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Abstract

Multiple sclerosis (MS) is a degenerative disorder of the central nervous system that is
triggered in genetically predisposed individuals by environmental insults. In MS, the body’s own
immune cells attack and damage myelin and the myelin-producing cells, oligodendrocytes. Genetic
factors contribute to both the triggers (susceptibility risk) and drivers (severity risk) of MS. Genetic
variants associated with MS severity cluster into the central nervous system development category.
However, to date, there are no functional studies on MS severity risk genetic variants in central
nervous system development. C-X3-C motif chemokine receptor 1 (CX3CRI1), a receptor for
chemokine fractalkine (FKN), variants are associated with MS severity. Our lab has shown that
FKN-CX3CRI1 signaling is important for developmental oligodendrocyte formation. However,

whether MS-associated CX3CR1 variants affect brain development and function is unknown.

To address this knowledge gap, I analyze brains from developing and adult mice that
express human MS-associated CX3CR 124M280yariant in place of the mouse CX3CR 1. These mice
are compared to wild type and CX3CR1 knockout (KO) mice. This study shows that in comparison
to WT mice, CX3CR1Z*M280 yariant brains display i) decreased myelin protein abundance and
proportion of oligodendrocytes; i1) altered astrocytes; iii) increased activation of microglia (brain

1 1249/M280

immune cells); and i1v) aberrant levels of cytokines. Finally, the CX3CR variant mice

exhibit aberrant behaviour in adulthood, such as increased anxiety.

In summary, I show that mice expressing the MS-associated human CX3CR1 variant have
delayed myelination and aberrant immune environment during CNS development. These transient

developmental defects may lead to aberrant brain function in adulthood. These results suggest that



ii

individuals with MS-associated variants may display aberrant brain development, which may

contribute to mechanisms of neurodegeneration later in life.



v

Preface

This thesis is an original work by Sana Bibi. The research project, of which this thesis is a part,
received ethics approval from the University of Alberta Research Ethics Board, Project Name
“Molecular mechanisms of brain development and regeneration”, No. AUP00002527, 2018. This

project approval was for the duration of all thesis work and beyond.
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1 Introduction

1.1 How the mouse brain develops

1.1.1 Neural progenitor cells (NPCs)

During mouse embryogenesis, a flat layer of ectodermal origin cells called neuroepithelial
cells fold and begin to fuse anteriorly by ~embryonic day (E) 9 to form a structure called the
neural tube (reviewed in: (Adnani et al., 2018)). During this process, the neuroepithelial cells
undergo proliferation, elongation, apicobasal polarization, and apical constriction via the
formation of tight junctions. The neuroepithelial cells give rise to a population of neural
progenitor cells (NPCs) called radial glia progenitor cells (RGCs) that line the neural tube
(Jinnou et al., 2018; Kriegstein and Alvarez-Buylla, 2009; Levitt and Rakic, 1980; Zhao and
Moore, 2018). These NPCs express markers such as nestin, SRY-box transcription factor 2
(SOX2), vimentin, paired box protein 6 (PAX6), glial fibrillary acidic protein (GFAP), and
astrocyte-specific glutamate transporter (GLAST) (reviewed in: (Adnani et al., 2018)).

Stem cells are able to self-renew and differentiate to give rise to other cell types with
specific functions (Li and Zhao, 2008; Ramalho-Santos and Willenbring, 2007). NPCs are stem
cells that undergo both symmetric division to increase the NPC pool and asymmetric division to
give rise to intermediate progenitors cells or neurons directly (Zhao and Moore, 2018). The
intermediate progenitors can differentiate and give rise to neurons or continue to proliferate,
although they have limited proliferative potential compared to NPCs. In addition, NPCs generate
macroglia (astrocytes and oligodendrocytes) by first giving rise to glial progenitor and
oligodendrocyte progenitor cells (OPCs). NPC differentiation is tightly controlled in a spatial and
temporal fashion (Miller and Gauthier, 2007; Okano and Temple, 2009; Temple, 2001).

The anterior folded neural tube divides into three distinct regions called prosencephalon,
mesencephalon and rhombencephalon that gives rise to the forebrain, midbrain, and hindbrain,
respectively (reviewed in: (Adnani et al., 2018)). The forebrain includes the cerebral cortex,
corpus callosum, hippocampus, thalamus, and hypothalamus. The midbrain forms the colliculi,

tegmentum, and cerebral peduncles while the hindbrain gives rise to the pons, cerebellum, and



medulla. The prosencephalon further divides into the distinct regions called telencephalon and
diencephalon. The telencephalon is further organized in a dorsoventral axis such that the dorsal
(top, pallium) region will give rise to cortical structures like the cerebral cortex and the
hippocampus while the ventral (bottom, subpallium) region ultimately gives rise to other
structures like the basal ganglia (Dale et al., 1997). However, during development, the ventral
telencephalon forms transient germinal zones called the medial, caudal and lateral ganglionic
eminences (MGE, CGE, and LGE, respectively) (reviewed in: (Bandler et al., 2017)). The
ganglionic eminences are proliferative zones, which give rise to interneurons that migrate to
various regions in the brain. For example, the MGE and CGE both produce interneurons that
travel tangentially in the cortex and hippocampus. The cerebral cortex has six distinct neuronal
layers that are formed by NPCs in the ventricular zone (VZ) and subventricular zone (SVZ) in a

sequential manner as described in section 1.1.2 below.

A small pool of embryonic NPCs divide more slowly and are set aside at around
embryonic day (E) 15 to generate two adult neural stem cell pools in specific niches: the
subventricular zone (SVZ) of the lateral ventricles that can give rise to all three neural cell types,
and the subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus, which can give
rise to neurons and astrocytes throughout lifetime (Doetsch, 2003; Goritz and Frisén, 2012;

Kempermann et al., 2015).
1.1.2 Neurogenesis

During early murine embryonic cortical neurogenesis, NPCs occupy the layer directly
adjacent to the ventricle called the VZ. As proliferation continues, a second layer is formed above
the VZ called the SVZ (Angevine et al., 1970; Bayer and Altman, 1991). The NPCs in the
cortical VZ and SVZ give rise to excitatory neurons that form the cortex layers in a sequential
manner from E11.5 to E17.5 in mice (Angevine and Sidman, 1961; Caviness and Takahashi,
1995; Rakic, 1974). The neurons migrate both radially and tangentially to form the different
layers of the cortex (Angevine and Sidman, 1961; Rakic, 1972). Specifically, the VZ and SVZ
first give rise to a layer of neurons called the pre-plate, which is divided into the marginal zone
(MZ, becomes layer 1 later on) on top and subplate (SP) at the bottom (Bayer and Altman, 1991).
A new layer called the cortical plate (CP) appears between the MZ and SP. Newly differentiated



neurons from the VZ and SVZ migrate to the CP to form the six layers of the neocortex in an
“inside-first outside-last” fashion (Angevine and Sidman, 1961; Molyneaux et al., 2007; Rakic,
1974). This means that the deeper layers, such as layer five and six are formed before the outer
layers two to four, and the latter neurons must migrate past the deeper layers in the CP (MuhChyi
et al., 2013). While cortical NPCs generate these excitatory glutamatergic projection neurons,
inhibitory gamma-aminobutyric acid (GABA)ergic interneurons are formed by progenitors in the
transient ganglionic eminences of the ventral telencephalon that travel tangentially into the cortex
(described in section 1.1.1 above and reviewed in: (Adnani et al., 2018; Shin et al., 2019)).
Moreover, interneurons that arrive at the intermediate zone (IZ) via tangential migration will then

move tangentially or radially towards cortical plate or SVZ region (Yokota et al., 2007).

The excitatory cortical neurons secrete factors that regulate neurogenesis and
astrogliogenesis in the developing mouse brain. Cortical neurons secrete factors such as glial-
derived neurotrophic factor (GDNF), neurturin (Nrtn), and interferon gamma (IFNy) that promote
the differentiation of NPCs into neurons (Yuzwa et al., 2016). Previous research shows that both
intrinsic and extrinsic factors regulate NPC switch from neurogenesis to astrogliogenesis. The
cell-intrinsic mechanisms found that overtime, the NPCs become less biased towards producing
neurons and switch over to astrocyte production, which is prompted by internal signals like
expression of a key transcription factor or key receptor gene, or even an epigenetic change like
demethylation of a key promoter (Barnabe-Heider et al., 2005). Other studies found that NPCs
are competent at producing glia; however, they require an external signal such as cytokines to
switch to astrogliogenesis. Various studies found that the gp130 cytokine family (also called
interleukin-6 [IL-6] family), including leukemia inhibitory factor (LIF), ciliary neurotrophic
factor (CNTF), and cardiotrophin-1 (CT-1), induce NPCs to produce astrocytes (reviewed in:
(Barnabe-Heider et al., 2005; Miller and Gauthier, 2007)). Specifically, newly-formed neurons
secrete CT-1, which provides feedback to NPCs to start making astrocytes at ~E18 (Barnabe-
Heider et al., 2005). Similar to excitatory neuronal regulation of gliogenesis, migrating
interneurons regulate oligodendrocyte progenitor cell (OPC) generation from NPCs by secreting

a chemokine called fractalkine (CX3CL1) (Voronova et al., 2017).

During embryogenesis, the hippocampus develops on the caudomedial side of the dorsal

telencephalon (Pang et al., 2019). At E12.5, the cortical hem (CH) is formed at the medial border



of the pallium and secretes morphogens such as bone morphogenetic proteins (BMPs) and WNTs
(Furuta et al., 1997). These signaling molecules induce the hippocampal formation in the medial
pallium beginning with the appearance of the dentate gyrus and hippocampal neuroepithelium at
E13.5-14.5 (Pang et al., 2019). By PO, the hippocampal formation folds into an “S shape” and is
patterned into the dentate gyrus, cornu ammonis 1-3 (CA1-3), and the subiculum (Chauhan et al.,
2021). Pyramidal neurons that occupy CA1 region are generated by the VZ at E12-16 and they
migrate to the hippocampal multipolar cell accumulation zone (MAZ) where they transform into
multipolar cells with multiple processes (Kitazawa et al., 2014). Late forming (E14-16) CA1
pyramidal neurons transform into bipolar cells in the MAZ that migrate in a zig-zag manner
(termed “climbing mode”) towards the hippocampal plate that later becomes the stratum
pyramidal (layer in the CA1 region). In adulthood, NPC of glutamatergic neurons in the dentate

gyrus migrate tangentially along blood vessels, followed by radial migration (Sun et al., 2015).

Neurogenesis in the hippocampus varies by regions: neurons in the CA regions are
generated embryonically until birth while neurons in the dentate gyrus (DG) continue to be
formed postnatally (Angevine, 1965). A more recent study used 5-ethynyl-2’-deoxyuridine (EdU)
birth-dating and confirmed that neurons are generated embryonically with a peak at E15.5 (~9%
of neurons are EdU-labeled by P30 when EdU is injected at E15.5) in the CA regions of the
hippocampus while DG neurogenesis continues postnatally with a peak at P1 (~6% of neurons
are EdU-labeled by P30) (Bond et al., 2020). These proportions of EQU+ neurons were
significant as they were the highest obtained in each respective region. In addition, the DG
maintains SGZ NPCs that continue to generate neurons in adulthood (reviewed in: (Bond et al.,

2015)).

The hippocampus plays a role in memory processing, learning and navigation as well as
emotional integration. The hippocampus receives inputs from the rest of the brain via the
entorhinal cortex (EC) which projects axons from layer II and III onto all subfields including the
dentate gyrus (Witter et al., 2000). The major output of the hippocampus occurs via CA1
projecting to the subiculum (region between the CA1 and EC) and layer V of EC. From layer V,
the information is sent to the appropriate structures in the rest of the brain. Specifically, a layer
above the dentate gyrus called the stratum lacunosum-moleculare (SLM) acts as a connecting hub

between the hippocampus and EC (Chauhan et al., 2021). The hippocampus and cortex are



affected in several neurodegenerative diseases. These include Alzheimer’s disease (AD) (Frisoni
et al., 1999; Laakso et al., 2000; Sampath et al., 2017), Parkinson’s disease (PD) (Connolly and
Fox, 2014), Huntington’s disease (HD) (Ransome et al., 2012), multiple sclerosis (MS) (Prakash
et al., 2019), vascular dementia (VD) (Zhu et al., 2021), frontotemporal dementia (FTD) (Frisoni
et al., 1999; Laakso et al., 2000), and amyotrophic lateral sclerosis (ALS) (Beeldman et al., 2015;
Christidi et al., 2018).

