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Chapter 2

Introduction

This thesis is the culmination of my studies into the functions of microglia during CNS
Wallerian degeneration that made up the bulk of my graduate work. I have focused on the role of
neuronal activity as a driving force in microglial activation as well as what phagocytic receptors
are necessary for microglial debris clearance.

In this chapter I will introduce the basic concepts of phagocytosis, highlighting the critical
role performed by microglia in development and conditions of CNS pathology. Discussion will
include the role of cell death and clearance of cells and their processes in development, the
continued engulfment of neuronal progenitors in adult neurogenesis, and macrophage/ microglial
function following acute injury at the site of injury and at sites of Wallerian degeneration
downstream of CNS injury. Further, I will discuss the role of complement in these settings and
during chronic CNS pathology. Finally, I will summarize these concepts and principles with the

rationale for my thesis work.

Microglia in the embryonic CNS

Recently, microglia have been confirmed as arising from immune progenitors in the fetal
yolk-sac (Ginhoux et al., 2010, 2013). Entering the CNS as early as embryonic day 9.5 (E9.5)
microglia are present in the CNS much earlier than astrocytes and even before the start of true
cortical neurogenesis which commences at approximately E12 (Miller and Gauthier, 2007).

Microglia are unique in that these cells exhibit a unique transcriptional program in comparison to
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other tissue resident macrophage and that they are also yolk-sac derived for the lifespan of the
mouse with little to no contribution from fetal monocyte progenitors or adult monocytes (Ajami et
al., 2007; Hoeffel et al., 2015).

Documentation of what signals recruit microglial entry into the developing brain has been
controversial. Colony stimulating factor 1 (M-CSF-R) or its ligand, IL-34, has been well
documented in their role of microglia differentiation/maintenance, as either blockade of M-CSF-
R or deletion of IL-34 yields an absence of microglia within the brain (Squarzoni et al., 2014;
Ulland et al., 2015; Wang et al., 2012)

Surprisingly, fractalkine or its receptor CX3CR1 was shown to be dispensable for
microglial entry into the developing brain (Squarzoni et al., 2014). This was also shown in a study
which added that chemokine receptor signaling was minimally important for microglial brain entry
with CCR1, CCR2, CXCR3 or Tyrobp (DAP12) deficient mice displaying normal numbers of
microglia within the developing brain (Kierdorf et al., 2013). Positive data regarding microglial
entry, however, has been shown in the developing zebrafish, where neural progenitor cell (NPC)
death and subsequent release of purinergic signals, such as ATP, was necessary for proper
microglial infiltration and consequent NPC engulfment (Casano et al., 2016). Thus, ATP release
may be a critical mediator of microglial brain entry and movement properties overall, as ATP
sensing is the key mediator of microglial process extension to focal sites of injury in adulthood
(Davalos et al., 2005). Regardless of mechanisms of microglial entry to the mouse CNS, their role
in the clearance of NPCs during mammalian CNS development has been well documented. Before
I proceed in discussing the roles of microglial phagocytosis in development, it will be helpful to
have a brief overview of the concepts of apoptotic cell clearance and its regulation by specialized

molecular cues (“find me” and “eat me” signals).
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Apoptotic cell clearance

A key element of homeostasis in nearly all living animals is the clearance of apoptotic cell
corpses and debris. This process is essential even in baseline tissue maintenance as billions of cells
undergo apoptosis every day (Arandjelovic and Ravichandran, 2015). Failure to complete this
debris clearance is disruptive to both the tissue and organism, with impaired organ processes and
autoimmunity pursuant to failed clearance of dying cells and debris (Nagata, 2007).

Clearance of debris and dying cells is largely regulated by two types of phagocytes,
“professional” and “non-professional”. Professional phagocytes are defined as hematopoietic cells
of the innate immune system while non-professional phagocytes are organ cells that are non-
immune derived and consist classically of epithelial cells, endothelial cells, and fibroblasts.
Professional phagocytes have a generally higher phagocytic capacity on a per cell basis, with
specialized genetic and organelle specification to allow for a wider diversity of phagocytic
recognition and increased digestive capacity. This is mostly due to a more diverse array of
phagocytic receptor expression and increased lysosomal capacity which allows for the clearance
and continued phagocytosis of many targets (Parnaik et al., 2000; Rabinovitch, 1995). Within the
CNS parenchyma, microglia serve as the professional phagocytes and tissue resident macrophages
(Sierra et al., 2014; Brown and Neher, 2014; Kettenmann et al., 2013), while non-professional
phagocyte cells consist of astrocytes (Chung et al., 2013), oligodendrocytes (Nguyen and Pender,
1998), brain endothelial cells (Howland et al., 2015; Lam et al., 2010), pericytes (Winkler et al.,
2014), neural progenitor cells (Lu et al., 2011), and, in limited instances, even neurons (Bowen et
al., 2007). Further examination of these cell types in engulfment of material in health and CNS

disease will be provided in later sections of this introduction.
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“Find me” and “Eat me”, essential instructions for phagocytes

Despite the variety and ubiquity of phagocyte types, the number of molecules informing
phagocytes where to eat (“find me” signals) and what to eat (“eat me” signals) that are known to
date is limited and conserved in many different tissues types (Medina and Ravichandran, 2016;
Hochreiter-Hufford and Ravichandran, 2013; Green et al., 2016). Major constituents of find me
signals are functional intracellular components released from dying cells during various death
processes. This is the first element in a reoccurring theme of phagocytic target recognition where
intracellular cell contents are either released into the extracellular space (find me signals) or where
intracellular elements of the plasma membrane are exposed to the outside surface of a cell (eat me
signals) (Medina and Ravichandran, 2016).

Cell death can be robustly induced through cell extrinsic means via ligand-receptor
interactions (Fas, CD95, TRAIL) or though secreted factors (TNF) (Walczak, 2013). Cells may
also die by cell-intrinsic means related to growth factor withdrawal, toxins, cell stress, or
mechanical disruption. Once cell death is initiated, diffusible “find me” signals are released
including S1P, fractalkine, and nucleotides such as ATP and UTP (Medina and Ravichandran,
2016). Fractalkine has been shown to be a key component of microglial biology as neuronal
expression of fractalkine and its reception by microglia at baseline is thought to maintain
microglial homeostasis (Paolicelli et al., 2014). Its role as a find me signal has also been
highlighted with Cx3crl”~ mice exhibiting equal efficiency in phagocytosis of targets but
associating less with apoptotic debris (Sokolowski et al., 2014).

Once potential phagocytes have localized themselves to their phagocytic target, changes in
the target cell membrane occur, such as display of calreticulin (Gardai et al., 2005; Fricker et al.,

2012) and/or oxidized low-density lipoprotein (Fernandez-Castaneda et al., 2013) and flipping of
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the inner plasma membrane to display phosphatidylserine residues (Lemmon, 2008), which allow
for phagocytes to engage the target cell or debris. With engagement of the target, cytoskeletal
rearrangement then proceeds to allow for engulfment in a process largely mediated by the Rho-
family GTP-binding protein RAC1 (Castellano et al., 2000).

Cytoskeletal rearrangement then leads to the formation of the plasma membrane-enclosed
target material known as the phagosome. Through a process known as phagosome maturation, the
phagosome itself becomes increasingly more acidified through fusion with low pH lysosomes
within the phagocyte cytosol whose proteases and low pH contribute to the destruction of the
ingested material (Kinchen and Ravichandran, 2008).

An interesting feature of professional phagocyte ingestion of apoptotic cells is that the
process is highly anti-inflammatory, with phagocyte uptake of material yielding inhibition of TNF
release, production of IL-10, and production of transformation of growth factor 3 (TGF-3) (Turner

et al., 2003; Ryu et al., 2012).

Microglial phagocytosis of NPCs and neuronal processes in

development

Programmed cell death is a key driver of organ formation across the body, including the
developing brain. The theory behind this process in the brain is that individual neurons, who extend
axons to distal brain regions or to their target organs in the periphery, receive key survival signals
that allow for reward of successfully targeted axons and death for neurons incapable of successful
axon targeting. Evidence for this theory includes the well documented NGF-TrkA signaling

pathway documenting neuronal survival in development from neural crest cells and the aberrant
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growth seen in developing brains of Caspase 3,9 and APAF knockout mice (Dekkers et al., 2013;
Nijhawan et al., 2000).

Neuronal and neural progenitor death in the developing brain is robust, with extensive
death of progenitors seen in both the developing cortex and cerebellum (Blaschke et al., 1996;
Perez-Pouchoulen et al., 2015). Extensive cell death within the developing brain proceeds almost
concurrently with the seeding of microglia at E9.5 in the developing mouse brain (Ginhoux et al.,
2010).

Microglial mechanisms of engulfment of NPCs in the developing zebrafish have been well
characterized with microglia localized to dying NPCs triggering their rapid engulfment (Mazaheri
et al., 2014). Despite this striking phenotype in zebrafish, This was not seen in the developing
mouse forebrain, with microglial localization appearing to be independent of dying cells
(Squarzoni et al., 2014). Microglia were, however, associated with axonal extensions, especially
in the E14.5 thalamus with microglia depletion or activation yielding a respective extension or
contraction of thalamic projections (Squarzoni et al., 2014). Notable was the fact that this
localization was also CX3CR1 dependent. Microglial depletion also yielded an increase in the
number of LHX6+ interneurons, implying that microglial phagocytosis or activity is necessary for
maintaining interneuron numbers during cortical development.

While microglia were clearly shown to limit the number of neurons and their extensions
during this early period of cortical development, it was also shown that in the postnatal cortex,
microglia were necessary for survival of cortical neurons through their secretion of IGF-1 both in
vivo and in vitro (Ueno et al., 2013). A role for microglial-derived IGF-1 in vitro has also been
shown previously, with the secretion of microglial cytokines controlling neural progenitor number

as well as fate direction (Butovsky et al., 2006a).
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IL-1PB has also been postulated to be a microglial-derived cytokine capable of inducing
direct NPC death through its p53-mediated stimulation of PUMA contributing to NPC death in
vitro (Guadagno et al., 2015).

Within the mouse cerebellum it has also been shown that developmental Purkinje cell death
is seen within the first postnatal week. When Purkinje cell death was measured by cleaved caspase
3, it was shown that these dying cells are nearly all surrounded by microglial processes (Marin-
Teva et al., 2004). Microglial depletion induced by incubation of cerebellar slices with clodronate-
loaded liposomes also led to significantly higher numbers of Purkinje cells, indicating that
microglia are also necessary for maintaining proper neuronal populations within the cerebellum
(Marin-Teva et al., 2004). Incubation of cerebellar slices with control liposomes also showed that
nearly all microglia were liposome-positive indicating their highly phagocytic capacity while
astrocytes in the slice culture were not seen ingesting liposomes (Marin-Teva et al., 2004). In the
developing rat cerebellum, it was also shown that microglia are highly phagocytic of neural
precursors (Perez-Pouchoulen et al., 2015), with their engulfment enriched to the granule cell layer
on postnatal week three.

While much of the focus of this introduction so far has focused on the engulfment of whole
cells in development, the engulfment of cell processes by glia has been a well-documented and
growing phenomenon in both homeostatic and disease conditions (Jung and Chung, 2018; Frost
and Schafer, 2016; Cronk and Kipnis, 2013).

This concept was highlighted first with contemporary tools in the neuromuscular junction
(NMJ) during axon withdrawal following lack of growth factor signaling (Bishop et al., 2004). By
identifying immature NMJs occupied by two neuronal projections (with mature NMlJs receiving

projections from one neuron) through dual fluorescent labeling, researchers could observe process
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retraction of the axon not receiving survival signals. Of note was the fact that the axon itself was
not succumbing to Wallerian degeneration as it had intact 40 nm vesicles and mitochronidae. Also
seen by TEM, was that Schwann cell membranes were in close contact with the withdrawing axon
and that remnants of “axoplasm” where also seen within neighboring Schwann cells, implying that
Schwann cells were important for clearing these axon remnants during PNS development (Bishop
et al., 2004).

Within the CNS, the nature of microglial interaction with synapses was first conceptualized
through novel technology that allowed for viewing microglia dynamics in real time. This was
achieved through two-photon live imaging of CX3CR1-GFP mice (Jung et al., 2000) through a
thin-skulled technique allowing for repeated imaging sessions in healthy animals or by imaging ex
vivo slices of CNS tissue. A striking phenotype of rapidly moving microglial processes (1.5 um
per minute) were observed contacting many elements of the CNS, including blood vessels and the
cell bodies of neurons and astrocytes (Nimmerjahn et al., 2005). This study also showed that
microglia were capable of rapid process extension in the wake of injury and neurological disease,
with further studies concluding that this was largely due to ATP-sensing from microglial P2RY 12
receptors (Davalos et al., 2005; Eyo et al., 2014; Gu et al., 2016; Maeda et al., 2010).

Within the CNS, the best-described system involving engulfment of neuronal material by
glia is during a critical period in the developing retinogeniculate visual system. Initially, cortical
projecting thalamic relay neurons receive input from the eye by up to ten individual neurons which
are dramatically reduced to one or two by activity dependent stimulation that starts prior to eye
opening and continues to postnatal day 30 (P30) (Hooks and Chen, 2006). Additionally, it was
shown at that time that astrocytes are strong inducers of synapse formation (Christopherson et al.,

2005; Ullian et al., 2001). Consequently, a co-culture of retinal ganglion cells (RGCs) and
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astrocytes yielded data showing that the complement system, a critical element of innate immunity,
was markedly upregulated in RGCs upon astrocyte co-culture (Stevens et al., 2007). Investigation
in to complement’s role showed that Clq, an opsonin that tags dying and foreign material for
destruction by cells (Ricklin and Lambris, 2013; Orsini et al., 2014), was critical for
neurodevelopment. These experiments showed that Clg-deficient mice had impairment of
synapse elimination within the LGN and that in glaucomatous retinae, C1q presence signaled an
early sign of disease (Stevens et al., 2007).

Further studies identified that C1q production was mediated by retinal astrocytic secretion
of TGF-f that led to RGC production and transport of C1q to the LGN (Bialas and Stevens, 2013).
Clq tagging lead to clearance of presynaptic material by microglia in a process that was also Clq,
C3, and CR3 (CD11b) dependent (Schafer et al., 2012). It was also shown that neuronal activity
can drive microglial engulfment of material. Dampening of neuronal activity by tetrodotoxin
(TTX) treatment increased engulfment of weak synapses over controls while increased neuronal
activity through forskolin treatment lead to a decrease in engulfed material compared to untreated
controls (Schafer et al., 2012). However, whether neuronal activity controls complement
deposition by RGCs has not been directly measured.

Further examining the clearance of synaptic material within the developmental LGN, the
role of astrocytes were characterized with the ALDHIL1-GFP mouse which allowed for the
labeling of all astrocytes with intracellular GFP (Tsai et al., 2012). This study showed that at the
same time points when microglia were phagocytic of retinogeniculate terminals, astrocytes were
phagocytic as well, consuming five to ten times as much synaptic material. This study also showed
that engulfment was mediated by the phagocytic receptor MER on both microglia and astrocytes,

while astrocytes had additional contribution from the phagocytic receptor MEGF10 (Chung et al.,



Chapter 2: Introduction 16

2013). While MEGF 10 was also shown to be utilized by astrocytes in a C1q-dependent manner to
clear NPCs (Iram et al., 2016), the role of Clq in astrocyte-mediated synaptic material clearance
was not assessed (Chung et al., 2013).

Prior to the works focusing on the LGN of the visual system, previous works had looked
at development in the mouse hippocampus and visual cortex. Within the hippocampus, a CX3CR1-
mediated engulfment of post-synaptic material by microglia (Paolicelli et al., 2011) was shown in
the early postnatal period, with CX3CR1 deficiency resulting in a transient increase in microglial
cell number and immature synapses with a resultant increase in synaptic activity and a reduction
in seizure susceptibility (Paolicelli et al., 2011).

Microglial contact with synaptic elements was also described using the role of critical
periods within the visual cortex (Tremblay et al., 2010). Through usage of TEM and 2-photon
fluorescent imaging in live animals with Thyl.1-YFP constructs to label neuronal processes and
CX3CRI1-GFP to label microglia, it was observed that microglia were in close proximity to
dendritic spines of visual cortex neurons and that the contact of microglial processes with spines
significantly increased the chances of synapse elimination (Tremblay et al., 2010). Finally, this
group showed that animals that were dark adapted during a critical period within the visual cortex
showed microglia with much slower process motility and reduced numbers of dendritic spines
(Tremblay et al., 2010). This was also shown in instances of ischemia or with TTX treatment to
the eye (Wake et al., 2009). Later studies investigating microglia during critical periods of the
visual cortex would show that this process was largely mediated by the microglial ATP-sensing
receptor P2RY 12 (Sipe et al., 2016).

While the focus of this introduction thus far has been focused on the role of microglia and

their phagocytic function in neural development, the following sections will detail their function
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in postnatal neurogenesis, at the site of injury and in distal locations during acute CNS spinal cord

and nerve injury, and during chronic CNS disease states.

Microglial phagocytosis during postnatal neurogenesis

In the postnatal zones of adult neurogenesis, the phagocytic roles of microglia have also
been well documented. Postnatal neurogenesis is largely relegated to two major zones of continued
proliferation and differentiation of neural precursors, the subventricular zone of the lateral
ventricle (SVZ) and the subgranular zone of the dentate gyrus of the hippocampus (SGZ) (Ming
and Song, 2011; Malatesta et al., 2008; Romero-Grimaldi et al., 2011). SGZ neurogenesis is
important as it generates new glutamatergic dentate gyrus granule cell neurons that contribute to
the discrimination of similar type objects in a process known as pattern separation (Sahay et al.,
2011). SVZ neurogenesis also gives rise to neuroblasts that, unlike their SGZ brethren which
migrate on the order of microns to the nearby granule zone, proceed through chain migration
through the rostral migratory stream (RMS) to reach their ultimate destination of the olfactory bulb
(Doetsch et al., 1997). Once in the olfactory bulb, they mature into GABAergic interneurons
critical for control of olfactory discrimination (Moreno et al., 2009).

In the SGZ, it was shown that the degree of microglial phagocytosis is coupled to the degree
of NPC proliferation with the number of engulfed cells dropping in the first several months of age
(Sierra et al., 2010). Further, an inflammatory insult induced by LPS led to decreased rates of in
vivo phagocytosis by SGZ microglia indicating that neuroinflammation may impact microglial
phagocytic processes.

Within the SVZ, observations of NPC engulfment by microglia are much more rare, with

engulfment of NPCs more readily seen within the olfactory bulb (Ribeiro Xavier et al., 2015).
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Despite this fact, depletion of SVZ and RMS microglia through CD11b-mediated delivery of
saporin toxin led to a dramatic increase in the number of SVZ NPCs (Ribeiro Xavier et al., 2015).
Subsequently, this also led to a decrease in migrated NPCs to the olfactory bulb, indicating that
SVZ microglia contribute to the successful migration of SVZ NPCs (Ribeiro Xavier et al., 2015).

Attenuation of microglial activation through minocycline treatment also led to a drop in
NPC number within the SVZ that correlated with a decrease in cytokines known to be released by
microglia; including IL-13, TNF, and IL-6 (Shigemoto-Mogami et al., 2014). This indicates that
the influence of microglia on NPC function within neurogenic niches may be more than just
through phagocytic means and could consist of aiding differentiation and survival through

cytokine production, which has been shown robustly in vitro (Butovsky et al., 2006b).

Neuronal cell death from spinal cord and CNS nerve injury

Before the responses of glia to acute neurodegeneration is assessed, a brief overview of
neural mechanisms of death in acute injury should be examined. Acute CNS injury is a relatively
common malady in the United States with 1-2% of the population showing long-term disability
(mostly from falls, motor vehicle accidents, and violence) (Hempill, 2016). When injury directly
affects the spinal cord, serious complications arise due to paralysis below the injury site itself, with
life-long immobility a frequent result. Common injuries to the nerves of the face, which include
the trigeminal nerve (Cranial nerve V) and facial nerve (cranial nerve VII), are far less common
and can be idiopathic, seen in Bell’s Palsy, or due to accidents, violence, or maxillofacial surgery
procedures including local anesthesia delivery (Miloro and Kolokythas, 2012; Renton et al., 2010;
Atolini Junior et al., 2009). CNS injury is unlike that seen in other tissues, with little to no

neuroregeneration observed, which leads to permanent neurological loss or dysfunction. Reasons
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for this fatal outcome are largely due to factors that prevent neural regeneration itself or those that
contribute to secondary neuronal death, which can affect neuronal health in the days following the
initial insult.

Death of neurons occurs in two phases, with neuronal death in the first phase resulting from
the initial injury through physical disruption of neuronal membrane on the cell body, distal
dendrites, or the axon/presynaptic terminals. Secondary death of neurons is a consequence of the
initial incident and can be elicited by a myriad of factors, including excitotoxicity through
excessive glutamate release, free radicals inducing oxidative stress, tissue swelling, hypoxia, loss
of trophic support, and inflammatory responses from surrounding cells (Yoles and Schwartz, 1998;
Stoica and Faden, 2010).

Neuronal death in CNS injury can lead to both necrotic or apoptotic death. Apoptotic death
is largely characterized histopathologically by preserved membrane integrity and cell shrinkage
with nuclear and organelle condensation. Later stages also show a distinct “blebbing” morphology
as the cell itself is pinched off to form smaller components (Yakovlev and Faden, 2004).
Characteristics of necrotic death include loss of membrane integrity and cell swelling, organelle
damage, and oftentimes cell lysis, which leads to more profound inflammation when compared to
apoptotic cell death. Important to note, is that in an vivo context there is most often a combination
of cell death processes, including apoptosis and necrosis, with contemporary studies identifying
“new” forms of cell death at steady rates (Kroemer et al., 2009; Tait et al., 2014).

