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DEDICATION

To my favorite people (you know who you are).

Creation comes out of imperfection. It seems to come out of a striving and a frustration.
This is where, | think, language came from...it came from our desire to transcend our
isolation and have some connection with one another...so much of our experience is
intangible. So much of what we perceive cannot be expressed...And yet, when we
communicate with one another and we feel we have connected and think we’re
understood | think we have a feeling of almost spiritual communion. That may be
transient, but it's what we live for.

“Waking Life”
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ABSTRACT OF THE DISSERTATION
Exploring Microglial Homeostasis and Repopulation Dynamics Using Colony-
Stimulating Factor 1 Receptor Inhibition
By
Allison Rachel Najafi
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2017

Associate Professor Kim Green, Chair

Microglia are the primary immune effector cells in the CNS, responsible for the majority
of inflammatory responses in the brain. Microglial homeostatic signals and replicative
properties are largely unknown - however, early studies indicate that microglial turnover
is low and proliferation is rare (Lawson et al., 1992), which could result in the acquisition
of age-related deficiencies and senescence. As microglia age they become
dysregulated, exhibiting an altered inflammatory profile, reduced phagocytic efficiency,
and impaired migratory abilities (Godbout and Johnson, 2004; Frank et al., 2006;
Damani et al.,, 2011; Njie et al.,, 2012). Given the dysregulation of aged microglia,
activation of these cells could incite a chronic self-perpetuating cycle of inflammation
and toxicity, contributing to neuronal death. We have recently discovered that microglia
are fully dependent upon colony stimulating factor-1 receptor (CSF1R) signaling for their
survival in the adult brain, and through the administration of small molecule inhibitors of
the CSF1R, we have previously demonstrated we can eliminate >99% of all microglia

brainwide (Elmore et al. 2014). Furthermore, my data show that the microglia-depleted

Xii



brain has a profound ability to repopulate with new cells once CSF1R inhibitors are
withdrawn, indicating that microglial elimination is fully reversible.

The goal of my dissertation is to determine the source and properties of repopulated
microglia in order to establish whether these cells can be used for potential therapeutic
purposes — either to resolve chronic neuroinflammatory processes or, more ambitiously,
to reverse microglial senescence in the aged brain. Indeed, | have discovered that
microglial repopulation arises both from nestin® progenitor cells and surviving microglia
in the adult brain. To assess the regenerative capacity of these progenitor cells, |
treated mice with multiple cycles of CSF1R inhibition followed by withdrawal of inhibitors
- each cycle consists of 7 days of inhibition followed by a 7- or 28-day withdrawal
period. These studies determined that there is a limited capacity for microglial
repopulation. However, this capacity can be expanded by increasing recovery time
between cycles.

In addition, by increasing the exposure to CSF1R inhibitors, | have found that | can
eliminate 100% of microglia from the adult brain, and that this results in a drastically
altered repopulation pattern. Not only is the number of returning lba1” cells greatly
diminished following complete microglial ablation, but cells initially only appear in white
matter tracts along the rostral migratory stream (RMS) and projecting axons, and at
early timepoints do not express the microglia-specific marker P2ry12. Eventually, these
lba1® cells spread throughout the brain parenchyma, although cortical microglia
numbers, even with extended time, do not reach those of control and continue to exhibit
an altered RNA profile relative to control. These results not only highlight the presence

of distinct microglial subtypes within the CNS and suggest multiple routes of

xiii



repopulation, but also reveal that we have an unprecedented level of control over CNS

myeloid cells.
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INTRODUCTION

A. Hematopoietic origins and development
Microglial ontogeny

Microglia are the primary immune cells of the CNS, acting as surveyors and responders
in the event of damage or injury. Although they were first discovered by del Rio-Hortega
in the 1930’s, little was known about the origins of microglia until recently. It is now
widely accepted that microglia are myeloid cells that derive from the yolk sac (YS)
during development, but for decades the physical and temporal origin of these cells was
unclear. A popular hypothesis was that adult microglia are derived from bone marrow
(BM) hematopoietic cells. The concept of a “mononuclear phagocyte system” was
proposed in the 1970s, grouping together BM promonocytes, blood monocytes, and
tissue macrophages, with the belief that these cells have a common origin (van Furth et
al., 1972). The hypothesis of a common lineage was supported with the finding that a
clonogenic progenitor in the BM can give rise to monocytes, dendritic cells, and
macrophages (Fogg et al., 2006). However, whether BM cells actively contribute to
adult populations of tissue macrophages under normal conditions was unknown. Fate
mapping studies with Cre recombinase reporter lines have been able to track YS
progeny and more carefully characterize myeloid cell differentiation during development,
and the maintenance of myeloid populations during adulthood. Results from these
studies have shown that the vertebrate YS is the first site of hematopoiesis (EI-Nefiawy
et al., 2002; Ginhoux et al., 2010; Schulz et al., 2012). Hematopoietic progenitors in the
YS begin expressing Runx1, a transcription factor known to be necessary for the
differentiation of hematopoietic stem cells (HSCs), at E7.5 of mouse embryonic

1



development (Ginhoux et al., 2010) . The process of generating these progenitors in the
YS is termed “primitive hematopoiesis,” and primarily contributes to microglia and some
tissue macrophage populations (Langerhans and Kupffer cells). This first wave of
hematopoiesis is sufficient in maintaining these adult populations without contribution
from hematopoietic cells generated later in development (Ginhoux et al., 2010; Yona et

al., 2013)..

Additional fate-mapping studies have further clarified the temporal development of
primitive hematopoietic cells, as well as characterized the progenitors giving rise to
different cell types. Erythro-myeloid progenitors (EMPs) are derived from YS blood
islands or hemogenic endothelia, and as such, all progeny from these cells can be
labeled by tamoxifen-inducible Tie2-Cre mice (Perdiguero et al., 2015). Studies using
these mice have shown that EMPs labeled at E7.5 contribute to adult tissue-resident
macrophages, including microglia, Langerhans cells, and Kupffer cells (Perdiguero et
al., 2015), suggesting a common progenitor for microglia and peripheral macrophages.
Further work has shown that although EMPs do appear to contribute to both microglia
and peripheral macrophages, there are two waves of temporally distinct EMPs between
E7.5 and E8.5. The first wave of EMPs occurs at E7.5 and contributes to YS
macrophages, which directly give rise to microglia, without a monocytic intermediate
(Hoeffel et al., 2015), while the second wave of EMPs generated at E8.5 migrate into
the fetal liver to generate multiple myeloid lineages (i.e. skin, kidney, lung tissue
macrophages) through a monocytic intermediate (Fig. 1). Therefore, there is a precise
temporal distinction between derivation of microglia and peripheral macrophages from

EMPs, further defined by whether cells go through a monocytic intermediate.
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Interestingly, the brain is the first organ to be colonized with myeloid cells (Sorokin et al.
1992). At EB8.5, YS-derived Runx1® progenitors begin to colonize the brain through
blood vessels (Ginhoux et al. 2010), but also in regions devoid of vascularization,
possibly via ventricles and/or the meninges (Cuadros et al. 1993). These early myeloid
cells in the CNS express canonical microglial markers such as CD45, CD11b, F4/80,
and CX3CRH1, starting at E9.5 (Ginhoux et al. 2010). Following this, the blood-brain
barrier (BBB) forms around E13.5, which occurs concurrently with fetal monocyte
release into the bloodstream. It has been postulated that the presence of early microglia
in the CNS establishes a niche that helps prevent fetal liver-derived cells from infiltrating
the brain (Ginhoux et al., 2013). Once the progenitors have colonized the brain, rapid
proliferation occurs, resulting in the generation of ~95% of the total microglial population

within two weeks of birth (Alliot et al., 1999). The resulting population of microglia is



primarily self-sustained for the remainder of the animal’s lifetime (Lawson et al., 1992),
and microglia maintain an autonomous population that is not replenished by peripheral

monocytes or macrophages under normal conditions (Ajami et al., 2007).

As the origin of microglia and other macrophages has already been detailed here, when
referring to the macrophages of the brain, it is important to note that the brain is also
populated with non-parenchymal resident CNS macrophages, which exist in the brain in
the perivascular space, meninges, and choroid plexus. For several years, it was
believed that these cells are replenished by BM-derived cells throughout the lifespan of
the animal (Hickey et al., 1992), but recent work has revealed that only choroid plexus
macrophage are appreciably reconstituted by BM-derived cells under normal conditions
in adulthood (Goldmann et al., 2016), showing that relative to microglia, meningeal, and
perivascular macrophages, choroid plexus macrophages differ in the source of
population maintenance. However, meningeal and perivascular macrophages also differ
from microglia in morphology, expression profiles, and signal responses (Goldmann et
al., 2016). Perivascular macrophages express increased levels of CD45, and, unlike
microglia, express CD206 and CD36. Meningeal macrophages appear to maintain
amoeboid morphologies, displace their cell bodies frequently during homeostastic
conditions, and rely on Irf8, but not Myb (a classic transcription factor for myeloid cells)
signaling for development (Goldmann et al., 2016). It is important to note that the YS
also serves as a site of primitive hematopoiesis for some peripheral macrophages and
that these macrophages begin circulating in the blood and colonize the embryo between
E9.5-E10.5 (Schulz et al. 2012), after microglia begin colonizing the brain (Ginhoux et

al. 2013).



Signals for microglia development/differentiation

In addition to a unique ontogeny, microglia follow different signaling pathways relative to
HSC-derived macrophages for differentiation and development. HSCs, monocytes, and
granulocytes are dependent on the expression of the transcription factor c-Myb for their
differentiation during development (Soza-Ried et al., 2010; Schulz et al., 2012; Schulz
et al. 2012). However, microglia and some peripheral tissue macrophages develop
normally in the absence of c-Myb expression (Schulz et al., 2012). In contrast, Pu.1 is a
transcription factor that is necessary for the differentiation of macrophages (DeKoter et
al., 1998), but nonessential for HSC development (Dakic et al. 2005). These results
further suggest that microglia and some tissue macrophages follow a developmental

pathway that is distinct from HSC progeny.

As previously mentioned, Runx1 is a transcription factor necessary for the differentiation
of microglia from progenitors, but additionally, signaling mediated by this transcription
factor is essential for microglial proliferation (Samokhvalov et al., 2007). Studies indicate
that the expression of Runx1 maintains microglia in an immature state — i.e. when
microglia first appear in the developing brain, they display an amoeboid morphology, but
upon downregulation of Runx1 expression, microglia become ramified, indicative of

mature inactivated microglia (Zusso et al. 2012).

The CSF1R is expressed on myeloid-lineage cells and signaling through this receptor is
known to be involved in the differentiation, proliferation, and migration of these cells in
the periphery (Patel and Player, 2009). Intriguingly, mice lacking CSF1R are born
without microglia, suggesting that this receptor is essential for their development

(Erblich et al. 2011; Ginhoux et al. 2010). The CSF1R has two natural ligands — CSF1



and IL-34. Mice lacking either of its ligands also display reduced numbers of microglia in
the brain (Wegiel et al. 1998), but it is not surprising that the loss of the CSF1 receptor
has a more severe effect than the loss of the CSF1 ligand alone, likely due to
compensatory signaling by IL-34 (Wang et al., 2012). However, IL-34 and CSF1 do not
display similar expression patterns in the developing brain — IL-34 is very highly
expressed in the postnatal brain, and is likely preferentially expressed in specific
regions of the developing brain, as revealed by regional decreases of microglial

numbers in IL-34 mutants (Wei et al. 2010).

B. Microglia vs. peripheral macrophage phenotypes

Although microglia are considered the resident macrophages of the brain, there are
important distinctions that set them apart from their peripheral macrophage
counterparts, besides their ontogenesis. Since monocytes have been shown to enter
the brain and adopt a microglia-like morphology and phenotype under certain conditions
(i.e. conditions in which the BBB integrity is compromised), the relative contribution of
each particular cell type to disease states still remains unclear. Unfortunately, it has
historically been nearly impossible to differentiate microglia from infiltrated monocytes,
as there is almost complete overlap in phenotypic expression between microglia and the
monocytes that have engrafted to differentiate into macrophages. Opportunely, several
recent studies have identified unique microglial signatures through RNA profiling
(Beutner et al., 2013; Chiu et al., 2013; Hickman et al., 2013; Butovsky et al., 2014;
Bennett et al., 2016). Microglial specific genes include Tmem119, Fcrls, Olfm13, and

P2ry12. Importantly, infiltrated monocytes that take up residence in the CNS and adopt



a microglia-like phenotype never adopt this expression profile (Butovsky et al. 2014).
The identification of this profile allows more specific studies of the functional differences

between microglia and infiltrated monocytes/macrophages.

Infiltration of peripheral monocytes

Whether microglia are replenished by infiltrating monocytes, and to what extent, is still a
heavily contentious topic. Many models of BM transplantation, in which donor cells were
shown to engraft in the host brain, have been criticized for their use of irradiation, which
alone compromises BBB integrity and allows for peripheral cell leakage into the CNS.
This confound has been addressed by the generation of chimeric mice through surgical
parabiosis (Ajami et al., 2007). In these animals, ~50% blood chimerism was achieved,
meaning blood generated by each animal circulated throughout both animals. In the
absence of irradiation, and with or without a neural lesion, there was no significant
infiltration of chimeric partner-derived cells into the brain parenchyma (Ajami et al.,

2007).

Recent investigations would suggest that monocytes infiltrate into and effectively engraft
in the brain parenchyma only under certain circumstances. For example, direct injection
of donor BM cells into the host’s circulation resulted in successful engraftment of donor
cells into brain parenchyma (Hess et al. 2004; Echmann et al. 2001). In non-disease
models, the injection of BM cells is necessary for engraftment, as chimeric mice
achieved by parabiosis does not result in engraftment. These seemingly conflicting
results illustrate the ability of BM progenitor cells to directly migrate to and engraft in the
CNS parenchyma. The data suggest that these cells are not normally present in

7



circulation, and it is only by the artificial introduction of them into circulating blood that
they are able to infiltrate the CNS effectively. Additionally, using a parabiosis model to
assess donor-derived monocyte infiltration in a mouse model of multiple sclerosis
(experimental autoimmune encephalomyelitis (EAE), it has been shown that CCR2
signaling recruited monocytes to the spinal cord during severe disease onset (Ajami et
al.,, 2011). These studies found a correlation between disease severity and the relative
number of infiltrated monocytes. Interestingly, monocytes first appeared near the
meninges of the spinal cord, suggesting that infiltration is not necessarily due to BBB
breakdown. In addition, monocytes engrafted into the CNS parenchyma, but all
infiltrated donor-derived cells were absent 3 months later (Ajami et al., 2011). These
data show that even in severe disease models (EAE specifically being a disease in
which infiltration is characteristic and a correlate of disease severity), when infiltrating
cells do enter the CNS parenchyma, they are short-lived and have not been shown to

maintain the long-term microglial resident population (Ajami et al., 2011).

The specific dynamics of microglia population maintenance are largely unknown, but
studies indicate that they have particularly low turnover in the uninjured brain (Lawson,
Perry, and Gordon 1992). Interestingly, it has recently been revealed that many adult
macrophage populations in the periphery are independently maintained without
replenishment from hematopoietic stem cells (Sieweke and Allen 2013). In the
periphery, populations of resident macrophage appear to be maintained by the indefinite
dividing of macrophages. Thus, in the case of various peripheral tissues, macrophage
turnover, similar to microglial turnover, appears not to be dependent on progenitors or

replenishment from circulating monocytes (Sieweke and Allen 2013).



C. Normal microglial function and decline with aging and disease

Normal microglial immune function

Microglia “at rest” are highly dynamic cells, constantly extending and retracting
processes to survey the local environment (Nimmerjahn et al., 2005). These immune
cells sense insults in the local environment through a variety of different receptors,
including pattern recognition receptors, purinergic receptors, and scavenger receptors
expressed on their cell surface (Boucsein et al. 2003; Toyomitsu et al. 2012; Stolzing
and Grune 2004; Cartier et al. 2005). Once a stimulus is detected, microglial responses
to injury or insult are almost instantaneous — within minutes or seconds, microglia can
orient themselves in response to chemotactic signaling (Davalos et al. 2005). Despite
such efficient and varied responses, microglia are considered poor antigen-presenters.
In their resting state, these cells do not express MHC | or Il. However, upon activation,
microglia can present MHC antigens, although not as effectively as dendritic cells (DCs)
or their peripheral macrophage counterparts (Hayes et al., 1987; Hickey et al., 1992;

Gehrmann et al., 1995).

Macrophage and microglial activation states have typically been described as either
classical (M1, pro-inflammatory) or alternative (M2, anti-inflammatory), although this is
likely to be an oversimplification and activation is probably more accurately represented
by a spectrum of activation states. Upon presentation of a pathogen or injury, microglia
initially secrete pro-inflammatory molecules (TNFa, IL-1B, ROS, etc.) to combat the
invasive species and defend tissue (Colton and Wilcock 2010). Although this classical
inflammatory state is necessary for ultimate resolution of the insult, the secretion of

many pro-inflammatory molecules can be neurotoxic, especially when prolonged (Kraft



and Harry, 2011). This response, during acute injury, is subsequently followed by a
repair and wound-healing phase, characterized by the secretion of anti-inflammatory

molecules, such as IL-10 and TGFp (Colton and Wilcock 2010).

