preferentially regulate translation of immune genes.
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Figure 1: Inmune genes are upregulated in ORN>Caps RNAi brains

(A) Representative images of mmp-1 smiFISH probes in uninjured and injured (5 hpi) brains. Control
genotype: pebbled/+;;tub-Gal80ts, UAS-DCR2/+. Caps RNAi genotype: pebbled/+;UAS-Caps
RNAI/+;tub-Gal80ts, UAS-DCR2/+ (B) Quantification of mmp-1 fluorescence within ALs (white dotted
circle). Control uninjured (n=19), control injured (n=23), Caps RNAI uninjured (n=28), Caps RNAi injured
(n=19). Mean = SEM. Kruskal-Wallis test (Dunn’s post hoc test). Ns: non-significant, ***(p<0.001),
****(p<0.0001). (C) Quantification mmp-1 fluorescence normalized to uninjured controls. Control
uninjured (n=19), control injured (n=23), Caps RNAI uninjured (n=28), Caps RNAi injured (n=19). Mean
+ SEM. Kruskal-Wallis test (Dunn’s post hoc test). Ns: non-significant, ****(p<0.0001). (D) Quantitative
PCR analysis of immune genes: drpr-I, mmp-1, ets21C. Control genotype: pebbled/+;;tub-Gal80ts, UAS-
DCR2/+. Caps RNAI genotype: pebbled/+;UAS-Caps RNAI/+;tub-Gal80ts, UAS-DCR2/+. Drpr-I: Control
uninjured (n=2), control injured (n=3), Caps RNAI uninjured (n=3), Caps RNAI injured (n=3). Mmp-1:
Control uninjured (n=3), control injured (n=3), Caps RNAi uninjured (n=3), Caps RNAI injured (n=3).
Ets21C: Control uninjured (n=3), control injured (n=3), Caps RNAi uninjured (n=3), Caps RNAI injured
(n=3). Mean + SEM. One-way ANOVA (Sidak’s post hoc test). Ns: non-significant.

99



Future directions

Although we were not able to conclusively show DCV release in our experiments, and
tools to do this in the in vivo brain are scarce, we began developing a novel split GFP (spGFP)
tool to quantify DCV release after an injury event. | have detailed the current progress of this
project in the Appendix of this dissertation, as well as some alternative approaches to directly
assay DCV release in the fruit fly brain, such as the use of a transgenic fluorogen activating protein
(FAP) line, which is targeted to DCVs and could serve as a tool to indicate DCV fusion in the
brain(261, 262). This will be a vital experiment to determine whether there is a direct link between
neuronal injury and DCV release.

The summary of the neuronal and glial findings from this dissertation are summarized in
Fig. 4.2. We propose that DCV exocytosis from injured neurons plays a role in regulating the
translation of immune genes, while in preliminary experiments we find that transcription is not
affected. Future experiments should utilize the FLARIM v2.0 probeset described in Chapter 3 to
examine whether ribosome occupancy on the mmp-1 transcript is altered in an ORN>Caps RNAI
background. Such an experiment could examine the contribution of neuronal DCV signaling to

the translation control of immune transcripts.
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Figure 2: Summary of neuronal and glial events following axotomy

In neurons, DCVs are reduced starting at 30 minutes post-injury. This reduction is not blocked
immediately following injury or close to fragmentation by the expression of WIids in neurons. DCV release
from neurons is required for the phosphorylation of the glial InR and the upregulation of Draper and
Mmp-1 protein products to clear degenerating projections. Perturbation of DCV release may not affect
immune gene mRNA upregulation, suggesting that DCVs may differentially regulate mRNA and protein
upregulation of immune genes. Question marks represent results that will need further validation.
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Glial immune genes are localized to ensheathing glial processes following injury

In Chapter 3, | described a novel method that we adapted for in vivo use to study injury-
mediated mechanisms in Drosophila(204). We named this technique FLARIM v2.0, as it adapts
HCR and FLARIM technology in two probesets to label individual mRNA transcripts and their
associated ribosomes (Fig. 3.2)(214, 223). We tested our 18S ribosome and mmp-1 specific
probesets in the Drosophila brain, confirming that our signal was specific, produced minimal
background, and was quantifiable. Although we initially adapted various smFISH methods to
examine effects of neuronal DCV release on glial activation, through our validation experiments,
we made an interesting observation regarding mmp-1 transcripts in ensheathing glia.