Neurons damaged during acute pathology either succumb to direct insult from the injury
itself or through damage from their distal axons, which results in concurrent death of the distal
axon “stump” and the cell body itself in a process known as Wallerian degeneration (Rotshenker,

2011; Gaudet et al., 2011). First characterized in the glossopharyngeal and hypoglossal nerves of
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the frog by Augustus Volney Waller in the mid 19 century, this process leads to a clearing of
debris that allows for possible regeneration to occur (Waller, 1850). Dynamics of Wallerian
degeneration in the peripheral vs. central nervous system vary dramatically, with CNS Wallerian
degeneration proceeding much more slowly compared to the peripheral system, with failed
regeneration as an often consequence (Vargas and Barres, 2007; BrosiusLutz and Barres, 2014).
This is due to a myriad of factors including, but not limited to, the activity of Schwann cells in the
PNS vs. oligodendrocytes in the CNS, and the presence of infiltrating macrophages in PNS tissue
with debris clearance facilitated by opsonizing antibodies derived from the blood (Vargas and
Barres, 2007). Schwann cells are seen to stop their production of myelin within 12 hours post
injury in the PNS and proceed to clear debris via TAM-receptor mediated phagocytosis and the
attraction of peripheral myeloid cells by CCL2 release, all of which are crucial elements necessary
for clearance and subsequent regeneration (Jessen and Mirsky, 2016; Brosius Lutz et al., 2017).
Oligodendrocytes are not as beneficial to nerve outcome during neurodegeneration with their fate
resulting in either apoptosis or quiescence due to loss of contact from the degenerating axon. This
leads to survival of 60-70 percent of oligodendrocytes within the optic nerve after nerve crush
with myelin debris seen up to 22 months post injury in rats (Ludwin, 1990; Vaughn and Pease,
1970).

The initiation of neuronal death during Wallerian degeneration is fast, with intracellular
calcium flux being a major driver in the minutes and hours after injury. Disintegration of the axon
is rapid with hundreds of microns disintegrated by 30 minutes on both proximal and distal axon
segments (Kerschensteiner et al., 2005). The first morphological appearance of disintegration is
the swelling and beading of the axon in an unknown molecular process that is independent of

calcium and calpain activation (Vargas and Barres, 2007). Calcium influx allows for the
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consequential activation of calpain proteases which are critical for the granular disintegration of
the axonal cytoskeleton (GDC) (Simons et al., 2014). Microtubule breakdown proceeds first, with
the ubiquitin-proteasome required (Zhai et al., 2003). Neurofilaments are further degraded by
calpains which themselves are sufficient to induce axon breakdown in healthy neurons when
supplemented by calcium ionophores (George et al., 1995).

Despite the passive nature of calcium influx and activation of the ubiquitin-protease
response, Wallerian degeneration is a very active process, controlled by a recently discovered
cadre of downstream mediators (Gerdts et al., 2016a). Long thought to be a passive process, this
“active theory of axon degeneration” originated with the observation of significantly delayed
degeneration in a naturally occurring mouse strain (Lunn et al., 1989; Tsao et al., 1994) termed
Wallerian degeneration slow or WId5. Mice with a single copy of the WId® allele exhibited
structurally and metabolically intact axons that lasted up to two weeks with no physical connection
to the cell body, while WT axons degenerated in less than two days (Tsao et al., 1994). Wid® mice
also exhibited axon protection in many models of chronic neurodegeneration including glaucoma
and motor neuron disease, suggesting that axonal degeneration resultant from pathology had a
shared common pathway to both acute and chronic neurodegenerative conditions (Beirowski et
al., 2008; Ferri et al., 2003).

The Wid® mice led to mechanistic insights into axonal degeneration as the WIidS allele
produced a novel fusion protein allowing for increased levels of NAD+. This allowed for
persistent ATP levels and cell processes to continue (Gerdts et al., 2016a). Further works in
drosophila and mouse nerve models of neuroregeneration offered additional insight, elucidating
required roles for DLK (Watkins et al., 2013; Miller et al., 2009) and SARMI1 (Yang et al., 2015)

activity to facilitate the coordinated destruction of the axon.
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Building on Fire: sounding the “alarmin” in CNS injury

How is damage conveyed by the injured neuron and how does the immune system receive
this signal? A conceptual evolution occurred in the early 90s when the canonical view of the
immune system being poised to react to self vs. non-self was modified to include the
immunological concept of “danger”. Posited by the pioneering immunologist Polly Matzinger.
This theory held that immune activation would only proceed in the presence of significant damage
to the tissue or organism, thus activating the immune system through release of molecules coined
“alarmins” (Matzinger and Kamala, 2011; Matzinger, 1994; Pradeu and Cooper, 2012). Thus,
signals emerging from pathogens (pathogen associated molecular patterns or PAMPs) and signals
emerging from host tissue damage (damage associated molecular patterns or DAMPs) would alarm
and equip immune cells for commensurate responses.

DAMP release and exposure are important features of acute neurodegeneration, resulting
in the large degree of myeloid recruitment and activation at the site of injury. Key alarmins which
have been shown to play important roles in CNS injury include HMGB1 (Kim et al., 2006), ATP
(Davalos et al., 2005), and IL-33 (Gadani et al., 2015a; b). Similar to the “find me” signals
discussed previously, alarmins serve to alert and inform the cellular milieu surrounding the injury
site. DAMPs allow for proper immune responses including: inflammasome-dependent cyotkine
release, peripheral monocyte recruitment, local cell migration, and process extension.

Sensing of both PAMPS and DAMPs occurs through common pattern recognition
receptors (PRRs) shared on many different types of glia and immune cells (Gadani et al., 2015a).
Notable examples include: NOD-like receptors (NLRs), RIG receptors, C-type lectin receptors,

and toll-like receptors (TLRs) (Ransohoff and Brown, 2012; Walsh et al., 2014a; Gadani et al.,
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2015a). Variation within these receptor families are myriad, with humans exhibiting 32 types of
NLRs and TLRs while mice are known to have 46 different NLR and TLR molecules (Bryant and
Monie, 2012). One of the most well characterized TLRs is TLR4 which has been shown to play a
key role in sensing the canonical PAMP molecule lipopolysachharide (LPS) in addition to a range
of DAMPs which include: heat shock proteins, fibrinogen, heparin sulfate, and HGMBI1, among
others (Erridge, 2010). A central hub of alarmin signaling is the molecule Myd88, which acts
downstream of all TLRs in the mouse except TLR3 (Lu et al., 2008). Myd88 further signals
activation through a master transcription factor of immune activation, NF-kB. With NF-kB
activity yielding the transcription of hundreds of downstream targets necessary for cell responses
to infection and injury, TLR, and subsequent NF-kB mediated activation, are essential for the
immune response to DAMPs and PAMPs (Gilmore, 2014).

Release of alarmins and NF-«kB activity leads to an amplification of the immune response
by both infiltrating and resident immune cells through production of soluble factors, including
TNF, IL-6, IL-1pB, and IL-1a (Ransohoff and Brown, 2012). TNF has been shown to be especially
detrimental in the early phase of the immune response after SCI, with TNF blockade significantly
improving disease outcome (Esposito and Cuzzocrea, 2011).

IL-1B production post injury is tightly regulated by IL-1p3 being made initially in a pro-
form and then cleaved by caspase 1 and NLRs in a complex known as the inflammasome (Lukens
and Kanneganti, 2014; Lukens et al., 2012; Lamkanfi and Kanneganti, 2010). Inflammasomes
form large multiprotein structures composed of an adaptor molecule (typically ASC), an NLR
(NLRP1, NLRP3, AIM2, and NLRC4 are classic examples), as well as caspase 1 (Walsh et al.,
2014a). The range of DAMPs recognized by NLRs is extensive with AIM2 sensing double-

stranded DNA and NLRP3 sensing a myriad of cell stress molecules including ATP, Amyloid f3,
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silica, cholesterol, intracellular ROS, and potassium (Jo et al., 2016). Thus, inflammasome
signaling is uniquely poised to serve as a signaling hub that simultaneously senses immune
“danger” and releases a potent cytokine in response.

IL-1o has received recent attention as a critical CNS alarmin. Unique from its related
cytokine IL-1PB, IL-1a is also made as a pro form that is cleaved through a process dependent on
calcium and calpains (Brough and Denes, 2015). This can be mediated through inflammasome
activation as described previously, through the activation of the necroptotic pathway which
includes the proteins RIPK1 and RIPK3, and through a mechanism independent of these two
pathways. Works investigating IL-1a have been limited, with single knockout experiments lacking
in both number and depth. However, experiments have shown that platelet-derived IL-1a can
induce activation of endothelial cells by adhesion molecule upregulation (Thornton et al., 2010)
and that IL-1a deficient animals have decreased lesion size, myeloid recruitment, and improved
Basso Mouse Score compared to wild type mice in a mouse model of spinal cord injury (Bastien
et al., 2015).

The immune molecule IL-33 has also been ascribed a key role in the CNS (Gadani et al.,
2015a). Shown previously to be a key alarmin in the lung during both infection and asthmatic
conditions, IL-33 has also been shown to promote hypernociception in the skin (Liew et al., 2010).
Our lab has also described a specific role for IL-33 during CNS injury with myeloid cell
recruitment and activation of meningeal innate lymphoid cells (ILCs) being IL-33 dependent
(Gadani et al., 2016, 2015b). Alarmin signaling is crucial to many pathologies within biology and

specific to the CNS. In the next section I will examine one of these, CNS nerve injury.



Chapter 2: Introduction 25

Mouse models of spinal cord and CNS nerve injury

Many models of nerve injury in the mouse exist and are extensively reviewed in the
literature (Angius et al., 2012; Costigan et al., 2009; Shechter and Schwartz, 2013). In this
introduction I would like to focus on three models that are heavily utilized in the investigation of
immune interactions with nerve injury in the CNS: spinal cord injury, facial nerve injury, and optic
nerve crush injury.

There is extensive work from our lab and others utilizing spinal cord injury as a platform
to investigate the immune effects of acute and long term neurodegeneration as well as concepts
such as neuroprotection and regeneration (Basso et al., 2006; Shechter and Schwartz, 2013; Zhang
et al., 2014). In brief, these models utilize a laminectomy surgery to expose the spinal cord after
which an impact probe is lowered onto the surface of the spinal dura with a preassigned quantity
of force. Though there are mouse strain differences, standardized scoring methods by blinded
researchers are used to determine as the Basso Mouse Score (BMS) (Basso et al., 2006). Female
mice are often used for spinal cord injury models as mice with thoracic injury lose bladder control
necessitating manual expulsion. This is extremely traumatic to male mice due to their smaller
urethral size. Onset of debilitation is rapid with spinal shock in the hours post-injury subsiding to
a gradual plateau of behavioral stability at around three weeks post-injury. BMS score is also
dependent on injury severity with full recovery not seen (Basso et al., 2006).

Mouse facial nerve injury is one of the most utilized models of peripheral nerve injury with
studies conducted in many vertebrate species (Serpe et al., 1999; Moran and Graeber, 2004; Jinno
and Yamada, 2011; Sanders and Jones, 2006). The facial nerve exits the skull through the
stylomastoid foramen, allowing for it to be easily accessible for injury. This nerve solely innervates

the muscles of the face, and thus unilateral manipulation allows for nerve injury with no significant
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ill health effects to the animal. Crush injury for the facial nerve allows for regeneration of the
peripheral nerve and functional recovery around 2-3 weeks while transection results in non-
regeneration and allows for study of neuroprotection (Jones et al., 2005; Sanders and Jones, 2006;
Moran and Graeber, 2004). In this model, it was found that peripheral T cells are necessary for
neuronal survival four weeks after injury, with T cell reconstitution sufficient to restore
neuroprotection (Jones et al., 2005; Serpe et al., 1999). Microglia are also active players in the
model, secreting a variety of neurogenic factors including NGF, NT-4/5, TGF-3, GDNF, FGF, and
IL-3 which all affect neuronal survival (Nakajima et al., 2007). Microglia are also highly
phagocytic of processes innervating the facial nerve nucleus in a process known as “synaptic
stripping” (Blinzinger and Kreutzberg, 1968), which will be discussed later.

Optic nerve crush injury is a common model utilized by our lab and others to detail
processes of both neuroprotection and neuroregeneration (Schwartz, 2004; Tang et al., 2011;
Templeton and Geisert, 2012). The retina is a complex CNS structure with sensory cells allowing
for vision and only one set of projection neurons. Termed retinal ganglion cells (RGCs), there are
up to 30 different RGC types that send their processes to brain targets, which include the superior
colliculus, lateral geniculate nucleus of the thalamus (LGN), the suprachiasmatic nucleus of the
hypothalamus, and the pretectal nuclei (Martersteck et al., 2017). The fact these neurons are
isolated from surrounding grey matter in the optic nerve just distal to the optic nerve head allows
for a unique circumstance where Wallerian degeneration can be investigated in a large territory by
injury to a small area, with little trauma to the surrounding tissue and mouse itself, aside from
blindness. Crush is applied by reclosing forceps, so that a defined pressure can be employed on
multiple subjects to improve reproducibility. Crush is preferable to transection in this model as the

optic nerve itself contains ophthalmic arteries and veins which would be transected along with the
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nerve, prompting unnecessary trauma to the eye. To study neuroprotection, survival of RGCs is
quantified post-crush by either retrograde tracing from the brain or by quantifying specific markers
of RGCs, which include RBMPS, which labels nearly all mammalian RGCs (Rodriguez et al.,
2014) or Brn3a which labels retinogeniculate projecting neurons (Nadal-Nicolas et al., 2009;
Quina et al., 2005). Anterograde labeling can also be employed with either fluorescent probes
conjugated to dextran, cholera toxins, or through transcription from viruses. RGC loss in the mouse
is rapid, as crush injury is total across a majority of axons in the mouse with a 50% reduction in

RGC counts seen one-week post-injury and 90% loss by three weeks post-injury.

Glial and peripheral immune cell responses at the site of CNS injury

An important factor when discussing the immune response in nerve injury is the behavior
of glia and immune cells at the site of injury. This response is rapid and can translate to both
pathological outcome and the possibility for regeneration.

As noted previously, the relative differences between oligodendrocyte and Schwann cell
responses to injury are what help define the major differences in PNS and CNS Wallerian
degeneration (Vargas and Barres, 2007; BrosiusLutz and Barres, 2014).

Astrocyte responses at the site of injury within the CNS are fast, as these cells undergo a
hypertrophy and an upregulation of structural proteins such as glial fibrillary acidic protein
(GFAP) and laminin. Extracellular matrix proteins, including chondroitin sulfate proteoglycans
(CSPGs), are also secreted, which form a major component of the “glial scar” seen frequently after
nerve or spinal cord injury (Sofroniew, 2005). Despite the large amount of literature and scientific

effort ascribing a negative role to the astrocytic glial scar as blocking possible axon regeneration,
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recent works have shown that this structure is actually a scaffold essential to the axon pathfinding
that is typical with regeneration (Anderson et al., 2016).

Astrocytes have been recently ascribed a role in cytotoxicity following optic nerve crush,
through their secretion of a triad of key immune activators which include IL-1a, TNF, and Clq
(Liddelow et al., 2017). These factors, especially TNF and IL-1a, were shown to be critical for
RGC survival after optic nerve crush, with microglial depletion not affecting RGC survival
(Liddelow et al., 2017; Hilla et al., 2017) (a phenotype we have also observed at multiple time
points). While these experiments indicate that microglia-derived TNF and IL-la may not be
involved in neuronal survival, there could be a possibility of astrocyte-microglial amplification of
neurodegeneration, or a critical role for an additional cell type in IL-1co,, TNF, and C1q production
post-injury.

Peripheral cells are also recruited to the site of injury, with their role as beneficial or
detrimental being a point of controversy still ongoing in the field of neuroimmunology (Shechter
etal., 2009; Yawata et al., 2008; Russo and McGavern, 2015; Rezai-Zadeh et al., 2009). The arrival
of peripheral immune cells comes in waves, with neutrophils first on the scene, followed by the
chemokine-mediated arrival of monocytes (which are often impossible to distinguish from resident
microglia), and finally T and B lymphocytes (Gadani et al., 2015a).

Neutrophils are the first cell type to arrive in nearly any tissue with breach of the vascular
system or infection, with CNS injury being no different. Neutrophils subsequently proceed to
conduct a profound anti-bacterial response (regardless of injury sterility), releasing lytic enzymes,
cytokines, chemokines, sometimes secreting their DNA in a web-like fashion known as neutrophil
“nets”, and phagocytosing infectious organisms (Summers et al., 2010). Neutrophil recruitment

occurs most likely through chemokines, however a powerful role for purinergic receptors has
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recently been assigned to a sterile model of TBI by the McGavern lab (Roth et al., 2014). The role
of neutrophils is controversial with studies obscured by differential effects of depleting antibody
(anti-GR-1, which is composed of Ly6G and Ly6C expressed on monocytes) that can lead to
depletion of monocytes as well (Stirling et al., 2009). A purely beneficial role has also been
ascribed to neutrophils with their depletion depriving the retina of the key growth factor
oncomodulin after optic nerve crush injury (Kurimoto et al., 2013; de Lima et al., 2012).

Monocyte-derived macrophages arrive in a chemokine-dependent fashion after spinal cord
injury or lesion to the CNS, where they promote tissue remodeling through angiogenesis and
scarring and are also critical mediators of debris clearance. Monocyte type is classified in the blood
by expression of Ly6C, with cells exhibiting lower expression of Ly6C (Ly6Clo) acting as
patrolling “tissue-resident” blood macrophages, expressing CX3CR1 and utilizing LFA1 for
extravasation from the blood (Auffray et al., 2007). Ly6Chi monocytes are in higher frequency
and express CCR2, with their tissue entry mediated by the chemokine CCL2 (Gadani et al., 2015b;
Muessel et al., 2000; Jakubzick et al., 2013). When both cells enter a tissue, however, surface
expression of monocyte markers are lost, making it a considerable task to define macrophage vs
microglial identity (Greter et al., 2015). Our work, described in Chapter 3, utilized fate-mapping
of endogenous microglia to track whether inflammatory monocytes seeded the injured LGN post
optic-nerve crush injury. While little influx was seen in this region, we did see robust infiltration
of periphery-derived Ibal+ cells in the optic nerve crush site.

Recent fate-mapping work has also shown robust infiltration of monocytes within the retina
after injury (Ma et al., 2017). This study showed that usage of CCR2-RFP was an unreliable marker
to denote monocyte tracking, as peak CCR2-RFP+ cell numbers were seen at three days post injury

with that number sharply declining by day 7. This was in stark contrast to fate-mapping
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experiments which showed that nearly half of all Ibal+ cells in the retina were peripheral-derived
at 30 days post-injury while none of these cells expressed CCR2 (Ma et al., 2017). Experiments
investigating this phenomenon in the spinal cord have not been performed, though the differential
role of resident microglia and periphery-derived macrophages has been attempted.

Utilizing a transgenic mouse driving GFP expression under the LysM promoter,
experiments were performed to examine the relative contribution of microglia and peripheral
macrophages to macrophage populations in the spinal cord after injury (Greenhalgh and David,
2014; Greenhalgh et al., 2016). This is controversial as this mouse brightly labels neutrophils with
GFP, which, as discussed previously, are indeed present in the spinal cord injury site (Faust et al.,
2000). Despite this, these labeling studies showed that arginase-1, an enyzme necessary for
macrophage responses post injury, was only seen in LysM-GFP+ macrophages (Greenhalgh et al.,
2016). Phagocytic properties of macrophages and microglia were also ascribed in the LysM-GFP+
model, with LysM-GFP+ macrophages phagocytosing greater quantities of myelin debris on a per
cell basis and for longer periods after injury, though myelin phagocytosis was shown to be much
more detrimental to LysM-GFP+ peripheral macrophages, inducing higher rates of cell death after
ingestion (Greenhalgh and David, 2014). Phagocytosis of myelin debris in the injury site and along
the injured spinal cord or CNS nerves is controversial, as incomplete oligodendrocyte death and
quiescence promotes unresolved myelin clearance which is in stark contrast to PNS
neurodegeneration (BrosiusLutz and Barres, 2014; Vargas and Barres, 2007). Survival and
proliferation of RGCs and their progenitors have also been shown to be mediated by peripheral
monocytes, with monocyte entry to the retina exhibiting a high degree of neuroprotection after
injury and capable of secreting neuroprotective factors (London et al., 2011; Benhar et al., 2016;

Barouch and Schwartz, 2002).
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T and B lymphocytes have also been shown to play a dramatic role in neuroprotection after
CNS injury. The major arm of the adaptive immune system, T and B lymphocytes are unique in
that they can rearrange their genome during development, creating specific receptors that
recognize unique pathogens. The B cell receptor is a cell surface bound molecule, that when
activated can also be excreted as an antibody during inflammation or constitutively by plasma cells
after their conversion from B cells. T Cell receptors are surface bound and help the cell interact
with the innate arm of the immune system through TCR-MHC interactions. Given the proper
molecular context and valence of immune signal, this interaction promotes T cell activation and
differentiation to proliferate and effectively combat the particular threat. T cells (and B cells) are
absent in the brain parenchyma at baseline and their presence during pathology is normally
associated with poor outcome and disease state. Given this fact, it was surprising that early
experiments utilizing T cell deficient mice showed significantly worse outcome during models of
CNS injury (Schwartz and Kipnis, 2011; Jones et al., 2005; Moalem et al., 1999a; b). Despite TCR
molecules playing a key role in recognition of self and immune defense for pathogens, a TCR non-
specific role for neuroprotection has been described by our lab, with a key function assigned to
sensing of endogenous DAMPs by CD4 T cells through the sensor Myd88 and subsequent
secretion of I1L-4, which was necessary for neuronal survival and neurite outgrowth (Walsh et al.,
2015). Regulatory T cells, necessary for restricting CD4 T cell responses in infection, were also
shown to be critical for response to CNS injury through tuning of CD4 T cell production of IL-4
and modulation of the immune response in multiple locations including at the site of injury, within
the retina promoting RGC survival, and in the draining lymph nodes of the CNS (Walsh et al.,

2014b).
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Phagocytosis of neuronal processes during Wallerian degeneration

While nerve injury produces dramatic effects at the site of injury, less investigation has
been made into the anterograde lesion and how glial cells clear debris despite the knowledge that
presynaptic elements are rapidly lost, often at speeds far greater than axonal or cell body loss
(Mack et al., 2001; Gillingwater et al., 2003, 2006).