Microglia express many different receptors and are able to respond not only to invading
pathogens, but also to signals of tissue damage (Nimmerjahn et al., 2005), and as such,
respond differentially depending on the insult. Pathogen- and damage/danger-
associated molecular patterns (PAMPs/DAMPs) act as microglial activation signals
through PRRs, such as toll-like receptors (TLRs) expressed on microglia. These TLRs
help to initiate, execute, and regulate the immune response (Hanisch et al., 2008) . The
expression of specific complement receptors by microglia are important for motility (C5a
— (Nolte et al. 1996)), clearance of apoptotic neurons (Fraser et al., 2010) and the
release of IL-6, TNFa, and NO (Schafer et al. 2000). ATP, released by dead or dying
cells, can also act as a “danger” signal through microglial purinergic receptors, initiating
secretion of cytokines and inflammatory proteins (Kettenmann et al. 2011). Conversely,
it has been demonstrated that when responding to apoptotic cells, microglia may
release anti-inflammatory signals (Savill et al. 2002; Gregory and Pound 2011; De
Simone, Ajmone-Cat, and Minghetti 2004). In many cases, microglia respond to multiple
competing signals, and the presence of multiple microglial activation states is often
characteristic of chronic inflammatory disease (Colton and Wilcock 2010). Ultimately,
because of the poor regenerative ability of the CNS, it is important that microglia quickly
and thoroughly resolve issues that may arise, preventing further damage to the local

environment.
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Regional differences in microglial gene expression and proposed function

At first glance, microglia appear to be a homogeneous population with similar properties
and functions throughout the brain, but upon closer inspection, intrinsic regional
differences are revealed. Immunostaining of microglia with F4/80 revealed increased
microglial densities in hippocampus and olfactory telencephalon compared to cortex
and cerebellum, and an overall increase in density in gray matter areas compared to
white (Lawson et al., 1990). This study estimated the percentage of microglial cells of
total neural cells to vary between 5% in the cortex and corpus callosum, to 12% in the
substantia nigra (Lawson et al., 1990). However, this method of quantification relies on
equal immunoreactivity of all microglia to F4/80, and more recent studies utilizing
CX3CR1-eGFP mice show a marked difference in immunoreactivity to canonical
microglial markers (e.g. Iba1, P2ry12) between parenchymal and periventricular
microglia along the RMS (Ribeiro Xavier et al., 2015). In fact, less than half of microglia
lining the RMS stained positively for Iba1. This suggests that initial estimates of regional
microglial densities may need to be reexamined, but also highlights differences in

marker expression between regions.

Beyond apparent regional differences in microglia number, evidence suggests key
variances in microglial phenotype between region. Morphologically, white matter
microglia exhibit bipolar arborization, while gray matter microglia display radial
processes (Lawson et al., 1990). These differences between white and gray matter
extend beyond morphology, as microglia in white matter areas display greater basal
expression levels of CD86 and MHC Il than in the cortex (Styren et al., 1990; Sasaki

and Nakazato, 1992; Gehrmann et al., 1993; Carson et al., 2007), suggesting a shift in
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activation profile. Interestingly, during development, white matter areas, including the
internal capsule and cerebral peduncle are the first to be colonized by microglia (Ueno
et al., 2013). Additionally, differences in response to stimuli have been noted, with
substantia nigral neurons appearing particularly susceptible to lipopolysaccharide, both
in vivo and in vitro, mediated at least in part by increased density of, and total cytokine
release by, microglia in this region compared to hippocampus and cortex (Kim et al.,

2000).

A recurring finding in the study of regional differences in microglia is that white matter
areas, including those surrounding subventricular zones (SVZs) and the RMS, host a
unique phenotype of microglia as compared to the rest of the brain. In rats, isolated
microglia from distinct regions of the brain show baseline differences in the expression
of inflammatory molecules between the olfactory bulb (OB), substantia nigra, striatum,
hippocampus, and amygdala — specifically, increased levels of CDG8, IL-18, and P2X7R
in the OB (Doorn et al., 2015). SVZ/RMS microglia exhibit altered morphology, similar to
activated microglia, with enlarged cell bodies and thick processes. One of the canonical
markers of microglia is the purinergic receptor P2ry12, which allows microglia to sense
neuronal damage through the release of ATP, and provokes extension of processes
and subsequent microglial activation (Davalos et al., 2005; Haynes et al., 2006).
However, although labeled by the CX3CR1-eGFP reporter line, many microglia along
the RMS express diminished levels of canonical markers (Iba1, 1B4, P2ry12) (Ribeiro
Xavier et al., 2015). Upon further examination, microglia in this region were found to be
unresponsive to ATP (possibly due to reduced expression of purinergic receptors), and

did not appreciably phagocytose neuroblasts, with the exception of microglia in the OB
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(Ribeiro Xavier et al., 2015). Cells along the SVZ/RMS are proposed to have a specific
function in promoting neuroblast cell survival, and may assist in the migration of new
neurons to the OB (Ribeiro Xavier et al., 2015). Moreover, microglia isolated from the
SVZ have 20x the proliferative potential in vitro than any other region analyzed in the
brain (Marshall et al., 2008). Altogether, these data demonstrate that some of the most
distinct differences in microglial function by region lie in white vs. gray matter areas, and

suggest that microglia may have region-specific functions.

Microglial communication with other CNS cell types

Microglia have a close relationship with other cell types - a major function of microglia is
to protect neurons and maintain CNS homeostasis, which occurs through neuron-
microglia cross-talk. In addition, neurons are thought to play an active role in
maintaining microglia in a quiescent state. One of the mechanisms by which this is
proposed to occur is through the CX3CR1-CX3CL1 signaling axis. Microglia express the
receptor for the CX3CL1, a chemokine ligand expressed by neurons. Application of
CX3CL1 in vitro to a co-culture of microglia and neurons reduced neuronal death via
diminished inflammation (Zujovic et al., 2000; Mizuno et al., 2003), and CX3CR1
deficiency in vivo resulted in increased microglial activity (Cardona et al., 2006).
Additionally, the immunoglobulin CD200 is constitutively expressed by neurons, the
receptor for which is expressed by microglia (Wright et al., 2001), and has been shown
to suppress immune function (Hoek et al., 2000). Although neurons appear to have a
role in maintaining homeostasis, they are also capable of signaling to microglia to mount

an immune response. Release of glutamate and matrix metalloproteinase-3 (MMP3) by
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apoptotic neurons triggers an inflammatory response by microglia, resulting in secretion

of pro-inflammatory molecules, such as TNFa and IL-13 (Cho et al., 2009).

Signaling between microglia and neuroblasts or basal progenitors (BPs) within the SVZ
is reported to be reciprocal and nuanced. During development, clusters of microglia
form around the SVZ just prior to the onset of neurogenesis (Monier et al., 2007), and it
is believed that BPs recruit microglia to the SVZ via signaling through CXCL12
(released by BPs) and CXCR4/CXCRY7 receptors (expressed by microglia) (Arno et al.,
2014). Studies have shown that by depleting these BPs or reducing CXCL12 signaling,
microglial homing to the SVZ is impaired (Arno et al., 2014). Additionally, development
of BPs is also dependent on microglia, as evidenced by a decreased number of BPs in
the constitutive CSF1R™ mice. Microglia continue to influence the neurogenic niche into
adulthood. Previous evidence has shown that microglia-conditioned media increases
neuroblast production in SVZ tissue (Chen et al., 2006; Gemma and Bachstetter, 2013),
an effect thought to be mediated by secreted IGF-1 and BDNF (Ziv and Schwartz,
2008). Activated microglia also have the capacity to either support or inhibit
neurogenesis, depending on the stimuli and molecules secreted. Microglia cultured with

either IFNy or IL-4 effectively induced neurogenesis; microglia treated with LPS were

also successful in increasing neurogenesis, but only upon neutralization of TNF-a

(Butovsky et al., 2006).

Microglia have close relationships with brain macroglia (oligodendrocytes and
astrocytes) as well. Both oligodendrocytes and their precursor cells respond to dynamic
changes in microglial cytokine expression. Conditioned media from both Arg1-

(considered anti-inflammatory) and iINOS-expressing (considered pro-inflammatory)
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microglia increased proliferation of oligodendrocyte precursor cells (OPCs). However,
Arg1-expressing microglia were shown to drive OPC differentiation into mature
oligodendrocytes and prevent apoptosis of OPCs, which appears to be mediated by the
TGFB superfamily member Activin-A (Miron et al., 2013). It's hypothesized that the initial
pro-inflammatory activation of microglia is needed during demyelinating injury in order to
clear myelin debris (remyelination cannot occur without this clearance), but that
remyelination is dependent on the switch from pro- to anti-inflammatory microglial
phenotype (Miron and Franklin, 2014). Moreover, mature oligodendrocytes are
susceptible to microglia-secreted proinflammatory cytokines as well, and have been
shown to produce poor-quality myelin as a result of this inflammatory signaling (Pang et

al., 2003; Peferoen et al., 2014).

Astrocytes are also very sensitive to changes in microglial activation. The microglial field
has moved away from the labels “M1” and “M2” to denote a binary pro- and anti-
inflammatory system, but astrocytes have been shown to have a relatively predictable
reactivity profile that can be categorized as “A1” (harmful to neurons) and “A2”
(neurotrophic). Both of these states are dependent on cytokines secreted by microglia.
Upon release of IL-1a, C1q, and TNFa (a cocktail of classic pro-inflammatory
cytokines), astrocytes take on an A1 phenotype, meaning they lose neurotrophic
functions and contribute to neuronal death (Liddelow et al., 2017). This phenotype of
astrocyte is commonly found in neurodegenerative tissue. Conversely, A2 astrocytes,
generated in response to ischemia and a surrogate to the anti-inflammatory microglial
state, exhibit a neuroprotective phenotype and promote tissue repair (Liddelow et al.,

2017). These findings implicate astrocytes as an intermediary in tissue damage or
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repair following injury, and suggest that microglia indirectly exert these effects through

astrocytes.

Microglial dysregulation with aging and disease

Given the long lifespan of microglia in the CNS without replenishment from peripheral
sources, it is not surprising that microglia have been shown to accumulate age-related
deficiencies, such as telomere shortening and oxidative damage (Flanary and Streit
2004; Streit et al. 2008). Moreover, as senescence ensues, investigations have
demonstrated that these cells become dysregulated in their inflammatory responses,
including phagocytic efficiency and migratory abilities (Luo et al., 2010; Flanary et al.
2007). Previous studies have shown that microglia are the most changed of the glial
cells with age (Streit and Xue 2010), which is likely due to the fact that they are very
long lived. In vitro studies have shown that aged microglia actively internalize up to
~50% less material than young microglia (Njie et al. 2012; Floden and Combs 2006),
indicative of reduced phagocytic efficiency. Aged microglia also exhibit functional and
morphological changes at resting state and in response to injury or LPS (Godbout et al.
2005). In response to focal injury, aged microglia show a delayed acute reaction
followed by a sustained response once the cells have locally aggregated, indicating that
microglia are less effective initially and slower to return to a homeostatic phenotype
(Damani et al. 2011). Aged microglia not only express lower levels of anti-inflammatory
cytokines (such as IL-10), but they also express higher basal levels of activation
markers (i.e. MHC |l antigens) and neurotoxic pro-inflammatory cytokines (i.e. IL-6,

TNFa) (Perry et al., 1993; Sierra et al., 2007) (Frank et al. 2006; Letiembre et al. 2007;
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Ye and Johnson 1999). As mentioned previously, it is suggested that under normal
conditions, signaling from neurons via CX3CL1 and CD200 helps to maintain microglia
in a quiescent state, but levels of both of these molecules are diminished with age
(Wynne et al. 2010; Frank et al. 2006), indicating a loss of homeostatic regulation with

age.

Conditions that are associated with increased inflammatory cytokine expression and
chronic inflammation are also associated with increased risk for Alzheimer’'s disease
and other neurodegenerative disorders, suggesting a link between inflammation and
neurodegeneration. Acutely activated microglia are beneficial for resolving injury and
illness, but a chronically inflamed brain, due to the prolonged activation of microglia, can
produce toxic levels of cytokines and other pro-inflammatory neurotoxic factors
(Heppner et al., 2015; Theriault et al., 2015; van Rossum and Hanisch 2004). Acutely
activated microglia have been shown to become dysregulated if they remain activated
chronically, exhibiting exaggerated pro-inflammatory cytokine expression (von

Bernhardi et al., 2010).

Alzheimer’s disease is characterized by the presence of extracellular beta-amyloid (AB)
plaques and intracellular neurofibrillary tau tangles. This accumulation in the brain
suggests that 1) Ap may be produced and secreted at a rate that cannot be controlled
by microglia, 2) microglial phagocytosis is impaired, allowing for the accumulation of Ap
aggregates and subsequent plaques, or 3) a combination of both scenarios. -amyloid
has also been shown to directly induce microglial cytokine secretion (Dhawan et al.,

2012).
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In the Alzheimer’s brain, activated microglia are found to be associated with Ap plaques,
indicating a potentially chronically activated state for as long as the plaques are present.
In addition, there also appears to be a brainwide elevation of pro-inflammatory cytokines
secreted by microglia, also reflective of a chronic inflammatory response in Alzheimer’s
disease (von Bernhardi et al., 2010; Wilcock et al., 2014). Given the dysregulation of
aged microglia and their impaired phagocytic efficiency, an activated population of
microglia throughout the brain could incite a cycle of inflammation, toxicity, and neuronal

death.

D. CSF1 receptor signaling is necessary for microglia viability

It has recently been reported that administration of CSF1R inhibitors causes microglial
cell death (Elmore et al. 2014). Treatment with 290 mg/kg in chow of PLX3397, a potent
CSF1R inhibitor, was shown to reduce IBA1" cell numbers by more than 99% brainwide
within 3 weeks (Fig 2). Remaining microglia during treatment exhibit larger cell bodies
and increased process thickness typically associated with a more phagocytic phenotype
(Neumann et al., 2009), and more efficient clearance of microglial debris. In this study,
reduction of IBA1" cells was not merely due to a downregulation of the IBA1 microglial
marker. Moreover, despite having lost their entire microglial compartment, CSF1R
inhibitor- treated mice appear healthy and show no cognitive deficits in any task
assessed (Elmore et al. 2014).

These data inform us that we can eliminate the entire microglial population in the adult
brain with no detrimental effects. This is a unique tool which provides us with the

exploratory ability to answer fundamental questions about microglial function,
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homeostasis, and involvement in disease. My thesis will primarily pursue questions

related to microglial homeostasis in the adult brain.

21 days PLX3397

= represents a
microglia

Figure 2. CSF1R Inhibition Eliminates Microglia from the Adult Brain 2 month-old wild-type mice (C57BL/6/129 mix; n = 4—
5 per group) were treated with 290 mg/kg PLX3397 or control diet for 21 days. Half-brain from a control-treated mouse is shown
on the left, and a PLX3397-treated mouse is shown on the right. Immunostaining for IBA1 was performed, and each microglia is
represented by a white dot, superimposed via Imaris software. Microglial numbers are robustly decreased, with only a handful of
remaining microglia after 21 days of treatment. (Elmore et al., 2014)
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CHAPTER ONE

MICROGLIAL HOMEOSTASIS IN THE ADULT BRAIN

INTRODUCTION

Microglia colonize the CNS during development, originating from uncommitted c-Kit"
EMPs found in the yolk sac (Hoeffel et al., 2015). These c-Kit" cells develop into
CD45%/c-Kit/ CX3CR1" YS macrophages that migrate to the CNS and differentiate into
microglia. The development of these cells is dependent upon Pu.1 and Irf8 expression
(Kierdorf et al., 2013), as well as the CSF1R (Erblich et al., 2011; Ginhoux et al.,2010).
After migration of these progenitors to the CNS, the BBB forms, effectively separating
the microglia from the periphery. Infiltration of peripheral monocytes or macrophages
into the CNS does not occur under normal conditions (Mildner et al., 2007; Ginhoux et
al., 2010), and thus microglia form an autonomous population.