Following ORN injury, mmp-1 transcripts appeared to be distributed to distal glial
processes. Ensheathing glial cell bodies reside at the outskirts of the ALs, and they do not invade
this region after an injury, which could suggest that mRNAs associated with the glial immune
response are being transported to processes that infiltrate the ALs (Fig. 4.3). In separate
preliminary experiments, we also observed that drpr transcripts were visible in GFP+ ensheathing
glial processes within the neuropil (data not shown). Additional work will need to be done to
validate these results and determine if other known immune genes are detected in distal
projections. mRNA localization has been demonstrated in other glia, such as oligodendrocytes,
astrocytes, and radial glia; however, it has been most extensively studied in neurons(209, 211,
236). Given the complex and ramified morphology of many glial cells, it is likely that this
mechanism is also employed by glia in response to specific stimuli. However, to our knowledge,
this has not yet been demonstrated in the context of injury in glial cells. mRNA localization has
several advantages for the cell since expression can be restricted to a specific region, where local
stimuli can have an effect(235). Moreover, translation can occur multiple times in a localized area,
as opposed to continued protein transport from the cell body.

Currently, there is no clear consensus on a general localization sequence that is

associated with all targeted transcripts. Previous research suggests that the 3’ untranslated region
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(UTR) and even the 5’UTR of the RNA might be recognized by RNA binding proteins(263).
Nuclear events have also been proposed, whereby splicing and alternative polyadenylation site
selection could play role in targeting(264). Additionally, following transcript production RNA
transport granules have been observed, which are transported by motor proteins across
microtubules and actin filaments to their destination within the cell(265-268). Many questions
remain regarding which mechanisms are utilized by glia to specify transport: Do cis-acting RNA
elements play a role in mmp-1 localization? Do distinct neuronal injury signals contribute to
transcript upregulation and initiation of mMRNA transport of immune genes? Is mmp-1 transported
along with other immune genes in an RNA granule? Does cytoskeletal rearrangement in glia

following injury play a role in immune gene localization?

Local translation in distal glial processes as a response to acute neuronal injury

A relatively new feature of our probeset is the ability to detect ribosomes associated with
a transcript of interest. The FLARIM method was first described by Burke et al., in 2017 in cell
culture(214). We adapted this technique for use in vivo and demonstrated that ribosomes
associated with the mmp-1 transcript can be visualized. We also showed that there is a significant
increase in the ribosome-association signal following ORN injury within ensheathing glial
processes, and that ribosomes also appear to be localized to regions deep in the AL neuropil.
Previous work in astrocytes had demonstrated that rough endoplasmic reticulum can be observed
in end feet under electron microscopy, and the capture of ribosome-bound mMRNAs from this
region revealed a distinct “endfeetome”, with specific roles for mRNAs in peripheral processes
(e.g., glutamate transport, metabolism, cytoskeletal proteins)(211, 212). It is unclear whether
ribosomes are locally present in ensheathing glial processes, or if they are potentially transported
along with immune genes to their sites of action.

We are also aware that neurons can initiate local translation in response to synaptic

activity. This is especially vital to provide synapses with newly synthesized proteins for the
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maintenance of synaptic function and plasticity(230, 231). However, the presence of astrocytes
at the tripartite synapse and their ability to respond to neuronal signaling, raises the question as
to whether neuronal stimuli can influence translation in astrocyte processes. Recently, changes
to local translation have been demonstrated in astrocyte perisynaptic processes in response to
fear conditioning in mice. Mazaré et al., 2020 performed translating ribosome affinity purification
(TRAP), and found that a pool of distinct mRNAs are enriched in perisynaptic processes of
hippocampal astrocytes(213). Moreover, following a behavioral task where mice undergo foot
shocks researchers observed changes in ribosome binding to enriched transcripts. Finally, a
recent preprint mirrored these findings in astrocytes in response to acute seizures. Sapkota et al.,
2021 observed changes in ribosome occupancy via TRAP in astrocytes in response to neuronal
activity(269). The researchers also performed proteomics in the context of fear conditioning and
demonstrated that translation occurs in peripheral astrocyte processes. It will be interesting to
examine how, and which, neuronal signals may contribute to ensheathing glial local translation

following injury.

Future directions

In Chapter 3, | described the observations made using the mmp-1 probeset; however,
there is evidence that a repertoire of immune genes are upregulated in glia after neuronal
injury(77). It will be interesting to assess whether other glial genes are localized and locally
translated in distal processes, and whether this has a functional consequence for proper glial
clearance of degenerating projections. Also, although we have demonstrated transcript-ribosome
association in our injury model, it is clear that this is not direct evidence for active translation.
Future experiments could provide a stronger link by feeding flies puromycin to label the growing
polypeptide chain, which would hint at active translation of immune transcripts in distal

ensheathing glial processes.
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In order to address the questions about mmp-1 localization, and whether this is a directed
process (active transport of immune genes versus glial membrane extension after injury), it would
be interesting to generate mutations in the 3'- or 5’- UTR of mmp-1 to see if there is an effect on
transport. Furthermore, studies have demonstrated that Annexins are involved in RNA granule
transport and docking(270). In a recent study, Annexin A11 was shown to tether RNA granules to
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