Experiments utilizing transmission electron microscopy (TEM) in a variety of organisms
in the mid 20™ century were able to visualize synaptic degeneration from injury to the optic nerve
and glial engulfment of neuronal material (Ghetti et al., 1972; Vaccarezza et al., 1970; Wong-
Riley, 1972), though modern works describing these processes have been limited. This is largely
due to a limitation in reagents necessary to observe phagocytosis. To facilitate this process reagents
must be sufficient to label projections from neurons while they must also be able to withstand the
low pH of the phagocytic lysosome. In our experiments (detailed in Chapter 2) we utilized Cholera
toxin B subunit (CTB) conjugated to various fluorochromes which are detailed in Chapters 3 and
4. Since CTB binds robustly to neuronal membranes through interactions with M1 gangliosides
and subsequent trafficking by endocytosis through neuronal processes, CTB is capable of staining
the cell body and axonal processes in their entirety (Angelucci et al., 1995; Alisky et al., 2002).

Immunohistochemistry of ingested targets is largely insufficient to monitor phagocytosis
as lysosomal activity renders all antibody staining of phagocytic targets controversial due to the
low pH and proteases of the phagosome and even lower pH of the lysosome. This would denature
epitopes necessary for antibody binding, rendering difficult the interpretation of true positive
staining. Despite this, studies have attempted to document endogenous phagocytosis of neuronal

material during Wallerian degeneration through a variety of means.
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Engulfment of degenerative neuronal material using GFP reporter systems has been
well documented in Drosophila injury models to the mushroom body and maxillary palp with glial
clearance by phagocytosis the critical step in debris clearance (Broadie, 2004; Logan et al., 2012a;
MacDonald et al., 2006). A key role for the fly engulfment receptor Draper was shown in a series
of experiments utilizing maxillary palp ablation experiments (Logan et al., 2012b; MacDonald et
al., 2006). Draper was also shown to play a functional role in neuronal corpse clearance via the C.
Elegans homolog of Draper, Jedi-1 or as it is known in M. Musculus, MEGF10 (Wu et al., 2009).
Astrocytic MEGF10 also has been shown to play a critical role in the clearance of neuronal
processes in development (Chung et al., 2013), though astrocyte phagocytic responses were not
seen in our model of clearance post optic nerve crush injury (Chapter 3).

In the mouse spinal cord, microglial and macrophage phagocytosis was shown by imaging
autoflourescent granules which were interpreted to be ingested myelin debris (Greenhalgh and
David, 2014). Caution should be applied to this interpretation though, as activated macrophages
and microglia do have an intrinsic degree of autofluorescence (Misharin et al., 2013; Brunk and
Terman, 2002; Schnell et al., 1999; Xu et al., 2008). The marker, Oil Red O (ORO), was also
employed post spinal cord injury to mark phagocytic macrophages (Guo et al., 2016; Gaudet et
al., 2015). Limitations of this marker are that they indicate, in a binary fashion, whether a cell is
phagocytic and are impossible to assess the relative clearance of myelin debris.

The concept of “synaptic stripping” has been well documented in the facial and chorda
tympani nerve injury models (Neumann et al., 2009; Bartel, 2012) where microglial are highly
proliferative and activated following facial nerve axotomy (Jinno and Yamada, 2011; Rappert,

2004; Tay et al., 2017). The classic observation of “stripping” in these works was through TEM,
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which though it has unquestionable resolution, is a laborious process (Streit and Kreutzberg, 1988;
Graeber et al., 1988).

A recent work in a model of sciatic nerve injury showed that in the dorsal column where
axonal processes from the DRG converge in the spinal cord, that microglia were activated and
proliferative (Guan et al., 2015). This proliferation was mediated by CSF production from the
DRG which shunted CSF towards the spinal cord, promoting microglial proliferation. Deletion of
CSF from the DRG utilizing Advillin®" mice prevented microglial proliferation and a hyperalgesia
phenotype associated with this nerve injury. Since we observed a similar microglial proliferation
during Wallerian degeneration after optic nerve injury, a similar mechanism is tempting to ascribe,
however, in the aforementioned model, the cell body of the DRG is left intact, whereas with optic

nerve injury, this connection from the retina to the LGN is disrupted with optic nerve crush.

Microglial phagocytic responses to chronic CNS disease: a key role

for complement-mediated synapse elimination

In chronic neurodegeneration, dystrophic or degenerating neuronal processes are often
times a critical driver of glial activation. Glial cells then may serve as an amplifier of neuronal
dysfunction, which often times leads to an exacerbation of the underlying neuronal pathology or
wholesale neuronal death. During this process, glia often have active roles in the clearance of
whole neuronal cells, processes, or waste products.

In the mouse model of multiple sclerosis (MS), known as experimental autoimmune
encephalomyelitis (EAE), differential roles for microglia and infiltrating CCR2-expressing
monocytes were ascribed using the CCR2-RFP/CX3CR1-GFP (Red/Green) mouse (Yamasaki et

al., 2014). This mouse, along with advance block-face scanning electron microscopy, allowed for
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a precise examination of moncoyte-derived macrophage vs. microglial roles in the stripping of
myelin from damaged axons, a process frequently seen in both MS and EAE. These researchers
observed that macrophages were the active removers of myelin surrounding nodes of Ranvier, with
microglia operating in a scavenging role, picking up the debris remains. This supports the notion
that monocyte-derived macrophages are key mediators of demyelination and disease pathology
driven by GMCSF producing CD4 T cells (Croxford et al., 2015; Mrdjen et al., 2018). This
condition may not be indicative of other neurodegenerative diseases as EAE is typified by robust
immune infiltration of T cells, which may alter microglial function, monocyte-derived
macrophages which are robust phagocytes themselves, and deposition of IgG which profoundly
enhances phagocytic ability. In fact, EAE was shown recently to be unique compared to other
neurological diseases as the surface profile of nearly all microglia was seen to shift as a unit, while
in other conditions like aging and mouse models of Alzheimer’s disease, a small population of
microglial cells was shown to change in terms of their surface marker profile (Mrdjen et al., 2018).

A receptor-mediated role for myelin clearance was also shown recently with TREM?2-
deficient mice exhibiting impaired clearance of myelin debris in the cuprizone model of
demyelination (Poliani et al., 2015). Trem2~~ mice exhibited impaired clearance of debris that was
also associated with impaired microglial proliferation during demyelination post cuprizone
treatment, as well as during healthy aging. However, a strict microglia role for TREM2-mediated
clearance of myelin was not addressed in this paper as peripheral myeloid cell engraftment is
classically seen with cuprizone treatment (Lampron et al., 2015).

Trem?2 has also been shown to play a critical role in the recognition of amyloid plaques in
Alzheimer’s disease as TREM?2 is capable of recognizing many lipid moieties and motifs on

amyloid plaques, including APOE, LDL, and Clusterin (Yeh et al., 2016). When crossed to the
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5XFAD mice, a severe mouse model of Alzheimer’s disease (Oakley et al., 2006), increased plaque
burden and a decrease in microgliosis were observed, indicating that microglial TREM2 was
necessary for proper proliferation and activation in Alzheimer’s disease models. This was further
reinforced by transcriptional profiling through RNA sequencing which showed that TREM2 was
necessary for formation of Disease Associated Microglia, or DAMs (Keren-Shaul et al., 2017).
TREM2 dysfunction was also shown to be important to microglial metabolism with microglia
deficient in TREM2 increasing autophagic processes which ultimately led them to be more
susceptible to cell death (Ulland et al., 2017). In fact, rescue of metabolic deficiencies with
cyclocreatine supplementation to mice led to enhanced microglial energy balance and a rescue of
neuronal dysfunction (Ulland et al., 2017).

These works indicate that TREM2 may be essential for promoting a neuroprotective
“activated” phenotype of microglia, allowing for proper containment and response to amyloid
plaques and pathology. Additional works pointing to this hypothesis emerged when two types of
Alzheimer’s disease models were crossed to IL-10 deficient mice. IL-10 has been documented as
a master anti-inflammatory cytokine, capable of suppressing immunity and ensuring tissue
protection (Ouyang et al., 2011; Couper et al., 2008). In two works published in the journal Neuron
in 2015, it was found that IL-10 deficient animals crossed to two different mouse models of
Alzheimer’s disease were shown to have enhanced phagocytic capacity of amyloid plaques,
preservation of synaptic material, and restoration of cognitive function (Guillot-Sestier et al., 2015;
Chakrabarty et al., 2015). These data point to a model of “protective activation” in microglia that
may aid in easement of Alzheimer’s pathology, specifically synapse loss.

While the phagocytosis of amyloid plaques in mouse models of Alzheimer’s disease is a

growing topic of basic and translational study (Lai and McLauring, 2012; Fiala et al., 2007,
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Koenigsknecht, 2004) an emerging body of literature has pointed to the role of complement
proteins (discussed previously concerning developmental synapse engulfment) in the removal of
synapses during Alzheimer’s pathology at time points that occur both before amyloid deposition
and cognitive decline, with the hypothesis that complement mediated removal of synapses by
microglia may be a key pathology of Alzheimer’s disease models in mice and in human pathology.
Complement has been shown to be associated with Alzheimer’s disease in a recent GWAS
study (Tosto and Reitz, 2013). Its role in synapse loss during animal models in the early stages of
disease was also shown with a marked deposition of Cl1q occurring in the J20 mouse model of
Alzheimer’s disease at only three months of age, well before plaque formation (Hong et al., 2016).
This coincided with synapse loss and microglial engulfment of synaptic terminals that led to
neuronal dysfunction that was blocked by antibody mediated blockade of C1q (Hong et al., 2016).
A mouse model of frontotemporal dementia (FTD) by germline deletion of the progranulin
gene (Grn™") also showed a key role for complement in microglia-mediated synapse loss (Lui et
al., 2015). Reduction of complement by crossing these mice to Clga~ mice led to a complete
reversal of the synapse loss phenotype as well as reversal of aberrant neuronal dysfunction in the
ventral thalamus and a reduction in obsessive compulsive like behavior (Lui et al., 2015).
Surprisingly, complement was shown to play a minimal role in the MPTP-mediated mouse
model of Parkinson disease, despite an increased presence of complement in Parkinsonian tissue
and CSF (Depboylu et al., 2011; Orsini et al., 2014). MPTP did induce a marked upregulation of
Clq in the substantia nigra coinciding with loss of tyrosine hydroxylase positive neurons.
However, microglial activation or substantia nigra neuron loss was unchanged following MPTP

A

treatment in C/ga’ mice compared to their wild type littermates (Depboylu et al., 2011). This

study was limited, however, in that the researchers only looked within the substantia nigra and did
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not investigate alterations to synapses downstream of the substantia nigra or the presence of Lewy
bodies in C/ga” mice with MPTP treatment.

Complement pathway activation has also been seen in spinal cord tissue and CSF from
amyotrophic lateral sclerosis (ALS) patients (Orsini et al., 2014). Microglia have been highlighted
in ALS as key drivers of pathology, with complement and other pro-inflammatory pathways
upregulated in the spinal cord of mouse models of ALS (Butovsky et al., 2015; Chiu et al., 2009).
Direct targeting of microglial NF-kB also showed that ALS neuronal pathology could be reversed,
placing a key role for microglial inflammation as a contributor to neurological dysfunction in ALS,
as astrocyte deletion of NF-kB had no effect on disease outcome (Frakes et al., 2014). A specific
role for Cl1q was also shown in the mutant SOD1 mouse model of ALS. SOD1 mutant mice were

~~mice which resulted in an increase in presynaptic inputs to motor neurons.

crossed to Clga
Despite this, there was no change to overall motor neuron survival or disease outcome (Lobsiger
et al., 2013). The same phenotype in ALS mouse models was also seen for mice deficient in C3
(Lobsiger et al., 2013) or C4 (Chiu et al., 2009) complement proteins. These data collectively point
to a role for complement specifically in synapse elimination, since no change in overall motor
neuron cell numbers were seen in this model of neurodegeneration.

Complement proteins have also been implicated in the progressive neurodegenerative
disorder known as Huntington’s disease, where neuronal and microglial dysfunction is seen
resulting from an expansion of the PolyQ repeat segment of the Huntingtin protein (Singhrao et
al., 1999; Crotti and Glass, 2015). Future studies will most likely show a microglial-dependent

complement deposition underlying some form of neuronal dysfunction in a pattern seen with most

neurodegenerative disorders.
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While there is controversy as to whether Schizophrenia is a bona fide neurodegenerative
disorder (Kochunov and Hong, 2014; Kulhara and Gupta, 2010; Pérez-Neri et al., 2006), a role for
complement and immune activation were hinted at with GWAS studies in Schizophrenia patients
identifying the MHC as a region with the strongest genetic link to disease pathology (Ripke et al.,
2014). A further examination into patient genetics and postmortem tissue showed that the
complement protein C4 was associated with synaptic processes in the hippocampus (Sekar et al.,
2016). Its further role in engulfment of synaptic material in LGN development was shown by C4-
deficient mice exhibiting overlap of presynaptic terminals within the dLGN (Sekar et al., 2016).

Synaptic and neuronal dysfunction are also disease hallmarks of chronic brain infections
where viruses or pathogenic organisms may persist and directly affect neuronal function, activate
the immune system and induce neuronal dysfunction, or decrease CD4 T cell counts which yield
cognitive impairment. These are all factors shown to ultimately lead to cognitive decline (Ene et
al., 2016; Hong and Banks, 2015; Kipnis et al., 2008; Samaan et al., 2016; Carson et al., 2006).
Two models that will be discussed in terms of synaptic dysfunction, glial activation, and the
complement system are infection by the protozoan Toxoplasma gondii (Toxo), and the flavivirus
West Nile (WNV).

Capable of infecting a variety of warm-blooded hosts, Toxo infection consists of a two-
phase process in mice, with the acute phase consisting of fast-replicating tachyzoite infection
which is cleared from the periphery in a matter of weeks, followed by a chronic infection of fairly
immunoquiescent bradyzoites within the CNS that last for the lifespan of the mouse (Hunter and
Sibley, 2012). Despite its relatively innocuous effect on immune activation in the chronic phase in
terms of visible pathology, infiltration of T cells and peripheral monocytes, microglial and

astrocytic activation, as well as BBB breach are all evident in the CNS parenchyma (Hunter and
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Sibley, 2012). Focal reaction of bradyzoite cysts also leads to localized neuronal death and immune
cell activation, which can be further disruptive in an immunocompromised host (Halonen, 2004).
Corresponding with this continued activation of immune cells within the brain are neurological
symptoms in humans, which may include increased risk of schizophrenia (Torrey and Yolken,
2003), impaired auditory learning, and risk of suicide, as well as possible increases in risk-taking
behaviors (Sugden et al., 2016). In mouse models, contextual freezing and extinction of memory
are impaired, coinciding with an increase in metabolites for the neurotransmitter dopamine and a
decrease in metabolites for both serotonin and norepinephrine (Ihara et al., 2016). These
phenotypes were also associated with synapse mislocalization and seizure susceptibility (Brooks
et al., 2015), along with decreased axonal density, decreased cortical pyramidal neuron
complexity, and reduced synaptic density in both the hippocampus and cortex (Parlog et al., 2014).
Despite these neuronal abnormalities, the literature points to an attenuated microglial phenotype
during Toxo infection with TGF-f inhibiting iNOS and NO production that could be further
detrimental to neuronal function (Rozenfeld et al., 2005). Elevated Clq was also seen in the
chronic phase of Toxo infection, with Clq deposition localized to both bradyzoite cysts and
neuronal processes (Xiao et al., 2016). Microglial responses with respect to synaptic destruction
have not been forthcoming within the Toxo literature, with synaptic alteration or removal by
microglia most likely preceding the frank immunopathology seen during the chronic disease stage.

West Nile Virus (WNV) is the most widely distributed arbovirus (a virus delivered by an
arthropod such as mosquitos or ticks) with a range that includes every continent except Antarctica
(Kramer et al., 2008). Patients with acute encephalitis relating to WNV present with fever,
headache, and altered mental status. Unfortunately, patients surviving WNV often experience

persistent memory impairment, speech disorders, or cognitive impairment (Sadek et al., 2010).
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During these processes it has been shown that the complement pathway, which is important for
host defense in the periphery and synapse alteration in development, is also at play during cognitive
impairment following WNV (Vasek et al., 2016).

In a model of memory impairment weeks after acute WNV infection, it was shown that
microglia are phagocytic of neuronal processes and that a complement-related gene signature was
elevated in the hippocampus, possibly interfering with spatial memory (Vasek et al., 2016). A key
finding was that removal of microglia via infection of IL-34 deficient mice or by knocking out C3
or the C3a receptor resulted in a rescue of hippocampal synapse loss. Unfortunately, the impact of
microglia or C3 on cognitive dysfunction was not tested. A role for the phagocytic receptors MER
and AXL (discussed in chapter four) were also investigated in a mouse model of WNV with
endothelial cell expression of both these molecules necessary for proper BBB permeability and

viral control (Miner et al., 2015).

Thesis rationale

The basis of the experiments and logic behind this thesis work are two-fold and can be

summarized by two experimental questions:

1. Are clearance mechanisms of synaptic material conserved during development and after
CNS trauma?
2. How is microglial engulfment of neuronal debris regulated in the brain parenchyma after

CNS injury?
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Detailed in the following chapters will be our work published in the Journal of
Experimental Medicine detailing the kinetics and mechanisms of microglial clearance of debris
following Wallerian degeneration of retinal projections post optic nerve crush injury (Chapter 3).
This work documented that contrary to what is seen during development of the visual system,
microglia are the key mediators of debris clearance, behaving independently of neuronal activity
and performing a classical tissue resident macrophage function of debris clearance. In
development, synapse clearance is a well-orchestrated balance of neuronal activity driving
“pruning” of improper connections predominantly by astrocytes with microglia also playing a
phagocytic role. In contrast, we observed that in acute injury during adulthood, microglia were
the key phagocytic cell responsible for debris clearance. This elucidates a critical aspect of
microglial biology with neuronal activity driving microglial responses in development, while their
activity in pathology resembles a function much more akin to other macrophage populations.

Since such important works in development have shown critical roles for glial phagocytosis
in forming the visual system with both microglia and astrocytes contributing to the direct
formation of neuronal connections, our studies here provide a clear signal that outside of critical
periods, microglia can be the sole phagocytic responders, and showcase that their professional
phagocyte function is sufficient to ensure complete clearance of debris, in a manner distinct from
developmental glial function and reflective rather of the essential immune process of
phagocytosis.

We also observed a profound change in the dLGN microglial transcriptional profile starting
24 hours after injury and changing dramatically again 72 hours post injury, reflective of the very

plastic nature of these cells in response to CNS trauma. Surprisingly, we found that this clearance
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was mediated by elements of the complement system, a feature of microglial clearance found in
both development and CNS pathology.

Further attempts at mechanistic dissections of microglial phagocytosis in our model are
examined in Chapter 4. We found that a variety of canonical phagocytic receptors (previewed and
discussed in Chapter 4) are dispensable for microglial clearance of debris, pointing to a common
feature of tissue resident macrophages where phagocytic receptor repertoire and requirement are
specific to tissue and cell type (Gonzalez et al.,, 2017; Martinez et al., 2009; Gordon and
Pliiddemann, 2017).