1.1.3 Astrogliogenesis

After neurogenesis is completed in the developing cortex, NPCs in the VZ and SVZ
region begin gliogenesis at E18 by first generating glial progenitor cells, which differentiate into
astrocytes (Bayraktar et al., 2015; Burns et al., 2009; Su Akdemir et al., 2020). In addition,
terminally differentiated astrocytes in the cortex can also symmetrically divide to expand the pool
of astrocytes in the mouse postnatal brain (Burns et al., 2009; Moroni et al., 2018). This
proliferative capacity is unique to astrocytes as terminally differentiated neurons and
oligodendrocytes do not proliferate (Caviness and Sidman, 1973; Mori and Leblond, 1970). In
contrast, astrocytes generated post-natally by SVZ NPCs are postmitotic with no proliferative
capacity (Sohn et al., 2015). In the hippocampus, GFAP-positive astrocytes proliferation peaks at
P8-16 in rats, reaching peak numbers in specific regions of the hippocampus, such as in the
stratum lacunosum-moleculare by about P14 (Nixdorf-Bergweiler et al., 1994). Another study
looked at astrogenesis in the mouse hippocampus by injecting the thymidine analogue, 5-ethynyl-
2'-deoxyuridine (EdU), at various developmental time points and analyzing EQU+ astrocytes at
P30 (Bond et al., 2020). They found that astrocytes in the mouse hippocampus are generated
starting on embryonic day 17.5, but most are generated during the first postnatal week. Moreover,
they discovered temporal dynamics of astrocyte generation by subregions, for example,
astrocytes are generated from E17.5 to P5 and E17.5 to P3 in the stratum oriens and stratum

lacunosum-moleculare, respectively.

Astrocyte morphology changes with age and it also differs by region. Astrocytes have two
main subtypes identified via their region in the brain: protoplasmic astrocytes found in the gray
matter and fibrous astrocytes located in the white matter tract (Ben Haim and Rowitch, 2016).

Protoplasmic astrocytes have radial morphology and develop small distal processes called



perisynaptic astrocytic process (PAPs) (Su Akdemir et al., 2020). These PAPs contact neural
synapses as well as form direct contact with blood vessels. Fibrous astrocytes have a more
elongated morphology and form contacts with oligodendrocytes and myelinated axons at nodes
of Ranvier (Ben Haim and Rowitch, 2016). In contrast to spatial organization, astrocyte
morphology matures in the hippocampus starting from a smaller, overlapping, less ramified state
in early post-natal age to more ramified astrocytes that do not overlap with neighboring cells by
post-natal day 28 in rats (Bushong et al., 2004). Mature astrocytes can be identified by markers
like GFAP, S100b, aldehyde dehydrogenase family 1, member L1 (ALDHI1L1), GLAST,
(Raponi et al., 2015). Notably, NPCs also express molecules that are characteristic of astrocytes,
such as GFAP and GLAST at the onset of neurogenesis (Kriegstein and Gétz, 2003). For
example, using transgenically targeted cell fate mapping, a study found that all neuroblasts and
neurons generated in the adult mouse forebrain are derived from NPCs that express GFAP

(Garcia et al., 2004).

Astrocytes are the largest glial population in the CNS, making up 20-40% of the total glial
cells that play a role in homeostasis (Herculano-Houzel, 2014). Their end-feet structures play a
role in regulating blood flow, and amino acid and neurotransmitter uptake by neurons (Eroglu
and Barres, 2010; Su Akdemir et al., 2020). They constantly monitor synapses via synaptic
receptors and respond to changes by secreting neuroactive molecules (Allen and Eroglu, 2017,

Eroglu and Barres, 2010).
1.1.4 Oligodendrogenesis

NPCs produce oligodendrocytes in the CNS via OPCs. The multipotent NPCs in the VZ
produce OPCs in three waves during mouse development, each from a distinct region (Cai et al.,
2005; Fogarty et al., 2005; Kessaris et al., 2006; Pringle and Richardson, 1993; Vallstedt et al.,
2005; Warf et al., 1991). First, Nkx2. I-expressing NPCs in the MGE and entopeduncular area
(AEP) begin giving rise to OPCs that travel tangentially into the cortex, arriving by E15 (Kessaris
et al., 2006). Next, Gsh2-expressing precursor in the caudal and lateral ganglionic eminences
(LGE-CGE) gives rise to OPCs at E15.5 that migrate into the rest of the brain. Lastly, Emx!-
expressing NPCs in the cortical VZ produce a third wave of OPCs at postnatal day (P) 0, that
continue to proliferate rapidly. Notably, the Nkx2.I-derived OPCs decline after birth and are



eliminated by P10. As the newly formed OPCs migrate, their self-repulsion towards other OPCs

allows them to occupy the brain in a uniform fashion.

OPC:s either differentiate into oligodendrocytes around P15 or remain as OPCs into
adulthood and populate the entire brain tissue (Kessaris et al., 2006). In adulthood, the cortex
contains similar proportion of Gsh2 and EmxI-derived OPCs; however, the Emx/-derived OPCs
are mostly restricted to the dorsal brain. The OPCs in the hippocampus are mainly Emx/-derived.
OPCs have high proliferative capacity, have bipolar morphology and remain in the CNS
throughout life (Clayton and Tesar, 2021; Pfeiffer et al., 1993). Studies show that cell-to-cell
interaction with inhibitory neurons, astrocytes and microglia support density and survival of
OPCs in the brain (Balia et al., 2017; Hughes and Stockton, 2021). In addition, adult SVZ NPCs
continue to be a source for generating oligodendrocytes in adulthood (Aguirre and Gallo, 2007;
Delgado et al., 2021; Jablonska et al., 2010; Levison and Goldman, 1993; Menn et al., 2006;
Moshinsky, 1994; Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002; Xing et al., 2014).

OPCs express markers such as the proteoglycan neural-glia antigen 2 (NG2), platelet-
derived growth factor receptor alpha (PDGFRa) and oligodendrocyte lineage transcription factor
(Olig1/2) (Kuhn et al., 2019; Lin and Bergles, 2002; Nishiyama et al., 1999, 1997, 1996; Zhu et
al., 2014). Following birth, OPCs gradually differentiate into immature oligodendrocytes that
have not started producing myelin yet (Butts et al., 2008; Hughes and Stockton, 2021). These
intermediate cells continue to mature into post-mitotic oligodendrocytes that myelinate axons in
the CNS. Mature, myelinating oligodendrocytes are present in the murine brain after ~2 post-
natal weeks and the process continues until ~6 post-natal weeks when most oligodendrocytes are
formed (Barres et al., 1992; McCarthy and Leblond, 1988; Tripathi et al., 2017). Moreover,
oligodendrocytes are actively replaced in specific regions of the brain throughout life, such as in

the optic nerve (Zhi et al., 2023).

Oligodendrocyte apoptosis during early brain development is a known process that occurs
to ensure that the number of oligodendrocytes match the number of axons that need to be
myelinated (reviewed in: (Simons and Nave, 2016)). Initially, oligodendrocytes are produced in
excess, and some are later eliminated by apoptosis. For example, 50% of oligodendrocytes die in

the developing (P8 to P12) rat optic nerve (Barres et al., 1992). Another study found that between



P7 and P21, approximately 20% of premyelinating oligodendrocytes in the cerebral cortex were

degenerating (Trapp et al., 1997).

However, not all OPCs differentiate into mature oligodendrocytes. Recent studies have
discovered that OPCs are a heterogenous population and they are involved in other roles besides
myelination, such as the fine-tuning of neural circuits (Xiao et al., 2022). In addition, OPCs in
adulthood respond to cellular signals by migrating, proliferating, and differentiating into mature
oligodendrocytes that remyelinate in response to myelin injury (Carroll et al., 1998; Gensert and

Goldman, 1997; Géttle et al., 2019; Kuhn et al., 2019; Tepavcevi¢ and Lubetzki, 2022).

In the postnatal murine brain, oligodendrocytes myelinate axons by making contacts with
neuron membranes using their processes (reviewed in: (Gil and Gama, 2022; Simons and Nave,
2016)). To initiate myelination, the cells undergo a stabilization period where myelin sheaths are
either elongated or retracted (Stadelmann et al., 2019). Once the contact is stabilized, lipids and
proteins are delivered to the growing myelin sheath (Nave and Werner, 2014). Each

oligodendrocyte can myelinate multiple axons in the CNS.

Mature, myelinating oligodendrocytes are post-mitotic and can be identified by the
presence of proteins such as proteolipid protein (PLP), 2°,3’-cyclic-nucleotide 3’-
phosphodiesterase (CNPase), myelin basic protein (MBP), myelin associated glycoprotein
(MAGQG), myelin-oligodendrocyte glycoprotein (MOG), galacto cerebroside (GalC) in addition to
a cell linage transcription factor like Olig2 (Bhat et al., 1996; Kuhn et al., 2019; Scherer et al.,
1994). Myelinating oligodendrocytes wrap myelin sheaths, which are composed of lipids and
proteins including MBP, CNPase, and PLP, around axons. Myelin sheaths are not continuous
along the entirety of axons, but are interspersed with unmyelinated gaps called nodes of Ranvier
that are enriched in ion channels ((Huxley and Stampfli, 1949), reviewed in: (Rasband and Peles,
2021)). Myelination and nodes of Ranvier allow the signal to propagate in a fast manner, where
electrical signals “jump” from node to node. Myelin also serves an additional role, where myelin
sheaths form a tight barrier between the axon and the surrounding nutrient-rich environment to
prevent ion leakage (Stadelmann et al., 2019). Therefore, oligodendrocytes also provide
metabolic support to neurons via cytoplasmic channels and transport proteins. Astrocytes may
also support this metabolic coupling by transferring metabolites to oligodendrocytes via gap

junctions (Stadelmann et al., 2019).



1.1.5 Microglia development

Unlike neurons and macroglia (astrocytes and oligodendrocytes), microglia are derived
from a different pool of cells. Microglia have a hemopoietic origin and display macrophage
markers (Gordon et al., 1992; Lawson et al., 1990; Perry et al., 1985). As well, an in vitro
experiment showed that microglial progenitors from both embryonic and adult mouse brains have
high proliferative capacity (Alliot et al., 1991). Microglia progenitors expressing hematopoietic
markers migrate from the yolk sac to the brain via blood vessels between E8.5 and E9.5 (Alliot et
al., 1999; Ginhoux et al., 2010). There, these progenitors proliferate and give rise to microglia
cells which are maintained throughout life without further contribution from hematopoietic
progenitors (Ajami et al., 2007). During embryonic development, the microglia pool expands
rapidly; however, they comprise only 1.7% of all brain cells by E18. After birth, microglia
proliferate further and account for 10% of all brain cells (Alliot et al., 1999; Gordon et al., 1992;
Lawson et al., 1990). Therefore, the majority of microglia cells are born postnatally during the

first two weeks of murine development (Alliot et al., 1999; Cossmann et al., 1997).

Previously, it was known that colony stimulating factor-1 (CSF-1) and its receptor (CSF-
1R) are responsible for the differentiation of most macrophage populations in adult mice (Chitu
and Stanley, 2006). Ginhoux et al. 2010 discovered that CSF-1R was also expressed on yolk sac
macrophages and microglia at E9.5 and that their development is dependent on this receptor
(Ginhoux et al., 2010). On the contrary, circulating monocyte numbers are not affected by the
absence of CSF-1R. Microglia in the murine brain can be labeled with antibodies against
cytoplasmic protein marker like 1onized calcium-binding adapter molecule 1 (IBA1) that plays a
role in phagocytosis, and surface protein markers like purinergic receptor (P2YR12) that plays a

role in chemotaxis, transmembrane protein 119 (TMEM119), or CSF-1R (Paolicelli et al., 2022).

As the resident CNS macrophage, microglia continuously survey their environment for
foreign material, such as pathogens (Gosselin et al., 2017, 2014; Lavin et al., 2014; Matcovitch-
Natan et al., 2016). Microglia play a role in brain homeostasis as well as in host defense against
pathogens and in neurodegenerative diseases (El Khoury et al., 2007). In the adult brain during
homeostasis, microglia are highly dynamic while surveying their environment and rapidly

become activated in response to injury (Nimmerjahn et al., 2005). They sense the environment
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via receptors and signaling molecules called the sensome (Hickman et al., 2013). Microglia
exhibit plasticity and can be neuroprotective or neurotoxic. For example, in advanced stages of
several neurological disorders such as AD, MS, and ALS, microglia takes on a neurotoxic
phenotype (Block et al., 2007; Gomes-Leal, 2012; Hickman et al., 2008; Liao et al., 2012; Muzio
et al., 2007). Microglia exist on a spectrum between pro-inflammatory (formally classified as
M1) and alternatively activated microglia (formally classified as M2) (Michelucci et al., 2009;
Paolicelli et al., 2022). Pro-inflammatory microglia secrete reactive oxygen species (ROS) and
proinflammatory cytokines, whereas alternatively activated microglia secrete anti-inflammatory
cytokines and molecules that promote OPC differentiation into oligodendrocytes (Miron, 2017;
Miron et al., 2013). Pro-inflammatory microglia can be identified by markers such as CD16/32

and alternatively activated microglia can marked with arginase 1 (Argl) (Raes et al., 2002).