The CSF1R is expressed by macrophages, microglia, and osteoclasts (Patel and
Player, 2009), and it has two natural ligands: CSF1 and IL-34 (Lin et al., 2008). CSF1
regulates the proliferation, differentiation, and survival of macrophages (Patel and
Player, 2009), with mice lacking either CSF1 or the CSF1R showing reduced densities
of macrophages in several tissues (Li et al., 2006). Furthermore, CSF1R knockout mice
are devoid of microglia (Erblich et al., 2011; Ginhoux et al., 2010) and die before
adulthood. In the brain, it has been demonstrated that microglia are the only cell type
that expresses the CSF1R under normal conditions (Erblich et al., 2011; Nandi et al.,

2012).
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Administration with CSF1R inhibitors (290 mg/kg PLX3397 in chow) is sufficient to
cause microglial cell death, eliminating >90% of cells within 7-14 days of treatment.
While we have determined that microglia remained eliminated for the duration of
treatment, whether it be weeks or months, in this study, | wished to explore what would
happen once the CSF1R inhibitor treatment was ended. We were provided with an
unprecedented opportunity to explore if, and how, the brain responds to the absence of
microglia and its associated signaling. Given the prior literature that microglia are long-
lived cells with a low turnover rate in the normal brain (Lawson et al., 1992), and that
under normal conditions microglia are not replenished by infiltration of peripheral cells
(Ajami et al., 2007), | hypothesized that once microglia were eliminated with PLX3397,
the adult brain would remain devoid of microglia. | also hypothesized that the handful of
remaining microglia (~5% of microglia survive CSF1R inhibition treatment) during
treatment would slowly proliferate, resulting in small clusters of microglia 28 days after

removing the CSF1R inhibitors.

MATERIALS AND METHODS
Compounds
PLX3397 was provided by Plexxikon, Inc. and formulated in standard chow by

Research Diets Inc. at 290 mg/kg.

Animal Treatments
All rodent experiments were performed in accordance with animal protocols approved

by the Institutional Animal Care and Use Committee at the University of California,
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Irvine. 2-18 month-old male and female mice were provided with PLX3397 in chow for
7-28 days. At the conclusion of experiments, mice were sacrificed via COZ2 inhalation
and perfused transcardially with 1X phosphate-buffered saline (PBS). Brains were
extracted and dissected down the midline, with one half flash-frozen on dry ice for
subsequent RNA and protein analyses, and the other half drop-fixed in 4%
paraformaldehyde (PFA) in 1X PBS. Fixed brains were cryopreserved in a 30% sucrose
solution, frozen, and sectioned at 40 mm on a Leica SM2000 R sliding microtome for
subsequent immunohistochemical analyses. For BrdU labeling experiments, BrdU
(Invitrogen) was administered IP at 10ml/kg BW and mice sacrificed 5 or 24 hours later.
CCR2-RFP mice were obtained from Jackson Laboratory and aged to 1-month old.
Mice were treated with either PLX3397 or vehicle for 7 days to deplete microglia, and
then PLX3397 withdrawn, to stimulate repopulation (n=4/group). Five days later mice

were sacrificed and their brains examined for RFP expression in repopulating cells.

Immunoblotting

Brain homogenates and immunoblotting were prepared as previously described (Green
et al., 2011). Antibodies and dilutions used in this study include: nestin (1:1000;
Millipore), CCR2 (1:1000; Abcam), CSF1R (1:1000; Cell Signaling), and GAPDH
(1:10,000; Sigma-Aldrich). Quantitative densitometric analyses were performed on

digitized images of immunoblots with Image J (NIH).

Confocal microscopy
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Fluorescent immunolabeling followed a standard indirect technique (primary antibody
followed by fluorescent secondary antibody), as previously described (Neely et al.,
2011). Cell counts were obtained by scanning regions at 10X at comparable sections in
each animal, followed by automatic analyses using Bitplane Imaris 7.4. Acid
pretreatments were used for BrdU detection. Primary antibodies used include: anti-IBA1
(1:1000; Wako), anti-IB4 lectin (1:200; Invitrogen), anti-GFAP (1:1,000; Abcam), anti-
BrdU (1:1000; Abcam), anti-CD45 (1:100; Abcam), anti-nestin (1:1000; Millipore), anti-
CD34 (1:1000; Abcam), anti-Ki67 (1:1000; Abcam), anti-c-Kit (1:1000; Abcam), anti-
Pu.1 (1:1000; Cell Signaling), anti-CCR2 (1:1000; Abcam), anti-CSF1R (1:1000; Cell
Signaling). Stained tissue was mounted on slides and coverslipped with Dapi

Fluoromount-G (SouthernBiotech).

mRNA Extraction and Microarray

Total MRNA was extracted from frozen half brains using an RNeasy Mini Kit (Qiagen).
RNA was purified, and quality was verified using the Agilent BioAnalyzer (Agilent
Technologies). Microarrays were processed at the University of California Irvine DNA
and Protein MicroArray Facility (UCI Core), using Affymetrix Mouse gene 2.0
microarrays, using a robotic system and following manufacturer's recommendations.
Microarrays were assessed for quality by using Affymetrix Expression Console
software, following sample and chip quality guidelines from Affymetrix. Probe
Logarithmic Intensity Error (PLIER) values were calculated from raw CEL files using

Expression Console v1.1 software (Affymetrix) to give expression values. Significance
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was calculated using Cyber T (Kayala and Baldi, 2012) and ranked via probabilities of

differential expression (PPDE) values.

Statistics

Statistical analysis of data employed the unpaired student T-test to compare between
treated and control groups. When multiple comparisons were assessed, one-way
ANOVA with post-hoc Newman-Keuls Multiple Comparison Test analysis was
performed (Graphpad Prism 5). For all analyses, statistical significance was accepted at

p<0.05; trends at p<0.10.

RESULTS

Microglia repopulate the adult brain after recovery from CSF1R inhibitor
treatment

In order to explore the homeostasis of microglia in the adult brain, 18 month-old wild-
type mice were treated with PLX3397 for 28 days to eliminate microglia. After 28 days
of treatment, all mice were switched to control chow, and sacrificed at one of the
following time points: 0, 3, 7, 14, and 21 days later to assess the state of the microglial
compartment and determine if any proliferative events had occurred (n=4 per group;
Fig. 1.1A). Remarkably, within 3 days of removing the inhibitors, IBA1" cells appeared
throughout the brain, albeit with very different morphologies to resident microglia in
control brains (Fig. 1.1B, D). The somas of these new cells appeared much larger, with
shortened and thickened processes. By 7 days’ recovery, the total number of microglia

exceeds beyond that of control mice, with an intermediate morphology between that of
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the cells seen at 3 days and microglia in a control-treated brain (Fig. 1.1B-H). By 14
days’ recovery, microglial numbers stabilize to untreated levels, and the new cells
assume a normal ramified morphology. Thus, the microglia-depleted brain is rapidly
repopulated through increases in cell numbers, resulting in an intermediate population
of amoeboid cells. The cells seen at the 3-day recovery time point are unique, in that
they are grossly larger than resident control-treated microglia (Fig. 1.1l), and they
arrange themselves throughout the CNS evenly, rather than in discrete locations (Fig.
1.2). Curiously, we also found that these cells express a number of unique markers not
seen in microglia in control brains, nor in surviving microglia in PLX3397-treated brains
(Fig. 1.1J). They are very strongly positive for the lectin 1B4, as well as CD45. Many of
these cells are Ki67", indicative of active proliferation, and CD34" (a marker of HSCs).

Approximately 10% of IBA1" cells at 3 days of recovery stain positively for c-kit, another
HSC marker. The majority of these cells are also nestin®, a surprising finding given that
microglia are derived from a myeloid lineage and nestin is a neuroectodermal marker.
However, at day 7, IBA1" cells are negative for CD45, IB4, CD34, c-kit, nestin, and
Ki67, they assume a more typical microglia morphology, and have repopulated the
entire CNS. By 14 days of recovery, IBA1" cells appear morphologically
indistinguishable from microglia in untreated brains, and cell numbers are comparable
to controls (Fig. 1.1H). Furthermore, mRNA profiling of CSF1R inhibitor-treated brains
shows loss of microglia markers with treatment, consistent with microglia elimination,

followed by recovery consistent with repopulation (Fig. 1.7A-C). Thus, these results
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Figure 1.1:
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Figure 1.1. Rapid repopulation of the microglia-depleted brain with new cells that differentiate into microglia. A, 18-
month-old wild-type mice were treated with PLX3397 for 28 days to deplete microglia. Inhibitors were withdrawn, and groups of
mice sacrificed 0, 3, 7, 14, and 21 days later (n = 4-5 per group). B-G, IBA1 immunostaining revealed microglia throughout the
untreated (control) brains (B) and elimination of microglia in mice treated with PLX3397 (C). New IBA1" cells appeared
throughout the CNS at the 3-day recovery time point with different morphologies to control resident microglia (D). Cell numbers
increased by the 7-day recovery time point, and the morphology of the cells begin to appear more ramified (E). By 14 days of
recovery (F) and 21 days of recovery (G), the IBA1" cells appear ramified and have fully repopulated the CNS. H, Quantification
of the number of IBA1" cells in the hippocampal field. I, Analysis of cell body size. IBA1" cells at the 3-day recovery time point
are larger than resident microglia. The size of these cells normalizes over the following recovery time points. J, Cells at the 3-
day recovery time point express a number of unique markers, including CD45, nestin, Ki67, CD34, and c-Kit. They also show
high immunoreactivity to the I1B4 lectin. Cells in control brains and at the 7-, 14-, and 21-day recovery time points are negative
for all these markers. Same capital letter(s) above conditions (H and /) indicates no significant difference (p > 0.05) via one-way
ANOVA with post hoc Newman-Keuls multiple comparison test. Error bars indicate SEM. Scale bar represents 20 mm. (Elmore
et al. 2014)

indicate that the adult brain has a highly plastic and dynamic microglial population and
is capable of fully repopulating itself following microglial elimination, even in the aged

brain.

CSF1R inhibition eliminates microglia

Given the rapid repopulation of the brain with new cells following CSF1R inhibitor-
mediated microglial elimination and subsequent drug withdrawal, we wished to
ascertain whether microglia were truly eliminated with CSF1R inhibition, rather than
downregulating their microglial signature (i.e. cell surface expression). If CSF1R
inhibition were causing a loss of microglial cell identity, explaining their disappearance
when probed with myeloid markers, then the subsequent withdrawal of the drug could
allow them to regain their microglial identity, explaining the rapid repopulation that we
observe. To address this possibility, we crossed CSF1R-iCRE mice with Rosa26YFP
reporter mice to generate offspring that express YFP in all CSF1R expressing cells
under control of the Rosa26 locus (Fig. 1.3A). As such, these mice express YFP in all
microglial progeny, as well as any potential cells that have differentiated from microglia.
Accordingly, immunolabelling for microglia with IBA1 and YFP indicates that the

expression of YFP is restricted to the microglial compartment (Fig. 1.3B), and that both
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Figure 1.2:
A Control B 0dayrecovery

C 3 dayrecovery D 7 dayrecovery

Figure 1.2. Microglial repopulation occurs evenly throughout the brain. Representative brain stiches from Figure 4 stained
with anti-IBA1 — control (A) 28 days treated with PLX3397 (n=4/group) (B), 3 days recovery (C), and 7 days recovery (D).
Repopulating microglia shown in (C) appear throughout the CNS rather than in discrete locations. (EImore et al. 2014)
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Figure 1.3. Treatment with the CSF1R inhibitor PLX3397 eliminates microglia in Rosa26-YFP mice. 2-month old mice were
treated with PLX3397 (600 mg/kg) for 7 days to eliminate microglia (n=4/group). A, Schematic of the breeding strategy to yield
offspring with YFP-expressing microglia. B, Immunolabeling for microglia (IBA1 in red) and expression of YFP in
CSF1R"/derived cells (YFP in green). C, Quantification of the number of YFP+ and IBA1+ cells is reduced in the cortex by 88%
(P<0.0001) and 99% (P<0.0001), respectively, with PLX3397 treatment. Statistical significance is denoted by *P<0.05. Error bars

indicate SEM (N=4/group). (Spangenberg et al., 2016)
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IBA1" and YFP" cells are eliminated with PLX3397 treatment. Quantification of YFP and
IBA1 expression revealed an 88% and 99% reduction in cell number with PLX3397-
treatment, respectively (Fig. 1.3C). This conclusively demonstrates that treatment with
the CSF1R inhibitor PLX3397 eliminates microglia in the adult mouse brain, rather than

simply causing a transient loss of microglial signature.

Microglial repopulation does not occur from peripheral cells

Given the observation that new cells rapidly appear within the microglia-depleted brain
which then appear to differentiate into microglia, we next set out to explore where these
newly repopulated cells came from. Since the 3-day recovery cells express CD34, an
HSC marker, this indicated that these new cells may originate from peripheral HSC
sources. We therefore set out to discern if infiltration of peripheral cells were
contributing to repopulation. To that end, two experiments were performed. Firstly, we
set out to establish if repopulation would still occur while peripheral CSF1 receptors are
inhibited with a compound that does not cross the BBB, PLX6668. If microglial
repopulation is due to peripheral infiltration, repopulation would not be able to occur
while the peripheral CSF1 receptors were inhibited. Two-month old wild-type mice were
treated with 290 mg/kg chow PLX3397 for 14 days to deplete microglia. At this point,
PLX3397 was replaced with either 75- or 200 mg/kg PLX6668 chow (n=3 per group;
Fig. 1.4A). Three days later, mice were sacrificed and half-brains taken for mRNA
analyses, and repopulation assessed. Repopulation (as assessed by mRNA levels of
Aif1, Csf1R, Trem2, and the microglial-specific markers Siglech, Tmem119) occurred in
the control- and both PLX6668-treated groups, but not in the continued PLX3397-

treated group (Fig 1.4B). Therefore, while the peripheral CSF1 receptors were blocked
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with PLX6668, the brain was still able to repopulate itself with new microglia. From
these findings, we conclude that repopulation does not occur from peripheral cells, and
therefore must occur from within the CNS. Nevertheless, we set out to confirm via an

alternate approach if infiltration of monocytes could represent a source of repopulating
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Figure 1.4. Repopulation does not occur from peripheral cells. A, 2 month-old wild-type mice were treated for 14
days with 290 mg/kg chow PLX3397 to deplete microglia (n=4/group). This was then replaced with CSF1R inhibitors
that do not cross the blood brain barrier (PLX6668). B, mRNA levels for Aif1, Csf1R, Siglech, Tmem119, and Trem2,
normalized to control chow (i.e., normal repopulation), show repopulation occurs in all PLX6668-treated groups. C,
Blood from a CCR2-RFP"/CX3CR1-GFP"" mouse shows RFP expression in the monocytes, as expected. D-F, 1
month-old CCR2-RFP*" mice were treated with PLX3397 or vehicle for 7 days (n-4 per group). A third group was
placed on PLX3397 for 7 days and then the drug withdrawn for 5 days to stimulate repopulation (n=4). Brain sections
were stained for IBA1 and imaged, with the hippocampal region shown. No RFP expression was seen in any of the
repopulating cells or anywhere else in the parenchyma of the brain. E, A single RFP cell was found within a blood
vessel of the cortex of one of the animals, highlighted by the arrow. F, Brain sections from CX3CR1-GFP*" mice that
had undergone repopulation for 1, 2, and 3 days after drug withdrawal were stained for CCR2. No CCR2 expression

was seen in any repopulating cells at any time point, though it was observed in neuronal bodies. Error bars indicate
SEM. (Elmore et al., 2014)
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cells. We treated CCR2-RFP*" mice with PLX3397 for 7 days, then withdrew the drug
for 5 days to stimulate repopulation (n=4 per group). We confirmed that monocytes
specifically expressed RFP in these mice, as described by Saederup et al., by analyzing
the blood of these animals (sample shown is obtained from a CCR2-RFP*" x CX3CR1-
GFP*" mouse; Fig. 1.4C). However, upon examination of the CNS, we were unable to
find substantial numbers of RFP-expressing cells in control, microglia-depleted, or
repopulated animals (Fig. 1.4D) despite robust microglial repopulation, confirming that
monocytes do not contribute to repopulation. We were able to find a handful of RFP*
cells in the 12 brains examined, but these always appeared to be within blood vessels
(Fig. 1.4E). | also performed immunostains for CCR2 in repopulating brains at 0, 1, 2,
and 3 days recovery, in the event that monocytes were able to enter the CNS and then
rapidly differentiate into microglia by the 5-day time point in the experiment described
previously (Fig. 1.4F). While neurons stained positively for CCR2 (which has been
previously reported (Banisadr et al. 2005; van der Meer et al. 2000)), none of the
repopulating IBA1" cells stained positively for CCR2. Additionally, | performed stains for
T-cells (anti-CD3) and dendritic cells (anti-CD11c), but found no evidence for either cell
type in the repopulating brains (data not shown). Importantly, a recent study has also
recapitulated these results by showing microglial repopulation in organotypic slice
culture, which lack a periphery (Valdearcos et al. 2014). Thus, these experiments
clearly demonstrate that repopulation of the microglia-depleted adult CNS does not

occur from peripheral sources, and must occur from within the CNS.