Recent works have sought to categorize microglia as a cell type unique among
macrophages, capable of shaping neuronal form and function. While some functions may in fact
be unique to microglia, this thesis represents a collective work ascribing a role for microglia similar
to that seen for any tissue resident macrophage with neurodegeneration eliciting a macrophage-

specific response towards debris clearance.
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Chapter 3
Neuronal integrity, not activity, drives synaptic
material clearance by microglia after CNS

injury

We first assessed the function and kinetics of dLGN microglia in response to
neurodegeneration. To this end, we injected the right eyes of wild-type (WT) mice with cholera
toxin subunit B (CTB) conjugated to Alexa Fluor 647, 24 h before subjecting the mice to crush
injury (Schwartz, 2004). (Fig. 3.1 A). Following the injury, mice were killed at various time points
(days 1, 2, 3,4, 5,7, and 28 after crush). Measurement of CTB-tagged retinogeniculate inputs into
the dLGN, contralateral to the injected eye, revealed their progressive loss with substantial loss
observed on day 3 and an even greater loss (~70%) on day 7 after the crush injury (Fig. 3.2, B and
C). By day 28, no CTB-647 signal could be detected (Fig. 3.1, B and C). We observed an increase
in the numbers of Ibal+ cells in the dLGN, starting on day 2 after the crush injury and peaking on
day 7 (Fig. 3.1, B and D), similar to what has been previously seen in nerve injury models (Bartel,
2012; Tay et al., 2017). Ki67+ (proliferating) microglia were detectable by post-injury day 2, with
a significant increase in their numbers on days 3 and 4, followed by a marked reduction on day 5

(Fig. 3.1, Band E).
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Figure 3.1 Optic nerve crush induces retinogeniculate terminal degeneration and proliferation of Ibal+
cells. (A) Scheme of CTB-labeling and optic nerve crush paradigm. (B) Representative images of the
degenerating dLGN presynaptic field contralateral to the crushed eye, and Ibal+ and Ki67+ cells (scale bar =
100 microns). (C) Quantification of the degenerating presynaptic debris field shown in (B) (n = 4-7 mice per
group; one-way ANOVA with Dunnett’s post-hoc test compared to uninjured condition, representative of two
independently performed experiments). Quantification of (D) Ibal+ and (E) Ibal/Ki67+ cells in the dLGN
following optic nerve crush (n =4-7 mice per group; one-way ANOVA with Dunnett’s post hoc test compared
to uninjured condition, representative of two independently performed experiments).

To demonstrate that the gradual disappearance of CTB labeling actually corresponded to
the loss of presynaptic terminals, we quantified retinogeniculate synapses in areas of CTB loss
within the dLGN contralateral to the crushed eye on day 3 after optic nerve crush injury. Utilizing
a method previously employed to count synapses of the mouse visual system (Ippolito and Eroglu,
2010), we observed a significant decrease in retinogeniculate (VGIlut2/PSD95 double-positive)
synapses (Fig.3.2, A and B), suggesting that the disappearance of CTB observed after the injury

was indeed related to the loss of retinogeniculate terminals.
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Figure 3.2 Optic nerve crush injury leads
to retinogeniculate synapse loss. (A)
Representative images of VGlut2/PSD95
double positive retinogeniculate synapse
loss three days post optic nerve crush (scale
bar = 25 microns). (B) Quantification of
synapse loss following optic nerve crush (n
= 3 mice per group; Student’s t-test,
representative  of two independently
performed experiments).

Noting an activated and hypertrophic morphology of microglia post-crush we hypothesized

whether the novel microglia-specific marker TMEM119 (Bennett et al., 2016) would still be

present on microglia three days post-injury (Fig. 3.3, A and B). Strikingly, we saw a marked

downregulation of TMEM119. This data shows that microglial activation leads to loss of

TMEMI119 positivity, at least during CNS Wallerian degeneration, and that caution should be used

when interpreting TMEM119 labeling, other than in naive mice.
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Figure 3.3 TMEM119 is positivity is lost
on Ibal+ cells three days post optic nerve
crush injury (A) Representative confocal
images of Ibal and TMEMI119 staining
from uninjured mice and three days post
injury. (B) Quantification of TMEM119+
microglia before and three days post optic
nerve injury depicted in (A) (mean + s.e.m;
n = 3-5 mice per group; *** = p < 0.001,
Student’s T-test, representative of two
independent experiments).

The optic nerve crush injury model is unique in that it allows for the study of cellular

responses to neurodegeneration that occur far from the actual site of injury. This is particularly

important when attempting to assess the role of microglia, as the injury site is heavily populated

by peripheral cells (Walsh et al., 2014b) that may compete and even interfere with microglial
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function and complicate microglial identification. Before proceeding with nerve injury and
assessment of microglial responses we first needed to confirm that, in the context of our system
that microglia could indeed be studied in isolation from contamination by peripheral macrophages.
We did this by fate-labeling of microglia, utilizing Cx3crIFRT2C*:Ai6 mice. By modifying a
previously published protocol (Goldmann et al., 2013), mice were fed tamoxifen-containing chow
for one week and then we proceeded to wait 1 month for peripheral myeloid cell turnover (Fig.
3.4, A). After this period, we analyzed the brain and peripheral organs for macrophage expression
of ZsGreen. We observed that nearly 100% of microglia retained ZsGreen labeling in the uninjured
cerebral cortex and cerebellum (Fig. 3.4, B and D). This contrasted with peripheral macrophage
populations which exhibited decreasing percentage of ZsGreen+ macrophage populations in the
spleen, liver, and blood, respectively (Fig. 3.4, B-D). We then performed unilateral optic nerve
crush and sacrificed the injured mice 3 days post-injury. Examining the injury site in the optic
nerve , we observed numerous Ibal */ZsGreen cells, indicative of peripheral myeloid engraftment

there (Fig. 3.4, E), as has been previously reported (Walsh et al., 2014b).

Figure 3.4 Macrophage ZsGreen expression at
baseline in immune organs and optic nerve crush site
three days post injury in Cx3cr1®RT2Cre*;: A16 mice
(A) Scheme of fate-mapping experiment. (B)
Representative images of macrophage subsets in brain
regions, spleen, and liver. Within the dLGN before and
after crush injury the vast majority of myeloid cells
(Ibal+) were ZsGreen positive (Fig. 3.5, A and B) with
no change in number of Ibal+ or Ibal+/ZsGreen+ cells
(Fig. 3.5, B and C) Furthermore, there was no difference
in the percentages of Ibal+ or Ibal+/ZsGreen+ cells
expressing Ki67 in dLGN after injury (Fig. 3.5, C and
D), implying that the Ibal+ cells were derived from
endogenous microglial populations.
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The unique model we describe here incorporates crush injury of the optic nerve and the
consequent neurodegeneration in the dLGN, distal to the injury site itself. Thus, this allows a
‘closed system’ to study phagocytic uptake of neuronal material with no prior priming of microglia
BBB disruption, or peripheral myeloid “contamination”.

Since microglia have been shown to be prolific phagocytes of synaptic material (Schafer
et al., 2012), we examined whether the observed phagocytosis and clearance of presynaptic
terminals were attributable to dLGN microglia. Utilizing a previously described method (Schafer
et al., 2014), we observed that neuronal debris (presented as the percentage of microglial volume)
was indeed present within the microglial soma (Fig. 3.6, A and B). In CX3CR1%"™* mice, co-
staining for engulfed neuronal debris alongside the phagolysosomal marker CD68 revealed a high
degree of internalized CTB co-localized with the microglial phagolysosome (Fig. 3.7, A),

indicative of microglial phagocytosis.
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Figure 3.6 Engulfment of neuronal debris peaks at three days post optic nerve injury in microglia (A)
Z-projections, orthogonal slices, and Imaris 3D reconstructions of microglial phagocytosis of crushed
retinogeniculate inputs (scale bar = 25 microns). (B) Quantification of microglial engulfment of neuronal
debris depicted in (L) (n = 4-6 mice per group; one-way ANOVA with Dunnett’s post-hoc test compared to
uninjured dLGN microglia, representative of two independently performed experiments).
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Figure 3.7 Engulfed neuronal debris is localized to the microglial phagolysosome (A) Representative
confocal images and orthogonal sections of microglia three days post optic nerve crush in Cx3crl*** mice
showing localization of engulfed neuronal debris to the CD68+ phagolysosome.
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Microglia are known to play a role in the pruning of synapses during the developmental
period of eye-specific segregation at post-natal day 5 (P5), with the soma of microglia exhibiting
a higher proportion of ingested material compared to astrocytes. However, due to their increased
number compared to microglia at that developmental time period, the dominant LGN phagocytes
in terms of total material consumed are astrocytes (Chung et al., 2013). To assess the possibility
that astrocytes could be phagocytic of neuronal debris following optic nerve crush injury we
quantified the number of cells positive for the astrocyte marker, glial fibrillary acidic protein
(GFAP), post injury (Fig. 3.8, A). No change was seen in GFAP+ cell number at three days post
crush, despite a robust increase in microglial number (Fig. 3.8, A and B). To analyze the
engulfment of debris by astrocytes we performed our assessment of phagocytosis by examining
the amount of CTB+ debris in both Ibal+ and GFAP+ processes. With crush no change in engulfed
material was seen in GFAP+ processes despite an increase seen within the microglial Ibal+ soma

and processes (Fig 3.8, C and D).
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Figure 3.8 Change in cell number and engulfment of neuronal debris is not seen in GFAP+ cells three
days post optic nerve crush injury (A) Representative images of Ibal+ and GFAP+ cell number in the LGN
in uninjured LGN and three days post optic nerve crush injury. (B) Quantification of Ibal+ and GFAP+ cells
seen in (A) (mean + s.e.m; n = 7 mice for uninjured and n=16 for crushed groups; *** = p < 0.001, two-way
ANOVA with Tukey’s post-hoc test, representative of two independent experiments). (C) Max Z-projections,
orthogonals, and Imaris reconstructions of engulfment by Ibal+ and GFAP+ cells in uninjured LGN and three
days post optic nerve crush injury. (D) Quantification of Ibal+ and GFAP+ cell engulfment seen in (C) (mean
+ s.e.m; n = 4 mice for uninjured and n=6 for crushed groups; *** = p < 0.001, two-way ANOVA with
Tukey’s post-hoc test, representative of two independent experiments).

Relying on GFAP as marker for engulfment assays is limiting due the minimal filling of
astrocyte soma and incomplete expression by astrocytes that reside outside of the white matter
(Lundgaard et al., 2014). Due to these limitations we further assessed the phagocytic capabilities
of LGN astrocytes and microglia during acute Wallerian degeneration using flow cytometry.
Bilateral CTB-A647 injection and crush injury were performed, followed by LGN microdissection
three days later (Fig. 3.9, A). Cell populations were verified by gating on nucleated Hoechst+
events, single cell events (singlets), and cells not positive for the dead cell dye Zombie NIR (live
cells). To mark astrocytes, we employed the extracellular marker GLAST. GLAST- cells where
then selected on CD11b/CD45 positivity to define microglia (Fig. 3.9, B). While a significant
increase in the amount of CTB was only seen in the microglial population, we did see a small, yet
not significant, increase in CTB+ astrocyte populations with CTB injected eyes in both uninjured
and post-crush conditions (Fig 3.9, C and D). To distinguish whether this positivity was due to

internalization of CTB or extracellular attachment, we utilized a cholera toxin B subunit
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conjugated to the pH-sensitive dye CypHer SE. This compound is maximally fluorescent at low
pH with minimal fluorescence at neutral pH (Cooper et al., 2002). Thus, only cells with engulfed
CTB should exhibit CypHer positivity. After bilateral eye injection with CTB-CypHer followed

by optic crush, only CypHer+ microglia, and not astrocytes, were observed (Fig. 3.9, E and F).
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Figure 3.9 Engulfment of neuronal material is seen in LGN microglia and not astrocytes three days post
optic nerve crush injury (A) Scheme of flow cytometry experiments to identify LGN phagocytes following
optic nerve crush injury. (B) Gating strategy to obtain astrocytes (GLAST+) and microglia (CD11b+CD45+)
from the LGN. (C) Representative FACS plots of astrocytic and microglial engulfment of CTB-A647 labeled
neuronal debris. (D) Quantification of engulfment depicted in (C) (mean + s.e.m; n = 3-5 mice per group; ***
= p < 0.001, two-way ANOVA for effect of cell type and treatment with Holm-Sidak post hoc test,
representative of three independent experiments). (E) Representative FACS plots of astrocytic and microglial
engulfment of CTB-CypHer labeled neuronal debris. (F) Quantification of engulfment depicted in (E) (mean
+ s.e.m; n = 3-5 mice per group; *** =p < 0.001, two-way ANOVA for effect of cell type and treatment with
Holm-Sidak post hoc test, representative of three independent experiments).

To assess the necessity of microglia in the clearance of neuronal debris after injury in adult
mice, we eliminated microglia in our system by utilizing the colony stimulating factor 1 receptor
(CSFI1R) inhibitor PLX5622, a compound previously shown to efficiently deplete microglia in the
CNS (Elmore et al., 2014). After 3 weeks of treatment with PLX5622 chow, mice received bilateral
injections of CTB intravitreally and were subjected 24 h later to unilateral optic nerve crush injury.

As previously shown (Hilla et al., 2017), PLX5622 treatment also had no effect on RGC survival
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three (Fig. 3.10, A and B) and seven (Fig. 3.10, C and D) days post optic nerve crush injury. As
expected, PLX5622 also resulted in a marked reduction in microglial counts (Fig. 3.11, A and B).
Subsequently, CTB+ dLGN fields contralateral to crushed optic nerves were significantly larger
three days post optic nerve crush injury in PLX5622-fed mice than in mice fed control chow,
suggesting that following optic nerve crush injury, microglia are necessary for the optimal
clearance of neuronal debris (Fig. 3.11, A and C). In fact, microglial depletion and debris presence
persisted in PLX5622-fed mice up to seven days post optic nerve crush injury (Fig. 3.12, A-C).
Notable was that at both three and seven days post optic nerve injury control inputs had no

differences between control and PLX5622-fed mice.
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Figure 3.10 PLX5622 treatment has no effect on RGC survival at baseline or with optic nerve crush
injury (A) Representative images of uninjured and three days post- optic nerve crushed injury-experienced
RGCs in the retina of PLX5622 and control chow-fed mice. (C) Quantification of RGC counts seen in (A)
(mean £ s.e.m; n = 7 retinas per group; *** = p < 0.001, two-way ANOVA for effect of optic nerve crush
with Holm-Sidak post hoc test, representative of three independent experiments). (C) Representative images
of uninjured and seven days post-optic nerve crushed injury-experienced RGCs in the retina of PLX5622 and
control chow-fed mice. (D) Quantification of RGC counts seen in (C) (mean + s.e.m; n = 4-5 retinas per
group; *** = p < 0.001, two-way ANOVA for effect of optic nerve crush with Holm-Sidak post hoc test,
representative of three independent experiments).
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Figure 3.11 PLX5622 reduces microglia number and prevents clearance of neuronal debris three days
post optic nerve crush injury (A) Representative images of the uninjured and optic nerve crushed dLGN
fields three days post injury in PLX5622 and control chow-fed mice (scale bar = 100 microns). (B)
Quantification of Ibal+ cells (depicted in A) in the crushed contralateral field three days post optic nerve
crush in PLX5622 and control chow-fed mice (n = 7-8 mice per group; Student’s t-test, representative of three
independently performed experiments). (C) Quantification of the CTB+ field (depicted in A) contralateral to
uninjured and crushed eyes three days post optic nerve crush in PLX5622 and control chow-fed mice (n = 7-
8 mice per group. Student’s t-test, representative of three independently performed experiments). Error bars
represent mean + S.E.M. * =p <0.05, ** =p <0.01, *** =p < 0.001.
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Figure 3.12 PLX5622 reduces microglia number and prevents clearance of neuronal debris seven days
post optic nerve crush injury (A) Representative images of the uninjured and optic nerve crushed dLGN
fields seven days post injury in PLX5622 and control chow-fed mice (scale bar = 100 microns). (B)
Quantification of Ibal+ cells (depicted in A) in the crushed contralateral field seven days post optic nerve
crush in PLX5622 and control chow-fed mice (n = 5 mice per group; Student’s t-test, representative of two
independently performed experiments). (C) Quantification of the CTB+ field (depicted in B) contralateral to
uninjured and crushed eyes seven days post optic nerve crush in PLX5622 and control chow-fed mice (n = 4-
5 mice per group. Student’s t-test, representative of two independently performed experiments. Error bars
represent mean + S.E.M. *** =p < (.001).

The rapid response of dLGN microglia observed after optic nerve crush prompted us to
investigate whether neuronal activity from the retina, shown to be crucial for engulfment of
neuronal material in development (Schafer et al., 2012), might regulate microglial activation in

response to optic nerve injury, especially since all neuronal activity from the retina is known to be
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rapidly disrupted following optic nerve crush in the mouse. To address this question we utilized
WIid® mice (Coleman et al., 1998), which demonstrate delayed axonal and synaptic degeneration
after acute injury to the peripheral and central nervous systems (Vargas and Barres, 2007,
Gillingwater et al., 2006; Wright et al., 2010). Thus, by studying the microglia in the acutely
injured Wid® dLGN, we were able to examine a system in which neuronal activity had ceased (as
in the injured WT), but presynaptic degeneration was markedly delayed (Fig. 3.13, A and B).
Before examining the dLGN we counted the RGCs in WId® mice 3 days after optic nerve crush
and observed no changes in their numbers (Fig. 3.14, A and B). We then examined the dLGN and
found significantly less microglia in the dLGN contralateral to the crushed eye of Wid® mice than
in their WT counterparts, indicating that little or no dLGN microglial proliferation had occurred
in the WId® mice by day 3 after the optic nerve crush (Fig. 3.15, A and B). The CTB+ field of the
dLGN contralateral to the crushed optic nerve was also significantly larger in the Wid® mice, which
indicated a reduced microglial clearance of the CTB+ presynaptic field in Wid® mice (Fig. 3.15, A
and C). CTB+ field size in the dLGN of WIid® mice contralateral to the uninjured optic nerve were
also unchanged (Fig. 3.15, A and C), indicating that—as shown previously (Hoopfer et al.,
2006)—there were no developmental changes in retinogeniculate projections in Wid® mice. Since
we noticed a robust proliferation of WT microglia on days 2-4 post optic nerve crush we also
stained for the proliferative marker Ki67 to ascertain whether microglial proliferation was
attenuated in WId® mice and thus with delayed neuronal degeneration. We observed that along with
the reduction in microglia number was also a decrease in Ki67+ microglia, implying that microglial

proliferation is greatly diminished when neurodegeneration is delayed (Fig. 3.16, A and B).
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Figure 3.13 Scheme of optic nerve crush injury in WId® mice (A) Scheme of neuronal activity and Wallerian
degeneration following optic nerve crush in WT and WId® mice. (B) Experimental setup of optic nerve crush
injury in WT and WId® mice.
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Figure 3.15 Microglia number and clearance of neuronal debris is reduced in WId® mice three days post
optic nerve crush injury (A) Representative images of the dLGN three days post optic nerve crush in WT and
WidS mice. (B) Quantification of Ibal+ cells (depicted in C) three days post optic nerve crush in WT and Wid®
mice (n = 5-8 mice per group; Student’s t-test, representative of three independent experiments). (C)
Quantification of uninjured and crushed CTB fields (depicted in A) three days post optic nerve crush in WT and
WId® mice (n = 4-8 mice per group; Student’s t-test, representative of three independent experiments).
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Since no proliferation or apparent activation was visible in Wid® microglia of the dLGN
after injury we performed our phagocytosis assay to see if these cells may still be phagocytic,
despite an activated morphology. Our analysis of phagocytosis of crushed neuronal inputs in the
WId® mice also revealed a much less activated morphology resembling uninjured WT microglia
when imaging at high resolution. Phagocytic analysis also showed that Wid® mice had significantly

less engulfed neuronal debris than in WT microglia at three days post injury (Fig. 3.17, A and B).
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Figure 3.17 Engulfment of neuronal material is reduced in WidS mice three days post optic nerve crush
injury (A) Z-projections, orthogonal slices, and Imaris 3D reconstructions of microglial phagocytosis of
crushed retinogeniculate inputs in WT and WId® mice three days post optic nerve crush. (B) Quantification of
microglial engulfment of neuronal debris in WT and WId® mice depicted in (A) (n = 5-8 mice per group;
Student’s t-test, representative of three independent experiments).
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To further determine whether presynaptic terminals lacking neuronal activity from the
retina could be engulfed by injury-activated microglia, we took advantage of the dLGN
architecture (consisting of a small ipsilateral patch within the large contralateral projection area).
Using pharmacological attenuation of neuronal activity in the ipsilateral eye concurrently with
optic nerve crush in the contralateral eye, we tested whether injury-activated microglia would
engulf weakened inputs (from the ipsilateral patch, Fig. 3.18, A). To this end, we labeled
retinogeniculate inputs with CTB conjugated to Alexa Fluor dyes, and 24 h later applied
tetrodotoxin (TTX) or its carrier (citrate buffer) to one eye, effectively blocking action-potential
mediated activity from the eye, while crush-injuring the contralateral optic nerve. To confirm that
TTX had an effect on dampening neuronal activity from the eye, we examined the pupillary
constriction response (Su et al., 2011; Shanks et al., 2016) in our mice 24 h and 48 h after the
above procedures. This test is a measure of activity from the retina to the Edinger-Westphal nuclei
driven via activity from melanopsin expressing RGCs that sense light activity independent from
the rods and cone photoreceptor cells (Provencio et al., 2000; Hattar et al., 2002). Thus, TTX
treatment will attenuate action potentials from dLGN-projecting neurons as well as those
projecting to the Edinger-Westphal Nuclei, resulting in a diminished pupillary reflex. Significant
effects of both the optic nerve crush and the TTX application on pupillary constriction reflexes
were observed both at 24 and at 48 h after the injury, with no detectable effect on naive eyes or on
citrate buffer-treated controls (Fig. 3.18, A-F). With confirmation of the efficacy of TTX, mice
were killed three days post-crush, during peak phagocytosis of crushed neuronal inputs.
Examination at that time (3 days after crush injury) showed that there were no effects of TTX on

RGC survival (Fig. 3.19, A and B). dLGN microglia counts were also unchanged contralateral to
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eyes treated with TTX, with only dLGN microglia contralateral to the crushed eye showing an
increase in number (Fig. 3.20, A and B). We also found that the CTB+ presynaptic field sizes
contralateral to TTX-treated eyes were unchanged compared to either naive or citrate buffer-
treated eyes, with only dLGN CTB fields contralateral to crushed eyes decreasing in size (Fig.