Microglia play roles in various processes during development such as refining synaptic
networks (Fields et al., 2014; Schafer et al., 2012; Tremblay et al., 2011; Wake et al., 2009),
promoting of and the removal of developmental apoptotic cells (Wakselman et al., 2008),
positioning neurons in the developing cortex (Hoshiko et al., 2012), and the secretion of growth
factors for neuronal survival (Ueno et al., 2013). In the adult brain, microglia continue to monitor
synapses and secrete neuromodulatory factors that support synaptic plasticity and learning

(Parkhurst et al., 2013).
1.1.6 Crosstalk between microglia and oligodendrocyte progenitor cells (OPCs)

Microglia interact with OPCs during development and in adulthood, resulting in proper
myelination of the CNS. For example, alternatively activated microglia that secrete anti-
inflammatory cytokines appear at the start of remyelination and are essential for efficient CNS
myelin regeneration (Miron et al., 2013). During murine development, ameboid microglia contact
and phagocytose viable OPCs at ~P7 that express pre-myelinating stage markers of maturation
(Nemes-Baran et al., 2020). In CX3CR1 knockout (KO) mice, microglia do not engulf these
OPCs, leading to thinner myelin at P30. Moreover, the presence of neuropilin-1 (Nrp1) receptor
on microglia in the corpus callosum promotes OPC proliferation during development as well as
OPC response to CNS demyelination (Sherafat et al., 2021). This shows the importance of

microglia-OPC interactions in myelination. In multiple sclerosis, microglia have been associated
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with inflammation and negative effects on oligodendrocyte production in demyelinating lesions
(HeB et al., 2020; Lassmann, 2014). Moreover, phagocytosis of myelin debris by microglia is

essential for remyelination after cuprizone induced demyelination in mice (Lampron et al., 2015).

1.2 Multiple Sclerosis (MS)

1.2.1 What is MS?

Multiple sclerosis (MS) is a chronic neuroinflammatory and neurodegenerative disease of
the CNS (Cotsapas et al., 2012). MS is highly prevalent in Canada with about 77,000 individuals
living with the disease. In MS, the protective myelin sheath around nerve axons is damaged. This
is done via two main pathways: 1) immune cell recruitment to the CNS that attacks the myelin and
myelin-producing cells oligodendrocytes causing inflammation and demyelination (Karussis,
2014; Trapp et al., 1998); and 2) the inability of the CNS to replace the damaged myelin. More
specifically, the infiltrating immune cells targeting myelin in the CNS cause an acute inflammatory,
demyelinating lesion which can occur in both the white matter (Raine, 1994) and gray matter

(Geurts et al., 2005).

Four main categories of MS lesions have been identified based on histopathology: (1) early
active; (2) chronic active; (3) inactive and (4) remyelinated shadow plaques [reviewed in: (Calvi
et al., 2022; Frohman et al., 2006)]. Early active lesions appear in the beginning stage of MS
diagnosis, which are identified by the loss of myelin and oligodendrocytes, axonal damage,
hypertrophic astrocytes, lymphocytes, and the presence of myelin in macrophages. Chronic active
lesions are similar to an early active lesion around the border regarding the cellular activity, and
expansion of the demyelinated region; however, they have an inactive, hypocellular center with
naked axons. Inactive lesions do not have ongoing degradation of myelin at the their border and
they show a decrease in the number of immune cell infiltration (Kornek et al., 2000). In contrast,
remyelinated shadow plaques are identified by the thin myelin, although some inflammation

remains in both of the latter lesions.

MS is a dynamic disease with heterogenous demyelinating lesions that appear

unpredictably, for example, new lesions may appear in both acute and chronic cases (Frohman et
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al., 2006). However, as the disease progresses, a hallmark is the appearance of the silent lesions

without the presence of active inflammation.

Ultimately, demyelination affects the axons and leads to their degeneration that disrupts
neuronal signaling and communication, leading to motor, cognitive, and/or neuropsychiatric
decline in patients (Niino, 2016). There are two major stages of MS disease: relapsing remitting
MS (RRMS) and secondary or primary progressive MS (SPMS and PPMS) (Ghasemi et al., 2017).
RRMS is characterized by sudden attacks on the CNS followed by recovery. People with RRMS
usually develop SPMS later in life, which is characterized by a steady increase in severity of
symptoms. In contrast, PPMS is more severe with rapid decline and no recovery phases. Patients
with SPMS and PPMS have a higher proportion of chronic active lesions and it is associated with
a more severe disease course (Kornek et al., 2000). Both genetics and environmental factors play
a role in the onset and progression of MS; however, more research is needed to decipher these

interactions.

1.2.2 MS pathogenesis

1.2.2.1 Hippocampus in MS

In addition to motor and sensory decline, up to 65% of patients with MS experience
cognitive decline such as memory impairment (Geurts et al., 2005; Rao, 1995). Extensive
demyelination of the hippocampus occurs in many patients such as demyelinated lesions 53-79%
postmortem MS hippocampi in addition to neuronal damage and synaptic abnormalities (Geurts
et al., 2007; Papadopoulos et al., 2009; Rocca et al., 2018; Vercellino et al., 2005). In contrast, a
separate study showed extensive demyelination in patients with MS with minimal neuronal loss;
however, a significant decrease in synaptic density was observed (Dutta et al., 2011). Overall,
this study found a decreased abundance of proteins involved in axonal transport, synaptic

plasticity, memory learning, and neuronal survival in demyelinated hippocampi.
1.2.2.2 MS genetics

The risk of developing MS for relatives of people with MS is higher than the risk for the
general population (Dyment et al., 1997; Nielsen et al., 2005; Sadovnick et al., 1988). Genome
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Wide Association Studies (GWAS) have been implemented to study the genetics of people with
MS compared to the general population to identify risk genes. Through these studies, over 200 MS
genetic risk loci have been identified (Baranzini and Oksenberg, 2017). The majority of these risk
alleles are detected in genes responsible for inflammation such as the major histocompatibility

complex (MHC) (Baranzini and Oksenberg, 2017).

An earlier GWAS study collected data from 1000 prospective case series of individuals
with MS and matched controls to identify the genomic variants that influence MS susceptibility
and severity in addition to other phenotypes (Baranzini et al., 2009). Gene ontology analysis of
gene variants enriched in individuals with MS indicates that in addition to immune genes, CNS
developmental gene variants are enriched in genes associated with MS susceptibility. Moreover,
both CNS and embryonic developmental gene variants are over-represented in MS severity.

Therefore, genes that regulate development likely play a role in both MS susceptibility and severity.

1.2.2.3 Environmental factors

Environmental factors are important for MS development and progression (reviewed in:
(Dobson and Giovannoni, 2019; Michel, 2018; Pantazou et al., 2015; Zarghami et al., 2021)).
Some of these environmental factors are: smoking tobacco, low vitamin D levels or ultraviolet B
light (UVB) exposure, Epstein Barr Virus (EBV) infection and obesity (Alfredsson and Olsson,
2019; Bjornevik et al., 2022; Marrodan et al., 2019). The former two environmental factors are
also associated with MS progression such as relapse and disability progression. Although these
environmental factors play a role, none of them alone can explain MS onset. However, EBV is
the leading candidate thus far and is likely a prerequisite for the disease as a recent study showed
that the risk of developing MS increased 32-fold after infection with EBV (Bjornevik et al.,
2022).

Studies have also found an interaction between genetics and the environment in the risk of
developing MS. For example, carrying the HLA-DRB1*15 risk allele and the absence of the
HLA-A*02 protective allele increases the risk of developing MS by 4.9-fold while smoking alone
in the absence of these alleles increases risk by 1.4-fold. However, the interaction of these alleles

with smoking increases this risk from 4.9 to 13.5-fold (Hedstrom et al., 2011). This represents an
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example where carrying a specific gene variant combined with a lifestyle choice increases the

risk of developing MS.
1.3 Cytokine and chemokine signaling in the brain

Cytokines and chemokines are small, secreted proteins that act as signaling molecules via binding
and activating their cognate receptors on target cells. In short, cytokines and chemokines allow

different cells to communicate with each other via autocrine, paracrine, and endocrine action.
1.3.1 Cytokine and chemokine signaling during brain development

Cytokines play a role in the CNS development by regulating various processes including
embryonic NPC fates such as neurogenesis and gliogenesis. In particular, the glycoprotein 130
(gp130) cytokine family, that uses gp130 as a common signal transducer in their receptor,
regulate embryonic RGCs that generate neurons, astrocytes and OPCs in the CNS by promoting
self-renewal and expansion (reviewed in: (Deverman and Patterson, 2009; Taga, 1997)). The
gp130 cytokine family, also known as the IL-6 family, include Interleukin-6 (IL-6), IL-11, IL-27,
leukemia inhibitory factor (LIF), oncostatin M (OSM), ciliary neurotrophic factor (CNTF),
cardiotrophin-1 (CT-1), novel neurotrophin-1/B cell stimulating factor-3 or cardiotrophin-like
cytokine (CLC), and neuropoietin (NP) (reviewed in: (Fasnacht and Miiller, 2008)). Several of
these cytokines are expressed in the embryonic brain such as CT-1 in neurons, NP in
neuroepithelium and LIF and CNTF in the choroid plexus (Barnabe-Heider et al., 2005; Derouet
et al., 2004; Gregg and Weiss, 2005). IL-6 is produced by NPCs and directly regulates their
proliferation and differentiation (Gallagher et al., 2013; Storer et al., 2018). In addition, LIF,
CNTF, and IL-11 have been shown to promote oligodendrocyte differentiation and survival

(Barres et al., 1993).

Chemotactic cytokines called chemokines are a group of secreted, small 8-10 kilodalton
(kDa) proteins with cysteine (Cys) residues that induce changes in the behaviour of target cells
(Walz et al., 1987; Yoshimura et al., 1987). Chemokines are categorized into several groups: CC,
CXC, and XC to CX3C, where the X represents the number of amino acids between the Cys
residues at their N-terminus (reviewed in: (Watson et al., 2020)). More specifically, when a

chemokine ligand binds and activates its cognate receptor on target cell, a signaling cascade that
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results in cellular changes such as: cell adhesion, migration, phagocytosis, additional cytokine
secretion, proliferation, survival and/or apoptosis (Ambrosini and Aloisi, 2004; Deverman and

Patterson, 2009; Ramesh et al., 2013; Tran and Miller, 2003).

Chemokines bind and activate G-protein coupled receptors (GPCR) with seven
transmembrane domains that were initially discovered to play a role in immune cell recruitment
to injury sites (Ambrosini and Aloisi, 2004). However, later research shows the importance of
chemokines and GPCRs in CNS development, homeostasis, and response to injury or insult.
Within the CNS, different cells such as neurons, glia (microglia, OPCs, oligodendrocytes,
astrocytes) and endothelial cells secrete chemokines as well as express their receptors to
communicate with each other during homeostasis and disease (Ambrosini and Aloisi, 2004;
Gallagher et al., 2013; Ji et al., 2004; Kim et al., 2014; Omari et al., 2005; Storer et al., 2018;
Stuart et al., 2015; Tran and Miller, 2003; Williams et al., 2014). Generally, chemokines involved
in homeostasis are expressed constitutively whereas those involved in inflammation are produced

in response to injury or disease (Moser and Loetscher, 2001).

An example of a chemokine that plays a role in development is CXCL12 (stromal cell-
derived factor 1, SDF-1) and its receptors CXCR4 and CXCR7 (reviewed in: (Deverman and
Patterson, 2009; Watson et al., 2020). They have critical roles in neuronal migration,
proliferation, and axon organization as well as OPC survival, migration, proliferation, and
differentiation in the CNS. CXCLI12 is expressed in the meninges embryonically, which
decreases in adulthood, and in microglia, astrocytes and neurons postnatally (Tham et al., 2001).
Interaction of CXCL12 with CXCR4 expressed in OPCs during early development regulates their
migration and interaction of CXCL12 with CXCR7 enhances oligodendrocyte production
(Dziembowska et al., 2005; Gottle et al., 2010).