Early microglial repopulation events highlight robust nestin-expressing cells
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Having ruled out contributions of peripheral cells to repopulation of the microglia-
depleted brain, | next set out to explore the events that occurred during early
repopulation, between drug withdrawal (0 day recovery) and the 3-day recovery time
point, when we had observed cells first appearing. We treated 2 month-old CX3CR1-
GFP*" mice with PLX3397 for 7 days, and then withdrew the drug for 0, 1, 2, or 3 days
(n=4 per group; Fig. 1.5A). Treatment with PLX3397 for 7 days resulted in elimination of
50-70% of microglia in these mice (Fig. 1.5B-C). Microglia remained absent until day 2
of recovery, but by day 3, the microglia population had quadrupled from that of day 2
(Fig. 1.5H). These data highlight a period of 48-72 hours during which critical events
occur for microglial repopulation, which is consistent with the results from the 18 month-
old mice (Fig. 1.1). PK measurements of PLX3397 concentration in brain tissue
revealed that the drug was quickly cleared from the brain within 24 hours of withdrawal,
with only trace amounts detected by 1-day recovery (Fig. 1.51). Thus, microglia continue
to be eliminated for at least 24 hours in the absence of drug. | also performed flow
cytometry for GFP" cells from the liver and spleen to examine the effects of CSF1R
inhibition in the periphery (Fig. 1.5G). GFP" cell numbers in the liver were not changed
with either treatment or repopulation; reductions were seen in the spleen by day 2 of
recovery, but numbers increased again the following day. In accordance with Figure 2J,
microglia were strongly positive for 1B4 at both the 2- and 3-day recovery time points
(Fig. 1.6A), but curiously, in this younger cohort of animals, repopulating cells were
negative for CD34 and c-Kit (data not shown). Additionally, | explored the expression of
Pu.1, a microglial transcription factor important for differentiation of myeloid lineage cells

from progenitors (Kueh et al. 2013), and found that Pu.1 staining is markedly increased
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Figure 1.5. Microglial repopulation occurs between 48 and 72 hr after CSF1R inhibitor withdrawal. A, To investigate early
repopulation events, 2-month-old CX3CR1-GFP"" mice were treated with PLX3397 for 7 days. The inhibitor was then
withdrawn, and groups of mice were sacrificed 1, 2, and 3 days later (n = 4/group). B-F, Representative sections shown from
the hippocampus of each of these groups, in which microglia express GFP. G, Flow cytometry of GFP" cells from the liver and
spleen of these animals. Con, control. H, Quantification of whole-brain sections for microglial numbers shows a reduction of
~70% with 7 days of PLX3397 treatment. Microglial numbers continue to decline for 2 days after inhibitor withdrawal but rapidly
recover between days 2 and 3. I, Brain levels of PLX3397 show rapid clearance of the drug from the CNS. J, GFP" cells
strongly express nestin at the 2- and 3-day recovery time points. 63X Z-stacks obtained by confocal microscopy and maximal
projections are shown. Scale bar represents 20 um. Separate channels and merge are shown for each of the time points in the
panels below. K, Western blots of whole-brain homogenates show significant increases in nestin and CSF1R with repopulation,
but no changes in CCR2. L, Quantification of K normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a
loading control. Same capital letter(s) above conditions (G, H, I, and L) indicates no significance (p > 0.05) via one-way ANOVA
with post hoc Newman-Keuls multiple comparison test. Error bars indicate SEM. (Elmore et al. 2014)

in microglia at the 2- and 3-day recovery time points (Fig. 1.6B). Similarly to the 18
month-old mice, repopulating microglia were also strongly positive for nestin at the 2-
and 3-day recovery time points (Fig. 1.5J), while no expression was seen in the other
groups. Indeed, Western blot of whole brain homogenates revealed ~1000% increase in
steady state levels of nestin at day 3 of recovery (Fig. 1.5K and quantified in L). | next
probed for steady state levels of CSF1R via Western blot, and found them to be
reduced at recovery days 0, 1, and 2, but restored by recovery day 3. Additionally,
levels of the monocyte marker CCR2 revealed no changes via immunoblot (Fig. 1.5K,

L), corroborating that repopulation does not occur from peripheral monocytes.
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Figure 1.6

Figure 1.6: IB4 reactivity and Pu.1 expression in repopulating microglia. 2 month-old CX3CR1-GFP*" mice were
treated with PLX3397 for 7 days. The inhibitor was then withdrawn and groups of mice sacrificed 1, 2, and 3 days
later (n=4 per group). A) GFP" cells strongly bind the IB4 lectin at the 2-and 3-day recovery time points. B) GFP" cells
also strongly express the transcription factor Pu.1 at the 2- and 3-day recovery time points. 63X Z-stacks were
obtained by confocal microscopy and maximal projections are shown. Separate channels and merge are shown for
each of the time points in the panels above. Scale bar represents 20 uM. (Elmore et al. 2014)

Repopulation occurs from a resident microglial-progenitor cell in the CNS

To gain insight into the origin(s) and properties of repopulating cells, | conducted
microarray analysis of mMRNA extracted from whole-brain homogenates of control and
recovery days 1 and 3. | selected recovery day 1 rather than day 0, as it is a time point
at which microglia are eliminated, but the drug is no longer in the system (Fig. 1.5H, I).
Significant changes in gene expression were determined by Cyber T analysis and
ranked in order of significance, with the top 30 differentially expressed genes shown in
Fig 1.7A-C. Reductions in known microglial-associated genes were the most commonly

changed genes in the 1-day recovery group compared to controls, including the recently
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identified microglial-specific genes p2ry12, p2ry13, Siglech, and slc2a5 (Gautier et al.,
2012; Chiu et al., 2013). Additionally, microglial-associated genes Csf1R, ITGAM, and
CX3CR1 were reduced. To build a gene expression profile of the repopulating brain and
cells, we compared both day-1 recovery (microglia remain depleted) and control brains
to day-3 recovery (repopulation has just begun to occur). In both comparisons,
increases in gene expression associated with cell proliferation and cell cycle control
were highly prevalent (Fig. 1.7B, C), including mki67, as well as UbeZ2c, Ccna2, Prr11,
and TopZ2a. Thus, the expression profile of the repopulating brain supports the notion
that repopulation is dependent upon proliferation.

Additionally, | compared levels of myeloid gene expression in recovery day 1 (microglia-
depleted) against recovery day 3 (repopulating) (Fig. 1.7D). Myeloid genes were
increased, as expected. However, | found several microglial-specific genes to be
significantly increased, which are not expressed in peripherally derived macrophages,
including F11r, Gpr165, Gpr84, Olfmi3, Serpine2, and Siglech (Chiu et al. 2013; Gautier
et al. 2012). The microglial-specific gene Tmem119 was not detected via microarray;
however, Real Time PCR of mRNA extracted from 3-day repopulating brains revealed
increases for both microglial-specific genes Tmem119 and Siglech (Fig. 1.8), as well as
microglial-associated genes Aif1, CSF1R, Cx3cr1, and Trem2, providing validation of
the microarray data. Additionally, | found no significant changes in macrophage-specific

Figure 1.7: Microarray analysis of the repopulating brain reveals extensive proliferation and a microglia-
specific expression profile. mMRNA was extracted from the whole brains of control, day 1 recovery, and day 3
recovery groups from Figure 5. Microarray was performed via Affymetrix Mouse Gene 2.0. Gene expression changes
were ranked by significance, as determined by Cyber T analyses, and the top 30 changes are shown for (A) control
brains versus day 1 recovery (microglia depleted and drug cleared from CNS), (B) day 1 recovery versus day 3
recovery (repopulated brain), and (C) control brains versus day 3 recovery. Fold change and probabilities of
differential expression (PPDE) are shown. Gene symbols highlighted in tan are known to be associated with microglia,
those in dark green are microglia-specific over macrophages, and those in blue are associated with cell cycle
progression and proliferation. No macrophage-specific genes were changed. D) Comparison of significant expression
values for myeloid genes between day 1 recovery and day 3 recovery (p<0.05). Error bars indicate SEM. (Elmore et
al. 2014)
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Microglia-Depleted CNS
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Cd33 -1.949 1.000 CD33 antigen
Tyrobp -1.575 1.000 TYRO protein tyrosine kinase binding protein
Gpré4 2.196 1.000 G protein-coupled receptor 84
Itgam -1.986 1.000 integrin alpha M
Hexb -1.486 1.000 hexosaminidase B
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genes in the microarray dataset including Fn1, Sip1, Saa3, Prg4, Cfp, Cd5L, GM11428,
Crip1 Pf4, and Alox15 (Gautier et al. 2012) (data not shown). The monocyte-specific
marker CCR2 was not changed. Thus, these data further support the notion that

repopulating cells have an
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cell proliferation. At the 2-day
recovery time point, | found the brain to contain many microglia-negative (GFP/Ki67")
cells throughout; these cells were not seen in control, 0-, or 1-day recovery brains (Fig.
1.9A, B with quantification in C-E). By 3 days of recovery, most Ki67" cells were also
GFP", suggesting that these dividing, Ki67" cells are potential microglial progenitors. A
fraction of surviving microglia also expressed Ki67 at the 2-day timepoint, suggesting
that surviving microglia were also contributing to repopulation.

Proliferating cells can also be labeled and tracked with the thymidine analog BrdU, thus
allowing us to track the fate of the Ki67/proliferating cells to determine if they do indeed

become microglia. | tagged proliferating cells with BrdU (single injection IP) at the 2-day
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recovery time point (Fig. 1.10A-H). In the first cohort, mice were sacrificed 5 hours after
injection and their brains were analyzed to confirm that the proliferating cells
incorporated BrdU. Indeed, 5 hours post-injection, many non-microglial cells were
shown to have incorporated BrdU (Fig. 1.10B, C; IBA1"), while only 30% of all BrdU"
cells expressed microglial markers (Fig 1.10B, C with quantification in G, H). In control
animals, BrdU is not incorporated into appreciable numbers of cells (Fig. 1.10A and
quantified in G, H) or in those depleted of microglia and maintained on the inhibitor
(data not shown). Thus, BrdU-incorporated non-microglial cells correspond to the
potential microglia progenitor cells. Having determined that the proliferating potential

progenitor cells incorporate BrdU, in a second cohort of animals, | sacrificed the mice 24
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Figure 1.9. Microglial Repopulation Is Preceded by Proliferation of a Nonmicroglial Cell Type throughout the CNS
(A) Using the same experimental groups as shown in Figure 5, repopulating brains were stained for the cell proliferation
marker Ki67. Few Ki67" cells were seen in control, 0-, or 1-day recovery groups. A fraction of the GFP" cells expresses Ki67
at the 2-day recovery time point, and a majority of the GFP" cells express Ki67 at the 3-day recovery time point. Ki67'/GFP"
cells appeared throughout the CNS at 2 days of recovery, usually with two nuclei adjacent to one another (highlighted by
arrows). Far fewer Ki67'/GFP" cells were seen at the 3-day recovery time point. The 63X Z-stacks obtained by confocal
microscopy and maximal projections are shown. Scale bar represents 20 pm. (B—E) Images of Ki67" and GFP" cells from
the cortex are shown to illustrate the number of proliferating, but GFP", cells that appear at the 2-day recovery time point, as
quantified in (C) for the hippocampal region, (D) for the piriform cortex, and (E) for the cortex. Error bars indicate SEM.
(Elmore et al. 2014)

hours after BrdU administration, in order to track their fate over the next day. 24 hours
later, virtually all BrdU-incorporated cells were microglia (as determined by IBA1
staining; Fig. 1.10E, F and quantified in G, H), with very few BrdU*/IBA1" cells observed
(Fig. 1.10H). These results demonstrate that the non-microglial proliferating/BrdU-
incorporating cells become microglia within 24 hours, and provides further evidence that
these cells as microglial progenitors.

Given the finding that potential microglial progenitor cells are stimulated to proliferate
and differentiate into microglia, | reasoned that these progenitors would also express
some of the markers that the initial repopulating microglia express, such as nestin.
Indeed, co-staining for Ki67 and nestin in 2-day repopulating brains revealed that these
newly appeared proliferating cells express nestin, with fine nestin® processes radiating
out from the cell body (Fig. 1.10K-N, with magnified images in L and N), lending further
credence to the idea that these proliferating nestin-expressing cells become the
repopulated microglia. As controls, | show that these cells do not express either GFAP
(Fig. 1.101) or MAP2 (Fig. 1.10J). Finally, | confirmed that the BrdU-incorporated non-
microglial cells found 5 hours after BrdU administration (Fig. 1.10B) also expressed

nestin (Fig. 1.100, P).
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Figure 1.10. Fate Mapping Reveals a Nestin-Expressing Microglia Progenitor Cell that Becomes the Repopulating
Microglia. A-F, To determine whether the nonmicroglial Ki67" proliferating cells were becoming microglia, 2-month-old wild-type
mice were treated with PLX3397 or vehicle to deplete microglia. The inhibitor was withdrawn and BrdU was administered 2 days
later to label proliferating cells (n = 3—4 per group). Mice were sacrificed 5 or 24 hr later (n = 4 per group). Representative images
of the cortical region are shown for controls (A) and the 2-day recovery group (B) for IBA1 and anti-BrdU at 5 hr after BrdU
administration. The 63X maximal projection Z-stacks are shown for the 2-day recovery group + 5 hr BrdU (C), revealing that the
majority of BrdU-incorporated cells are not microglia. D-F, Representative images of the cortical region are shown for controls (D)
and the 2-day recovery group (E) for IBA1 and anti-BrdU at 24 hr after BrdU administration. The 63X maximal projection z-stacks
(Elmore et al. 2014) are shown for the 2-day recovery group at 24 hr after BrdU administration (F), revealing that the majority of
BrdU-incorporated cells are now microglia. G, Quantification of (A-F) shows that only 30% of BrdU-incorporated cells are
microglia after 5 hr but that 96% become microglia after 24 hr. H, Quantification of the total amount of BrdU"/nonmicroglial cells
per field of view shows that most of these cells have differentiated into microglia within 24 hr. I-N, CX3CR1-GFP*" mice were
treated for 7 days with PLX3397, and 2 days after inhibitor withdrawal, Ki67"/GFP /nestin” cells are induced throughout the CNS
(highlighted with white arrowheads in K and M; two different fields of view are shown, with a 63X zoom image of the nestin-
expressing cells shown in L and N). In addition, costains with Ki67 show that the repopulating cells do not express GFAP (I) or
MAP2 (J). O, P, BrdU-incorporated cells in the 2-day recovery brains (sections obtained from B), also express nestin (microglia
only shown in the 63X merge). Same capital letter above conditions (G and H) indicates no significant difference (p>0.05) via
one-way ANOVA with post hoc Newman-Keuls multiple comparison test. Error bars indicate SEM. Scale bars represent 20 pm.

CSF1R inhibition is sufficient for both microglial elimination and repopulation

The compound used in all experiments detailed in this document so far is PLX3397 - a
CSF1R inhibitor that targets both CSF1 and a related receptor, c-kit. Since c-kit is a
stem cell-related gene, it was important to ensure that effects of microglial elimination
and repopulation were due to inhibition of the CSF1 receptor, and not due to off-target
effects of also inhibiting c-kit. To this end, | treated 2 month-old wild-type mice with a
similar CSF1R inhibitor, PLX5622, which only inhibits the CSF1 receptor, and has no
effects on c-kit. Treating with this compound for 7 days eliminated ~90% of microglia
(Fig. 1.11A-B), and repopulation of microglia followed removal of the inhibitor, in a

similar fashion to that achieved by CSF1R inhibition via PLX3397 (Fig. 1.11A-B).
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Figure 1.11: Inhibition of CSF1R alone is sufficient to both eliminate and repopulate microglia. 2 month-old WT
mice were treated with 1200 mg/kg PLX5622, a CSF1R inhibitor that does not target c-kit (n=4/group). A, Anti-lba1
staining revealed microglial elimination after 7 days of treatment, followed by a return of Iba1” cells after removal of
the compound. B, Quantification of the number of Iba1+ cells/FOV in hippocampus, thalamus, and piriform cortex
revealed similar patterns for microglial elimination and repopulation as treatment with PLX3397.

DISCUSSION
Dependence of Microglia on CSF1R Signaling in the Adult Brain

Studies have highlighted the importance of the CSF1R to the development of microglia,
with mice lacking the CSF1R being born devoid of microglia (Erblich et al., 2011;
Ginhoux et al., 2010). Unfortunately, these mice have developmental defects and
usually die by adulthood, by which time some microglia are observed (Erblich et al.,
2011). Mice lacking either of the two CSF1R ligands, CSF1 (Wegiel et al., 1998) or IL-
34 (Wang et al., 2012), also have reduced densities of microglia throughout the CNS.
Thus, the CSF1R is heavily implicated in the development of microglia. However, it is
unknown what role the CSF1R plays in microglia homeostasis and viability in the adult

brain. Our results show that microglia in the adult brain are fully dependent upon
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CSF1R signaling for their survival and that we can eliminate virtually all microglia from
the CNS for extended periods through the administration of CSF1R inhibitors. Thus,
CSF1R signaling appears to act as a requisite growth factor receptor for microglia, and
its blockade drives microglia to their death. Growth factor withdrawal is known to induce
apoptosis in many other cell types, including HSCs (Cornelis et al., 2005) and
macrophages (Chin et al., 1999). Consequently, we can take advantage of this
dependency to manipulate microglial levels in the adult brain through administration of
CSF1R inhibitors, allowing studies into microglia function that have not been possible
before. Moreover, the CSF1R provides an ultimate drug target for neuroinflammation, in

that we can now eliminate microglia rather than just suppress aspects of their activity.