3.20, A and C).

+Citrate Optic nerve

9% Pupil constriction _

Figure 3.18 Experimental scheme and pupil responses of TTX treatment concurrent with optic nerve
crush injury (A) Scheme and (B) time course of TTX treatment concurrent with optic nerve crush and pupil
response testing. (C) Representative images of pupil responses in eyes of naive, citrate buffer-treated, TTX-
treated, and optic nerve crush injured eyes. (D) Quantification of pupil responses depicted in (C) (mean +
s.e.m; n = 5-10 eyes per group; *** = p < 0.001, two-way ANOVA for effect of optic nerve crush and TTX
treatment with Holm-Sidak post hoc test, representative of two independent experiments).
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Figure 3.19 TTX treatment has no effect on RGC survival three days post optic nerve crush injury (A)
Representative images of uninjured, citrate buffer, TTX, and optic nerve crush injury-experienced RGCs from
mouse retina. (B) Quantification of RGC counts seen in (A) (mean =+ s.e.m; n = 7-8 retinas per group; ** =p
< 0.01, one-way ANOV A with Dunnett’s post hoc test, representative of two independent experiments).
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Figure 3.20 TTX treatment has no effect on microglial number or CTB clearance three days post optic
nerve crush injury (A) Representative images of dLGN fields contralateral to naive, citrate buffer, TTX, and
optic nerve crushed eyes. (B) Quantification of Ibal+ cells (depicted in A) in dLGN fields contralateral to
naive, citrate buffer, TTX, and optic nerve crushed eyes (n = 5-11 mice per group; one-way ANOVA with
Holm-Sidak post hoc test, representative of two independent experiments). (C) Quantification of CTB fields
(depicted in A) in the dLGN contralateral to naive, citrate buffer, TTX, and optic nerve crushed eyes (n = 5-
13 mice per group; one-way ANOVA with Holm-Sidak post hoc test, representative of two independent
experiments).

Next, we examined whether injury-activated microglia would phagocytose TTX-treated
uninjured presynaptic terminals (Fig. 3.21, A). We found that microglia engulfed neuronal material
from the crushed eye but did not engulf TTX-treated inputs (Fig. 3.21, B and C), which were
deficient in action-potential mediated activity from the eye.

While TTX application did serve to block activity emanating from the eye, spontaneous
release of neurotransmitter from presynaptic terminals would not be affected by TTX treatment
(Chesselet, 1984). These results demonstrate that in the adult mouse, microglia become activated
in response to synaptic degeneration, while cessation of neuronal activity has no effect on

microglial phagocytic activity.
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Figure 3.21 TTX treatment with optic nerve crush injury has no effect on microglial engulfment of
neuronal debris engulfment three days post optic nerve crush injury (A) Scheme of TTX application
concurrent with optic nerve crush injury in adulthood. (B) Z-projections, orthogonal slices, and Imaris 3D
reconstructions of microglial phagocytosis of crushed retinogeniculate inputs in the dLGN following TTX or
citrate buffer treatment concurrent with optic crush (scale bar = 25 microns). (C) Quantification of microglial
debris engulfment (depicted in B) three days post optic nerve crush in mice with TTX or citrate buffer
treatment concurrent with optic nerve crush (n = 7-13 mice per group, pooled from two independent
experiments; two-way ANOVA for effect of optic nerve crush with Holm-Sidak post hoc test). Error bars
represent mean + S.E.M. * =p <0.05, *** =p <0.001.

Since microglia are the main phagocytes in response to neurodegeneration in the dLGN,
these findings provide an amenable system for studying molecular mechanisms governing
microglial engulfment of endogenous material. Thus, in order to identify the genetic programs
necessary for removal of neuronal debris by dLGN microglia, we isolated CD11b+ cells (using
AutoMACS) from an uninjured state and at 1 and 3 days after bilateral optic nerve crush (Fig.
3.22, A). RNA-seq was performed on our samples after flow cytometry confirmed that each sample

was at least 90% CD11b+CD45+ (Fig. 3.22, B-D).
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Figure 3.22 Schematic and flow cytometric validation of purity from LGN-isolated microglia after optic
nerve crush injury (A) Experimental scheme for the isolation of dLGN microglia post optic nerve crush. (B)
Representative FACS plots documenting gating strategy of microglia to assess purity of MACS prior to
RNAseq. (C) Representative FACS plots of positive and negative fractions following CD11b-based MACS
sorting. (D) Quantification of microglia purity in positive and negative fractions following CD11b-based
MACS sorting (mean + s.e.m; n = 3 samples per group; *** = p < 0.001, two-way ANOVA for effect of
sample type with Holm-Sidak post hoc test, representative of two independent experiments).

Principal component analysis of all statistically significant transcripts revealed three
discretely clustered populations, indicating a unique transcriptional signature for post-injury
microglia at both time points tested (Fig. 3.23 A). Notably, day 1 and day 3 microglial subsets did
not cluster together more closely than in the uninjured condition, indicating a dynamic
transcriptional profile of microglia in the acute phase of Wallerian degeneration. This stands in
contrast to transcriptional and surface marker profiles of microglia in disease states, where largely
the profile is indicative of a progressive unidirectional shift to an activated phenotype over time
(Matcovitch-Natan et al., 2016; Mrdjen et al., 2018; Keren-Shaul et al., 2017; Butovsky et al.,

2015; Chiu et al., 2013). To assess the differences between genes expressed on days 1 and 3 after
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crush injury, we compared the uniquely enriched genes of each condition to uninjured controls
(Fig. 3.23, B). We found 132 common genes enriched in microglia on both days 1 and 3 after crush
injury (adjusted P-value < 0.05), with 3-day post-injury microglia expressing the higher amount
of uniquely enriched genes after the injury (1216 unique genes on day 3 compared to 697 unique
genes on day 1 after crush). To illustrate the functional differences between dLGN microglia at 1
and 3 days after crush injury, we identified gene sets enriched on days 1 and 3 by performing a
gene-set enrichment analysis. This revealed that a number of gene sets were downregulated in
microglia on day 1 after crush injury, including those associated with the extracellular matrix and
biological adhesion (Fig. 3.23, C). Upregulated gene sets on day 1 after injury included those
associated with sensing molecular ‘danger’, such as complement (Fig. 3.24, A), and NOD-like
receptor and Toll-like receptor signaling pathways (Fig. 3.24, B), indicating that microglia at 1
day after crush injury indeed sense and respond to the ongoing accumulation of neuronal debris.
Gene sets downregulated on day 3 after the injury included regulation of hydrolase, GTPase, and
catalytic activity, as well as regulation of immune-system processes. Upregulated gene sets
included genes necessary for ribosome and proteasome production, cell-cycle processes, oxidative
phosphorylation, phagocytosis (Fig. 3.24, C), and Alzheimer’s disease (Fig. 3.24, D). This diverse
array of gene sets would be expected for microglial cells that are surrounded by neuronal debris,
actively engaged in phagocytosis, and undergoing cell division. Interestingly, the transcriptional
signature three days post-injury is distinct from that one-day post-injury, with just 132 genes

enriched on both post-injury days compared to non-injured condition.
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Figure 3.23 LGN microglia exhibit a dynamic RNA transcriptome following optic nerve crush injury
(A) PCA analysis of uninjured dLGN microglia and microglia obtained one and three days post optic nerve
crush injury. (B) UpSet plot detailing uniquely enriched genes on days one, three, and common to both days
post-crush. (C) Gene sets obtained from KEGG, GO, and Broad Hallmark pathways that are enriched in dLGN
microglia one and three days post optic nerve crush.
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Figure 3.24 Gene sets related to immune activation and phagocytosis are upregulated in LGN microglia
following optic nerve crush injury Heat maps of (A) complement, (B) TLR signaling, (C) phagocytosis, and
(D) Alzheimer’s disease gene sets that are upregulated in dLGN microglia following optic nerve crush (n =2
samples for uninjured microglia and n = 3 samples for one and 3 days post injury group, Fisher’s test,
performed once).

Because the complement gene set was upregulated on day 1 after crush injury, we
examined specific complement genes associated with the microglial engulfment of neuronal

material during development (Fig. 3.25, A). These results indicated that /tgam (CD11b or C3R)
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was highly upregulated in microglia on day 1 after optic nerve crush. We also observed a slight

(not statistically significant) increase in transcription of C/gb and Clgc.
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Figure 3.25 Complement
genes associated with
developmental pruning are
altered in LGN microglia
following optic nerve crush
injury (A) Normalized read
counts of selected complement
genes following optic nerve
crush (n = 2 samples for
uninjured microglia and n = 3
samples for one and 3 days post
injury group, Fisher’s test,
performed once).

To determine whether the complement system plays a role in the microglial clearance of

neuronal debris after optic nerve crush, we repeated optic nerve crush injury experiments using

Clga™~ and Itgam™

"~ mice. First, we examined whether RGC survival could be influenced by Clq

and found that neuronal survival of RGCs was not different between WT and C1g-deficient mice

at baseline or three days post injury (Fig. 3.26, A and B). We therefore examined the dLGN of

Clg-deficient mice on day 3 after optic nerve crush and observed no change in the number of

microglia (Fig. 3.27, A and B) while significantly more residual neuronal debris was seen

compared to WT mice (Fig. 3.27, A and C).
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Figure 3.27 Clqa is necessary for optimal clearance of neuronal debris three days post optic nerve crush
injury (A) Representative images of the dLGN three days post optic nerve crush in Cl/ga
(B) Quantification of Ibal+ cell (depicted in A) counts three days post optic nerve crush depicted in (J) of
Clga™" and Clga™ mice (n = 8-9 mice per group; Student’s t-test, representative of two independent
experiments). (C) Quantification of uninjured and crushed contralateral CTB field three days post optic nerve
crush depicted in (A) of Clga™" and Clga™~ mice (n = 7-8 mice per group; Student’s t-test, representative of
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The complement receptor 3, also known as the integrin CD11b, was also shown to be
critical for engulfment of synaptic material in development. Similar to that observed in Clg-

deficient mice, we found that /tgam™ mice had no change in neuronal survival at baseline or three

%

days post-injury (Fig. 3.28, A and B). Itgam™ mice also showed no change in the number of dLGN
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microglia after injury (Fig. 3.29, A and B), and exhibited more neuronal debris in the dLGN
contralateral to the crushed eye as compared to their WT counterparts (Fig. 3.29, A and C).
Altogether, these experiments indicated an active role for complement in the microglial clearance
of neuronal debris pursuant to Wallerian degeneration, implicating complement as a key driver of
neuronal material clearance by microglia in Wallerian degeneration, shown previously in
development (Stephan et al., 2012), Alzheimer’s disease (Hong et al., 2016), schizophrenia (Sekar

et al., 2016), and viral infection (Vasek et al., 2016).
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Figure 3.29 CD11b is necessary for optimal clearance of neuronal debris three days post optic nerve
crush injury (A) Representative images of the dLGN three days post optic nerve crush in WT and Itgam™
mice. (B) Quantification of Ibal+ cell counts three days post optic nerve crush depicted in (A) of WT and
Itgam™ mice (mean + s.e.m; n = 5 mice per group; Student’s t-test, representative of two independent
experiments). (C) Quantification of uninjured and crushed contralateral CTB field three days post optic nerve

crush depicted in (A) of WT and Jtgam™ mice (n = 4-5 mice per group; Student’s t-test, representative of two
independent experiments). Error bars represent mean + S.E.M. * =p <0.05
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Chapter 4
Canonical phagocytic receptors are not

necessary for clearance of neuronal debris

In our experiments defining the role of dLGN microglia in clearing neuronal debris we
assayed a variety of phagocytic receptors known to the field of both phagocytosis and microglial
biology. Discussed below will be the rationale and findings from those experiments.

With our initial findings detailing the key importance of both microglial presence within
the dLGN and that they were highly phagocytic, we put forth a concerted effort to investigate the
possible role of known phagocytic receptors (Brown and Neher, 2014) in clearance of neuronal
debris during Wallerian degeneration. We also saw in our RNAseq dataset that many genes
associated with microglial phagocytosis and proliferation were also differentially regulated in

dLGN microglia post-crush (Fig. 4.1, A).
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Figure 4.1 dLGN Microglial expression of canonical phagocytosis genes following optic nerve crush
injury (A) Normalized read counts obtained from RNAseq data of microglia isolated by CD11b MACs in
uninjured mice and those receiving bilateral optic nerve crush injury.
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The first candidate receptor we investigated was due to its high expression on microglia
and its established role as a marker of tissue resident macrophages and phagocytic activity was
MER (Gautier et al., 2012; Fourgeaud et al., 2016; Rothlin et al., 2015). Encoded by the gene
Mertk and a member of the TAM (TYRO3/AXL/MER) family of phagocytic receptors, MER has
been shown to be critical for aspects of microglial biology relating to the clearance of neural
progenitor cells (Fourgeaud et al., 2016) and engulfment of neuronal material by microglia in
development (Chung et al., 2013) and has also been shown to be critical in microglial clearance of
debris after viral infection (Tufail et al., 2017).

TAM receptor interaction with dying material or debris is critically mediated by bridging
molecules that directly link the receptor to the phagocytic target by direct interaction with
phosphatidylserine (Rothlin et al., 2015). This interaction is further complicated with regards to
MER as the two canonical TAM bridging molecules Protein S and GAS6 have both been shown
to be sufficient for MER-mediated phagocytosis (Lew et al., 2014). All three of these proteins
(protein S, GAS6, and MERTK) are critical to retinal function as retinal pigmented epithelial cells
utilize this axis of the TAM pathway for clearance of diurnal clearance of spent rod and cone
processes that are critical for maintenance of vision (Burstyn-Cohen et al., 2012). While mutations
that affect RPE cell function do in fact have stark vision loss, RGC phenotypes and projections
(the critical component of our study) are largely unaffected even under the most severe phenotypes
of vision loss (Lin and Peng, 2013; Mazzoni et al., 2008).

Thus, we proceeded to dissect whether GAS6 or Protein S may be involved in the clearance
of dLGN debris by microglia during Wallerian degeneration. To achieve this, we performed our
optic nerve crush protocol on Gas6” mice to target the bridging molecule GAS6 and on

LysM€ " : Pros 1" mice to specifically delete Protein S in the myeloid compartment. Conditional
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deletion of protein S is essential as genomic deletion results in embryonic lethality brought on by
severe coagulopathy (Burstyn-Cohen et al., 2009).

We first looked to see if RGC survival was differentially affected by optic nerve crush
injury in both Gas6” and LysM®"¢*:ProsI"" mice. We found that three days post injury or at
baseline there was no change in survival of Gas6”~ LGN-projecting Brn3a+ RGCs (Fig. 4.2, A
and B). This was also true for RGC survival post-injury in LysM“**:ProsI1"" mice (Fig. 4.2, C
and D). Since there was no effect of these critical retinal proteins on neuronal survival in optic
nerve crush injury we then proceeded to interrogate whether MER associated phagocytosis was

necessary for clearance of neuronal debris within the LGN.
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Figure 4.2 Genomic deletion of Gas6 or myeloid deletion of protein S has no effect on RGC survival at
baseline or three days post optic nerve crush injury (A) Representative images of uninjured and optic
nerve crushed injury-experienced RGCs in the retina of WT and Gas6” mice. (B) Quantification of RGC
counts seen in (A) (mean £ s.e.m; n = 6-7 retinas per group; *** =p < 0.001, two-way ANOVA for effect of
optic nerve crush with Holm-Sidak post hoc test. (C) Representative images of uninjured and optic nerve
crushed injury-experienced RGCs in the retina of LysM“*":ProsI™ and LysM"":ProsI"™ mice. (B)
Quantification of RGC counts seen in (A) (mean £ s.e.m; n = 4-5 retinas per group; *** =p <0.001, two-way
ANOVA for effect of optic nerve crush with Holm-Sidak post hoc test.

Strikingly we saw that Gas6”~ mice had reduced numbers of microglia within the LGN,
with no change seen in clearance of neuronal debris or the size of control CTB+ fields (Fig 4.3, A-
D). While no change in Ibal+ cell number was seen in the dLGN after injury in LysM<¢* : Pros 171
mice (Fig 4.4, A and B), a similar pattern of no change in uninjured (Fig 4.4, A and C) or crushed

(Fig 4.4, A and D) inputs was also seen similar to that of Gas6”" mice.
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Figure 4.3 Gas6 is not necessary for optimal clearance of neuronal debris three days post optic nerve
crush injury (A) Representative images of the dLGN three days post optic nerve crush in WT and Gas6”
mice. (B) Quantification of Ibal+ cell (depicted in A) counts three days post optic nerve crush depicted in (A)
of WT and Gas6” mice (n = 5-6 mice per group; Student’s t-test, representative of two independent

experiments).
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Figure 4.4 Myeloid expression of Protein S is not necessary for optimal clearance of neuronal debris
three days post optic nerve crush injury (A) Representative images of the dLGN three days post optic nerve
crush in LysM“ " :ProsI™ and LysM"":ProsI™ mice. Quantification of (B) Ibal+ cell number, (C)
uninjured CTB field size, and (D) crushed CTB field size (depicted in A) three days post optic nerve crush
depicted in (A) of LysM“":Pros1V" and LysM ™" :ProsI™"™ mice (n = 5-6 mice per group; Student’s t-test,
representative of two independent experiments).

Since both GAS6 and protein S bridging molecules may be involved in MER-mediated
clearance of debris we also assessed whether clearance of debris was mediated by MER itself.
First, we assessed whether optic nerve crush injury to Mertk”~ mice would affect neuronal survival

and found no difference in RGC survival at baseline or three days post optic nerve injury (Fig. 4.5,



Chapter 4: Canonical phagocytic receptors are not necessary for optimal clearance of 71
neuronal debris during Wallerian degeneration

A and B). Examining the LGN we saw a trend towards a decrease in microglial cell number after
crush in Mertk” mice (Fig. 4.6, A and B) that was similar to Gas6”- mice. In regards to clearance
of debris we saw no difference in either uninjured control CTB inputs or those degenerating three

days post optic nerve crush injury (Fig. 4.6, A and C).

Figure 4.5 Deletion of Mertk has no
effect on RGC survival at baseline
or three days post optic nerve crush
injury (A) Representative images of
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Figure 4.6 Mertk is not necessary for optimal clearance of neuronal debris three days post optic nerve
crush injury (A) Representative images of the dLGN three days post optic nerve crush in Mertk™" and

Mertk” mice. (B) Quantification of Ibal+ cell (depicted in A) counts three days post optic nerve crush
depicted in (A) of Mertk** and Mertk”” mice (n = 5-6 mice per group; Student’s t-test, representative of two
independent experiments). (C) Quantification of uninjured and crushed contralateral CTB field three days
post optic nerve crush depicted in (A) of WT and Itgam™ mice (n = 4-5 mice per group; Student’s t-test,
representative of two independent experiments). Error bars represent mean + S.E.M. *** =p < (.001.
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Because of the reduction in microglial number in both Gas6”~ and Mertk”~ mice we
decided to quantify microglial numbers in a larger cohort and found a significant reduction in LGN
microglial numbers post-crush (Fig. 4.7, A and B). This was not due to a lack of proliferation as
the number (Fig 4.7, A and C) and percentage (Fig 4.7, A and D) of Ki67+ dLGN microglia was
not changed in Mertk”~ mice. However, there was a significant difference in microglial counts in
the uninjured cortex of Mertk”~ mice, indicating that there may be a developmental necessity for

MER in maintaining the number of microglia within the CNS (Fig. 4.7, A and E).
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Figure 4.7 Reduced microglial number is seen after injury in the dLGN and cortical regions of Mertk™
mice. (A) Representative images of the dLGN and cortex three days post optic nerve crush in Mertk™" and
Mertk” mice. (B) Quantification of Ibal+ cell (depicted in A) counts three days post optic nerve crush of
Mertk™" and Mertk”” mice. Quantification of the (C) number and (D) % of microglia expressing Ki67 within
the dLGN three days post crush. (E) quantification of microglia number within the cortex of Mertk” mice
three days post optic nerve crush (n = 5-9 mice per group; Student’s t-test, representative of two independent
experiments. Error bars represent mean + S.EM. * =p <0.05.)

Unlike the TAM receptor tyrosine kinase phagocytic receptors, the receptor brain
angiogenesis inhibitor 1 (BAI1) has been shown to directly interact with phosphatidylserine while

simultaneously exhibiting signaling properties of it’s own, primarily through the adaptor ELMO1
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(Park et al., 2007). BAI1 engagement allows for cytoskeletal alteration and formation of the
phagocytic cup by ELMO acting directly acting as a guanine exchange factor for RACI
(Arandjelovic and Ravichandran, 2015).

The phagocytic role of BAIl has been ascribed to a variety of cell types including
peritoneal macrophages (Fond et al., 2015), bone marrow derived-macrophages, thymic
phagocytes, colonic epithelial cells (Lee et al., 2016), Sertoli cells of the testes (Elliott et al.,
2010a), and Zebrafish microglia (Mazaheri et al., 2014).

Due to BAI play a critical role in many different phagocytes including microglia we
utilized our optic nerve crush paradigm in mice which exhibit constitutively elevated levels of the
BAI1 protein which is localized to the Rosa26 locus with a STOP-lox construct. Thus crossing of
these mice to those which harbor Cre recombinase under the £24 promoter will produce mice
which constitutively express BAIl in nearly all cell types (BAI1-Tg) (Fond et al., 2015; Lakso et
al., 1996).