1.3.2 Cytokine and chemokine signaling during inflammation.

Some chemokines such as CXCL9, CXCL10, and CXCL11 are induced by interferon-
gamma (IFN-y). They are expressed by neurons in response to CNS infection and inflammation
(Campanella et al., 2008; Klein et al., 2005). CXCL9, CXCL10, and CXCL11 and IFN-y are
inflammatory cytokines that are upregulated during inflammation such as experimental

autoimmune encephalomyelitis (EAE) (reviewed in: (Watson et al., 2020)).
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In addition, reactive microglia can secrete CCL2 (monocyte chemoattractant protein-1, MCP-1),
CCL3 (macrophage inflammatory protein 1 alpha, MIP-1a) and CCLS5 as well as various
cytokines like IL-1B, IL-6, IL-12, IL-23, IL-33, tumour necrosis factor alpha (TNF-a), interferon
beta (IFN-B), and transforming growth factor beta (TGF-f) to promote inflammation and the
recruitment of immune cells to the site of injury (Lampron et al., 2013; Negi and Das, 2018). In
contrast, IL-4 and IL-10 stimulated microglia secrete a different set of cytokines and chemokines
like vascular endothelial growth factor (VEGF) to promote tissue repair (Lampron et al., 2013).
Similar to microglia, activated astrocytes also secrete a variety of cytokines in response to
inflammation, such as CCL2 (MCP-1), CCL5, IL-1B, IL-6, IL-8, IL-10, IFNa, IFNB, TNFa, and
TGF-B (Kigerl et al., 2014; Klein et al., 2017; Lampron et al., 2013)

1.4 C-X3-C motif chemokine receptor 1 (CX3CR1)

CX3CRI is a GPCR with seven transmembrane helices that was initially discovered in
1994 in rat CNS (Harrison et al., 1994) while its ligand, the chemokine CX3CL1 (fractalkine,
FKN), was discovered in 1997 in both humans and mice (Bazan et al., 1997; Pan et al., 1997).
The FKN ligand is secreted by neurons in the CNS (Harrison et al., 1998) and it exists as both a
soluble and membrane-bound signaling molecule with roles in adhesion and chemoattraction,
respectively (Luo et al., 2019; Paolicelli et al., 2014). FKN is constitutively expressed in the
neurons of the cerebral cortex, hippocampus, caudate putamen, thalamus, and the olfactory bulb

(reviewed in (Watson et al., 2020)).

Imai et al. first described the CX3CR1-FKN signaling axis connection in 1998 using
leukocyte migration and adhesion assays (Imai et al., 1997). Intracellular signal transmission via
CX3CRI1 occurs through the heterotrimeric G proteins that activates different secondary
messengers and transcription factors such as nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), cAMP response element-binding protein (CREB), signal transducer
and activator of transcription (STAT), and activator protein 1 (AP-1) (reviewed in: (Poniatowski
et al., 2017)). These downstream activators and transcription factors may play a role in
cytoskeletal reorganization, migration, proliferation, and apoptosis. FKN binds to the CX3CR1
receptor, which was previously thought to be exclusively expressed on microglia, leading to

studies on the signaling axis in neuron-microglia interactions (Jung et al., 2000; Sheridan and
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Murphy, 2013). However, further studies have shown that CX3CRI1 is also expressed by OPCs
(de Almeida et al., 2023; Voronova et al., 2017; Watson et al., 2021), NPCs (Ji et al., 2004;
Watson et al., 2021), and neurons (Dworzak et al., 2015). During development, postnatal OPCs
express elevated CX3CR1 compared to embryonic OPCs (Voronova et al., 2017). A second
independent study using RNA-sequencing confirmed that CY3CRI/ mRNA in OPCs from the
brain is highest on postnatal day 7 (Marques et al., 2018; Watson et al., 2020).

In vitro experiments show that soluble FKN ligand directly binds to its receptor on NPCs
and OPCs and increases their differentiation to oligodendrocytes (de Almeida et al., 2023;
Voronova et al., 2017; Watson et al., 2021). In addition, mice lacking the FKN receptor
constitutively or specifically in embryonic cortical NPCs show a decrease in oligodendrocyte
density postnatally due to a decrease in differentiation (Voronova et al. 2017). In agreement,
infusion of soluble FKN into normal adult brain increases SVZ NPC to OPC commitment, and
OPC differentiation into oligodendrocytes (Watson et al., 2021). Furthermore, infusion of FKN
into cuprizone demyelinated murine brain enhances remyelination by increasing cortical grey
matter OPC proliferation as well as white and grey matter OPC differentiation into

oligodendrocytes (de Almeida et al., 2023).

FKN-CX3CRI1 signaling likely plays a role in human disease as CX3CR1 KO mice have
more severe outcomes when subjected to cuprizone-induced demyelination, such as reduced
oligodendrocyte regeneration, aberrant myelin morphology, reduced OPC density and
proliferation, as well as decreased phagocytic function of microglia (Lampron et al., 2015;
Mendiola et al., 2022). In addition, single-nuclei RNA sequencing data show that CX3CRI is
expressed in committed OPCs, immune oligodendroglia and microglia/macrophages in MS

patient brain lesions (de Almeida et al., 2023; Jikel et al., 2019; Watson et al., 2020).

Together, these studies suggest FKN-CX3CRI1 signaling axis is important for proper brain
development, homeostasis, and regeneration. As outlined below, CX3CR1 variants contribute to
demyelinating disease mechanisms. The focus of my thesis are developmental changes due to a

CX3CRI variant that may contribute to the severity of demyelinating disorders.
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1.5 Rationale for thesis

Both genetic and environmental factors contribute to the development and progression of
MS. While over 200 MS genetic risk loci have been identified (Baranzini and Oksenberg, 2017),
we understand very little about the burden of these genetic variants on affected individual’s brain
development, function, susceptibility to neurodegeneration and the ability to regenerate. The
majority of MS susceptibility variants are detected in genes responsible for inflammation
(Baranzini and Oksenberg, 2017). In contrast, majority of MS severity variants are detected in
genes responsible for CNS development (Baranzini et al., 2009). Whether neurodevelopment is

linked to neurodegeneration in MS is not known.

One of such severity risk genes is CX3CR/! (reviewed in: (Watson et al., 2020)). Namely,
two single nucleotide polymorphisms have been shown to associate with worsened disease
progression in MS, ALS and AD (Arli et al., 2013; Cardona et al., 2018; Lopez-Lopez et al., 2014;
Loépez-Lopez et al., 2018; McDermott et al., 2003; Stojkovi¢ et al., 2012; Thompson and Gilbert,
2017). These two polymorphic changes are a valine to isoleucine at position 249 and a threonine
to methionine at position 280, which makes the CX3CRI1 receptor less responsive to FKN
stimulation (McDermott et al., 2003). Notably, patients with MS who are homozygous V2491
carriers have higher Expanded Disability Status Scale (EDSS) score compared to heterozygous
carriers with MS (Arli et al., 2013). In addition, homozygous T280M patients have a non-
significant increasing trend in EDSS. A carrier is traditionally defined as an individual who has
one specific allele of a gene associated with a disease or a trait that is inherited in an autosomal-
recessive manner; therefore, a carrier does not show symptoms or features of the trait. However, in
the context of risk genes in MS, individuals are referred to as carriers when they have at least one
copy of the risk allele; however, they may or may not develop MS. To better understand the
influence of these variants on brain physiology, knock in mice were created that express the human
CX3CRI gene with both amino acid changes (hCX3CR124M280 hM280) (Cardona et al., 2018).
Mice expressing hCX3CR124M280 develop more severe demyelination when subjected to EAE or
cuprizone demyelination (Cardona et al., 2018; Mendiola et al., 2022). The majority of observed
phenotypes are attributed to aberrant function of microglia, which express high levels of CX3CR1

(Limatola and Ransohoff, 2014). However, CX3CR1 is also expressed in OPCs, both in the
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developing and the adult murine central nervous system (CNS) as well as healthy and demyelinated

human brains (reviewed in (Watson et al., 2020)).

Our lab showed that constitutive CX3CR1 KO or CX3CR1 knockdown in cortical
progenitors leads to decreased oligodendrocyte formation in the developing brain (Voronova et al.,
2017). This raises the possibility that individuals carrying MS-associated variants in CX3CR1 may
display aberrant brain development that may predispose them to faster disease onset and/or poor
progression. This is a critical question to address as genetic perturbations in other
neurodegenerative disorders, like Huntington’s disease (HD), have shown aberrant early brain
development preceding the appearance of a degenerative phenotype, leading to a novel postulate
that neurodegenerative diseases may have a neurodevelopmental component (Barnat et al., 2020).
This is an important consideration for MS community as an abnormally developed and functioning
CNS may react differently to an environment, resulting in a more severe neurodegeneration upon
an environmental insult. Indeed, murine studies show inducing oligodendrocyte cell death in the
postnatal developing CNS leads to worse outcomes when challenged with a demyelination injury
later in life (Caprariello et al., 2015). However, how genetic variants detected in MS patients impact
developmental myelination is not known. To address this gap, I ask whether MS-associated

CX3CR124M280 yariant impairs CNS development.
1.6 Hypothesis and objectives

Hypothesis: Human disease associated CX3CR1 variant (CX3CR1%Z#M280) affects brain

development by altering OPC and microglia fates.
This hypothesis was addressed via three objectives:

Objective 1: Identify the effect of the hM280 variant on oligodendrocyte and myelin

formation.
Objective 2: Identify the effect of the hM280 variant on microglia cell fates.

Objective 3: Determine the effect of the hM280 variant on CNS function.



20

To achieve these aims, I analyzed brain tissue, including the cerebrum, from developing and adult
wild type, CX3CR1 KO and hM280 homozygous mice. Through a collaboration with Yana

Kibalnyk, we also started to determine the behavioral phenotypes of these mice.
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2  Material and Methods

2.1 Animal models

2.1.1 Mice: C57BL/6 (wild type), CX3CR1"1 (KO), CX3CR1124M280 (hM280)

Animal use protocol was approved by the Research Ethics Office at the University of
Alberta in accordance with the Canadian Council of Animal Care Policies. C57BL/6J (wild type,
WT) mouse line was obtained from Jackson Laboratory (JAX, 000664). CX3CR1"" and
CX3CR1#M280 moyse lines were a kind gift from Dr. Astrid Cardona (University of Texas San
Antonio). The CX3CR 1% mice have the human MS specific hCX3CR12#M28 yariant knocked
into the endogenous mouse CX3CR1 locus (Cardona et al., 2018). This knocked-in human
variant is under the control of the endogenous mouse CX3CR1 promoter; however, it contains a
neomycin gene flanked by lox P sites, so it acts as a knockout (herein referred as KO) (Cardona
et al., 2018). Any cells that normally expresses the CX3CR1 protein, including microglia and
OPCs, are not expressing the receptor in KO (Cardona et al., 2018). To generate the
CX3CR1%M280 mouse line, Dr. Cardona’s lab crossed the CX3CR1"" mouse with B6.FVB-
Tg(EIla-cre)C5379Lmgd/J (The Jackson Laboratory, Stock No. 003724), which is germline
E2ACre recombinase expressing mouse line (Cardona et al., 2018). In the germline cells, cre-
mediated recombination of the floxed neomycin resistance gene caused removal of the stop
cassette and the loss of the SA-15/SA-16 1,004 base pair fragment. Subsequently, this results in
the expression of the human CX3CR 17?280 yariant gene in all cells that normally express this
gene (herein referred as hM280). To generate wild type, heterozygous and homozygous hM280
mice, a heterozygous male and female are crossed. For the current study, KO mice were set-up to
generate KO progeny, WT mice generated WT progeny, and hM280 homozygous mice generated
hM280 homozygous progeny.

Mice were housed in normal 12-hour light: 12-hour dark cycles at average temperatures
of 68-70°F and 54-58% humidity. Food was provided ad libitum. Mice from both sexes were
used in all in vivo and in vitro experiments. No sex differences were observed in this study. For in
vivo experiments, mice were collected at postnatal day (P) 15, 30 and 70. For behavioural assays,

mice were used at 2-3 months of age. For in vitro experiments, PO-P2 pups were used.
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1" and recombined

For genotyping, the following primers were used for CX3CR
CX3CR124M280 ¢4 jdentify the genotypes of each animal using polymerase chain reaction
(PCR).

CX3CRI"™: TACCTGGCCATCGTCCTGGCCGCCA (5°-3°, forward),
ACGAGACTAGTGAGACGTGCTACTT (5°-3’, reverse), GTCTTCACGTTCGGTCTGGT (5’-
3’, control forward), CCCAGACACTCGTTGTCCTT (5°-3’, control reverse). Samples were
identified by the presence of DNA bands as follows in base pairs (bp): 1) homozygous: 1004 bp,
2) heterozygous: 1004 bp and 410 bp, and 3) control/WT: 410 bp.