Rapid Repopulation of the Microglia-Depleted Brain

Having shown that we could eliminate >99% of all microglia from the adult brain, we
asked the question of whether new cells could replace the lost microglia and repopulate
the CNS. Microglia colonize the CNS during development, before E9 (Ginhoux et al.,
2010). Once the CNS has formed, these microglia are long lived and have the capacity
to divide and self-renew in an autonomous cell population, but the dynamics and
regulation of resident microglia numbers are not fully understood. In the periphery,
macrophage populations are thought to be replenished by circulating monocytes
derived from multipotent HSCs found in the BM, although this view has been challenged
(Hashimoto et al., 2013; Sieweke and Allen, 2013). In contrast, the brain is separated
from circulation by the BBB, and experiments have shown that there is little infiltration of

peripheral HSCs/monocytes/macrophages into the CNS to help maintain or replenish

45



microglia under normal, nonirradiated conditions (Mildner et al., 2007; Ajami et al.,
2011; Greter and Merad, 2013). Thus, we set out to explore whether repopulation could
occur in the adult brain, as well as the consequences of with- drawing CSF1R
antagonists once microglia were depleted. We initially predicted that the brain would
remain absent of microglia for some time, given our current knowledge about the origins
and proliferative properties of microglia; but remarkably, we found that the CNS can fully
repopulate with new microglia within just 7 days. Furthermore, the returning number of
microglia is identical to that in untreated mice, showing astonishing and precise
regulation of the microglial population within a very short period of time. Repopulating
microglia derive from proliferation, as shown with Ki67 expression and incorporation of
BrdU, rather than infiltration of peripheral cells into the CNS. Initially, repopulating
microglia show very different morphologies and expression patterns to resident
microglia, such as immunoreactivity for nestin, but they rapidly differentiate into ramified

microglia over a 7- to 14-day period.

Crucially, we find that the repopulating brain induces the proliferation of nestin-
expressing cells throughout the CNS that appear to become the repopulating microglia.
This finding helps to explain why these initial microglia strongly express nestin and how
microglia numbers can be restored in a very short time, given that there are so few
surviving microglia. It should be noted that the surviving microglia themselves also
proliferate, as evidenced by the expression of Ki67 and observations of cytokinesis (i.e.,
Figure 1.7A, 3-day recovery), revealing that repopulation may occur partly from nestin-
expressing proliferating progenitors and partly from proliferation of surviving cells. Of

note, microglia are of a myeloid lineage rather than the neuroectodermal lineage that
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nestin expression would suggest, leading us to question why the repopulating microglia
express nestin. In explaining this, it is possible to generate microglia from embryonic
stem cells (ESCs) (Beutner et al., 2010); ESCs are differentiated to a neuronal, nestin®
lineage and then the neuronal growth factors are removed, resulting in microglia.
Hence, ESCs need to pass through a nestin® stage on their way to becoming microglia,
in line with the cells that we describe in this study, providing clear evidence that
repopulating microglia strongly express nestin. In addition, several previous studies
have shown subsets of microglia to be able to express nestin under certain conditions,
such as in culture (Yokoyama et al., 2004), after traumatic brain injury (Sahin Kaya et
al., 1999), or after optic nerve injury (Wohl et al., 2011) where proliferating, BrdU-
incorporating microglia initially also express nestin. A study has also highlighted that the
CSF1R negatively regulates the expansion of nestin® progenitors in the developing
brain, an intriguing parallel with our own findings in the adult brain and the relationship
between CSF1R signaling and nestin-expressing progenitors and microglia (Nandi et
al., 2012). Similar repopulation kinetics have been reported in an alternative model of
microglial depletion (Bruttger et al., 2015) utilizing an acute administration of diphtheria
toxin, which also confirmed that repopulation occurred from within the CNS, with no
peripheral contributions. These studies show that the adult brain has a remarkable
capacity to repopulate the entire microglial tissue, and gives insights into the regulation

of microglial homeostasis and inflammatory responses.
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CHAPTER TWO

A LIMITED CAPACITY FOR MICROGLIAL REPOPULATION IN THE ADULT BRAIN

INTRODUCTION

Microglia are the primary innate immune cells of the CNS, capable of sensing and
responding to insults in the local environment (Nimmerjahn et al., 2005). During
development, they also have a crucial role in synaptic sculpting (Paolicelli et al., 2011;
Schafer et al., 2012), as well as regulation of neurogenesis (Antony et al., 2011), and
this function is maintained in the adult brain, where they continue to regulate neuronal
structures and connections (Tremblay et al., 2010; Rice et al., 2015). Unique among
myeloid cell types, microglia directly originate from yolk sac macrophage precursors,
and colonize the CNS early in development (Hoeffel et al., 2015; Alliot et al., 1999;
Ginhoux et al., 2010). Due to the presence of the BBB, microglia are separated from
myeloid cell populations in the periphery, and are long-lived and self-sustaining in their
isolation (Lawson et al., 1992).

We previously discovered that microglia are dependent upon signaling through the
colony-stimulating factor 1 receptor (CSF1R) for their survival (Elmore et al., 2014).
Administration of BBB-permeant CSF1R inhibitors leads to the rapid elimination of up to
99% of microglia in a dose-dependent fashion (Dagher et al., 2015). While other
myeloid populations also express the CSF1R, microglia appear to be uniquely
dependent on its signaling for survival. Accordingly, other myeloid populations are not
depleted (Elmore et al., 2014), again showing divergence between microglia and other

myeloid cell types. Microglia can be depleted for the duration of CSF1R inhibitor
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administration, but withdrawal of inhibitors from the microglia-depleted brain stimulates
rapid repopulation (Elmore et al., 2014). Repopulation occurs both from proliferation of
the few surviving microglia and from a pool of CNS-resident proliferating cells (which we
deem “progenitors”) that appear to differentiate into new microglia over the course of
several days, but the relative contributions are unknown. Overall, within ~14 days of
inhibitor withdrawal, the CNS is fully repopulated with similar microglia densities,
spacing, and morphologies to controls (Elmore et al., 2015). Similar repopulation
kinetics have been reported in an alternative model of microglial depletion (Bruttger et
al., 2015) utilizing an acute administration of diphtheria toxin, which also confirmed that
repopulation occurred from within the CNS, with no peripheral contributions. These
studies show that the adult brain has a remarkable capacity to repopulate the entire
microglial tissue, and gives insights into the regulation of microglial homeostasis and
inflammatory responses.

Here, | have explored the kinetics and capacity of the adult brain for microglial
repopulation and find that the rate of repopulation is proportional to the extent of
microglia depletion. Furthermore, | find that there is a finite capacity for repopulation,
with multiple repopulation cycles leading to brain conditioning that can no longer support

repopulation.

MATERIALS AND METHODS
Compounds
PLX3397 was provided by Plexxikon, Inc. and formulated in standard chow by

Research Diets Inc. at 290- and 600mg/kg.
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Animal Treatments

All rodent experiments were performed in accordance with animal protocols approved
by the Institutional Animal Care and Use Committee at the University of California,
Irvine. 2-9 month-old age-matched male mice were provided with control chow or
PLX3397 chow for 7 days at a time, for 1, 2, or 3 cycles of treatment. Following each
treatment cycle, PLX3397 was withdrawn and all mice maintained on control chow for 7
or 28 days. At the conclusion of experiments, mice were sacrificed via CO; inhalation
and perfused transcardially with 1X phosphate-buffered saline (PBS). Brains were
extracted and dissected down the midline, with one half flash-frozen on dry ice for
subsequent RNA and protein analyses, and the other half drop-fixed in 4%
paraformaldehyde (PFA) in 1X PBS. Fixed brains were cryopreserved in a 30% sucrose
solution, frozen, and sectioned at 40 um on a Leica SM2000 R sliding microtome for

subsequent immunohistochemical analyses.

Confocal microscopy

Fluorescent immunolabeling followed a standard indirect technique (primary antibody
followed by fluorescent secondary antibody), as previously described (Elmore et al.,
2014). Primary antibodies used include Iba1 (1:1000; Wako), GFAP (1:10,000; Abcam),
S100b (1:1000, Abcam), TGFB1 (1:100; Abcam), Cd11b (1:100; Bio-Rad), P2ry12
(1:500; Sigma) and Tmem119 (1:3; courtesy of Dr. Ben Barres). Colocalization scores
and numbers of myeloid cells and astrocytes were determined using the colocalization

and spots modules in Bitplane Imaris 7.5 software.
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RNA Extraction and RNA-Seq Processing

RNA was extracted and purified from frozen half brains using an RNA Plus Universal
Mini Kit (Cat. #73404, Qiagen, Hilden, Germany) per the manufacturer’s instructions.
Total RNA was monitored for quality control using the Agilent Bioanalyzer Nano RNA
chip and Nanodrop absorbance ratios for 260/280nm and 260/230nm. Library
construction was performed according to the Illumina TruSeq RNA v2 protocol. The
input quantity for total RNA within the recommended range and mRNA was enriched
using oligo dT magnetic beads. The enriched mRNA was chemically fragmented. First
strand synthesis used random primers and reverse transcriptase to make cDNA. After
second strand synthesis the ds cDNA was cleaned using AMPure XP beads and the
cDNA was end repaired and then the 3’ ends were adenylated. lllumina barcoded
adapters were ligated on the ends and the adapter ligated fragments were enriched by
nine cycles of PCR. The resulting libraries were validated by gPCR and sized by Agilent
Bioanalyzer DNA high sensitivity chip. The concentrations for the libraries were
normalized and then multiplexed together. The multiplexed libraries were sequenced
using paired end 100 cycles chemistry for the HiSeq 2500. The version of HiSeq control

software was HCS 2.2.58 with real time analysis software, RTA 1.18.64.

RNA-seq, Gene Ontology, and Pathway analysis
Single-end RNA-seq reads were first aligned using Bowtie v. 0.12.8 (Langmead et al.,
2009) to the reference mouse transcriptome GENCODE,vM4. Gene expression level

was quantified using RSEM v.1.2.12 (Li and Dewey, 2011) with expression values
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normalized into Fragments Per Kilobase of transcript per Million mapped reads (FPKM).
Samples with >20,000,000 uniquely mapped reads and >75% uniquely mapping
efficiency were considered for downstream analyses. Differential expression analysis
was performed using edgeR (Robinson et al., 2010) on protein-coding genes and
IncRNAs. Differentially expressed genes were selected by using p-value <0.005 and
false discovery rate (FDR)<0.05. Gene ontology analysis was performed with DAVID
(Huang da et al., 2009b, a) Fisher’s exact test p-value lower than 0.05. KEGG pathways

analysis was performed with PaintOmics v. 2.0 (Garcia-Alcalde et al., 2011).

Statistics

All analyses, with the exception of RNA-seq were performed using one-way ANOVAs
with post-hoc Tukey’s Multiple Comparison tests for all multiple comparisons (Graphpad
Prism 6). For non-RNA-seq analyses, statistical significance was accepted at p<0.05;

trends at p<0.10.

RESULTS

Capacity for normal microglial repopulation with cycles of partial depletion:

Our previous data found that 7 days’ treatment with the CSF1R/c-kit inhibitor PLX3397
at 290 mg/kg in chow led to ~50-70% microglia depletion brainwide (Elmore et al.,
2014). Withdrawal of the inhibitor then stimulated repopulation both from unidentified
proliferating cells and surviving cells (Elmore et al., 2014). As repopulation derives from
a progenitor source within the brain, we reasoned that there may be a finite pool of

these progenitors, and thus a finite capacity for repopulation. To assess the capacity of
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the brain for microglial repopulation, | subjected 2-month old male mice (n=4/group) to
multiple cycles of depletion and repopulation (Figure 2.1A). | found that 7 days’
treatment with PLX3397 (290 mg/kg in chow) led to ~50% elimination of microglia,
which was only partly recovered with 7 days of repopulation. A similar pattern was found
with a second round of elimination/repopulation (Figure 2.1 B, C), showing that the brain

can recover from at least 2 rounds of partial elimination and repopulation.

The rate of microglial repopulation is proportional to the extent of microglial
depletion:

As 7 days’ treatment with 290 mg/kg PLX3397 reduced microglial numbers by 50% and
only resulted in partial repopulation (Figure 2.2A, C), | increased the potency of the
CSF1R inhibitor to determine if a higher concentration could more thoroughly ablate
microglia in this time frame. We reformulated chow at a concentration of 600 mg/kg
PLX3397, and found that 7 days’ treatment with this higher concentration led to 98.8%
depletion of microglia (Figure 2.2B, D). Furthermore, upon inhibitor withdrawal, powerful
repopulation was observed, with brain microglia levels reaching 150% of controls within
7 days (Figure 2.2B, D). This overshoot is consistent with results from mice treated for 4
weeks with 290 mg/kg PLX3397, leading to 95% depletion of microglia (Chapter 1;
Elmore et al., 2014). By comparing this rate of repopulation with that observed with 50%
microglial depletion, repopulation is much stronger and more rapid with higher levels of

microglia depletion.
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Figure 2.1. Cyclic treatment of WT mice with PLX3397 (290mg/kg). A, Schematic depicting experimental paradigm of dose
and duration of treatment and withdrawal cycles (n=4/group). B, 10X representative images of CX3CR1-GFP" cells in cortical
regions. C, Quantification of number of GFP" cells per FOV. Error bars represent SEM, (n=4). p<0.05; significance symbols
represent comparison groups: Control *, Elim 1 #, Repop 1 ¢, Elim 2 A, Repop 2 ¢.
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Figure 2.2 Rate of microglial repopulation depends on extent of depletion. A, 10X representative images of cortical
regions; mice treated with PLX3397 (290 mg/kg) for 7 days (n=4/group). B, 10X representative images of cortical regions;
mice treated with higher dose of PLX3397 (600 mg/kg) for 7 days. C, Quantification of GFP" cells/FOV with 290 mg/kg
PLX3397, normalized to percent of Control, reveals an increase of an average of 16 cells/FOV/day between treatment
and recovery groups; recovery group does not reach control levels. D, Quantification of Iba1” cells/FOV with 600 mg/kg
PLX3397, normalized to percent of Control, reveals an increase of an average of 75 cells/FOV/day between treatment
and recovery groups; recovery group surpasses control levels. Error bars represent SEM, (n=4). p<0.05; significance

A finite capacity for microglial repopulation with cycles of thorough depletion:

Having now identified a formulation of PLX3397 that potently eliminates ~99% of
microglia within 7 days, we set out to further explore the capacity of the brain for
repopulation using this formulation. To that end, we subjected 2-month old male mice to
3 cycles of elimination and repopulation (7 days on drug, 7 days off drug per cycle;
n=4/group; Figure 2.3A). Microglia were robustly eliminated for all 3 cycles, but
repopulation was only observed in the first cycle (Figure 2.3B, C), with very few cells
repopulating in cycles 2 and 3. Thus, the adult brain has a finite capacity for microglial
repopulation, and appears to only have sufficient pools available for one round of

repopulation, at least with rapid cycles of elimination/repopulation.
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Transcriptome analyses of microglia depleted and repopulated brains:

| extracted whole brain RNA from Control, Elim (7 days 600 mg/kg PLX3397), Repop 1
(successful repopulation), and Repop 2 and 3 (unsuccessful repopulation), and
performed RNA-seq. FPKM values were obtained, and differential expression of
significantly altered genes (p < 0.005 and FDR < 0.05) calculated (Figure 2.4). Analyses
of Control vs. Elim brains revealed reductions in 254 genes, and 15 upregulated genes
(Figure 2.4A, B). Using cell type specific expression databases (Zhang et al., 2014), |
found that the clear majority of the downregulated genes are expressed strongly, or
solely, in microglia, allowing us to assemble a core set of microglia expressed genes
(Figure 2.4C, D), validating several studies on brain extracted microglia (Butovsky et al.,
2014; Bennett et al., 2016). | divided other differentially expressed genes into those
expressed by astrocytes, neurons, oligodendrocyte precursors (OPC), new
oligodendrocytes, myelinating oligodendrocytes, or endothelial cells, and displayed
expression of Repop groups in a heatmap (Figure 2.4E). Within the list of 15
upregulated genes between Control and Elim are the astrocyte-expressed genes GFAP,
mt2, and serpina3n. Immunostaining for GFAP confirmed marked increases in GFAP
expression with all cycles of elimination and repopulation, while S100b, an alternative

astrocyte marker, was increased only with each elimination cycle (Figure 2.5B-C).

“igure 2.3 Cyclic treatment of WT mice with higher dose of PLX3397 (600 mg/kg). A, Experimental paradigm:
schematic depicting dose and duration of treatment and withdrawal cycles (n=4/group). B, Representative whole
arain stitches of Ibal® cells in each group. €, Quantification of number of Ibal+ cells/FOV for hippocampus, cortex,
and thalamus. Error bars represent SEM, (n=4). p<0.05; significance symbols represent comparison groups: Control
¥, Elim 1 #, Repop 1 ¢, Elim 2 A, Repop 2 ¢, Elim 3 0, Repop 3 e.