We first measured measured RGC cell loss in BAI1-Tg mice at very early time points post
crush. Since we hypothesized that BAI1-Tg mice would have accelerated phagocytosis of neuronal
debris we were not sure of when this acceleration could have an impact on phagocytosis if LGN
debris or RGC survival during our crush paradigm. Thus, we proceeded to crush and analyze BAI-
Tg and WT control mice at 6, 24, 48, and 72 hours post-injury. We first noticed no difference in
RGC counts at time points of 6, 24, and 48 hours (Fig. 4.8, A-C), with a crush effect seen 72 hours

post injury with no difference between BAI1-Tg and WT mice (Fig. 4.8, D).
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Figure 4.8 BAI1 overexpression does not affect RGC survival after optic nerve crush injury Representative
images and quantification of uninjured and optic nerve crushed injury-experienced RGCs in the retina of WT and
BAI1-Tgmice at (A) 6, (B) 24, (C) 48, and (D) 72 hours post crush (mean + s.e.m; n = 3-6 retinas per group; ***
=p <0.001, two-way ANOVA for effect of optic nerve crush.

Knowing that overexpression of BAI1 had no impact on RGC survival we then proceeded
to measure the clearance of CTB-labeled RGC inputs to the dLGN by microglia. We initially
observed no change in microglia number by Ibal staining at all time points measured (Fig. 4.9, A
and B). Further we also saw no change in the clearance of neuronal debris from BAII-Tg mice
from 6-72 hours post crush (Fig 4.9, A and C). Imaging at higher magnification for documentation
of debris engulfment by microglia also showed no differences between BAI-Tg and WT mice from

6-72 hours post crush (Fig. 4.10, A and B).
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Figure 4.9 BAI1 overexpression does not affect microglia number or clearance of neuronal debris
survival after optic nerve crush injury (A) Representative images of the dLGN 6-72 hours post optic nerve
crush in BAI1-Tg mice. Quantification of (B) Ibal+ cell number and (C) crushed CTB field size (depicted in
A) post optic nerve crush depicted in (A) of WT and BAI1-Tg mice (n = 3-5 mice per group; Two-way
ANOVA with Holm-Sidak post hoc test, performed once).
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Figure 4.10 Bail overexpression does not affect microglial engulfment of neuronal debris after optic
nerve crush injury (A) Representative images of microglial engulfment of debris 6-72 hours post optic nerve
crush in BAI1-Tg mice. (B) Quantification of engulfment (depicted in A) of WT and BAI1-Tg mice (n = 3-5
mice per group; Two-Way ANOVA, performed once).

With overexpression of BAI1 not serving to accelerate or alter phagocytosis of neuronal
debris in our system we then proceeded to examine whether BAI1 or its downstream mediator
ELMO1 were necessary for microglial engulfment of debris. To accomplish this, we assayed RGC
survival and clearance of neuronal debris in Bail”~ and Elmol~~ mice. Three days post optic nerve

crush we observed no difference in RGC survival in homozygotes or heterozygotes of Elmol or
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Bail mice, indicating that the BAI1 pathway may play little role in RGC survival after acute optic
nerve crush injury (Fig. 4.11, A-D). Analysis of microglial counts in Elmol~ mice three days
post crush injury also showed no difference with no change in clearance of neuronal debris or the

uninjured control CTB+ field (Fig. 4.12, A-D).
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Figure 4.11 Deletion of ELMOI1 or BAI1 has no effect on RGC survival at baseline or three days post
optic nerve crush injury (A) Representative images of uninjured and optic nerve crushed injury-experienced
RGCs in the retina of WT and Elmo ™ mice. (B) Quantification of RGC counts seen in (A) (mean + s.e.m; n
= 3-6 retinas per group; *** =p < 0.001, two-way ANOVA for effect of optic nerve crush with Holm-Sidak
post hoc test. (C) Representative images of uninjured and optic nerve crushed injury-experienced RGCs in
the retina of WT and Bail~~ mice. (D) Quantification of RGC counts seen in (C) (mean £ s.e.m; n = 3-10

retinas per group; *** = p < 0.001, two-way ANOVA for effect of optic nerve crush with Holm-Sidak post
hoc test.
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Figure 4.12 ELMOL is not necessary for optimal clearance of neuronal debris three days post optic
nerve crush injury (A) Representative images of the dLGN three days post optic nerve crush in Elmol ™"
Elmol"~ and Elmol~~ mice. Quantification of (B) Ibal+ cell number, (C) uninjured CTB field size, and (D)
crushed CTB field size (depicted in A) three days post optic nerve crush depicted in (A) of Elmol™* Elmol™"~
,and Elmol~~mice (n = 5-8 mice per group; One-way ANOVA with Holm-Sidak post hoc test, representative
of two independent experiments).
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Bail7~ mice had a similar phenotype to that seen in Elmol~~ mice with no change in
microglial counts, clearance of the crushed CTB+ debris field or size of the uninjured CTB+ field

(Fig. 4.13, A-D).
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Figure 4.13 BAI1 is not necessary for optimal clearance of neuronal debris three days post optic nerve
crush injury (A) Representative images of the dLGN three days post optic nerve crush in Bail ™" | Bail ™",
and Bail~”~mice. Quantification of (B) Ibal+ cell number, (C) crushed CTB field size, and (D) uninjured CTB
field size (depicted in A) three days post optic nerve crush depicted in (A) of Bail ™" Bail™~, and Bail™
mice (n = 3-7 mice per group; One-way ANOVA with Holm-Sidak post hoc test, representative of two
independent experiments).
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Research focusing on the phagocytic receptor TREM2 has had a major shift in focus
recently since it was identified in a genome-wide association study (GWAS) of risk associated
single nucleotide polymorphisms (SNPs) associated with development of Alzheimer’s disease
(Jonsson et al., 2013; Guerreiro et al., 2013). Since then its role in Alzheimer’s disease and
clearance of myelin debris during cuprizone-induced demyelination has been illustrative.
Examples of TREM?2 function include the containment of myeloid plaques and ensuring proper
remyelination through clearance of debris (Poliani et al., 2015; Wang et al., 2015a). Further, it’s
role in the activation of microglia during Alzheimer’s disease was shown with TREM?2 necessary
for the the induction of inflammatory microglia transcription profile seen in mouse models of
Alzheimer’s and ALS (Keren-Shaul et al., 2017). With these insights we then proceeded to place

Trem2~~mice in to our protocol of optic nerve crush injury.
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Three days post optic nerve crush injury we analyzed the dLGN of Trem2”~ mice and
observed a trend towards a decrease in microglial number (Fig. 4.14, A and B). This was similar
to what was seen during cuprizone-induced demyelination where microglial numbers were greatly
reduced during the demyelination phase of cuprizone treatment (Poliani et al., 2015). Despite this

reduction in Ibal+ cell number, the clearance of CTB-labeled terminals was unaffected in Trem2-

~ mice (Fig. 4.14, A and C).

B C
Trem2+* Trem2+- Trem2'"-
4007 006 250,000 -
o 0] o L g 200000 °
-~ o ——
3t H P 3 150,000 R
"'-'Ezoo’oo%lir @2 % @ e
8 g P L -2 100,000 oo
E--1 . m € 100, ® )
* 0| o T s =+
50,0001 © @ Y
OO
0——— 0- Q
«@\\‘ «@@ «@6\ «‘0\\‘ «@@ <

‘Iba1 ‘Crush puts‘Control inputs‘

Figure 4.14 TREM?2 is not necessary for optimal clearance of neuronal debris three days
post optic nerve crush injury (A) Representative images of the dLGN three days post optic
nerve crush in Trem2*", Trem2"~, and Trem2~~mice. Quantification of (B) Ibal+ cell number,
and (C) crushed CTB field size (depicted in A) three days post optic nerve crush depicted in (A)
of Trem2™* , Trem2"~, and Trem2~~mice (n = 8-11 mice per group; One-way ANOVA with
Holm-Sidak post hoc test, representative of two independent experiments).

The low-density lipoprotein receptor-related protein 1 (LRP1) has been shown to be a
potent scavenger receptor involved in both the clearance of myelin debris as well as apoptotic and
necrotic cells (Fernandez-Castaneda et al., 2013; Gardai et al., 2005; Gaultier et al., 2009). Further,
it’s expression on microglia has been shown recently to restrain rampant autoimmune processes
that occur during experimental autoimmune encephalopathy (EAE) (Chuang et al., 2016). In light
of this data, we sought to examine whether microglial LRP1 expression may aid in clearance of

neuronal debris during Wallerian degeneration.



Chapter 4: Canonical phagocytic receptors are not necessary for optimal clearance of 80
neuronal debris during Wallerian degeneration

Before analyzing the effect of LRP1 deletion from microglia in the context of Wallerian
degeneration we first analyzed whether there was sufficient deletion from microglia in mice with
microglia specific deletion of LRP1. To test this we isolated microglia from
Cx3cr1FRT2Ce ™ [yp PV and Cx3crl™*:Lrp ' mice one month post a single pulse of tamoxifen to
induce excision of LRP1 from microglia and allow peripheral myeloid cell turnover (Goldmann et
al., 2013). We then analyzed the MFI of LRP1 by flow cytometry. After gating on microglia and
non-microglial cells by CD11b/CD45 positivity (Fig. 4.15, A), we analyzed the relative MFI of
LRP1 on non-microglial cells and found no difference in LRP1 between non-microglial cells of
Cx3crIFRT2Ce Ly VT and  Cx3crl™*:Lrpl™" mice. In contrast, CD11b/CD45+ cells of
Cx3crIFRT2Cre*: [yp /" mice exhibited a robust deletion of LRP1 relative to their Cre negative

controls.

Fig 4.15 Excision of LRP1 from microglia and not
A Hoechst+ singlets LiveCells  CD11b/CDAS+/- other cells with application of tamoxifen to
Nl NEEE Cx3cr1ERTXCe [ rp VN1 mice. (A) Gating strategy
to obtain  non-microglia and  microglia
(CD11b+CD45+) from the optic nerve. (B) LRP1
expressing fractions of LRP1 on non-microglial cells
one month after tamoxifen treatment. (C)
Quantification of LRP1 MFI on non-microglial
cells. (D) LRP1 expressing fractions of microglial

s Tk — g cells one month after tamoxifen treatment. (E)
T ‘/JE_ *=_ Quantification of LRP1 MFI on microglial cells one
i RIS S month after tamoxifen treatment. (mean £+ s.e.m; n =

& ys 4-5 mice per group; *** =p <0.001, Student’s t-test,
representative of two independent experiments).
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We then analyzed the survival of RGCs three days post optic nerve crush injury and found
no effect of microglial deletion of LRP1 on RGC number at baseline or post-injury (Fig. 4.16, A
and B). Within the LGN, no effect of LRP1 deletion was also seen on both the number of microglia

or clearance of neuronal debris (Fig. 4.17, A-C).
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Figure 4.16 Deletion of LRP1 on microglia has
o o B no effect on RGC survival at baseline or three
RN days post optic nerve crush injury (A)
Representative images of uninjured and optic nerve
crushed injury-experienced RGCs in the retina of
Cx3crIBR2C Lp N and  Cx3erl™:Lip ™"
mice. (B) Quantification of RGC counts seen in (A)
(mean + s.e.m; n = 4-5 retinas per group; ** =p <
0.01, two-way ANOVA for effect of optic nerve
crush with Holm-Sidak post hoc test.
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Figure 4.17 Microglial LRP1 is not necessary for clearance of neuronal debris three days post optic
nerve crush injury (A) Representative images of the dLGN three days post optic nerve crush in
Cx3cr1BR2C: [yp M and Cx3crl™":Lrp "' mice. Quantification of (B) Ibal+ cell number, and (C) crushed
CTB field size depicted in (A) three days post optic nerve crush (n = 5-6 mice per group; Student’s t-test,
representative of two independent experiments experiment).

Recently a paper demonstrated genetic ablation of microglia utilizing the diphtheria toxin
receptor driven by the promoter for Cx3crl (Bruttger et al., 2015). In this study it was shown that
inhibition of the receptor for IL-1p (IL-1R1) with IL-1Ra treatment, was sufficient to block
repopulation of microglial through inhibition of their proliferation. Further, it was also shown that
constitutive deletion of IL-1R1 on microglia yielded fewer microglia in many brain regions at

baseline. Since IL-1p and IL-1o were two of the most highly upregulated transcripts in our system
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(Fig. 4.1, A), and that microglia were highly proliferative during LGN Wallerian degeneration
(Fig. 3.1, A and E), we sought to determine whether deletion of IL-1R1 would affect dLGN
microglial proliferation in response to optic nerve crush injury.

To achieve this, we put ///7]7~ mice through our RGC-labeling and optic nerve crush
protocol. /11717~ mice and WT controls were then sacrificed three days post injury when WT mice
are both maximally phagocytic and proliferative. We observed however, that dLGN microglia
counts in ///r17~ mice were no different than that in WT mice and had a slight trend towards an
increase in cell number (Fig. 4.18, A and B). Further, no difference was also seen in regards to

clearance of CTB-labeled neuronal debris (Fig. 4.18, A and C).
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Figure 4.18 IL-1R is not required for clearance of neuronal debris three days post optic nerve crush
injury (A) Representative images of the dLGN three days post optic nerve crush in WT and 177+~ mice.
Quantification of (B) Ibal+ cell number, and (C) crushed CTB field size depicted in (A) three days post optic
nerve crush (n =4-7 mice per group; One-way ANOV A with Holm-Sidak post hoc test, representative of one
experiment).

Myd88 has been shown to be a central mediator of downstream signaling for TLR 1-9
(except TLR3 which signals through TLR3) (Lu et al., 2008; Gadani et al., 2015a). Our lab has

also shown that Myd88 is critical for neuroprotection during optic nerve crush injury, with
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Myd88~~ mice exhibiting impaired neuroprotection and transfer of Myd88~~ bone marrow in to
WT mice phenocopying the enhanced neuronal loss seen with germline deletion of Myd88 (Walsh
et al., 2015). Further, we also saw that TLR and NLR signaling pathways were upregulated in
microglia following optic nerve crush injury (Fig. 3.23, C). With this data in hand we proceeded
to perform optic nerve crush injury to investigate whether Myd88 signaling may mediate
microglial activation and subsequent clearance of debris. Surprisingly we found that dLGN
microglia numbers were decreased after injury (Fig. 4.19, A and B). This could be due to baseline
differences in number of microglia in Myd88”~ mice or due to impaired proliferation in response
to injury. Despite this decrease in number we observed that there was no difference in the clearance
of neuronal debris post-crush, with also no change in baseline CTB fields from uninjured eyes
(Fig. 4.19, A and C). Collectively this informs us that Myd88 signaling may be dispensable for the
activation of microglia and their subsequent synaptic debris clearance during Wallerian

degeneration, despite its role in immune cell protection of RGCs within the retina (Walsh et al.,
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Figure 4.19 Myd88 signaling is not required for clearance of neuronal debris three days
post optic nerve crush injury (A) Representative images of the dLGN three days post optic
nerve crush in WT and Myd88~~ mice. Quantification of (B) Ibal+ cell number, and (C) crushed
CTB field size depicted in (A) three days post optic nerve crush (n = 5-6 mice per group;
Student’s t-test, representative of two independent experiments experiment).
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Chapter 5

Discussion and future directions

Any breach or external perturbation of an organism, sterile or otherwise, produces an
immune response commensurate with that disturbance. Whether it be the wheal-and-flare of an
allergic reaction of the skin, a scab forming over a minor scrape of the knee, or the sore throat
resulting from the adaptive immune response to rhinovirus. This is no different in the immune
system of the CNS parenchyma where the umbrella term glia is applied to the organ’s specialized
fibroblasts (astrocytes) or tissue resident macrophages (microglia). As discussed in the
introduction, there are significant responses from astrocytes and especially microglia to
parenchymal shifts in homeostasis whether they be acute or chronic. In development, the
phagocytic nature of both astrocytes and microglia have been well characterized showing that
microglia and astrocytes can shape the very structure of the brain itself, and thus affect brain
function (Stephan et al., 2012; Jung and Chung, 2018). How do microglia commence, engage, and
regulate this process? Are these mechanisms conserved in disease states? These two major
questions have been key drivers of my thesis work and are presented here. As discussed in the
introduction, phagocytes and other immune cells are directed by environmental cues that allow for
recognition, engagement, and clearance of debris or intruders. Is this dynamic preserved in the
interaction of CNS phagocytes with neuronal material during development? Is this dynamic altered
during acute degeneration or chronic disease states?

Prior to the completion of this work the observation and necessity of microglial

phagocytosis in pathology was somewhat in question. While microglia clearly engulf synaptic
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processes in development (Schafer et al., 2012) their role was minimal when compared to
astrocytes in development, with astrocytes consuming 5-10 times the amount of neuronal material
compared to microglia (Chung et al., 2013). Recent papers have also made much acclaim of the
opportunity for microglial phagocytosis of amyloid plaques in Alzheimer’s disease but it appears
that microglia are only capable of maintaining plaque compactness (Wang et al., 2015b) and are
unable to clear totally the amyloid plaque burden seen in mouse models of Alzheimer’s disease
(Lai and McLauring, 2012). Further, it appears that microglial phagocytosis may serve a
pathologic role in the early phases of Alzheimer’s disease (Hong et al., 2016).

One of our major questions prior to performing the experiments that form the foundation
of this thesis was: are microglia responsible for the initiation of synaptic “pruning” in development
and destructive phagocytosis in pathology? Or, rather, could neurons themselves induce a response
in microglia through membrane alterations or secreted factors that ultimately govern microglial
behavior? Answering this question would assign a role for microglia either as causative agent in
CNS formation and destruction or place microglia as crucial responders to neuronal biology in
development, homeostasis, and disease.

In this thesis I have attempted to understand how microglia respond and interact with
neuronal debris during acute neurodegeneration, focusing on what signals drive microglial
activation and what complement of receptors are necessary for debris clearance. I have described
the response of microglia as the key phagocyte during CNS Wallerian degeneration. I have also
shown that differing from the site of injury there is no contribution from peripheral myeloid cells.
Unique to microglial function in this context is that they are irresponsive to neuronal activity,
behaving much more like classical professional phagocytes recognizing immunogenic cues. The

transcriptional profile of microglia in response to acute injury was also examined, with a dramatic
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change found in transcriptional profiling just 48 hours apart which exhibits the plastic nature of
microglial cells specifically and macrophages as a whole. Finally, I have also shown a specific
requirement for complement and the phagocytic receptor CD11b in the clearance of presynaptic
debris, with phagocytic receptors normally associated with microglia, dispensable during
Wallerian degeneration.

In the course of my graduate work I have seen a large amount of significant works detailing
microglial function in both health and disease. While some of these works do of course exhibit
their shortcomings, in total this has been an exciting and opportune time to study microglial
biology. The arrival of the Cx3crIFRT2¢ mouse (Goldmann et al., 2013) allowing for microglial
fate-mapping and manipulation is really just the beginning with works in very recent years
detailing master transcription factors for microglia (Buttgereit et al., 2016), their gradual
maturation process in development through adulthood (Matcovitch-Natan et al., 2016), sex-
dependent effects of microbiota exposure (Thion et al., 2017), and the role of micro RNAs (Varol
et al.,, 2017) and epigenetics (Datta et al., 2018) in regulation of microglial homeostasis and
inflammation.

I anticipate that future works will build upon this success and offer new insights into
microglia-specific responses (using fate-mapping) in various contexts where peripheral myeloid
cell engraftment is present including Alzheimer’s disease, SCI, and traumatic brain injury. Studies
utilizing single cell transcriptomics and proteomics will also most likely emerge which are
essential in cases of CNS pathology where microglial responses are uniquely focal (Keren-Shaul
et al., 2017). I would surmise that future works will yield insight in to the properties of microglia
with respect to aging, as microglial transcriptional identity (Matcovitch-Natan et al., 2016) alters

significantly with normal aging in to adulthood which is magnified further in advanced age
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(Hickman et al., 2013). Whether aging has an effect on in vivo microglial phagocytic capacity
remains to be seen and promises to be an exciting area of further research. Related to the question
of microglia in the aged brain are microglial metabolomics. Phagocytosis is an extremely active
process metabolically (Biswas and Mantovani, 2012) and it remains to be seen whether microglial
metabolism changes during critical periods of development, acute and chronic pathologic
conditions, or with physiological aging. Recently the metabolic role of microglia was shown to
play a key role in a mouse model of Alzheimer’s disease (Ulland et al., 2017) and I would
anticipate that this may be the case during phagocytic or inflammatory microglial events.

The work in this thesis adds a role for microglia and its phagocytic capacity to a list of
known functions in both health and disease (Kettenmann et al., 2013; Cronk and Kipnis, 2013;
Kettenmann et al., 2011). In this chapter I will discuss the results of previous chapters in more
detail, with the goal of placing them in a larger biological context and discussing their implications.

Questions arising from my thesis work and possible experiments to address them will also follow.