Recombined CX3CR124M280: CCAAGACAGAATTTCACTGTGTAGC (5°-3°, forward),
CAACAAATTTCCCACCAGGCCAATG (5°-3’, reverse), GTCTTCACGTTCGGTCTGGT (5°-

3’, control forward), CCCAGACACTCGTTGTCCTT (5°-3’, control reverse). Samples were

identified by the presence of DNA bands as follows: 1) homozygous: 1245 bp, 2) heterozygous:
1245 bp and 410 bp, and 3) control/WT: 410 bp.

2.1.2 Behaviour assays

2.1.2.1 Open field test (OFT)

Mice had not undergone any prior behavioural tests. 2-3-month-old WT, KO and hM280
mice were habituated in the experiment room in their home cage for at least 1 hour before the
experiment. Experiment was set up in the EthoVision XT 17 tracking software (Noldus) and the
arena (40x40 cm) was cleaned with 70% ethanol before each trial. Each mouse was placed in the
arena to move freely for 10 minutes. The center was designated in the tracking software as a

20x20 ¢cm? in the middle of the arena.

2.1.2.2  Elevated plus maze (EPM)

The EPM experiment was performed on the same mice the day after the OFT. Mice were
habituated in the experiment room in their home cage for at least 1 hour before starting the test.
Each mouse was placed in the center of the EPM, facing an open arm and allowed to move freely

for 10 minutes. The mice were returned to their home cage at the end of the experiment.
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2.2 5-Bromo-2'-deoxyuridine (BrdU) injections

A solution of 8mg/ml of 5-Bromo-2'-deoxyuridine (BrdU, Sigma-Aldrich) in sterile 1x
phosphate buffered saline (PBS) was prepared fresh before injections. BrdU was dissolved in the
1x PBS by heating the solution at 95°C for 15 seconds, then vortexing. Each P14 mouse was
weighted and injected with the BrdU solution at 100 mg/kg using intraperitoneal (IP) injection
method. Brain tissue was collected 24 hours later at P15 following the method outlined in 2.5

below.

2.3 Cuprizone-induced demyelination

For cuprizone-induced demyelination, 10-week-old WT mice were subjected to nutragel
(Bio-Serv) containing 0.2% cuprizone (bis-cyclohexanone oxaldihydrazone, Sigma) for 6 weeks
as described in (de Almeida et al., 2023; Saito et al., 2021). Animals were monitored weekly for
weight and apparent behaviour changes. If mice lost more than 20% of their weight, lost mobility
and/or exhibited obvious pain symptoms or stopped moving, then they were immediately

euthanized.

2.4 Tissue dissection and collection

P15 mice were euthanized with CO» using a 2.5 flow rate with a fill rate of 30% of the
chamber volume per minute. Mice at one month of age or over (P30, P70) were anesthetized
with 102 mg/kg of body weight Euthansol (WDDC) and perfused transcardially with ice-cold
~30 ml of HBSS (Hank’s balance salt solution, Invitrogen).

Brains were dissected and cut in sagittal. One hemisphere with the cerebellum was placed
in 4% PFA (paraformaldehyde, Thermo Scientific, Cat# 50980487) at 4°C for 24 hours. Then,
the tissue was cryopreserved for 72 hours in 30% sucrose (Thermo Fisher Scientific, Cat#
BP220-10) in 1x PBS. After 72 hours, the specimens were embedded in optimal cutting
temperature (O.C.T) compound (Thermo Scientific™ Shandon™ Cryomatrix™, Cat# 67-690-
06), flash frozen, and stored at -80°C.

The other hemisphere was used to generate lysates for western blot and multiplex-ELISA
(enzyme-linked immunoassay, Meso Scale Discovery). The cerebellum was removed from the

cerebrum. The cerebrum was cut into smaller pieces with a clean scalpel and lysed in 500 pl of
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Levin Lysis Buffer (0.1% Sodium dodecyl sulfate, Bio-Rad, Cat# 161-0322; 0.2% sodium
deoxycholate, Sigma-Aldrich, Cat# D6750 and 1% IGEPAL CA-630, Sigma-Aldrich, Cat# I-
3021 in 1x PBS) supplemented with 0.001M phenylmethylsulfonyl fluoride, PMSF (Thermo
Scientific, Cat# 36978), 1x protease inhibitor cocktail, PIC (Sigma-Aldrich, Cat# P8340), and 1x
phosphatase inhibitor, PhosSTOP (Sigma-Aldrich, Cat# 406845001). The samples were
sonicated with a Thermo Fisher Scientific Sonic Dismembrator at 4-5W for 10 sec, and
centrifugated at 20800g at 4°C for 5 minutes to remove cell debris. The supernatant was

transferred to a clean tube. The samples were stored at -80°C for downstream assays.

2.5 Primary microglia cultures

Cerebral cortices and hippocampi from PO-P2 WT, KO and hM280 mice were cultured as
described in (de Almeida et al., 2023). PO-P2 brains were dissected and meninges from the cortex
were removed in HBSS solution containing 1% penicillin/streptomycin (Pen/Strep, Lonza) in a
petri dish. While holding the cerebellum with tweezers, the cortex including the hippocampus
was unfolded and removed in a spoon-like shape using a spatula. The inside of the cortex was
cleaned from remaining meninges and blood vessels, and the tissue was kept in hibernate A
(Gibco, Cat# A1247501) with 1% Pen/Strep (penicillin-streptomycin, Gibco, Cat# 15140122).
Next, the solution was replaced with 0.025% trypsin (Sigma-Aldrich, Cat# T2011) at 1ml per
cortex and incubated at 37°C for 15 minutes to enzymatically digest the cortices. The trypsin was
replaced with DMEM/F12 (Dulbecco's Modified Eagle Medium, Ham's F-12, Gibco, Cat#
13320033) with 10% FBS (Fetal Bovine Serum, Sigma-Aldrich, Cat# F1051), 1% Pen/Strep, 1%
sodium pyruvate (Gibco, Cat# 11360070) and 50 uM B-mercaptoethanol (Sigma-Aldrich, Cat#
AAJ6674230) (herein referred to as microglia media). The solution was titrated with Sml
serological pipette until a homogenous solution was obtained and centrifuged at 1500 rpm for 2
minutes to remove the supernatant. The pellet was resuspended in fresh microglia media, filtered
through a 70 um cell strainer (Thermo Fisher Scientific, Cat# 22-363-548), and cells were
counted via trypan blue (Sigma-Aldrich, Cat# T0887) by mixing cell culture with trypan blue in a
1:1 ratio to assess viability. The cells were seeded in 15ml microglia media at 1x10° live cells/ml

in a T75 flask (Falcon, Cat# 13-680-65).
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Media was replaced twice a week. To increase microglia density, the cultures were treated
with 5 ng/ml GM-CSF (Granulocyte Macrophage Colony Stimulating Factor, Sigma-Aldrich,
Cat# SRP3201) on days 8-11. Media was replaced on day 11 with microglia media. Media was
replaced on day 13 again to generate conditioned media on day 14, which was collected and
filtered through a 0.22pm filtration unit (Starstedt, Cat# 83.1826.001). Microglia were isolated
using 15 mM lidocaine hydrochloride monohydrate (Sigma-Aldrich, Cat# L5647) and shaking
the plate at 100 rpm for 10 min. Isolated cells were plated at 47,000-52,000 cells/cm? density for
24h in 50% conditioned media and 50% microglia media without B-mercaptoethanol. After 24h,
media was replaced with microglia media without f-mercaptoethanol and FBS. The cells were

processed for immunocytochemistry (ICC) as per below at the 3-day in vitro timepoint.

2.6  Antibodies

Primary antibodies: mouse anti-CNPase (WB: 1:800, Sigma-Aldrich, Cat#
AMAB91072), rat anti-MBP (a. a. 82-87) (WB: 1:300, IHC:1:500, Millipore, RRID: AB_94975),
rabbit anti-PLP (WB: 1:500, Abcam, RRID:AB_776593), rabbit anti-GFAP (WB: 1:800, Agilent,
RRID:AB_10013382), rat anti-GFAP (WB: 1:800, IHC: 1:1000, Thermo Fisher Scientific,
RRID:AB _2532994), mouse anti-GAPDH (WB: 1:5000, Sigma-Aldrich, RRID:AB_1078991),
chicken anti-NFL (IHC: 1:500, EnCor Biotechnology, RRID:AB_2149931), goat anti-PDGFRa
(IHC: 1:300, R&D Systems, RRID: AB 2236897), mouse anti-APC/CC1 (IHC: 1:150,
Calbiochem, RRID:AB 2057371), rabbit anti-Olig2 (IHC: 1:1000, Millipore, RRID:

AB 570666), mouse anti-Olig2 (IHC: 1:1000, Millipore, RRID: AB_10807410), rabbit anti-
IBA1 (IHC: 1:1000, ICC: 1:1000, Wako, RRID: AB 839504), rat anti-CD16/32 (ICC: 1:400,
Tonbo Biosciences, RRID:AB 2621487), goat anti-arginasel (ICC: 1:500, Novus Biologicals,
#NB100-59740), sheep anti-BrdU (IHC: 1:1000, Abcam, RRID:AB_302659), rabbit anti-CC3
(IHC: 1:250, Abcam, AB_91556).

Fluorescently labeled highly cross-absorbed secondary antibodies raised in donkey were
used at 1:500 dilution in phosphate buffered saline (PBS). The following secondary antibodies
were used: anti-chicken-Alexa647 (Jackson ImmunoResearch, Cat# 703-605-155), anti-goat-
Alexa488 (Invitrogen, Cat# A11055), anti-rabbit-Alexa488 (Jackson ImmunoResearch, Cat#
711-545-152), anti-rabbit-Cy3 (Jackson ImmunoResearch, Cat# 711-165-152), anti-rabbit-
Alexa647 (Jackson ImmunoResearch, Cat# 711-605-152), anti-rat-Alexa488 (Jackson
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ImmunoResearch, Cat# 712-545-150), anti-rat-Cy3 (Jackson ImmunoResearch, Cat# 712-165-
153), anti-rat-Cy5 (Jackson ImmunoResearch, Cat# 712-175-153), and anti-sheep-Alexa647
(Jackson ImmunoResearch, Cat# 713-175-147). If primary antibodies were raised in mouse for
IHC, mouse on mouse (MOM) kit (MJS BioLynx, Cat# VECTBMK2202) was used, where
Alexa488 (Cat# 016-010-084), Cy3 (Cat# 016-160-084), or Cy5 (Cat# 016-170-084) conjugated
streptavidin secondaries (Jackson ImmunoResearch) were used at 1:500 dilution in PBS. For
western blot protein detection using enhanced chemiluminescence (ECL), the horse-radish
peroxidase (HRP) conjugated secondary antibodies used were anti-rat and anti-rabbit (Thermo

Fisher Scientific).

2.7 Western blot

Protein concentrations in brain lysates were measured via Bradford assay (Bio-rad, Cat#
5000006) using Biochem GeneQuant Spectrophotometer (Beckman). Lysates were thawed on ice
and 25 pg of protein from each sample was loaded onto 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel by boiling the samples in 1x SDS-PAGE loading buffer [0.06M Tris (Thermo
Fisher Scientific, Cat# BP152), 2.05% SDS (Bio-Rad, Cat# 161-0322), 1% B-mercaptoethanol,
0.1M dithiothreitol (DTT, Thermo Fisher Scientific, Cat# BP172), 0.05% bromophenol blue
(Bio-Rad, Cat# 161-0404), and 5-10% glycerol (Gibco, Cat# 15514-011)] at 95 °C for 5 minutes.
Resolved proteins were transferred to a 0.2 um nitrocellulose membrane (Bio-Rad, Cat# 162-
0112), blocked in 5% milk or PBS blocking buffer (LI-COR, Cat# 927-70001) for 1 hour at room
temperature and reacted with antibodies raised against CNPase, MBP, PLP, GFAP and GAPDH
at 4 °C overnight. The membrane was then incubated with HRP-conjugated secondary antibodies
or fluorescently labeled secondary antibodies for 1 hour at room temperature. HRP signal was
detected using ECL substrates (Thermo Fisher Scientific) while the fluorescently labeled
antibodies were detected with the Odyssey LI-COR imager (LI-COR). Up to two antibodies were
detected with ECL reagent while up to three were detected with LI-COR. For additional protein
detection, the membranes were stripped with SM NaCl (Sigma-Aldrich, Cat# 746398) and 1M
TrisHCI for 10 minutes before the process was repeated beginning with blocking for 1 hour at

room temperature.
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2.8  Multiplex-ELISA (enzyme-linked immunoassay)

Ultrasensitive MSD U-PLEX assay kit (Meso Scale Discovery, MSD, Cat# K15069L-1)
using monoclonal antibodies and ECL detection with MESO QuickPlex SQ 120MM were used
by ordering a custom plate and processing it according to manufacturer’s instructions. Cerebrum
protein lysates prepared and used for western blot analysis were used here as well. 10 ul (~100-
500 pg of protein) of each sample was loaded into each well during the experiment. The precise
concentration of each sample was inputted into the manufacturer’s analysis software (MSD,
Discovery Workbench 4.0) to normalize the data output. The custom plate allowed testing for

IFN-y, IL-1B, IL-6, IL-10, MCP-1, MIP-10, SDF-1a, TNF-a, and VEGF-A.