Interestingly, | found
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Figure 2.4 Differentially expressed genes between treatment cycles with 600 mg/kg PLX3397, obtained via RNA-seq
analysis. A, Number of significant differentially expressed genes between each group analyzed. B-E, Differentially expressed
genes between Con and Elim. B, Heatmap of significant differentially expressed genes. C, Differentially expressed genes
stratified by those commonly expressed by CNS cell types reveals 164 downregulated microglial genes. D, List of 164
downregulated microglial genes termed “core” microglial genes. E, Heatmaps of differentially expressed genes stratified by CNS
cell type reveals increase in common astrocyte-expressed genes, and decrease in common oligodendrocyte-expressed genes.
F-H, Differentially expressed genes between Con and Repop 1. F, Heatmap of significant differentially expressed genes. G,
Differentially expressed genes stratified by those commonly expressed by CNS cell types reveals 139 upregulated microglial
genes. H, IPA reveals upregulation of many downstream genes from IFNy.
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that cortical astrocytes progressively increase their expression of TGFB1 with each
cycle.

Most other upregulated genes between Control and Elim are those commonly
expressed by oligodendrocytes (Figure 2.4E). The remaining downregulated genes are
commonly expressed by neurons, astrocytes, OPC’s, and endothelial cells (Figure
2.4E). We cannot discount that these genes could also be expressed in microglia, and
hence their downregulation may be a direct result of microglial elimination, rather than
an effect on a specific cell type.

We next compared differentially expressed genes between Control and Repop 1 brains
(the successful repopulation; Figure 2.4F). 196 genes were significantly upregulated,
and the clear majority of these are commonly microglia-expressed (Figure 2.4G), in
accordance with the overshoot in microglia numbers with 7-days repopulation (Figure
2.2B, D). However, pathway analyses of all differentially expressed genes revealed an
IFNy-activated gene signature (Figure 2.4H), suggesting that repopulating microglia are
initially in an activated state at this point. In agreement, | previously showed that
repopulating cells at day 7 express CD45 (Chapter 1; Elmore et al., 2014), a marker of
activation, and have amoeboid morphologies (Figure 2.5A), which ramify by 14 days
(Elmore et al., 2015). Further pathway analysis of upregulated genes revealed
extensive activation of immune responses, including cytokine and chemokine signaling

pathways, while downregulated
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Figure 2.5 Microglial morphology and astrocyte staining of groups from cyclic treatment with 600 mg/kg PLX3397. A, 63X
representative z-stack images of Iba1+ cells reveal grossly different morphologies between each repopulation cycle. B-D,
Astrocyte staining and quantification. B, 10X representative images of S100+/GFAP+ cells during each cycle. C, Quantification of
GFAP+ and S100+ cells reveals an increase in number of GFAP+ cells with the first repopulation cycle, which remains elevated,
and an increase in number of S100+ cells with the second elimination. D, 63X representative images of Iba1/GFAP/TGF ss1
immunoreactivity reveals a shift in the expression of TGFB-1 to within astrocytes.
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genes were associated with antigen processing and presentation, as well as MAPK
signaling (Figure 2.6A).

Given the failure to repopulate in cycles 2 and 3, most gene expression changes from
Control brains were downregulated microglia-expressed genes, due to the cells’
absence. We therefore compared differentially expressed genes between Eliminated
mice and Repop groups 1, 2, and 3 (Figure 2.6B-I). Common upregulated genes to all
comparisons were involved with cell adhesion molecules, HSC lineage, and chemokine
signaling, while oligodendrocyte genes OLIG1 and OLIG2 were among the shared
downregulated genes (Figure 2.6H). There were 336 unique upregulated and 45
downregulated genes between Elim vs. Repop 1, demonstrating that Repop 1 is
dissimilar from the other two Repop groups, as expected. Interestingly, the Elim vs.
Repop 3 comparison revealed unique upregulations in gene expression of endothelial
cell-expressed TBX15, MEOX1, and FOXC1 (Figure 2.6G). Repop 2 and 3 are virtually
identical to one another, with only 7 differentially expressed genes between them

(Figure 2.61).

Expanded capacity for microglial repopulation with increased recovery time:

Having shown that the adult brain has the capacity for just one complete round of
microglial repopulation with the previous paradigm, | wanted to determine if that
capacity could be increased by allowing more recovery time between cycles. To that
end, groups of male mice (n=4/group) were treated with cycles of 7 days’ treatment with
PLX3397 (600 mg/kg), followed by 28 days of recovery (Figure 7A). This time, all three

rounds of repopulation were successful, showing that the adult brain requires recovery
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Figure 2.6
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Figure 2.6 Pathway analysis and further comparison of differentially expressed genes, obtained via RNA-seq. A,
Pathway analysis of differentially expressed genes between Con and Repop 1 reveals 196 upregulated genes, many of which
are associated with cytokine and chemokine signaling, Jak-STAT signaling, and general immune cell identity and functions;
downregulated genes involved in antigen processing and MAPK signaling. B-D, Heatmaps of differentially expressed genes
between Con vs. Repop 1, Con vs. Repop 2, and Con vs. Repop 3, respectively. E-F, Venn diagrams of common and unique
differentially expressed genes between Elim vs. Repop 1, Elim vs. Repop 2, and Elim vs. Repop 3. E, Analysis of upregulated
genes between the three comparisons, reveals 336 uniquely differentially expressed genes in Elim vs. Repop 1 comparison.
F, Analysis of downregulated genes between the three comparisons. G-H, Pathway analysis of common and unique
differentially expressed upregulated and downregulated genes between Elim vs. Repop 1, Elim vs. Repop 2, and Elim vs.
Repop 3. Colored asterisks for analyses match those in venn diagrams from F.

time between cycles for repopulation. Notably, the third recovery is less complete than
the first two. Immunostaining revealed that cells in the third cycle still expressed
functional CSF1R’s (Figure 2.8A). Many macrophage and monocyte populations in the
periphery also express the CSF1R, yet are not depleted with CSF1R inhibitors (Elmore
et al., 2014; Valdearcos et al., 2014). Several microglia-specific markers have recently
been identified, including P2RY12 (Butovsky et al., 2014), and TMEM119 (Bennett et
al., 2016). Immunostaining revealed clear heterogeneity in P2RY12 expression in the
3" repopulation study, with half the cells being ramified and expressing both Iba1 and
P2RY12, and the other half being far less ramified and not staining for P2RY12 (Figure
2.8B, E-F). Similar results were seen with TMEM119 (Figure 2.8C, D, G). These two cell
populations were found consistently throughout all brain regions surveyed. The
observed effects (myeloid cells that are resistant to CSF1R inhibition and a lack of
P2RY12/Tmem119 immunostaining) are consistent with a population of infiltrating cells
from peripheral sources, with these multiple cycles of microglial depletion and
repopulation.

Figure 2.7 Cyclic treatment of WT mice with 600 mg/kg PLX3397, and 28d withdrawal periods. A, Representative whole brain
stitches of Iba1” cells in each group. B, Quantification of number of Iba1+ cells/FOV in hippocampus, cortex, and thalamus
reveals all three repopulation cycles match control numbers, although there are fewer cells in the third repopulation cycle than
the first two cycles. C, 63X representative images of Iba1+ cells during each repopulation cycle, and the third elimination cycle.
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Figure 2.8 Properties of returning cells with long recovery cycles of 600 mg/kg PLX3397. A, 10X representative images of
Cd11b" and pCSF1R" cells reveals surviving cells in the third elimination cycle still retain active CSF1 receptors. B, E, 10X
representative images of cells staining positively for P2ry12 and/or Iba1 reveals subset of Iba1” cells that are not P2ry12*. C,D,
10X representative images of cells staining postively for Tmem119 and/or Iba1 reveals subset of Iba1® cells that are not
Tmem119". F- G, Quantification of percentage of Ibal+ area that colocalizes with P2ry12 and Tmem119 expression,
respectively.
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DISCUSSION

| previously demonstrated that microglial elimination via CSF1R inhibition and the
subsequent removal of these antagonists stimulates proliferation and differentiation of
unidentified precursor cells throughout the brain into microglia. However, the limits of
repopulation via proliferation of these cells have not yet been determined. Here, |
explored the dynamics of microglial repopulation following treatment with CSF1R
inhibitors, and reveal that depending on the potency and duration of treatment with
CSF1R inhibitors, there is a finite capacity for full brainwide microglial repopulation.

| sought to better understand the signals coordinating successful vs. failed repopulation
cycles through whole-brain gene expression profiling, but not surprisingly, the great
majority of genes that are differentially expressed between groups with and without
microglia, are typically expressed by microglia. As expected, profiling of the microglia
depleted brain reveal a core set of genes markedly downregulated with CSF1R inhibitor
treatment that are known to be expressed solely or highly in microglia, and confirm
several studies detailing gene expression in microglia extracted from brains (Beutner et
al., 2013; Chiu et al., 2013; Hickman et al., 2013; Butovsky et al., 2014; Bennett et al.,
2016). These genes include P2ry12, Tmem119, Fcrls, and Tgfbr1. Further gene
expression profiling of repopulated brains showed that the returning microglia are
clearly in an activated state, with a characteristic IFNy-induced profile, and an
upregulation of many pro-inflammatory cytokines and chemokines. As the depletion of
microglia (via CSF1R inhibitors or other means) is artificial, we must be tapping into
existing pathways and mechanisms to bring about rapid and powerful cell division and

differentiation. We speculate that the brain may have evolved to rapidly produce large
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quantities of microglia during times of infection, and thus the default phenotype for
rapidly repopulating microglia would be a state in which to fight and contain potentially
infectious agents. Indeed, our prior results show that although they initially appear
primed to protect against an attack, in the absence of actual pathogens or damage,
repopulated microglia revert to a resting/surveillant state within 14 days (Elmore et al.,
2015).

With an understanding that our model of microglial repopulation involves proliferation
and differentiation of unidentified microglial precursor cells, we looked to examples of
similar paradigms with OPCs to guide us in exploring the kinetics of microglial
repopulation. Administration of cuprizone leads to demyelination of axons through the
selective death of oligodendrocytes. Once demyelinated, OPCs then proliferate and
differentiate into new oligodendrocytes, effectively remyelinating the axons (Mason et
al., 2000; Sachs et al., 2014). Using a model of chronic cuprizone treatment, it has been
shown that the OPCs become progressively depleted resulting in failed remyelination
(Mason et al., 2004). Paralleling these observations, | found that with rapid cycles of
microglial elimination and withdrawal (7 days’ treatment, 7 days’ withdrawal), microglia
failed to repopulate a second or third time, suggesting that the source of repopulating
microglia is exhausted. In both cases, it would appear that the progenitors require time
to replenish themselves in order to contribute to prolonged or cyclic functional
differentiation and repopulation. Further similarities were also found with
oligodendrocyte depletion and subsequent remyelination. Varying the dose and/or time
of CSF1R inhibitor treatment affects the extent/speed of microglial depletion. For

example, administration of PLX3397 at 290 mg/kg in chow leads to 50% depletion of
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microglia within 7 days. Repopulation following 50% microglial depletion is slow, and
does not recover microglial numbers to control levels within 7 days following inhibitor
withdrawal. On the other hand, inhibitor withdrawal following >95% microglial
elimination, either through 21 days’ treatment with PLX3397 at the same dose
(290/mg/kg in chow; (Elmore et al., 2014), or with 7 days’ treatment with PLX3397 at
600mg/kg in chow, is rapid, with microglial densities reaching 150% of control levels
within 7 days. Thus, the brain responds differentially to varying extents of microglial
depletion, suggesting a sensing mechanism for mounting an appropriate repopulation
response, with greater depletion requiring more powerful and rapid repopulation. Similar
observations have been made with the remyelination that occurs following cuprizone-
mediated demyelination; remyelination only occurs with extensive demyelination, and
does not occur with incomplete demyelination (Doan et al., 2013).

Thus, having shown a limited capacity for microglial repopulation presumably due to
exhaustion of source cells with 7-day cycles, | wanted to assess if this pool could
recover and extend the number of useful cycles. Indeed, when greater time (28d) was
allowed for recovery between treatment cycles, | found that microglia were repopulated
a second and third time, indicative of a capacity of the precursor pool to replenish itself
between cycles of differentiation. Curiously though, cycling treatment with long recovery
periods also revealed a population of Iba1*/P2ry12” and Iba1*/Tmem119" cells after the
third repopulation event that lacked the extensive ramifications indicative of resident
microglia, suggestive of a non-microglial cell type. As P2yr12 and Tmem119 are
expressed exclusively by microglia (Butovsky et al., 2014; Bennett et al., 2016), and not

peripheral myeloid populations, this suggests that multiple cycles can result in monocyte
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infiltration into the brain parenchyma, leading to heterogeneous populations of myeloid
cells. Thus, while allowing for extended recovery periods between cycles does prolong
the number of useful elimination-repopulation events, it does also appear to have
effects on the source and properties of the repopulating cells.

In conclusion, | have shown that the kinetics of microglial repopulation closely mirror
those of remyelination by OPCs following oligodendrocyte death. Firstly, the rate of
repopulation is proportional to the extent of microglial depletion, with more extensive
depletion stimulating more rapid and powerful repopulation. Secondly, | have found that
there is a limited capacity for repopulation, suggesting that the source of repopulating
cells is exhausted within one depletion/repopulation cycle. However, given sufficient
time these pools will recover and further cycles are then possible. These similarities to
OPCs provide a biological comparison between properties of two distinct CNS
progenitor cell populations. Finally, it appears that multiple repopulation cycles take a
toll on the brain, with evidence of peripheral infiltrating cells seen in the 3" repopulation

event.
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CHAPTER THREE

IDENTIFICATION OF A NOVEL ROUTE OF MICROGLIAL REPOPULATION ALONG

THE ROSTRAL MIGRATORY STREAM AND PROJECTING AXONS

INTRODUCTION

Microglia are the primary immune cell in the brain, and are responsible for coordinating
dynamic responses to insults and injury. Microglial development is unique from other
myeloid cells, in that microglia derive directly from yolk sac macrophages, and do not go
through a monocyte intermediate cell. The brain is the first organ to be colonized with
myeloid cells. Interestingly, white matter areas of the brain or areas that lie in close
proximity to white matter, such as the SVZ, and the RMS, are among the first regions in
the CNS to be colonized by microglia (Ueno et al., 2013; Arno et al., 2014). Of note,
colonization of the SVZ has been shown to be essential for normal BP development
(Arno et al.,, 2014). Microglia are long-lived cells with a low turnover rate, and are
physically separated from circulating myeloid populations by the BBB. Although under
certain conditions studies have shown that peripheral myeloid cells can enter the brain
and differentiate into brain parenchymal macrophages, it is generally understood that
this is does not occur under normal physiological conditions.

Previously, we have demonstrated that microglial survival is critically dependent upon
CSF1R signaling (Elmore et al., 2014; Elmore et al., 2015; Spangenberg et al., 2016;
Rice et al., 2017). These studies demonstrated that CSF1R inhibition results in ablation

of up to 99% of microglia, and the extent of depletion can be modulated in a dose-
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dependent manner (Dagher et al., 2015). Notably, with the doses and duration of
treatment utilized previously, ~1-2% of the resident microglial population survive CSF1R
inhibition. Although peripheral myeloid populations depend on signaling through the
CSF1R for immune functions such as migration and proliferation, they are not depleted
with CSF1R inhibition (Elmore et al., 2014). Importantly, upon cessation of treatment
with CSF1R inhibitors, microglia rapidly repopulate brain-wide (EImore et al., 2014; Rice
et al., 2017), which is mediated by proliferation of both surviving microglia and CNS-
resident microglial precursor cells. Within seven days of inhibitor withdrawal, new
microglia have fully repopulated the brain, with numbers surpassing those of control,
and by 14 days, exhibit similar numbers and phenotypes to control microglia (Elmore et
al., 2014). Similar repopulation kinetics have been reported in an alternative model of
microglial depletion utilizing an acute administration of diphtheria toxin, confirming that
repopulation occurred from within the CNS, with no peripheral contributions (Bruttger et
al., 2015)). These studies show that the adult brain has a remarkable capacity to
repopulate the entire microglial tissue, and gives insights into the regulation of microglial
homeostasis and inflammatory responses.

Here, | have uncovered a strategy to deplete 100% of brain microglia using CSF1R
antagonists, and find that normal CNS-derived repopulation is subsequently inhibited,
instead leading to alternative repopulation dynamics. Following complete ablation, the
timing and pattern of microglial repopulation is drastically altered; only a fraction of
myeloid cells return to the brain by 7 days CSF1R inhibitor withdrawal, and are
preferentially found along the RMS and its projecting axons. | propose that this

repopulation is driven by a specific population of white matter/RMS microglia, which
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then proliferates and populates the rest of the brain parenchyma. This indicates that
there are subpopulations with differences in regenerative capacities and potentially in

function, and we have uncovered the tool with which to explore these niches.

MATERIALS AND METHODS
Compounds
PLX3397 was provided by Plexxikon, Inc. and formulated in standard chow by

Research Diets Inc. at 290- and 600mg/kg.