The neuronal membrane as alarmin / “eat me” signal

There is much focus as to what regulates microglial phagocytosis in development and
disease, as this action can prove critical in a variety of circumstances (discussed in the
introduction). Central to this question in development is how microglia interact with neurons.
Neurons are very well characterized as modulating their processes self-autonomously, independent
of any microglial influence (Sala et al., 2001; Matus, 1988; Riccomagno and Kolodkin, 2015).
Thus, in discussing phagocytosis in development, a role of agency must be ascribed to either the
neuron or the microglial phagocyte in terms of specific elimination of processes. Recent works

have showcased that, in fact, astrocytes and microglia are indeed excellent phagocytes of neuronal
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material but how this process is initiated by the neuron has not been shown. One possibility that
has arisen through recent study is through the alarmin IL-33, discussed in the introduction and
shown to be critical for the immune response in spinal cord and optic nerve injury (Gadani et al.,
2015b; a). Specifically, this group demonstrated that IL-33 can regulate microglial engulfment of
neuronal material (Vainchtein et al., 2018). Although this group showed that germline deletion of
IL-33 results in lower engulfment of microglial processes, no mechanistic attempt was provided
to show how IL-33 regulated this process. In fact IL-33+ astrocytes were shown to have enhanced
expression of MEGF 10, shown to be critical for astrocytic engulfment of material (Chung et al.,
2013). Despite this, analysis of astrocyte engulfment in the context of IL-33 removal was not
addressed. Still to this date no work has shown how the presynaptic compartment changes in
development allowing for the phagocyte to properly recognize and clear a marked terminal. While
complement is clearly needed for this process to occur (Stephan et al., 2012), how IL-33 and Clq
interact in this system has not been examined. Is IL-33 an alarmin guiding developmental
phagocytosis of neuronal processes? If so, more works demonstrating how presynaptic terminals
are tagged for elimination are needed.

In pursuit of alarmins in our system of Wallerian degeneration, some of the highest
upregulated transcripts in microglia were ///a and 111b (Fig. 4.1), two key inflammatory cytokines
that are readily involved in both infectious and sterile immunity (Garlanda et al., 2013). In fact,
the role of IL-1 has been shown in a variety of sterile contexts during CNS inflammation including:
Alzheimer’s disease, ALS, macular degeneration, MS, Parkinson’s disease, and stroke (Lukens et
al., 2012). The role of IL-1 signaling has also been described in acute brain injury as well (Murray
et al., 2015; Brough et al., 2011; Giles et al., 2015). Thus, it was surprising for us to see that no

effect on microglial number or clearance of debris was seen in ///7”~ mice three days post crush
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injury (Fig. 4.18). We thought that IL-1 signaling could also be behind complement deposition as
IL-1 has been shown to affect complement levels independent of serum complement in both the
brain (Youm et al., 2013) and kidney (Gerritsma et al., 1996). Recent works have also shown that
complement can also impact the release of IL-1 family cytokines (Laudisi et al., 2013). While we
did not examine complement deposition in /7777~ mice three days post crush injury it appears that
IL-1 signaling is not essential for microglial clearance of debris. Often times IL-1 signaling is
downstream of the initial alarmin signal and helps to tune and amplify sources of local
inflammation (Gadani et al., 2015a). At the acute time points investigated in our system it appears
that IL-1 signaling is not needed. However, this cytokine may play a more critical role at later time
points or during chronic pathology.

In development C1q was shown to be produced by RGCs and trafficked to the presynapse
(Bialas and Stevens, 2013). Dependent on TGF-f release from astrocytes, neuronal C1q deposition
has not been shown to be regulated by neuronal activity even though neuronal activity has been
shown to direct engulfment. Future experiments should thus discern how and if neuronal activity
is capable of regulating Clq self deposition on neurons. In our system, during Wallerian
degeneration, we found that neuronal activity was indispensable for microglial engulfment of
neuronal material. This is in direct contrast with what is seen in development. This begs the
question, what does neuronal activity do to neuronal membranes in development? Experimentally
it would be informative to perform proteomic and structural analysis of presynaptic terminals at
baseline, neuronal activity induced (Forskolin treatment), and activity suppressed (TTX treatment)
conditions. In phagocytosis literature the signal for engulfment is exposure of cytosolic proteins

or membrane to the outer leaflet of the plasma membrane. This is the case for molecules such as
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calreticulin or phosphatidylserine. Does this circumstance occur during development or Wallerian
degeneration and is this the key alarmin and “eat me” signal for microglia?

We attempted to answer this question in our system by injection of Annexin V (which
blocks phosphatidylserine residues directly) and utilization of the pSIVA reagent which is
fluorescent only when bound to exposed phosphatidylserine residues. Additionally, pSIVA was
shown to stain phosphatidylserine residues on degenerating cells in the cortex during microglial
activation and clearance of dying cells (Tufail et al., 2017). This was possible as the pSIV A reagent
could be applied to the top of the skull in living animals, which were later sacrificed for analysis.
Due to the deep location of the dLGN, experiments in our system or in development have proven
difficult. Experiments utilizing reporter mice could also be used for presynaptic targeting. Still,
exposure of “eat me” signal could differ in neurodegenerative or developmental situations as these
processes have been shown to be governed by distinct biological pathways (Gerdts et al., 2016b;
Hoopfer et al., 2006).

During viral infection, it was shown that prevention of phosphatidylserine flipping from
the inner to outer membrane leaflet was sufficient to block both microglial activation and
phagocytosis. This was achieved through viral delivery in the cortex of an shRNA blocking the
scramblase necessary for phosphatidylserine exposure (PLSCR1). In theory, if phosphatidylserine
exposure governed either Clq deposition and/or glial engulfment of neuronal material in
development, viral delivery of an shRNA against PLSCR1 should be sufficient to block
engulfment and at least recapitulate the phenotype seen in complement-deficient mice. Elimination
of PLSCR1in our system of Wallerian degeneration could also be advantageous and similar to the
scenario seen in WidS mice if in fact phosphatidylserine exposure is driving dLGN microglial

activation after optic nerve crush injury. This might not be the case as cell death in viral infection
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and during Wallerian degeneration may have very different effects on what “eat me” signals are
exposed on neuronal membranes and also what alarmins contribute to glial activation.

The difference between presynaptic membrane profile may also underlie differences in
phagocytic phenotype between developmental synapse engulfment and engulfment seen with
Wallerian degeneration. We observed that TTX treatment concurrent with optic nerve crush did
not induce microglial engulfment of TTX treated terminals. This may be due to the membrane
properties between presynaptic terminals undergoing degeneration (and presumably maximal
phosphatidylserine exposure) and those receiving TTX treatment which may have reduced or non-
existent phosphatidylserine exposure.

Classically there are defined cues for phagocytes to either enter a tissue or be drawn to
targets requiring phagocytosis. The same has been shown in the CNS where fractalkine (CX3CL1)
acted as a “find me” signal necessary for microglial migration and subsequent engulfment
(Sokolowski et al., 2014; Noda et al., 2011; Truman et al., 2008; Paolicelli et al., 2014). While this
system of “find me” signals is useful for advertising the location of cells necessary for clearance,
such a system may not be needed for recognition of presynaptic terminals in either development
or degenerative conditions. This may be due to the constant surveillance of microglial processes
at baseline (Davalos et al., 2005; Liu et al., 2015; Gu et al., 2016; Eyo et al., 2014), groping their
surroundings while theoretically monitoring neuronal activity at synapses but also perhaps
sampling membrane integrity of neuronal processes. By constantly surveilling the dense tissue
mass that is the mammalian CNS microglia may be uniquely poised to circumvent the need for
true “find me” signals.

Perhaps our most puzzling piece of data came during analysis of Myd88~ mice (Fig. 4.19,

A-C). Discussed in the introduction, Myd88 is a central signaling hub of TLR signaling, capable
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of signaling transduction through all mouse TLRs aside from TLR3, which is mediated through
TRIF (Lu et al., 2008; Gadani et al., 2015a). Despite this central role in macrophage activation and
the capability of TLRs to sense both foreign PAMPs and sterile injury-related DAMPs we found
that Myd88-deficient animals had no change in clearance of neuronal debris from the LGN,
indicating that dLGN microglial activation may in fact be Myd88 independent. Such a
circumstance has actually been shown before in the case of macrophage activation proceeding
independently of Myd88 when responding to extracellular nematode parasites (Mylonas et al.,
2013) and with macrophage sensing and activation from LPS occurring independently from
Myd88 through IRF3 (Kawai et al., 2001). Still our results were surprising given that we have
shown previously that Myd88 signaling through immune cells plays a profound role in RGC
neuroprotection during optic nerve crush injury (Walsh et al., 2015). It is thus possible that
clearance of debris during Wallerian degeneration is Myd88-independent while neuroprotection is
Myd88 dependent. This may be due to the nature of degeneration in our system as microglia are
completely surrounded by their phagocytic targets and possibly their signal for activation, with
presynaptic membrane alteration itself serving as both a profound “eat me” signal and sufficient
alarmin to activate microglia. This puts phosphatidylserine as a central mediator of microglial
activation which has been shown before during viral death within the brain (Tufail et al., 2017),
though this role during sterile injury has not been shown.

This theory also posits that phosphatidylserine exposure as a unique activating signal on
macrophages in specific circumstances even though phosphatidylserine has been canonically
documented as a profoundly “anti-inflammatory” molecule (Birge et al., 2016). Judging from these
results and the massive volume of literature documenting phosphatidylserine’s role as a central

mediator of phagocyte function (Kiss et al., 2006; Fond et al., 2015), it appears likely that the role
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of the presynaptic membrane may be critically important in microglial mediated elimination of
debris, either in development or pathology.

The point must also be made that most studies of phagocytic biology are reliant on the
model of the phagocyte as a motile cell encountering an apoptotic cell body. In our context of
Wallerian debris clearance microglia are centimeters away from any apoptotic neuronal cell body
and are instead surrounded by degenerating cell processes which provide simultaneous signals of
activation and phagocytosis. It thus seems that our normal linguistic constructs of “activation”,
“anti-inflammatory”, and ‘“immunosuppressive” in the classic sense of phagocytosis and
immunology may be insufficient to account for all biological circumstances and open questions
within the field of neuroimmunology and biology at large.

If neuronal membrane integrity is in fact the signal controlling microglial activation in our
system of Wallerian degeneration, then what is the receiver on microglia? Can a single phagocytic

receptor account for both microglial activation and engulfment of neuronal debris?

A “complementary” role for microglia

The role for complement in neurodevelopmental engulfment and clearance of synaptic
material in a variety of inflammatory contexts has been discussed in the introduction. In our studies
we found that during Wallerian degeneration, the complement gene set is highly enriched in
microglia. We also found one our highest enriched transcripts was for Itgam (CD11b) which was
shown to be critical for regulating engulfment during development (Schafer et al., 2012). The same
was true in our system, with CD11b-deficient mice exhibiting impaired debris clearance. We also
noticed that LGN C1q deposition was seen following optic nerve crush with microglial depletion

by PLX5622 sufficient to prevent any C1q placement. This appears to separate C1q’s mechanism
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of action from that seen in our system vs. that seen in development where C1q is self-deposited by
RGCs.
In fact, microglial complement deposition is also seen in healthy aging, where C1q levels

rise in nearly all brain regions. Further, aged Clga™"

mice exhibit reduced synaptic density and
improved cognitive ability on learning tasks (Stephan et al., 2013). Presumably this is also the case
in mouse models of Alzheimer’s disease. In one study, J20 mice had improved long-termed
potentiation (LTP) with deletion of Clq, presumably due to prevention of pathologic deposition
by microglia (Hong et al., 2016). Despite the implication that C1q was deposited by microglia in
this study, this conclusion was purely speculative as no attempt was made to delete microglia and
see if this early deposition of C1q did, in fact, occur in the absence of microglia.

With Clq also important in development, it would also be intriguing to know if C1q drives
astrocyte engulfment. Importantly, astrocytic engulfment was claimed by the authors to be
independent of C1q in 2013, though this data was not shown (Chung et al., 2013). This is important
to verify as astrocytes collectively eat around five to ten times as much total neuronal material in
development compared to microglia (Chung et al., 2013). Further, it was shown that astrocytes can
also phagocytose apoptotic corpses through a C1g-MEGF10 axis (Iram et al., 2016). Thus, an
examination of Clq in relation to astrocyte engulfment during development is essential. In our
system, C1q does seem to play a key role in regulating microglial engulfment, though its effect is
not total, with C/ga~ mice exhibiting impaired but not completely abolished phagocytic capacity.
It may be that within the context of Wallerian degeneration, C1q deposition simply accelerates
phagocytosis with other phagocytic receptors capable of compensation.

The two most highly upregulated phagocytic receptors in our dataset proved to /tga5 and

Itgam (CD11b). Due to CD11b being a classic marker for both macrophages and microglia as well
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as essential for microglia-mediated engulfment of neuronal material in development (Schafer et

'~ mice in our system and found that CD11b was also essential for

al., 2012), we analyzed ltgam™
optimal debris clearance. This would add to the hypothesis that CD11b is an essential receptor for
microglial-mediated phagocytosis. While CD11b is a canonical phagocytic receptor it has a myriad
of functions including activation, chemotaxis, cytotoxicity, and tolerance induction and is
expressed on a wide variety of cells (Rosetti and Mayadas, 2016).

Systemic lupus erythematous (SLE) is an autoimmune disease where the highest risk factor
is a mutation in the ltgam gene (Fagerholm et al., 2013). Despite CD11b impacting chemotaxis
and activation, it was shown that CD11b-mediated phagocytosis was the key function in cells
carrying this risk allele (Fossati-Jimack et al., 2013). While the theory behind SLE pathology is
that failed engulfment of cells yields necrotic cell death and autoimmune antibodies against self-
DNA, could deficient CD11b function also yield impaired clearance of cell processes apart from
whole cell phagocytosis? Moreover, could this contribute to failed debris clearance of cell
processes and impact autoimmunity? Study of this possible phenomenon is problematic as the full
repertoire for a cell to engage cell processes vs. a cell in its entirety is unknown. Furthermore, the

phagocytic receptor requirement for specialized removal of processes may be organ, phagocyte,

and context-dependent.
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One receptor to rule them all?

This question of phagocyte receptor specificity has long intrigued the field of phagocyte
biology. Since many cells exhibit a wide range of phosphatidylserine recognizing receptors, what
variety is needed for engulfment? Is the variety target dependent? Are these receptors
interchangeable on various cell types? A prime example of this conundrum is in comparison of
phagocytic function between microglia and two other major phagocytes, the retinal pigmented
epithelial (RPE) cell of the retina and Sertoli cells of the testes.

RPE cells, while not professional phagocytes, play a critical role in retinal homeostasis
through phagocytosis with disruption of their phagocytic capacity or loss of RPE cells resulting in
blindness to the organism (Arandjelovic and Ravichandran, 2015; Burstyn-Cohen et al., 2012).
Sertoli cells are specialized phagocytes of the testis, responsible for clearance of dying
spermatocytes that are a natural consequence of healthy spermatogenesis (Arandjelovic and
Ravichandran, 2015; Elliott et al., 2010b). While phagocytic processes are often difficult to
observe during homeostasis this is not the case for these two cell populations as Sertoli cells clear
dead spermatocytes on a constant basis and also are responsible for elimination of the residual-
body that is removed during spermiation (Wang et al., 2006). RPE cells are diurnally phagocytic
as soon as an organism wakes. Upon waking RPE cells proceed to “trim” the apical tips of
photoreceptors that are about to shed in a phosphatidylserine-mediated process, allowing for the
production of new photoreceptor segments to take place of the old (Ruggiero et al., 2012). In an
elegant series of experiments it was shown that a MER/Protein S/Gas6 mediated axis was
necessary for optimal phagocytosis of photoreceptor processes, with deletion of any one of these
three elements leading to retinal degeneration (Burstyn-Cohen et al., 2012). In a similar fashion,

Sertoli cell function is mediated through MER, with male mice deficient in MER signaling infertile
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as a consequence of spermatogenic failure due to apoptotic corpse accumulation in the testes (Chen
et al., 2009). With such a common core requirement of MER in both these phagocyte populations
one would hypothesize that a rescue experiment overexpressing a phagocytic receptor in Mertk™~
mice would be sufficient to rescue phagocytic deficits in both the testes and retina. This was
attempted by overexpression of the canonical phagocytic receptor BAI1 (discussed in Chapter 4)
in Mertk”~ mice (Penberthy et al., 2017). While overexpression of BAI1 was sufficient to rescue
phagocytic activity in Sertoli cells, RPE cells were unable to commence phagocytosis with stable
overexpression of BAI1 (Penberthy et al., 2017). These experiments highlight that depending on
the cell of interest some receptors (MER) may be necessary for two types of phagocytes while
another receptor type (BAIl) may be sufficient to restore phagocytosis in one cell type (Sertoli
cells) and not the other (RPE cells). Thus, caveats must be made when interpreting phagocytic cell
types, as there is obviously not a universal “Phagocyte” and phagocytic receptors are not functional
in a one-size-fits-all approach. This was also shown across multiple organs recently in another
study detailing that organ professional phagocytes (Lung alveolar macrophages, liver Kupffer
cells, intestinal macrophages, splenic macrophages, and bone marrow macrophages) each have a
differential requirement for classic phagocytic receptors (MER, TIMD4, MFGES, and LXRs)
(Gonzalez et al., 2017).

This collective data helped elucidate a puzzling phenomenon in our studies when we
investigated the role of MER in microglial phagocytosis of debris pursuant to Wallerian
degeneration. As mentioned, MER is a canonical phagocyte receptor across multiple cells in both
professional and non-professional phagocytes and is also a marker for tissue resident macrophages
(Rothlin et al., 2015; Jung and Chung, 2018; Graham et al., 2014; Gautier et al., 2012). Further,

its role has been recently widened to be critical for macrophage function with MER being required
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for the engulfment of neural progenitors cells within areas of adult neurogenesis (Fourgeaud et al.,
2016) and for the activation of microglia and clearance of viral infected neural cells in a
phosphatidylserine dependent manner (Tufail et al., 2017). With this collection of data, it would
thus make perfect sense that if neurodegeneration were necessary for microglial activation and
engulfment in our system, then the MER phagocytic system must play a role in the clearance of
neuronal debris. Further, the tiny bits of degenerating membrane in our system seem quite similar
to that of degenerating photoreceptor tips whose phagocytosis again is dependent on the MER
pathway (Burstyn-Cohen et al., 2012). Despite this strong evidence for MER as a canonical
phagocytic receptor, deletion of MER or its bridging molecules Protein S or Gas6 had no effect on
clearance of debris during Wallerian degeneration. MER may thus be useful in a cell, organ, or
context-dependent situation. To investigate this, it would be insightful to see if MER-dependent
phagocytosis was mediated by target type by treating microglia in culture with apoptotic neural
progenitor cells or purified synaptosomes. The result of this experiment would thus reveal if MER-
mediated phagocytosis was dependent on the phagocytic target itself. MER could also be important
as an activating receptor rather than phagocytic mediator per se since MER can also induce
activation signals through MEK, ERK, and NF-kB signaling (Cummings et al., 2013). Thus, in
terms of microglial biology MER may act principally as an activating receptor. Therefore, in
situations where microglia are surrounded by activating debris such as in Wallerian degeneration,
MER may be dispensable.

A similar phenomenon may apply to BAI1, TREM2, and LRP1 in our model. While BAI1
was clearly shown to play a role in the developmental phagocytosis of neural progenitor cells in
zebra fish (Mazaheri et al., 2014), transcripts in dLGN were considerably low at baseline and did

not change following optic nerve crush injury (Fig. 4.1).
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TREM2, much like MER, has been shown to be a critical phagocytic receptor and key
regulator of microglial metabolism in the context of chronic disease (Poliani et al., 2015; Ulland
et al., 2017). TREM2 has also been shown to interact with a variety of lipid ligands, including
phosphatidylserine, though to a lesser degree when compared to sulfatide and sphingomyelin
which are much more enriched in myelin (Poliani et al., 2015). Therefore, TREM2, though it was
upregulated in our system (Fig. 4.1), may operate like MER in that it functions primarily to change
the activation profile of microglia or it could be a more useful phagocytic receptor for myelin-rich
lipids, while the presynaptic terminals in the dLGN are unmyelinated (Crish et al., 2010) and thus
not feasible targets for TREM2-mediated phagocytosis. Experiments utilizing in vitro phagocytic
assays with WT and Trem2~~ microglia fed myelin-rich and myelin-deficient synaptosomes or
membrane would aid in answering this question. DAP12, the downstream mediator of TREM2,
was also upregulated in dLGN microglia following optic nerve crush (Fig. 4.1). However, DAP12
i1s downstream of a variety of surface receptors and its upregulation may not be a reflection of
TREM2 mediated action (Turnbull and Colonna, 2007).

LRP1 displayed a continuous upregulation from days 1 to 3 post-injury (Fig 4.1). Despite
this, and its role as a microglial regulator of immunity (Chuang et al., 2016), we found no
difference in the clearance of neuronal debris with microglial-specific deletion of LRP1. This
could be due to LRP1’s primary role as a scavenger receptor capable of interacting with hundreds
of substrates (Fernandez-Castaneda et al., 2013) and thus its phagocytic ability could be
dispensable for microglial phagocytosis.

Collectively, these data demonstrate a key need for microglia and microglia-
mediated complement deposition in order to clear synaptic debris. Future studies should attempt

to determine if this complement requirement is due to the size of phagocytic target, or whether
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microglial complement deposition is a key component in either acute or chronic neurodegenerative

states.

Taking out the trash, implications for microglial dereliction of duty

Discussed in the previous section, failure of phagocytosis can have critical outcomes in the
context of both the retina and the testes, where blindness and infertility may result. Such
catastrophic consequences would obviously have considerable evolutionary pressure and are
indeed rare in hereditary circumstances. As such, most highly evolved organisms have a
phagocytic capacity on the order of billions of cells with evidence of this process difficult to
discern unless under severe pathology or with dramatic deletion of critical receptors. What then
would be the consequence of failed microglial engulfment?