2.9 Immunohistochemistry (IHC)

Cryopreserved brains were sectioned in sagittal plane at 18 um, starting near the midline
when the hippocampus appeared. Five sections were collected per slide for a total of eight slides
that were stored at -80°C until IHC.

The sections were stained as described in (Watson et al., 2021). Slides were first dried at
37°C for 10 minutes, then rehydrated in 1x PBS. Next, the tissue was permeabilized and blocked
with 5% BSA and 0.3% Triton-X100 in 1x PBS for 1 hour at room temperature followed by
incubation with primary antibodies at 4°C overnight. The primary antibodies were incubated with
slides in 5% BSA in 1x PBS for 24 hours at 4C, after which the sections were incubated with
appropriate secondary antibodies for 1 hour at room temperature in the dark. Nuclei were
counterstained with Hoechst 33258 (Riodel-De Haen Ag, Cat# 33217) for 2 minutes at room
temperature. Sections were mounted with Fluoromount-G (Thermo Fisher Scientific, Cat#
5018788). Primary and secondary antibodies are listed in section 2.6.

BrdU staining was performed as described in (Li et al., 2022). Briefly, the sections were
post-fixed in 4% PFA for 10 minutes after the initial primary and secondary antibodies. Then, the
sections were treated with 1M hydrochloric acid (HCI) for 10 minutes at room temperature
followed by 2M HCI for 10 minutes at room temperature, then 20 minutes at 37°C. Next, the
tissue was blocked with 5% normal donkey serum (Jackson ImmunoResearch, Cat# 017-000-
121) with 1% Triton X-100 (Bio Basic, Cat# TB0198) and 1M glycine (Sigma-Aldrich, Cat#
G7126) in 1x PBS for 1 hour at room temperature and anti-sheep BrdU antibody was added for
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overnight at 4°C. After ~24 hours, appropriate secondary antibody was added for 1 hour in the

dark, followed by Hoechst and mounting as described above.

2.10 Immunocytochemistry (ICC)

Cell cultures were fixed and stained as described in (Watson et al., 2021). Microglia cell
cultures were fixed with 4% PFA for 10 minutes at room temperature, permeabilized with 0.2%
NP-40 (Thermo Fisher Scientific, Cat# 28324) in 1xPBS for 5 min and blocked with 6% donkey
serum and 0.5% BSA in 1x PBS. Cells were incubated with primary antibodies overnight at 4°C.
After ~24 hours, secondary antibodies were added in 1xPBS for 1 hour at room temperature.

Nuclei were counterstained with Hoechst 33258. Sections were mounted with Fluoromount-G.

2.11 Microscopy

In vivo and in vitro images were captured using Zeiss Axio Imager M2 fluorescence
widefield microscope equipped with ORCA-Flash LT sCMOS Camera (Hamamatsu), LED light
source (Module 385nm, 475nm, 567nm and 630nm), and Zen software (Zeiss). The objective
lenses were EC Plan-Neofluar 10x/0.30 M27 (Zeiss) and Plan-Apochromat 20x/0.8 M27 (Zeiss).
Cultured cells and in vivo sections were imaged in a single plane, except images for microglia
transformation index analysis and mean fluorescence intensity (MFI), which were captured using
Z-stacks with optical thickness of 0.5-1.2 pm spanning 10-18 um. /n vitro images were captured
with the 20x objective. Composite in vivo images were tiled from images taken with 10x or 20x
objective. DAPI was detected with an excitation wavelength of 353nm (channel 1). Secondary
antibodies were detected through three different channels with excitation wavelengths of 488nm,
590nm, and 650nm (channels 2-4). The excitation filter wavelengths for channels 1 to 4 were
370-410nm, 450-490nm, 533-558nm, and 625-655nm, respectively. The emission filter
wavelengths for channels 1 to 4 were 430-470nm, 500-550nm, 570-640nm, and 665-715nm,
respectively.

Exposure time varied for each objective and target. Slides containing tissue from WT,
KO, and hM280 were imaged using same settings for each marker. DAPI was detected with an
exposure time of 7-12 ms. In in vitro experiments, Argl, CD16/32, and IBA1 were detected with
channel 2 to 4 with an exposure time of 200 ms, 400 ms, and 70 ms, respectively. In in vivo

experiments, PDGFRa, CC1, and Olig2 were detected with channel 2 to 4 with an exposure time
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of 150 ms, 200 ms, and 400 ms, respectively, using both the 10x and 20x objective. GFAP and
NFL were both detected with channel 4 with an exposure time of 300 ms and 70 ms, respectively.
MBP was detected using channel 2 or 3 with an exposure time of 150 ms and 400 ms,
respectively. IBA1 was detected with channel 4 with an exposure time of 250 ms for both single-

plane images and Z-stacks.

2.12 Quantifications and statistical analysis

Images from western blot experiments were processed with ImagelJ. The pixel intensity of
each band from a control and protein of interest was quantified using a constant-sized box. The
pixel intensity of the protein of interest was normalized to the pixel intensity of the control
(GAPDH). The value was then normalized to the WT samples by dividing the two numbers. Each
blot contained WT controls. The data was obtained from n=3-9, where n is the number of animals
from each genotype and shown in figure 1 as individual data points.

In vivo experiment images were tiled to include the hippocampus (HPC), corpus callosum
(CC) and cortical grey matter (GM) above the HPC if possible. Otherwise, these three regions
were imaged separately. Areas of interest were identified with Hoechst or MBP staining. For the
CC and GM data, the cortical column was identified above the hippocampus with a consistent
width by using a rectangle aligned with the edge of the pia layer. The CC and GM were further
defined by using Hoechst staining and nuclei morphology. Data was obtained from n=3-5, where
n is the number of animals from each genotype and indicated as individual data points in the
figures. Data was collected from 3-5 anatomically matched sections per each animal. Data is
presented as (1) marker MFI (mean fluorescence intensity), (2) average # of marker+ cells per
area (density), or (3) %marker1+marker2+/marker2+ cells (index).

For microglia transformation index (TI) in the SLM and MFI in the cortical GM, one z-
stack was captured using 20X objective in the SLM of CA1 of HPC and a second z-stack was
captured in the cortical GM above the CC using IBA1 marker. For TI, five images were analysed
per animal and 1-5 IBA1+ microglia were traced in each image for a total of 13-25 IBA1+
microglia per animal. The perimeter and area of the IBA1 stain were calculated by ImageJ and
recorded. Data was obtained from n=3-4, where n is the number of animals from each genotype.
Each data point in figure 6E represents an IBA1+ cell. The following formula was used to

calculate TI for each cell:
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2

TI where P is perimeter and A is area of each cell.

4+3.14%A
Due to technical limitations of tracing IBA1+ cells in the GM, MFI of each IBA 1+ cell
body in the GM was used instead. Using the z-stack images in the GM explained above, 10-16
IBA 1+ microglia cell bodies were outlined in each image for a total of 40-79 IBA 1+ microglia
per animal from 5 sections. The MFI was recorded and presented in figure 7C as individual dots.
Data was obtained from n=3-4, where n is the number of animals from each genotype.

For in vitro experiments, each n represents dissected cerebrums including the
hippocampus from 2-3 PO-P2 pups. The data is from at least 3 independent experimental
replicates. During each experiment, at least two technical replicates were produced, stained, and
5-10 field of view images were taken with a 20X objective. At least 5 images were analyzed per
experiment from each genotype. Data is presented as (1) %emarker+/nuclei, (2) average marker+
cells per field of view, or (3) %markerl+ marker2+/ marker2+ cells (index).

For the Meso Scale cytokine assay, data was analyzed in the Discovery Workbench 4.0
Analysis Software provided by the Meso Scale Discovery manufacturer. Data was obtained from
n=2-4, where n is the number of animals from each genotype.

MEFTI and cell counting data analysis was completed in ImageJ software V1.53c in a
blinded fashion (Schindelin et al., 2012). Representative images were processed in Photoshop CC
2015 and figures were created in Adobe Illustrator CC 2015. Biorender was used to generate
brain schematics.

For behaviour analysis, EthoVision XT 17 tracking software was used to quantify the
distance traveled and the time spent in the open arms. The grooming time was scored manually
by an observer in the software. Data was obtained from n=8-17, where n is the number of animals
from each genotype.

All data analysis was performed with GraphPad Prism version 8. Data was tested for
normality using Shapiro-Wilk and Kolmogorov test. If data passed the normality tests, it was
analyzed with 1-way ANOVA followed by Tukey or the Dunnett’s multiple comparison’s tests
(indicated in the figure legends). If the data did not pass the normality tests, it was analyzed using
non-parametric Dunn’s multiple comparison’s test and Kruskal-Wallis test. All data is presented

as a mean +/- standard error of the mean (SEM).
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3 Results

3.1 Myelin protein abundance is perturbed in the developing cerebrum

of CX3CR1 knockout (KO) and CX3CR1124M280 (hM280) mice.

To determine whether there were any changes in myelin in the developing or adult brain,
cerebrum lysates were collected from postnatal days 15 (P15), when myelin is just starting to
form (Kessaris et al., 2006), and 70 (P70), when myelination is largely complete (Baumann and
Pham-Dinh, 2001). WT, KO, and hM280 mice were subjected to western blot analysis using
myelin-specific antibodies (Fig. 1A). It is important to note that the lysate contained both dorsal
(cortex, striatum, hippocampus) and ventral (thalamus, hypothalamus, etc.) brain areas and

excluded cerebellum and olfactory bulb.

In comparison to WT, the P15 hM280 cerebra, but not CX3CR1 KO cerebra had a ~2.6-
fold (p=0.0312) decrease in the abundance of 2',3'-Cyclic-nucleotide 3'-phosphodiesterase
(CNPase) and a trending decrease in myelin basic protein (MBP) (Fig. 1B-D). CNPase makes up
4% of total myelin protein, whereas MBP forms 30-40% of total CNS myelin protein (Pfeiffer et
al., 1993). Surprisingly, the myelin proteolipid protein (PLP), the most abundant myelin-
associated protein making up 50% of the protein mass of CNS myelin (Pfeiffer et al., 1993;
Timsit et al., 1995), was ~1.7-fold (p=0.0208) and ~1.5-fold (p=0.0424) increased in the KO
compared to WT and hM280, respectively, at P15 (Fig. 1E). In contrast to early development,
both the KO and hM280 did not show altered CNPase and MBP protein levels at P70 (Fig. 1G,
H). Moreover, these mice did not show any significant changes in the abundance of glial
fibrillary acidic protein (GFAP), an astrocyte marker (Raponi et al., 2015), at either age (Fig. 1F,
I). These results demonstrate that mice that express the hM280 variant display a decrease in the
abundance of CNPase protein and a trending decrease in MBP protein during brain development,
but not in adulthood. Together, these data demonstrate that the hM280 mice have a transient

developmental myelin phenotype that is distinct from WT and KO mice.
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Fig. 1: Myelin protein abundance is perturbed in the developing cerebrum of CX3CR1
knockout (KO) and CX3CR1249M280 (hM280) mice. A Schematic diagram of the experimental
design. P = postnatal day (BioRender). Briefly, P15 and P70 cerebrum lysates were analyzed via
western blot in B-1. B A representative western blot image from P15 cerebrum total protein
lysates probed for CNPase and GAPDH. Lanes were spliced out from the same autoradiogram as
indicated by black vertical lines. C-I Quantification of B from P15 (C-F) and P70 (G-I)
cerebrum total protein lysates for relative abundance of CNPase, MBP, PLP and GFAP proteins.
Each marker+ pixel intensity was normalized to GAPDH and calibrated to WT at respective age.
WT=Wild type, KO=Knockout, hM280=CX3CR124M28 homozygous, CNPase=2’,3’-cyclic-
nucleotide 3’-phosphodiesterase, MBP=myelin basic protein, PLP=proteolipid protein,
GFAP=glial fibrillary acidic protein, GAPDH=glyceraldehyde-3-phosphate dehydrogenase. All
graphs analyzed with 1-way ANOVA followed by Tukey’s multiple comparison’s test. *p<0.05,

*#p<0.01. n=3-9 animals for each genotype. Data are mean +/- SEM.
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3.2 hM280 mice have delayed myelination in the stratum lacunosum-
moleculare (SLM) of the Cornu Ammonis 1 (CA1) region in the
hippocampus at postnatal day 15 (P15).