Animal Treatments

All rodent experiments were performed in accordance with animal protocols approved
by the Institutional Animal Care and Use Committee at the University of California,
Irvine. 2-9 month-old age-matched male mice were provided with control chow or
PLX3397 chow for 7 or 14 days at a time. Following each treatment cycle, PLX3397
was withdrawn and all mice maintained on control chow for 0-28 days. At the conclusion
of experiments, mice were sacrificed via COz inhalation and perfused transcardially with
1X phosphate-buffered saline (PBS). Brains were extracted and dissected down the
midline, with one half flash-frozen on dry ice for subsequent RNA and protein analyses,
and the other half drop-fixed in 4% paraformaldehyde (PFA) in 1X PBS. Fixed brains
were cryopreserved in a 30% sucrose solution, frozen, and sectioned at 40 um on a

Leica SM2000 R sliding microtome for subsequent immunohistochemical analyses.
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Confocal microscopy

Fluorescent immunolabeling followed a standard indirect technique (primary antibody
followed by fluorescent secondary antibody), as previously described (Elmore et al.,
2014). Acid pretreatments were used for BrdU detection. Primary antibodies used
include Iba1 (1:1000; Wako), Cd11b (1:100; Bio-Rad), anti-Ki67 (1:1000; Abcam), anti-
BrdU (1:1000; Abcam), I1B4 (1:P2ry12 (1:500; Sigma). Colocalization scores and
numbers of myeloid cells and astrocytes were determined using the colocalization and
spots modules in Bitplane Imaris 7.5 software. Stained tissue was mounted on slides

and coverslipped with Dapi Fluoromount-G (SouthernBiotech).

RNA Extraction and NanoString RNA Analysis

RNA was extracted and purified from frozen half brains using an RNA Plus Universal
Mini Kit (Cat. #73404, Qiagen, Hilden, Germany) per the manufacturer’s instructions.
Total RNA was monitored for quality control using the Agilent Bioanalyzer Nano RNA
chip and Nanodrop absorbance ratios for 260/280nm and 260/230nm. Using the
PanCancer Immune Profiling Panel, seven hundred and seventy genes for immune cell
types, antigens, and immune response were analyzed by NanoString nCounterTM
technologies (NanoString) against mouse genes. Counts for target genes were
normalized to house-keeping genes (Eef1g, G6pdx, Hprt, Polr1b, Polr2a, Ppia, Rpl19,
Sdha, and Thp) to account for variability in the RNA content. Background signal was
calculated as a mean value of the negative hybridization control probes. Normalized

counts were log-transformed for downstream statistical analysis.
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Statistics

All analyses apart from RNA-seq were performed using one-way ANOVAs with post-hoc
Tukey’s Multiple Comparison tests for all multiple comparisons (Graphpad Prism 6). For
non-RNA-seq analyses, statistical significance was accepted at p<0.05; trends at

p<0.10.

RESULTS

Repopulation occurs through proliferating microglia and non-microglial cells
following robust microglial depletion:

To demonstrate microglial repopulation, | treated 2-month old male mice with PLX3397
(600mg/kg in chow) for 7 days, withdrew the inhibitor and then examined the brains 1,
2, 3, and 7 days later (n=4/group). As expected, very few surviving microglia were found
in treated brains (~1%; Figure 3.1A, B), and IBA1" cells were first observed at 2 days’
recovery (Figure 3.1E). While many of these cells were IB4", some were not. IBA1" cell
numbers increased to ~10% of control levels by 3 days’ recovery, and shot to ~150% of
control levels by 7 days’ recovery (Figure 3.1B), consistent with our prior results
showing an overshoot with robust depletion (Elmore et al., 2014). Staining for
proliferating cells with Ki67 revealed many non-microglial proliferating cells throughout

the brain appearing at 1-day recovery
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Figure 3.1 Assessment of early repopulation following 7-day treatment with 600 mg/kg PLX3397. Wild-type mice were
treated with PLX3397 (600 mg/kg) for 7 days to deplete microglia, and subsequently recovered for 1, 2, 3, or 7 days after
withdrawal of CSF1R inhibitors. A-B, Representative brain stitches of recovery timepoints with white dots superimposed over
Iba1” cells and quantification of cortical cells. C-D, 20X representative images of tissue stained for Ki67 and Cd11b and
quantification of number of cells colocalized or staining positively for only Ki67. E, 20X representative images of IB4" and Iba1”
cells reveal most returning microglia are I1B4", while some are not. Error bars represent SEM, (n=4). p<0,05; significance

symbols represent comparison groups: Control *, 0d #, 1d 0, 2d A, 3d ¢, 7d 6.

(Figure 3.1C, D). By 2 days’ recovery, ~20% of proliferating cells were also expressing
CD11b, a common myeloid cell marker. By 3 days’ recovery, most proliferating cells
were also CD11b" (Figure 3.1C), consistent with our prior findings (Chapter 1, (Elmore
et al., 2014), and reflecting cells that appear to initially lack canonical microglial

markers, but slowly switch on these classic myeloid markers over the course of a day.

Differential myeloid repopulation with complete microglial elimination:

Administration of CSF1R inhibitors reliably eliminates microglia from the CNS, but a
small fraction of cells has always remained (between 1-5% of total microglia), even with
extended treatment durations (Chapter 2, (Elmore et al., 2014)). These remaining cells
are scattered throughout the CNS, and do not appear restricted to any specific location.
Administration of PLX3397 at 600 mg/kg in chow was sufficient to reduce microglia
numbers by >98% in just 7 days (Figure 3.1B) — the largest/most rapid effect to date.
Thus, | sought to determine whether extended treatments could eliminate the remaining
1-2% of microglia. Two-month old male mice (n=4/group) were treated with PLX3397
(600 mg/kg in chow) for 14 days, and their brains examined for IBA1" cells. With this
treatment duration, microglia depletion was absolute, with no IBA1" cells found in any
brains examined (Figure 3.2A). | determined levels of PLX3397 in brains and compared
them to mice treated for 7 days, and found no significant differences (Figure 3.2B) —

thus, complete elimination is a factor of sustained CNS exposure of CSF1R inhibition.
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One of the remarkable observations that we have made about microglial repopulation is
that it does not occur until CSF1R inhibitors are removed from the CNS. Thus, there is
a sensing mechanism in place that responds to a lack of CSF1R inhibition and initiates
repopulation. As microglia are reported to be the primary cell type in the CNS that
expresses the receptor, it suggests that these few percent of surviving microglia may be
key to driving repopulation, upon inhibitor withdrawal. Thus, to explore how complete
elimination affected microglial repopulation, | treated groups of mice with PLX3397 (600
mg/kg) for 14 days, then withdrew the inhibitor and examined their brains 3, 7, 14, and
28 days later. Normally, repopulation is apparent by 3 days, and the brain has overshot
microglial numbers by 7 days (Figure 1.1E, F). Here, | found zero IBA1" cells with 3
days’ recovery, but by 7 days, sparse IBA1" cells were found almost exclusively in white
matter tracts surrounding ventricles and the hippocampus (Figure 3.2A). However, by
14 and 28 days, these cells had spread throughout the CNS. Quantification of these
IBA1" cells showed that absolute numbers of cortical cells were 50% lower than
microglia in control cortices (Figure 3.2C), even after 28 days’ recovery. Thus, |
hypothesized that the complete elimination of all microglia inhibits brain-wide
repopulation (as seen in Figure 1.1), and instead stimulates repopulation from a specific
source or niche, spreading out from white matter tracts to fill the brain. Our findings
indicate that these cells initially appear in the white matter tracts and display altered
morphology, including large cell somas (Figure 3.2J-L). Furthermore, returning cells at 7
days’ recovery stain positively for IB4, which is commonly used as an activation marker,

and 28d Recovery myeloid
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Figure 3.2 Altered repopulation dynamics following 100% microglial elimination with 14d PLX3397 (600 mg/kg)
treatment. Wild-type mice were treated with 600 mg/kg PLX3397 for 14 days to eliminate all microglia, and 3-, 7-, 14-, and 28-
day recovery timepoints assessed. A, C-D, Representative brain stitches of recovery timepoints with white dots superimposed
over lba1” cells. B, Brain PK levels of PLX3397 with 7- or 14-day treatment (600 mg/kg). E, Immunostaining for P2ry12 and
CD11b reveals returning cells are not initially P2ry12*, but are by 28d recovery. J-M, Analyses of cell body area in white matter
and cortex, average process diameter, and percent colocalization in cortex, respectively. Error bars represent SEM, (n=4).

p<0,05; significance symbols represent comparison groups: Control *, 0d #, 3d ¢, 7d A, 14d ¢, 28d 6.

cells are still staining positively for IB4 (Figure 3.2E). To examine the identity of these
repopulating microglia, | immunolabeled tissue for P2ry12, a specific marker for resident
microglia, and found repopulating microglia to be P2ry12-negative (Figure 3.2G).
However, with 28 days’ recovery, microglia begin to express P2ry12 (Figure 3.2H, I, and
quantified in M). Interestingly, these repopulating cells maintain different morphologies
to resident microglia, with enlarged cell sizes and thickened processes out to 28 days’

recovery (Figure 3.2K, M).

Gene expression profile of differentially repopulated brains

To characterize the profile of the fully-depleted and differentially-repopulated brain, |
isolated RNA and analyzed transcript levels for immune cell-related genes using
Nanostring nCounter technology. Here, | show significantly changed genes between
each group to help illustrate and identify key differences in expression profiles (Figure
3.3). As expected, given the complete absence of microglia, | identified many genes that
were downregulated with 14d treatment of 600 mg/kg PLX3397 compared to Control. Of
these downregulated genes, a substantial number were core myeloid genes, such as

CSF1R, CX3CR1, TREMZ2, CD33, etc. (Figure 3.3A). | also identified a number of genes
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Figure 3.3 Immune cell gene expression changes persist at 28d recovery. Transcipt levels for immune cell signaling-related
genes were analyzed using NanoString nCounter technology. Morpheus software was employed to generate heatmaps and
highlight overarching changes in gene expression between groups. A-C, Heatmaps shown for comparisons between Control vs.
14d PLX3397, 14d PLX3397 vs. 7d Repop, and Control vs. 28d Repop, respectively, displayed with hierarchical clustering
between comparisons and all group expression levels. D, PCA plot of all groups. E, Immune cell function heatmap between
Control vs. 14d PLX3397, Control vs. 7d Repop, and Control vs. 28d Repop.

that were upregulated with 14d PLX3397, including several involved in cell proliferation,
such as DUSP4, DUSP6, EGFR1, EGFR2, and CHUK. Other upregulated genes
included VEGFA and XBP1, both associated with angiogenesis, as well as the
transcription factors ELK1 and BCLG, and the complement factors C4b and CFP (Figure
3.3A). In addition, we compared gene expression changes between microglia-depleted
brains (14d Elim) and those at 7 days’ recovery (7d Repop), whereby myeloid cells were
observed only within white matter tracts and around ventricles (Figure 3.3B). Many of
the genes that had been elevated with 14d Elim vs. Control returned to control levels by
7 days’ recovery (Figure 3.3B). Interestingly, within this comparison, core myeloid gene
expression was outpaced by increases in other inflammatory genes at 7d Repop,
including IL5RA, CD276, VEGFC, STAT1, CCRL2, TFRC, AXL, and TNFSF12,
suggesting that the myeloid cells that had initially returned had a different expression
profile to resident microglia. For instance, GZMK, normally found in T and B cells and
circulating monocytes, was found to be upregulated with repopulation, but not
downregulated with microglial elimination. Comparisons between control brains and
those at 28 days’ recovery, by which time new cells had fully populated the entire CNS
for at least 14 days, revealed vast differences. Core myeloid genes remained
downregulated, such as INpp5d, CSf1R, CX3CR1, TGFBR1, RunX1, and TGFB1,
reflecting the fact that microglial densities in some regions were only 50% of those

found in control brains (Figure 3.3C). Despite the reduced numbers of cells, many
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genes are upregulated at 28 day repopulation compared to control brain. These genes
are implicated in several immune functions including antigen processing and MHC
presentation (Figure 3.3E). These findings indicate that even at 28d Repop, cells
maintain a unique profile, distinct from control brains. Interestingly, within the list of
upregulated genes at 28d Repop is the gene for CCR1, an inflammatory myeloid cell
marker not expressed in the brain under normal conditions (Sunnemark et al., 2003) as
well as H2-D1, LY9, CYBB, CMAH, LYZ2, and TLR8. As such, this list of upregulated
genes may provide us with a specific marker for the microglial niche responsible for
differential repopulation. These results suggest that the cells produced by this route of
repopulation retain a distinct genetic profile from resident microglia, or from microglia
that have repopulated via the normal mechanism defined in Chapters 1 and 2 and as
determined by a recent studying showing RNA analysis of 28 day-repopulated microglia
to be similar to untreated brains (Elmore et al., 2014; Elmore et al., 2015; Rice et al.,

2017).

Myeloid cells first appear along rostral migratory stream:

Given the lack of P2ry12 reactivity, a specific microglial marker over other myeloid
populations, the initial appearance of repopulating cells around the ventricles, and the
fact that the repopulating cells never reached normal microglial densities or
morphologies, we hypothesized that repopulation was occurring from peripheral cell
sources. We explored whether returning cells were originating via the choroid plexus, a
highly vascularized CSF-producing structure within the ventricles, as several studies

report that peripheral cells infiltrate the CNS via the choroid plexus, under disease
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conditions (Chinnery et al., 2010; Demeestere et al., 2015). However, examination of
myeloid cells revealed that while all choroid macrophages and dendritic cells were fully
eliminated with 14 days PLX3397 treatment, they did not repopulate until the 14-day
recovery timepoint, despite the appearance of myeloid cells in the adjacent caudate
putamen by 7 days’ recovery (Figure 3.4A-CB). Ruling out the choroid plexus as a route
of infiltration, | took advantage of natural variability in the numbers and location of
repopulating cells at the 7-day recovery time point to identify the anatomical locations at
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Figure 3.4 Repopulating cells do not originate from the choroid plexus. A-C, Representative 20X, 63X, and 10X images of
the choroid plexus immunolabeled with Collagen IV and Iba1l or DAPI and Iba1 from same cohort of mice as in Figure 2,
respectively.

which repopulating cells were first appearing. We constructed a spatial heatmap for
repopulating cells at three locations within the brain (Figure 3.5A-C). Across all brains
surveyed, | found cells around the lateral ventricular areas, particularly in the caudate
putamen, cingulate cortex, and subependymal zone (SEZ) and anterior commissure
(ACO) of the olfactory bulb. Notably, these regions all correspond to the RMS, a

pathway by  which  neuroblasts migrate from SVZ to the OB.
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Figure 3.5 Differentially repopulated cells first appear along RMS and projecting axons. A-C, Anatomical brain heat maps
were constructed from half-brain stitches of three regions along the RMS at the 7d recovery timepoint (n=15-19). D, Representative
20X images of Ibal-immunolabeled brains at an anterior section of the RMS, with RMS tracts circled. E, Whole brain sagittal
sections with white dots representing Iba1-immunolabeled cells at 14d PLX3397 treatment and 5- and 7-day recovery timepoints
reveals cells closely associating with regions of the RMS and other projecting axons. F, Representative images of lba1-
immunolabeled cells along white matter tracts at 7d and 14d recovery.

Given this, we then repeated the experiment and allowed for recovery timepoints of 5
and 7 days, sectioning the brains sagittally (Figure 3.5E). The 5-day recovery timepoint
revealed cells within the corpus callosum and the olfactory bulb, while by 7 days
recovery cells were also found in the caudate putamen, internal capsule, and cerebral
peduncles. Thus, repopulation occurs throughout the RMS, but also other projecting
axonal tracts such as the cerebral peduncle. Notably, microglia along the RMS and
other projecting axonal tracts have been shown to exhibit different properties from
parenchymal gray matter microglia, including the lack of purinergic receptor expression
(Ribeiro-Xavier et al., 2015). Examination of the white matter tracts lining the caudate
putamen close to where repopulating cells were first observed appeared to suggest that
cells initially appeared close to the white matter tract before migrating into the tract itself

(Figure 3.5F).

Repopulation does not occur from CCR2-expressing cells:

Given the initial appearance of repopulating cells within the projecting axonal tracts, we
wanted to differentiate between the infiltration of these cells from peripheral sources,
and the de novo appearance of these cells. The CCR2/CCL2 signaling axis is known to
be necessary for signaling from the CNS to peripheral infiltrates (Mildner et al., 2009;
Ajami et al., 2011). To address peripheral contributions, CCR2-RFP*/CX3CR1-GFP*"
mice were utlized to visualize any infiltrating CCR2" monocytes. Microglia were again

depleted in these mice (data not shown), and 7d recovery revealed CX3CR1-GFP" cells
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along the RMS and projecting axons (surrounding the LV and caudate putamen), but no
CCR2" cells were evident, with the exception of a handful of cells within the choroid
plexus (Figure 3.6).
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Figure 3.6 Absence of CCR2+ cells with differential RMS-associated repopulation. A-C, CCL2" mice were treated for 14d with
PLX3397 (600 mg/kg) and allowed to recover for 7 days. Brains were immunolabeled for Iba1 and half brain stitches are shown in
A. Representative 20X images are shown in B, with quantification in C. D, Homozygous knockouts for CCR2 and CX3CR1 were
treated with the same paradigm as in A, and representative 10X images shown for anterior LV, caudate putamen, and LV.