In the context of optic nerve crush, we are lucky as the Fischer group reported a study in
which this question was asked in the context of neuronal regeneration after optic nerve crush injury
(Hilla et al., 2017). While this group also found that depletion of microglia had no effect on
neuroprotection up to three weeks post injury, they furthered this knowledge by showing that
axonal regeneration (induced by prior lens injury prior to optic nerve crush) was unaffected by
microglial depletion. While this may in fact be true, preconditioning lens injury by itself is a very
low threshold to assess regeneration. Further, these researchers only observed axonal growth to 3
mm past the optic nerve head. While no effect of maximal axon growth or density was seen in the
optic nerve with microglial depletion, the astrocytic scar was significantly smaller owing possibly
to a communication between myeloid cells and astrocytes at the sight of injury (Hilla et al., 2017).
While this may not be essential at the three week time point post-injury, we know now that the

glial scar is a critical bridge and platform for axon regeneration in spinal cord injury (Anderson et
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al., 2016). Thus, this absence of scar could be essential for longer time points in which neuronal
regeneration may occur. Recently, models have been developed to allow for functional guidance
from the retina all the way to the dLGN that restore visual function through optogenetic
stimulation (Lim et al., 2016) or deletion of PTEN from RGCs along with injection of Zymosan
and CPT-cAMP (de Lima et al., 2012). It would be quite interesting to see if deletion of microglia
in these circumstances would allow for full axon regrowth, especially if the response of astrocytes
to microglial cues is necessary for supporting the proper formation of the glial scar in response to
injury. Further, this would assign a neuroprotective role to microglia-astrocyte crosstalk in an
inflammatory circumstance, going against the current dogma that microglia are instigators of
disease-amplifying astrocytes (Liddelow et al., 2017).

A recent study on the role of microglia in ALS came to a surprising result in a novel model
of ALS where human TDP-43 is overexpressed (Spiller et al., 2018). Once TDP-43 production
was halted this study found that microglia were required to clear toxic TDP-43 and this depletion
of microglia led to a reduced number of both neuromuscular junctions and motor neuron number
in the spinal cord (Spiller et al., 2018). This is at odds with previous ALS literature in ALS models,
where microglia were positioned as distinctly disease-inducing (Frakes et al., 2014).

This sort of neuroprotective effect is what we would predict to happen in our current
system. With microglial depletion leading to a persistence of uncleared debris by at least one-weak
post injury, we would hypothesize that the thalamic relay neurons (TRNs), which are the projection
neurons of the LGN, may be aberrantly active leading to further neuronal dysfunction in the visual
circuit and possibly impeding the functional plasticity that can occur in the absence of visual
stimuli (Merabet and Pascual-Leone, 2010; Rauschecker, 1995). Since microglia have been shown

to be critical mediators in both plasticity of the visual system (Frost and Schafer, 2016; Tremblay
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et al., 2010) and in our model of debris clearance, future experiments delving into the possibility
of microglia preventing excitotoxicity and enhancing compensatory plasticity may aid in our

overall understand of glial biology and CNS function.

Concluding remarks

Starting my journey into graduate work I had no idea that the fields of neuroscience and
immunology even converged, let alone had become one of the fastest growing and exciting arenas
of neuroscience. The neuroimmunology field is growing rapidly with new insights emerging in
areas such as neurodevelopment (Stephan et al., 2012), lymphatic biology (Louveau et al., 2015),
neural control of immunity (Pavlov and Tracey, 2017), immune influence on neurodegenerative
disorders (Colonna and Butovsky, 2017), adaptive immune influence of cognition (Derecki et al.,
2010), and the emerging influence of the immune system on developmental neurological disorders
(Derecki et al., 2012; Cronk et al., 2015). I have learned that neuroimmune interactions are far
more complicated than simple antagonism, and that their interactions are a necessary and
fascinating aspect of biology itself. To be a small part of this growing field is both thrilling and
humbling. In this thesis I have attempted to place these collected findings in the larger context of
microglial biology and the immune response to acute CNS injury, offering an introduction to the
basic concepts of phagocyte and microglial biology in the context of CNS perturbance, discussing
the role of microglia during CNS Wallerian degeneration and what phagocytic repertoire they
possibly require to clear debris, as well as positing theories describing our experimental results
and providing possible experiments to test them and continue our understanding of microglia

during CNS insult.
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What I have not shown and discussed here are the countless hypotheses and unreported
data from both myself and scientists in our field that have led to this collected knowledge. If it is
true that Newton once said that he was merely standing on the shoulder of giants, then those giants
must have indeed sunk their feet in the mountain of failed endeavor and rejected hypotheses that
form the foundation of science. I sometimes like to say that one of the best feelings in science is
knowing exactly the reason why an experiment failed or a hypothesis was disproven. It is through
this understanding that I have grown as both a scientist and person. This along with the collective
insight, inspiration, support, criticism, and comradery that I have received from my peers have

been the guideposts on the start of my scientific journey.
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Materials and Methods

Mice

C57/Bl16 and Cx3cri-eGFP mice were obtained from Jackson Laboratory, stocks 000664 and
005582, respectively. B6.Cg-Gt(ROSA)26Sormo(CAG-ZsGreenDlze[] (Aj6) mice were generously
provided by the Harris Lab (University of Virginia) and originally obtained from Jackson
Laboratories (Stock 007906). WId® mice were generously provided by the Deppmann Lab
(University of Virginia) and originally obtained from Jackson Laboratories (008820) and bred with
congenic FVB/N mice to obtain heterozygous WId® mice and wild-type controls. /tgam™ mice and
their congenic C57/B16J controls were purchased from Jackson Laboratories (stock 003991 and

™~ mice were obtained from Jackson Laboratories

000664, respectively). Heterozygous Clga
(stock# 022307) and bred to obtain C/ga”” and Clga™" control mice. Mertk”> BAI1-Tg, Elmol~~
»and Bail”~mice were all provided by the Ravichandran Lab at the University of Virginia. Trem2-
~mice were provided by the Colonna Lab at Washington University of St. Louis, St. Louis, MS.
Cx3crIFRT2Ce*: [yp /" mice were generously donated by the Gaultier Lab, University of Virginia.
111"~ mice were provided by the Lukens Lab, University of Virginia. All strains were kept in
identical housing conditions. All animals were housed in temperature and humidity-controlled
rooms, maintained on a 12-hour light/dark cycle (lights on 7:00 a.m.), mice were utilized from 2-
4 months old with mice age-matched in each experiment described. For survival surgeries, mice
were anesthetized with either 200 pl of Ketamine/Xylazine (1 ml KetamineHCI (1mg/ml), 1 ml of

2% Xylazine, 8 ml saline), or inhaled isoflurane. All procedures complied with regulations of the

Institutional Animal Care and Use Committee (ACUC) at the University of Virginia. Gas6” and



Materials and Methods 105

LysM€ " : Pros 1" mice were kindly provided by Tal Burstyn-Cohen and bred and housed at the
Hebrew University of Jerusalem, Ein Kerem campus. All experimentation prior to imaging and
analysis were performed there under supervision of their University Ethics Committee for the Care

and Use of Laboratory Animals.

Fate-mapping of microglia

B6.Cg-Gt(ROSA)26Sor™o(CAG-ZsGreenDlze/ | mice (Ai6) were crossed to the Cx3crlFRT2cre/ERT2cre
mice to obtain Cx3crI®RT?*:Ai6 heterozygotes. Mice were placed on a tamoxifen-supplemented
(250 mg/kg) diet for one week (TD.130856 Envigo). After return to normal chow, a period of one
month was allowed to ensure turnover of the peripheral immune system, allowing only microglia
to retain the ZsGreen label (Goldmann et al., 2013). Mice were then subjected to analysis or optic

nerve crush injury and sacrificed three days post injury.

PLX5622 administration
PLX5622 was provided by Plexxikon Inc. and formulated in AIN-76A standard chow by Research
Diets Inc. at 1200mg/kg. Mice were kept on PLX5622 or AIN-76A control diets for three weeks

prior to experimentation and maintained on their respective diets until sacrifice.

CTB-CypHer preparation
Cholera toxin 3 subunit (Sigma-Aldrich, C9903) was resuspended at 10mg/ ml in PBS and labeled
with CypHer5 (10 uM, GE Healthcare) for 1h at 20 °C. Free dye was removed by gel filtration

using Zeba desalting column (Thermo, 89890) according to manufacturer’s instructions.
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CTB injection and optic nerve injury

Following anesthesia, mice received intravitreal injections of cholera toxin-f subunit (CTB)
conjugated to Alexa 555 dye into the left eye and CTB conjugated to Alexa 647 (Invitrogen,
Eugene, OR) dye into the right eye (1 pl per eye at a concentration of 1 pug/uL in sterile saline).
Optic nerve crush was performed 24 hours post CTB injection. Briefly, mice were anesthetized
and the tissue around the nerve was carefully dissected and the optic nerve exposed. N5 self-
closing forceps were closed around the optic nerve 5 mm behind the globe and held for three
seconds. The mice were then allowed to recover at 37C on a warming pad before returning to their
cages and sacrificed at time points indicated in the text (Mice that did not receive sufficient dLGN

dye fills were omitted from analysis).

Tetrodotoxin (TTX) administration and measurement of pupil response

Once anesthetized, 1 pL tetrodotoxin (SuM) or its carrier solution (20 mM citrate buffer) was
injected intravitreally with a Hamilton syringe contralateral to the eye used for optic nerve crush.
Pupil response was measured as described previously (Shanks et al., 2016). Briefly, at time points
24 and 48 hours post optic nerve crush injury and TTX administration, mice were acclimated to a
dark room for 30 minutes prior to testing. While under a red light (Black Diamond Cosmos), the
pupil size was obtained using a Leica IC8OHD camera fixed to a Leica M220 dissecting
microscope. The mouse was then subjected to a 15 second exposure of bright white light and the
pupil size was imaged instantly following return to red light conditions. The percentage pupil
constriction was calculated as the difference in pupil size between red and bright white light

conditions.
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Tissue preparation and Immunofluorescence

The brain and eyes were harvested from animals after perfusion with heparinized (5U/mL) PBS
and 4% PFA. Following 24 hours post-fixation in 4% PFA, the eye was dissected by cutting
through the sclera just posterior to the ciliary body. The lens was removed and four cuts were made
toward the optic disc to allow the retina to lay flat. The retina was then separated from the sclera
and pigmented epithelium and placed in to 96-well plates for staining. Brain tissue was post-fixed
for 48 hours in 4% PFA, followed by cryoprotection in 30% sucrose for 48 hours. Brains were
then frozen in optimal cutting temperature (OCT) compound (Tissue-Tek) on the freezing element
of a Leica CM3050 S cryostat. 40um sections were sliced into 24-well plates containing PBS with
0.05% sodium azide. Slices were permeabilized with 0.5% Triton for 15 minutes then washed 2x
5 minutes in PBS and blocked for 1hr at room temperature in blocking buffer (5% serum of the
secondary's species) followed by overnight incubation in 0.5% BSA with primary antibody at 4
degrees C. The following antibodies were used for immunofluorescence staining: Rabbit anti-Ibal
(Biocare Medical CP-290; 1:300), Goat anti-BRN3a (Santa Cruz sc- 31984; 1:300), Rabbit anti-
Ki67 (Abcam ab15580; 1:300), Goat anti-Ibal(Abcam ab5076; 1:300), Rat anti-CD68 (Biolegend
FA-11), Rabbit anti-TMEM119 (Abcam ab209064) Guinea Pig anti-Vglut2 (EMD Millipore
AB2251) Rabbit anti-PSD-95 (Invitrogen 51-6900). Slices were washed 3x 5 minutes, incubated
for 2 hours at RT with the appropriate secondary antibodies (all from Life Technologies; 1:1000),

washed again 3x5 minutes and mounted with Aquamount (Thermo Scientific) and DAPI.

RGC Image acquisition and quantification
For assessing RGC survival, images of Brn3a+ RGCs from four quadrants of the retina were taken

at equal distances from the optic disc using an Olympus IX-71 microscope with 40x objective. The
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pictures were counted in a blinded fashion to determine the number of RGCs/field. RGC counts
were established from each image utilizing a modified method described previously (Danias et al.,
2002). Briefly, each image was inverted with the contrast enhanced (1%) and background
subtracted (rolling ball 55). Each image was then set to a threshold to encompass all Brn3a+ cells.
Once binary, the Watershed feature was applied and the Analyze Particle function used to count

all RGCs. All images were acquired and quantified by a user blinded to the experiment.

dLGN Image quantification and analysis

For each animal, 3-4 sections of medial dLGN were chosen for imaging and quantification of RGC
inputs to the dLGN, Ibal+ cell counts and microglial engulfment analysis. Images were acquired
on a Leica SP8 microscope at 20x magnification with 1 pm z-steps for CTB field size
measurements and Ibal+ cell counts and at 60x magnification using 0.2 um z-steps for engulfment
analyses. For each animal, 4-7 dLGN fields were imaged. Obtained images were processed and
quantified using Imagel] (NIH) for CTB field size and Ibal+ cell number and Imaris software
(Bitplane) for engulfment analyses. For CTB field size and Ibal+ cell number, ImageJ was utilized
to obtain ROIs of contralateral dLGN fields for crushed and uninjured inputs. Each ROI was then
thresholded to include all CTB+ inputs and the area measured. Ibal+ counts were made using the
Cell Counter plugin (Imagel). In vivo microglia phagocytosis assays and analyses were performed
as previously described in detail (Schafer et al., 2012, 2014). Imaris software (Bitplane) was used
to create 3D volume surface renderings for microglia and engulf debris. To visualize and measure
debris volume, any fluorescence that was not within the microglia volume was subtracted from the
image using the mask function of Imaris. The remaining engulfed fluorescence was surface

rendered and total volume of engulfed debris was calculated. To determine percentage engulfment
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the following calculation was used: volume of internalized debris /volume of microglial cell x 100.

Image acquisition, quantification, and analyses were performed blind.

Retinogeniculate synapse quantification

Quantification of retinogeniculate synapses was performed as described previously (Ippolito and
Eroglu, 2010). Briefly, dLGN brain sections from uninjured and three days post crush mice were
stained with pre- (VGlut2) and post-synaptic (PSD95) markers. 5 um thick confocal z-stacks
(optical section depth 0.33 um, 15 sections/z-stack) within the outer shell were imaged at 60x
magnification on a Leica SP8 confocal laser-scanning microscope. Maximum projections of three
consecutive sections (corresponding to 1 um total depth) were generated from the original z-stack.
The Puncta Analyzer plugin that was developed by Barry Wark for Imagel (available at
http://labs.cellbio.duke.edu/Eroglu/Eroglu_Lab/Publications. html) was used to count the number

of co-localized puncta.

Flow cytometry of LGN astrocytes and microglia to assess engulfment of neuronal material
Following anesthesia, mice received intravitreal injections of cholera toxin-f subunit (CTB)
conjugated to Alexa 647 dye or CypHer in to both eyes (1 pul per eye at a concentration of 1 pug/uL
in sterile saline). Optic nerve crush was performed 24 hours post CTB injection. Three days post
bilateral optic nerve crush, mice were perfused with PBS containing heparin (5U/mL) until livers
and tongues were exsanguinated to minimize peripheral immune cell contamination. The entire
brain was then removed and meninges and choroid plexus carefully separated and discarded from
the rest of the brain tissue. The brain was then placed in a coronal brain matrix (Roboz SA-2165)

and a razor blade used to isolate a brain slice containing the dLGN. The dLGN was dissected from
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surrounding brain regions and placed in 1.5 ml Accutase (Stempro A1110501) in a 1.5 mL
Eppendorf tube. Samples were then incubated at 37° C for 15 minutes, followed by gentle
trituration five times up and down with a 1000 puL Eppendorf pipette. Samples were again
incubated at 37° C for 10 minutes, followed by a second gentle trituration five times up and down
with a 1000 uL Eppendorf pipette. At this point, cells were well dissociated. The 1.5 mL
suspension was then filtered gently through a 70 um cell strainer and placed in 15 ml tubes
containing 14 mL DMEM/F12/ with 10% FBS. Cells were then pelleted at 300 RCF for 10
minutes. Cells were then stained for 15 minutes at four degrees C using antibodies against CD11b
(PercpCy5.5), CD45 (FITC) (Both from R&D Systems), GLAST (PE, Miltenyi) as well as the
viability dye ZombieNIR (Biolegend) and Hoechst dye (Molecular Probes) to label all nucleated
cells. Cells were then washed and spun at 300 RCF for 10 minutes at 4 degrees and resuspended
in FACS buffer (2mM EDTA, 0.5% BSA in PBS) and ran on a Gallios flow cytometer (Becton
Dickinson). Positive fraction cells gated on Hoechst positivity, singlet events, and live cells before

their respective gates. CTB positivity was set on naive populations.

dLGN dissection, MACS isolation of microglia, and RNA extraction

Three days post bilateral optic nerve crush, mice were perfused with PBS containing heparin
(5U/mL) until livers and tongues were exsanguinated to minimize peripheral immune cell
contamination. The entire brain was then removed and meninges and choroid plexus carefully
separated and discarded from the rest of the brain tissue. The brain was then placed in a coronal
brain matrix (Roboz SA-2165) and a razor blade used to isolate a brain slice containing the dLGN.
The dLGN was dissected from surrounding brain regions and placed in 1 ml HBSS (containing

Mg and Ca), 4 U/ml papain, 50 u/ml DNASE-I (Sigma) in a 1.5 mL Eppendorf tube. Bilateral
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dLGNs were pooled from four mice to serve as one biological sample (three samples per
condition). Samples were then incubated at 37° C for 15 m, followed by gentle trituration five
times up and down with a 1000 uLL Eppendorf pipette. Samples were again incubated at 37° C for
15 m, followed by a second gentle trituration five times up and down with a 1000 uLL Eppendorf
pipette. At this point, cells were well dissociated. The 1 mL suspension was then filtered gently
through a 70 um cell strainer and placed in 15 ml tubes containing 14 mL DMEM/F12/ with 10%
FBS. Cells were then pelleted at 300 RCF for 10 minutes. top of the gradient was then removed.
Cells were then labeled with microglia CD11b+ magnetic selection beads (Miltenyi). Cells were
positively selected by AutoMACS twice using the Possel setting. All 15 mL tubes prior to use
were coated with sterile BSA in DEPC-treated PBS to ensure optimal recovery of microglia. Flow
cytometry was used to ensure purity of the positive and negative fraction of AutoMACS sorted
cells. 5% of each fraction was isolated and stained for 15 minutes at four degrees C using
antibodies against CD11b (PE-Cy7) CD45 (BB515) (Both from R&D Systems) as well as the
viability dye ZombieNIR (Biolegend) and Hoechst dye (Molecular Probes) to label all nucleated
cells. Cells were then washed and spun at 300 RCF for 10 minutes at 4 degrees and resuspended
in 1% PFA in PBS and samples ran on a Gallios flow cytometer (Becton Dickinson). Positive
fraction cells gated on Hoechst positivity, singlet events, and live cells were > 90% pure
CD45/CD11b+ microglia with the negative fraction < 1%. RNA was collected using the
RNAqueous micro kit (Ambion) according to the manufacturer’s protocol and stored at —80°C

until use.
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RNA Sequencing

RNA integrity was verified using the Qubit RNA assay kit (Life Technologies) and the Agilent
RNA Pico kit (Agilent). Amplification and cDNA construction was performed using Nugen
Ovation RNA-seq V2 kit with manufacturer's recommended protocol. Sample clean-up post
amplification was performed using Qiagen PCR purification kit (Qiagen). Paired-end (50bp reads)
RNA sequencing was performed using an Illumina HiSeq (Illumina) yielding 50-70 million reads

per sample. All procedures were performed by HudsonAlpha (Huntsville, Alabama).

RNA-seq analysis.

The raw sequencing reads (FASTQ files) went through two stages of preprocessing to remove low
quality reads and bases. First, they were chastity filtered, which removes any clusters that have a
higher than expected intensity of the called base compared to other bases. Then they were trimmed
with Trimmomatic (Bolger et al., 2014) to remove low quality bases (minimum read length after
trimming = 36). After preprocessing, the quality of the reads was evaluated using FastQC
(Andrews, 2010),and after passing quality control (QC), were aligned to the UCSC mm9 genome
(Harrow et al., 2012) using the splice-aware read aligner STAR (Dobin et al., 2013).The quality
of the alignments was next assessed by SAMStat (Lassmann et al., 2011), and any low quality
alignments were removed with samtools (Li et al., 2009) (MAPQ < 10). Next, the number of reads
aligning to each gene was quantified with HTSeq (Anders et al., 2015), and then the Bioconductor
package DESeq2 (Love et al., 2014) was used to normalize the raw counts, perform exploratory
analysis (e.g., PCA), and differential expression analysis. The Benjamini—-Hochberg false
discovery rate procedure was used to correct the p-values for multiple testing. Heat maps of the

differentially expressed genes generated with the R package pheatmap (Kolde, 2015). UpSet plots
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were created with the R package UpSetR (Conway et al., 2017),and the R implementation of
Fisher’s exact test, fisher.test, was used to identify enriched gene sets in the differentially
expressed genes using the gene set collections from MSigDB (Subramanian et al., 2005)and the

gene families from the Hugo Gene Nomenclature Committee (HGNC) (Gray et al., 2015).

Statistical Analyses
Statistical tests were performed using Prism (GraphPad) as described in the text and figure legends.

In all figures, error bars represent mean £ SEM; *, P <0.05; **, P <0.01; *** P <0.001.

Accession number

All sequencing data has been uploaded to the GEO repository under accession number

GSE107635
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