To confirm my findings from cerebral lysates, and to expand the analysis spatially, thin
sagittal brain sections were immunostained for MBP (Fig. 2A-A’). Qualitative analysis of the
sections revealed that there were differences in MBP staining between the genotypes in the
hippocampus, specifically, in the SLM region which acts as a connecting hub. Within the
hippocampus, this connecting region between the entorhinal cortex and CAl of hippocampus
called stratum lacunosum-molecular (SLM), has the highest density of mature oligodendrocytes at
P15 (DeFlitch et al., 2022). MBP staining between the WT, KO, and hM280 brains differed in this

region; therefore, the hippocampus analysis was focused on the SLM.

Analysis of the MBP mean fluorescence intensity (MFI) showed a ~1.1-fold decrease
(p=0.0317) in the KO SLM and ~1.3-fold (p=0.0005) decrease in the hM280 SLM compared to
WT at P15 (Fig. 2B). MBP MFI also showed a ~1.2-fold (p=0.0339) decrease in the hM280 SLM
compared to KO (Fig. 2B). By P30, the level of MBP abundance in this area was comparable to
WT (Fig. 2C). Moreover, at P70, MBP MFI showed no significant changes between WT, KO and
hM280 (Fig. 2D). The observed deficit in MBP protein presence at P15 could be a defect in
myelination or a secondary response to the absence or reduction in axons. To test the latter, MFI
for neurofilament light chain (NFL), a marker of axons (Julien et al., 1986), was measured in the
SLM of WT, KO and hM280 brains at P15, 30 and 70 (Fig. 2A”). Fig. 2E-G showed NFL MFI was
not altered between the genotypes at any timepoints examined. This suggests that mice that express
the hM280 variant display a developmental delay in MBP abundance and that this delay is not due

to an absence or decrease in neuronal axons, as measured by NFL.
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Fig. 2: hM280 mice have delayed myelination in the stratum lacunosum-moleculare (SLM)
of the Cornu Ammonis 1 (CA1) region in the hippocampus at postnatal day 15 (P15). A
Schematic of the sagittal brain section. Hippocampus is highlighted in red. Representative image
of hippocampus immunostained for MBP (green). Region of interest is outlined in white dashed
line (SLM) and shown at higher magnification in A’ (BioRender). A’ Representative images of
SLM from WT, KO and hM280 P15 samples immunostained for MBP (green), NFL (magenta)
and counterstained with Hoechst (white in merge). Scale bars are 200 um. B-G Quantification of
MBP (B-D) and NFL (E-G) mean fluorescence intensity (MFI) in SLM region at P15, P30 and
P70. MFI is normalized to P15 WT samples. SLM=stratum-lacunosum moleculare, MBP=myelin
basic protein, NFL= neurofilament light chain. All graphs analyzed with 1-way ANOVA
followed by Tukey’s multiple comparison’s test. *p<0.05, **p<0.01. n=3-4 animals for each

genotype. Data are mean +/- SEM.
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3.3 hM280 and KO mice have decreased oligodendrocytes in the

developing hippocampus.

Neural stem and progenitor cells (NPCs) give rise to oligodendrocyte precursor cells
(OPCs). Some OPCs will populate brain parenchyma to establish a pool of adult OPCs and others
will differentiate into oligodendrocytes that produce myelin and myelinate the central nervous
system axons (Kessaris et al., 2006). To determine whether the decrease in SLM MBP
fluorescence at P15 was due to altered levels of oligodendroglia cells, thin sagittal brain sections
were immunostained for Olig2 (oligodendrocyte lineage transcription factor 2), which is
expressed in OPCs and oligodendrocytes, PDGFRa (platelet-derived growth factor receptor
alpha), a marker of OPCs (Kuhn et al., 2019; Nishiyama et al., 1996; Zhu et al., 2014) and CC1
(adenomatous polyposis coli, also known as APC), a marker of oligodendrocytes (Bhat et al.,
1996) (Fig. 3A-A’).

There was a ~1.3-fold (p=0.0007) and a ~1.5-fold (p<0.0001) decrease in the proportion
of OPCs (% PDGFRa+Olig2+/0Olig2+ cells) in the KO compared to WT and hM280 at P15,
respectively (Fig. 3B). With regard to oligodendrocytes, there was a statistically significant
decrease in the proportion of mature oligodendrocytes (% CC1+0lig2+/Olig2+ cells) in both the
KO (a ~1.8-fold [p<0.001]) and hM280 (a ~2.3-fold [p<0.0001]) compared to WT at P15 (Fig.
3E). Notably, these changes in OPCs and oligodendrocytes were not present at P30 or P70 (Fig.
3C-D, F-G). Thus, mice that express the hM280 variant have delayed formation of
oligodendrocytes in the SLM of CA1 in hippocampus at P15.
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Fig. 3: hM280 and KO mice have decreased oligodendrocytes in the developing
hippocampus. A Schematic of the sagittal brain section. Hippocampus is highlighted in red.
Representative image of hippocampus immunostained for PDGFRa (green) and Hoechst (white).
Region of interest is outlined in white dashed line (SLM) and shown at higher magnification in
A’ (BioRender). A’ Representative images of SLM from WT, KO and hM280 P15 samples
immunostained for PDGFRa (green), CC1 (red), Olig2 (blue), and counterstained with Hoechst
(white in merge). Scale bars are 50 um. B-G Quantification of the proportion of PDGFRa+ OPCs
(% PDGFRo+0lig2+/0lig2+ cells) (B-D) and CC1+ mature oligodendrocytes (%
CC1+0lig2+/0lig2+ cells) (E-G) in the SLM region at P15, P30 and P70. All graphs analyzed
with 1-way ANOVA followed by Tukey’s multiple comparison’s test. *p<0.05, **p<0.01,
*E%p<0.001, ****p<0.0001. n=3-4 animals for each genotype. Data are mean +/- SEM.
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3.4 hM280 mice have reduced mature oligodendrocytes in the

developing cortical gray matter.

A decrease in both OPCs and oligodendrocytes was observed previously in the cortical
regions of the CX3CR1 KO mice at P15 (Voronova et al., 2017). I subsequently expanded the
oligodendroglia analysis to P15 corpus callosum (CC, white matter tracts) and cortical grey
matter (GM) of WT, KO and hM280 mice as demarcated in Fig. 4A. There were no differences
in the proportion of OPCs in the CC and cortical GM between WT, KO, and hM280 mice (Fig.
4B, D). There was a trending decrease in the proportion of oligodendrocytes in the CC of KO and
hM280 compared to WT mice that did not reach statistical significance (Fig. 4C). However, there
was a ~2-fold (p=0.0009) and ~1.7-fold (p=0.0143) decrease in the proportion of mature
oligodendrocytes in the cortical GM of hM280 mice when compared to WT and KO,
respectively, and a trending decrease in the KO mice compared to WT that did not reach
statistical significance (Fig. 4E). Thus, mice that express the hM280 variant have decreased
proportion of mature oligodendrocytes in both the GM of the hippocampus and the cortex, but
not the white matter tracts (CC). The difference between my results showing no statistical
differences for OPCs or oligodendrocytes in the developing cortex of the KO mice and a previous

report (Voronova et al., 2017) could be due to how data were expressed.
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Fig. 4: hM280 mice have reduced mature oligodendrocytes in the developing cortical gray
matter. A Schematic of the sagittal brain section on the left with cortical column highlighted in
green box. Representative images of the WT cortical column (right, top) showing cortical gray
matter (GM) and corpus callosum (CC) immunostained for PDGFRa (green), CC1 (red), Olig2
(blue), and counterstained with Hoechst (white in merge). GM and CC border were identified
using Hoechst and MBP staining (not shown). Insets outlined in white dashed boxes are shown at
the bottom at higher magnification. Arrow heads are pointing to PDGFRa+Olig2+ OPCs and full
arrows are pointing to CC1+0Olig2+ mature oligodendrocytes. Scale bars for cortical columns are
200 um and for insets are50 pum. B-E Quantification of the proportion of PDGFRa+ OPCs (%
PDGFRo+0lig2+/0Olig2+ cells) in CC (B) and GM (D) and CC1+ mature oligodendrocytes (%
CC1+0lig2+/0lig2+ cells) in CC (C) and GM (E) at P15. All graphs analyzed with 1-way
ANOVA followed by Tukey’s multiple comparison’s test. **p<0.01. n=4 animals for each
genotype. Data are mean +/- SEM.
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3.5 hM280 mice show increased abundance of astrocyte marker glial

fibrillary acidic protein (GFAP) in the developing brain.

NPCs also differentiate into another macroglia cell type called astrocytes, starting at
embryonic day 18 (E18) (Bayraktar et al., 2015; Burns et al., 2009; Su Akdemir et al., 2020).
Therefore, astrocytes were studied in the cortical GM, white matter (CC), and SLM region of the
hippocampus by performing immunostaining for GFAP (Raponi et al., 2015) (Fig. 5A).
Surprisingly, GFAP MFI analysis showed hM280 mice had a statistically significant increase in
GFAP signal in the P15 SLM (~1.3-fold [p=0.0468]), CC (~1.4-fold [p=0.0184]), and GM (~1.2-
fold [p=0.0432]) compared to WT (Fig. SA-D). In contrast, the KO mice showed a ~1.4-fold
(p=0.0139) increase in GFAP signal only in the P15 CC (Fig. 5C), with no changes in the SLM
or the cortical GM compared to WT (Fig. 5B, D). Changes in GFAP intensity were likely due to
an increase in astrocyte numbers and/or an upregulation of the GFAP protein levels in astrocytes
(Fig. 5A). Reactive astrocytes upregulate GFAP (Bignami and Dahl, 1976); therefore, mice that
express the hM280 variant may have increased astrocyte activation.

In addition, in comparison to WT, both the hM280 and KO show increased GFAP protein
presence near the outer edge of the cortex, where pial layer, a part of the blood-brain barrier
(BBB), is located (Fig. SA, white arrows). Astrocytes extend their terminal processes, also known
as endfeet, to contact the brain vasculature and help regulate BBB ionic concentrations by
expressing KIR4.1 potassium ion channels and aquaporin 4 (Abbott et al., 2006). Therefore, the

hM280 and KO mice may have disrupted ionic concentrations and volume regulation at the BBB.
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Fig. 5: hM280 mice show increased abundance of astrocyte marker glial fibrillary acidic
protein (GFAP) in the developing brain. A A representative image of the cortical column from
WT, KO and hM280 mice with pia layer at the top and hippocampus near the bottom. Images are
immunostained for GFAP (magenta). White dashed insets in GM and yellow dashed insets in the
SLM are shown at higher magnifications below. White arrows indicate the outer edge of the
cortex in the GM insets. Scale bars are 200 um. B-D Quantification of GFAP mean fluorescence
intensity (MFI) in the SLM region (B), CC (C), and cortical GM (D) at P15. MFI is normalized
to WT samples. GFAP=glial fibrillary acidic protein. All graphs analyzed with 1-way ANOVA
followed by Dunnett’s multiple comparison’s test. *p<0.05. n=4-5 animals for each genotype.

Data are mean +/- SEM.
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3.6 hM280 and KO mice show aberrant microglia morphology in the

developing hippocampus.

In addition to OPCs, microglia also express CX3CR1 (Harrison et al., 1998). Therefore,
microglia were analyzed in the SLM of WT, KO, and hM280 mice using immunostaining for
ionized calcium binding adaptor molecule 1 (IBAT), a marker of microglia (Paolicelli et al.,
2022). At P15 and P70, the SLM region in both the KO and hM280 mice showed no changes in
the density of IBA1+ cells when compared to WT (Fig. 6A-B, D). However, at P30, there was a
~1.5-fold (p=0.0110) increase in KO and a ~1.4-fold (p=0.0302) increase in hM280 IBA 1+ cell
density in the SLM region compared to WT (Fig. 6C).