To further study the CCR2/CCL2 axes we repeated studies in CCL2" mice as well as
homozygous CCR2-RFP**/CX3CR1-GFP** mice, which have both of these genes
knocked out. CCR2-RFP**/CX3CR1-GFP*"* mice were treated with the same 14d 600
mg/kg PLX3397 paradigm, and elimination in these mice reached the same levels as
controls (Figure 3.7A). Crucially, repopulation in the absence of CCR2 is
indistinguishable from WT repopulation (Figure 3.7A), signifying that this is not a CCR2-

mediated pathway, and as such, is likely not occurring from peripheral infiltration.
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Figure 3.7 Differential repopulation occurs in the absence of CCR2 signaling. CCR2-RFP"/CX3CR1-GFP™" mice were
treated for 14d with PLX3397 (600 mg/kg) and allowed to recover for 7d. A, Allen Brain Atlas coronal brain slices used to
demonstrate region of interest shown in B. B, 7d recovery reveals CX3CR1-GFP+ cells in RMS-associated areas, but small
numbers of CCR2-RFP+ cells are only present in choroid plexus.

Notably, we found that repopulation in CCL2” mice, following 14 days’ treatment with
PLX3397 at 600 mg/kg in chow and 7 days’ recovery, was “normal’ (as defined by
repopulation following incomplete elimination of all microglia) and robust throughout the
entire brain (Figure 3.7B-D). To explain this, examination of brains from mice treated for
14 days without any recovery revealed incomplete microglial elimination, with ~1% of
cells still surviving despite 14 days of treatment, suggesting that the ccL2” phenotype
conveys increased microglial resistance to CSF1R inhibition. Thus, these results
confirm that 100% microglial elimination is a requirement for alternative repopulation,
rather than a non-microglial-dependent effect associated with extended treatments of
high-dose PLX3397, and highlight the crucial role that the surviving microglia play in

determining the source of subsequent repopulation.

Microglia are depleted from RMS:

While we have previously shown that microglia are eliminated with CSF1R inhibitor
treatment, as opposed to downregulating their microglial signatures (Chapter 1,
(Spangenberg et al., 2016)), | had not confirmed this of cells within the RMS, as they
have reported differences to other microglia (Doorn et al., 2015), nor with this treatment
paradigm (14 days of 600mg/kg PLX3397). To ensure that microglia are depleted within
the RMS, | also used progeny of CSF1R-iCRE mice crossed with Rosa26YFP reporter
mice (generated from Chapter 1) and treated with the same paradigm. As seen

previously, Cd11b-immunolabeled microglia colocalized with YFP-
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Figure 3.8. RMS microglia
labeled by CSF1R lineage
tracing are depleted with 14d
PLX3397 (600 mg/kg)
treatment. CSF1R-iCRE mice
were crossed with Rosa-eYFP
mice, so that progeny will
express YFP in CSF1R
expressing/derived cells.
Progeny were treated for 14
days with 600 mg/kg PLX3397,
and allowed to recover for 7
days. Immunolabeling for anti-
GFP  and Cd11b  was
performed, and representative
images are shown

14d Elim

Figure 3.8
labeled cells in controls (Figure 3.8). In periventricular areas along the RMS, YFP+ cells

were depleted with 14d PLX3397 treatment, demonstrating that there is not a microglial

niche along the RMS that survives this treatment paradigm.

Repopulating cells derive from proliferation:

Having demonstrated that the cells in the RMS do not appear to derive from CCR2"
monocytes, | next determined if they arose from proliferation. To that end, a cohort of
mice received intraperitoneal BrdU injections (1/day for 6 days) during the repopulation

period (n=4/group). At the 7-day timepoint, BrdU was found incorporated into
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repopulating cells (Figure 3A), showing that they were undergoing, or had recently
derived from, proliferation. Further analyses of all timepoints with the cell division
marker ki67 confirmed that cells appearing at the 7-day recovery timepoint in white
matter tracts were mostly dividing (Figure 3B), but by 14 and 28 days’ recovery, cells
had ceased proliferation. No proliferating cells were seen at the 14-day PLX3397
treatment timepoint, or at the 3-day recovery time point. Thus, collectively, these results

suggest that we can stimulate repopulation from a specific microglial niche.

Repopulating cells are dependent on CSF1R signaling:

| have demonstrated previously that multiple cycles of treatment with CSF1R inhibitors
can result in resistance, with an increased number of cells that survive treatment
(Chapter 2). With cyclic treatment, the CSF1R inhibitor-resistant cells are also P2ry12-
negative, thus | hypothesize that they are peripherally derived. As monocytes are also
CSF1R inhibitor-resistant (Elmore et al., 2014), | wanted to identify the CSF1R-
dependence of differentially repopulated cells to further elucidate their source, by
treating repopulated brains again for 7 or 14 days with 600 mg/kg PLX3397. After both
7- and 14-day treatment, repopulated cells are depleted and shown to be dependent on
CSF1R signaling for their survival (Figure 3.1, 3.2). This is in stark contrast to the cells
that we believe to be infiltrating monocytes in Chapter 2, as a result of cyclic CSF1R
inhibition, offering further evidence that differentially repopulated cells (with the 14d 600

mg/kg PLX3397 paradigm) are not infiltrates.
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Figure 3.9 Returning microglia are initially proliferative. A, Control, eliminated, and 7d repopulation groups were injected with
BrdU once a day for 6 days prior to sacrifice. Represenatitive images shown of BrdU and Iba1" cells; quantification. B, ki67
immunostaining at all recovery timepoints after 14d treatment with PLX3397 reveals microglia are proliferating only at the 7d
recovery timepoint; quantification of percentage of Ki67" cells that are Iba1” and total number of Ki67" cells per FOV.
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Figure 3.10

Figure 3.10. Repopulating cells are dependent on CSF1R signaling. Wild type mice were treated for 14 days with 600 mg/kg
PLX3397, recovered for 7 days, and then treated again for either 7 or 14 days. Representative 10X images are shown of Iba1-
immunolabeled cells around the lateral ventricle.
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DISCUSSION

| have discovered an experimental paradigm that results in the complete elimination of
microglia within 14 days, and explored the ways in which the complete ablation of the
microglial compartment affects the brain’s capacity to repopulate with new cells.
Previously, up to 99% microglial elimination was possible with CSF1R inhibitors, and
the withdrawal of inhibitors then stimulated a rapid repopulation that derived from the
few surviving microglia as well as unidentified proliferating cells throughout the brain. By
28 days’ recovery, the repopulating microglia were virtually indistinguishable from the
resident microglia that they had replaced, in densities, spacing, morphologies, gene
expression, and response to inflammatory stimuli (Elmore et al., 2015). Here, | have
found that these few surviving microglia are key to “normal” brainwide repopulation, and
that the elimination of 100% of microglia prevents “normal” repopulation, and instead
stimulates an alternative repopulation event. With 7 days of recovery following 100%
microglial depletion, rather than a full and brainwide return of microglia, ~85% of
microglia remain depleted, and those cells that do appear are primarily aligned with
white matter tracts and periventricular areas along the RMS. Initially, these myeloid cells
do not express the microglia-specific marker P2ry12, suggesting that they may be
peripheral in origin. By 14 days, these cells have spread out and filled the cortex, and
begin to switch on P2ry12. By 28 days, most cells now express P2ry12, but cell
densities remain at 50% of those normally found in control brains, while cell
morphologies also remain altered, with larger cell bodies and thickened processes.

Thus, this alternative repopulation event does not appear to resolve in a phenotype
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similar to resident microglia, which is further confirmed by the altered immune gene
expression profiling of these brains.

In exploring the anatomical locations at which these repopulating cells first appear, we
ruled out peripheral infiltration via the choroid plexus. These cells do not appear to
derive from peripheral monocytes, at least those expressing CCR2, or dependent on the
CCL2/CCR2 signaling axis, but do arise from proliferation sometime between 3 and 7
days’ recovery. Whether there is a unique microglial progenitor cell found within these
projecting axonal tracts remains to be uncovered, as well as why repopulation occurs
within these specific locations, but we have confirmed the complete elimination of
microglia/myeloid cells from these tracts and the rest of the brain, and further confirmed
that elimination is due to a physical absence of cells rather than a downregulation of
myeloid signatures. Instead, cells initially appear throughout the RMS and other axonal
projecting tracts, including the caudate putamen and cerebral peduncle. Notably,
studies have shown that P2ry12 expression, as well as other purinergic and canonical
microglial markers, are suppressed in RMS microglia (Ribeiro-Xavier et al., 2015),
which may explain the lack of P2ry12 in the repopulating cells.

Interestingly, resident RMS and other axonal projecting tract microglia have been shown
to be phenotypically distinct from other parenchymal microglia, with a unique expression
profile and variances in reaction to stimuli. Many of these cells do not express, or
express lower levels of, microglial purinergic receptors and as a result are insensitive to
ATP, nor do they appreciably phagocytose neuroblasts (Ribeiro-Xavier 2015). Cells
along the SVZ/RMS are proposed to have a specific function in promoting neuroblast

cell survival, and may assist in the migration of new neurons to the OB. Moreover,
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microglia isolated from the SVZ have 20x the proliferative potential in vitro than any
other region analyzed in the brain (Marshall et al., 2008). We speculate that resident
RMS microglia may support crucial functions in the brain, and the preferential
appearance of myeloid cells along this zone at 7d recovery following full depletion of
microglia may be coordinated in an attempt to preserve these functions. Once these
cells have populated the RMS, proliferation occurs and myeloid cells spread throughout
the rest of the parenchyma.

These data implicate a small percentage of surviving microglia as critical for
parenchymal repopulation. In the absence of surviving microglia following CSF1R
inhibition, differential repopulation occurs from an alternate source, specifically, the
RMS and other projecting axonal tracts. Furthermore, differential repopulation from the
RMS is not an artifact of extended treatment with high-dose CSF1R inhibitors, as the
same dose and duration results in normal repopulation in the CCL2" mice. However,
these mice undergo incomplete elimination, attributing further importance to the
surviving cells for normal repopulation to occur. Notably, other models of incomplete
microglial depletion using Cd11b-HSVTK mice have witnessed peripheral cell infiltration
along similar rostral-caudal axes as we demonstrate here (Varvel et al., 2012),
potentially arguing against the importance of full depletion for differential repopulation.
However, this method also requires i.c.v. infusion of ganciclovir, disrupting the BBB and
providing a route of entry for peripheral cells, possibly establishing a niche of BM-
derived cells and inhibiting normal parenchymal microglial repopulation.

| demonstrate here that the mechanisms by which the brain repopulates itself with new

myeloid cells following microglial depletion is variable, confirming studies by other
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groups (Bruttger et al., 2015; Varvel et al., 2015). The response to microglial depletion
is complex — somewhat intuitively, various methods of depletion achieve different
repopulation outcomes (i.e. ganciclovir results in peripheral cell infiltration whereas
CSF1R inhibition/diphtheria toxin mediated microglial death results in CNS-driven
repopulation), but merely extending the duration of the same CSF1R inhibitor treatment
completely switches repopulation source and dynamics. The brain appears to be a
delicate sensor of microglial elimination, responding in kind to apparently small shifts in
the balance of microglial number and mode of elimination. This highlights the dynamic
capabilities of the brain to respond to microglial depletion, and signifying the importance

of maintaining microglial homeostasis.
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DISSERTATION CONCLUDING REMARKS

As microglia are implicated in many diseases and disorders, my thesis took the
approach of microglial ablation as a tool to understand basic microglial functions and
homeostasis. Microglial depletion and homeostasis have been explored in a number of
different models. Genetic models utilizing ganciclovir require i.c.v. infusions, resulting in
focal breaches of the BBB, allowing an access point for peripheral infiltration of BM-
derived myeloid cells (Waisman et al., 2015, Varvel et al., 2015). Additionally, genetic
models result in cytokine storms and behavioral impairments, possibly as a result of
toxin administration, and method of microglial cell death. Here, we report a non-invasive
microglial ablation model of CSF1R inhibition using PLX3397, which leaves the BBB
intact, retains full cognitive and behavioral capabilities, and does not produce a cytokine
storm. Moreover, upon removal of CSF1R inhibitors, microglia fully repopulate the brain
through the proliferation of both a small population of surviving microglia and non-
microglial cells, which differentiate into microglia within 24 hours.

The projects described within this thesis highlight the powerful control we have over the
microglial compartment — both in terms of microglial number and function (Dagher et al.,
2015). | have discovered four distinct routes of microglial repopulation via administration
and withdrawal of various doses and durations of CSF1R inhibitors: 1) through
contributions made by proliferating surviving microglia, 2) the proliferation and
differentiation of a previously undescribed brainwide CNS-resident progenitor cell, 3)

through infiltration of peripheral cells as seen with multiple cycles of CSF1R
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treatment/withdrawal, and 4) through proliferation of a specific regional niche of white
matter/RMS microglia.

Short or extended treatment with 290 mg/kg PLX3397 results in the rapid repopulation
of the brain via proliferation of both surviving microglia and a CNS-resident progenitor
cell. This cell expresses nestin at an early proliferating timepoint, and produces
microglia which establish a normal population within 21 days, with no discernible
differences when compared to control microglia (Elmore et al., 2015).

Multiple short cycles of treatment/recovery result in stunted repopulation, with only one
successful repopulation event. However, multiple cycles with extended recovery periods
stimulate at least three successful repopulation events, albeit with the introduction of
P2ry12-negative cells by the third cycle which maintain this signature by 28 days’
recovery, indicative of infiltrative cells. Nevertheless, the brain is able to repopulate itself
with new myeloid cells at least three times, identifying the limits of successful
repopulation following CSF1R inhibitor-mediated depletion, and potentially identifying a
method by which to introduce peripherally-derived cells into the CNS.

Moreover, extended treatment (14d) with 600 mg/kg PLX3397 ablates 100% of
microglia, eradicating the last 2% of microglia that had resisted less aggressive CSF1R
inhibition paradigms. This treatment drastically alters the repopulation pattern, with
myeloid cells initially aligning with RMS white matter and projecting axons. By 28 days
of recovery, these cells have spread out to cortical regions, although the number of cells
never reaches control, and morphological differences are sustained. Immunostaining
reveals these cells to be P2ry12-negative at 7 days’ recovery, but express P2ry12 by 14

and 28 days. Rather than indicative of an infiltrative origin for these cells, this pattern of
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P2ry12 expression likely reflects that white matter RMS microglia express lower levels
of purinergic receptors, but upon populating gray matter areas, these cells express
P2ry12. Indeed, knocking out the CCR2/CCL2 signaling pathway does not inhibit
differential RMS- and projecting axon-associated microglial repopulation, suggesting
that monocytes are not infiltrating via CCR2 signaling. Therefore, we have identified an
alternate source of repopulating microglia, that aligns initially with the RMS and
projecting axons.

The ability to eliminate microglia and then repopulate has potential therapeutic
implications. For example, after traumatic brain injuries, microglia become chronically
activated, and impede functional recovery (Smith et al., 1997; Nagamoto-Combs et al.,
2007; Loane et al., 2014). The ability to remove these reactive microglia and then
repopulate with fresh microglial cells offers a strategy to resolve the neuroinflammation
and promote recovery (Rice et al. 2017). Crucially, our lab has discovered that
repopulated microglia are efficient at resolving chronic inflammatory states in the brain
in response to a chronic focal lesion. Subsequent to the loss of 80% of hippocampal
neurons via genetic lesion, mice with repopulated microglia functionally recover, with
improvements in behavior, increases in synaptic puncta, and a resolution of
inflammatory responses and cytokine levels.

The identification of four distinct sources of microglial repopulation may have differential
effects on behavior, and should be thoroughly assessed as a precaution when
considering potential therapies. Repopulation of microglia via CNS-resident brainwide
progenitor proliferation has been proven to not only produce no behavioral deficits in

wild-type mice (Elmore et al., 2014), but can be beneficial in resolving chronic injury
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(Rice et al., 2017). However, it has been shown that knocking out a subtype of Hoxb8-
expressing microglia results in a pathological grooming pattern similar to obsessive
compulsive disorder (Chen et al.,, 2010). Interestingly, these Hoxb8-expressing
microglia were often found near the SVZ and choroid plexus. This study highlights the
relative importance of maintaining the balance of microglial subtypes, which may be
altered with differential repopulation routes (with 14d 600 mg/kg PLX3397). Ultimately,
CSF1R inhibition is a powerful tool with which to study microglial elimination and various
routes of repopulation, but whether introducing peripheral myeloid cells into the CNS in
the absence of injury or populating the brain with a distinct microglial subtype will affect

normal CNS myeloid functions, remains to be seen.
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