Microglia cells exist on a spectrum between homeostasis and activation (Paolicelli et al.,
2022). During homeostasis, microglia display a ramified morphology with many processes
(Nimmerjahn et al., 2005). Reactive microglia rapidly replace their resting process with highly
motile protrusions and take on a more amoeboid shape (Stence et al., 2001). Thus, microglia
activation can be measured indirectly by measuring their transformation index (TI), which uses
the perimeter and area of each cell (Torres-Platas et al., 2014). The lower the TI, the more
amoeboid the microglia cell and hence, more activated (Fujita et al., 1996; Szabo and Gulya,
2013). The results from Z-stack images of the SLM showed a ~1.6-fold (p<0.0001) decrease in
KO and a ~1.4-fold (p<0.0001) decrease in hM280 microglia TI at P15 compared to WT (Fig.
6E).

These data indicate that both KO and hM280 mice have aberrant microglia morphology,
which is indicative of reactive microglia (Kreutzberg, 1996), in the P15 hippocampus without
changes in their density. Technical limitations precluded studying microglia ramification in P30

and P70 samples.
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Fig. 6: hM280 and KO mice show aberrant microglia morphology in the developing
hippocampus. A A representative image of P15 SLM region immunostained for IBA1 (red) and
counterstained with Hoechst (green). Scale bars are 30 um. B-D Quantification of IBA1+
microglia density in WT, KO, and hM280 SLLM at P15 (B), P30 (C), and P70 (D). Each dot
represents a mouse. E IBA1+ microglia transformation index in WT, KO, and hM280 SLM at
P15. Each dot represents an IBA1+ cell. IBAl=ionized calcium-binding adapter molecule 1. B-D
graphs are analyzed with 1-way ANOVA followed by Tukey’s multiple comparison’s test. Graph
in E was analyzed with Dunn’s multiple comparison’s test and Kruskal-Wallis test. *p<0.05,

*A**p<0.0001. n=3-4 animals for each genotype. Data are mean +/-SEM.
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3.7 hM280 and KO mice have altered microglia morphology in the

developing cortical gray matter.

Since microglia populate the entire brain parenchyma (Ginhoux et al., 2013), the
microglia analysis was expanded to the CC and cortical GM. The data showed no statistical
differences in the density of microglia cells in either CC or GM of P15 KO and hM280 mice
compared to WT (Fig. 7A-C). Previous literature has shown that activated microglia increases the
level of IBA1 protein (Hopperton et al., 2018). Therefore, IBA1 mean fluorescence intensity
(MFI) per each IBA1+ cell body (without processes) was measured (Fig. 7A, white arrows in
insets), analyzing at least 5-10 cells per image or about 40 cells per animal. The results showed a
~1.2-fold (p<0.0001) decrease in KO and a ~1.2-fold (p<0.0001) increase in hM280 IBA1 MFI
in the cortical GM at P15 compared to WT (Fig. 7D). There was a ~1.4-fold (p<0.0001) increase
in hM280 IBA1 MFI compared to KO in the GM at P15. In addition, representative high-
magnification images show the KO and hM280 cortical GM microglia have less processes
compared to WT (Fig. 7A, insets). Therefore, the KO and hM280 microglia have varying levels
of IBA1 protein abundance and are qualitatively more ameboid (activated) compared to the
ramified (resting) WT microglia. Together, this data suggests that while the density of microglia
in the P15 cortical GM is comparable between WT, KO and hM280 mice, IBA1+ cells display
different morphology and IBA1 protein levels in the KO and hM280 mice, which is indicative of

aberrant reactive microglia states.
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Fig. 7: hM280 and KO mice have altered microglia morphology in the developing cortical
gray matter. A Representative images of P15 WT, KO and hM280 GM immunostained for
IBA1 (green). White dashed insets are shown at higher magnification at the bottom. Arrows
indicate IBA 1+ cell bodies. Scale bars are 200 um for top images and 50 um for insets. B-C
Schematics of the sagittal brain section are on the left side with regions of interest highlighted in
red boxes. Quantification of IBA1+ microglia density in WT, KO, and hM280 CC (B) and GM
(C) at P15. Each dot represents a mouse. D Quantification of A, where MFI of IBA1 signal in
individual cell bodies is analysed in WT, KO, and hM280 GM at P15. Each dot represents an
IBA1+ cell body. B-C graphs are analyzed with 1-way ANOVA followed by Tukey’s multiple
comparison’s test. Graph in D was analyzed with Dunn’s multiple comparison’s test and Kruskal-

Wallis test. ****p<(0.0001. n=4 animals for each genotype. Data are mean +/- SEM.
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3.8 Microglia isolated from hM280 mice display aberrant reactivity in

Vitro.

Microglia can adopt pro-inflammatory (formerly known as M1) or alternatively activated
(formerly known as M2) phenotypes (Paolicelli et al., 2022). Pro-inflammatory state can be
identified by the presence of specific markers such as Fc gamma III and II receptors (CD16/32)
(Ma et al., 2017). Alternatively activated microglia states can be detected by the presence of
arginase 1 (Argl) protein (Ma et al., 2017).

To determine whether KO and hM280 microglia are pro-inflammatory or alternatively
activated, P0O-2 cerebra including the cortex and hippocampus from WT, KO, and hM280 were
dissected and cells were cultured separately. Microglia cells from each genotype were isolated on
day 14 and they were stained with antibodies against IBA1, CD16/32, and Argl (Fig. 8A-B). The
microglia cultures from WT, KO and hM280 were 97-99% enriched in IBA 1+ cells (Fig. 8C).

Approximately 10% of all microglia in WT cultures contained CD16/32 or Argl (Fig.
8D-E). In comparison to WT cultures, there were no differences in the proportion of
CD16/32+IBA1+ cells in the KO and hM280 microglia cultures (Fig. 8D). In contrast, there was
a ~1.9-fold (p=0.0071) increase in the proportion of Argl+IBA1+ cells in the hM280, but not
KO, cultures compared to WT (Fig. 8E). These data show that the microglia isolated from the
hM280 mice have increased Argl+ microglia, which is indicative of alternatively activated

microglia state.
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Fig. 8: Microglia isolated from hM280 mice display aberrant reactivity in vitro. A Schematic
diagram of the experimental design (BioRender). B Representative images of in vitro microglia
from WT, KO, and hM280 mice immunostained for IBA1 (red), CD16/32 (cyan), and Argl
(green). Scale bars are 100 pm. C-E Quantification of the proportion of IBA1 (% IBA1+ cells
from healthy Hoechst+ cells) (C), CD16/32+IBA1+ (% CD16/32+IBA1+/IBA1+ cells) (D), and
Argl+IBA1+ (% Argl+IBA1+/IBA1+ cells) (E) microglia in WT, KO, and hM280 cultures.
CD16/32=Fc gamma II and III, Argl=arginasel. All graphs analyzed with 1-way ANOVA
followed by Dunnett’s multiple comparison’s test. **p<0.01. n=3-5 replicates for each genotype.

Data are mean +/- SEM.
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3.9 Tumor necrosis factor alpha (TNFa) and interferon gamma (IFNYy)

are decreased in the developing hM280 cerebrum lysates.

Various brain cells secrete and respond to both inflammatory and anti-inflammatory
cytokines in the brain (Mousa and Bakhiet, 2013). To identify whether there is altered cytokine
protein levels in KO and hM280 mice brain, a multiplex-ELISA experiment was carried out
using P15, P30 and P70 cerebrum lysates from WT, KO, and hM280 mice.

Notably, the hM280 brain lysates had a ~3-fold (p=0.0227) decrease in the classically
defined pro-inflammatory cytokine TNFa (tumor necrosis factor alpha) compared to WT at P15
only (Fig. 9A). In addition, IFN¥ (interferon gamma) was not detected at all in hM280 mice at
P15 but was present in WT and KO mice at comparable levels (Fig. 9B). By P70, hM280 mice
brains contained TNFa and IFNxy proteins at comparable levels to WT. In contrast, IL-13
(interleukin-1 beta) and MIP-1a (macrophage inflammatory protein-1 alpha), which are also
proinflammatory cytokines, were not altered in KO or hM280 compared to WT (Fig. 9C-D).
Other tested cytokines and chemokines were IL-10, IL-6, MCP-1, SDF-1a and VEGF (Fig. 9E-I).
They did not show any differences between the genotypes. Brain lysates from cuprizone-
demyelinated adult WT brains served as positive controls since this demyelination protocol
increases proinflammatory cytokines in the central nervous system (Biancotti et al., 2008;
Carlton, 1966; Hiremath et al., 1998; Praet et al., 2014). Specifically, it has been shown that 4-
week cuprizone treatment leads to an increase in proinflammatory cytokines TNFa and IL-1f in
mice brains (Biancotti et al., 2008). In the current study, an increase in IL-13 but not TNFa was
observed in cuprizone treated mice brains (Fig. 9A, C). This conflicting result may be due to the
age of the mice at the time of demyelination and the length of cuprizone treatment. The mice in
the above study were 25-30 days younger than the ones used here and they were fed cuprizone

for 4 weeks while the mice in the current study were fed cuprizone for 6 weeks.
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Fig. 9: Tumor necrosis factor alpha (TNFa) and interferon gamma (IFNy) are decreased in
the developing hM280 cerebrum lysates. A-I Quantification of TNFa (A), IFNy (B), IL-1B (C),
MIP-1a (D), IL-10 (E), IL-6 (F), MCP-1 (G), SDF-1a (H), and VEGF (I) cytokines and
chemokines in WT, KO, and hM280 P15 and P70 cerebrum lysates per pg of total protein.
Cuprizone-demyelinated (CPZ) cerebrum lysates from WT mice served as a positive control.
*p<0.05. All graphs analyzed with 1-way ANOVA followed by Tukey’s multiple comparison’s

test. n=2-4 animals for each genotype. Data are mean +/- SEM.
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3.10 hM280 mice have increased proliferating cells in the developing

hippocampus.

To explore whether changes in proliferation exist in KO and hM280 brains compared to
WT, P14 mice were injected with 5-bromo-2'-deoxyuridine (BrdU), which is incorporated into
proliferating cell’s DNA during the S-phase of the cell cycle as a thymidine analogue
(Nowakowski et al., 1989). Brains were dissected 24 hours later at P15, and thin, sagittal sections
were immunostained for BrdU, Olig2 and IBA1 to identify the density and identity of
proliferating cells. Both OPCs and microglia exhibit substantial proliferation in the developing,
but none to minimal proliferation in the adult brain (Askew et al., 2017; Rivers et al., 2008). In
addition, since most of the oligodendroglia and microglial cellular phenotypes were observed in
the developing hM280 and KO brains (Fig. 1C, D, Fig. 2B, Fig. 3B, E, Fig. 4E, Fig. 6E, Fig. 7C),

we chose P15 timepoint for analysis of proliferation.

In the P15 SLM, there was a ~6.9-fold (p=0.0438) increase in the density of BrdU+ cells
in the hM280 samples compared to WT (Fig. 10A-B). When the SLM data were stratified further
based on Olig2+ or IBA1+ cells, there was a non-significant increasing trend in the density of
Olig2+BrdU+ and IBA1+BrdU+ cells in the hM280 samples when compared to WT (Fig. 10C-
D). Next, proliferation analysis was expanded to the CC and cortical GM. There were increasing
trends in BrdU+ and Olig2+BrdU+ cells in the hM280 samples compared to WT, which did not
reach statistical significance (Fig. 10 E-H). Together, this data indicates that the hM280 mice

have an increase in proliferating cells in the SLM but not in the CC and cortical GM.
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Fig. 10: hM280 mice have increased proliferating cells in the developing hippocampus. A
Representative images of P15 WT, KO and hM280 SLM immunostained for BrdU (magenta),
Olig2 (red), and counterstained with Hoechst (white in merge). White arrows indicate
BrdU+Olig2+ cells. Scale bars are 50 um. B-D Quantification of the density of BrdU+ (B),
BrdU+Olig2+ (C), and BrdU+IBA 1+ (D) cells in the WT, KO and hM280 SLM at P15. E-H
Quantification of the density of BrdU+ cells in the CC (E) and GM (G), and BrdU+Olig2+ cells
in the CC (F) and GM (H) in P15 WT, KO and hM280 mice. BrdU=5-Bromo-2'-deoxyuridine.
All graphs analyzed with 1-way ANOVA followed by Dunnett’s multiple comparison’s test.

*p<0.05. n=3 animals for each genotype. Data are mean +/- SEM.
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3.11 hM280 and KO mice do not have significant changes in apoptosis

in the developing brain.

Cell death plays an important role in mammalian brain development (Oppenheim, 1991).
In the mouse cerebral cortex, it was discovered that 70% of cortical cells are dying by E14 and
50% by E18; however, very few cells are dying during adulthood (Blaschke et al., 1996). More
recently, Mosley et al. 2017 quantified cell apoptosis in various forebrain regions from E17 to
P11 using CC3 marker (Mosley et al., 2017). They discovered that in most brain regions, cell
death rises and peaks soon after birth followed by a decline to very low levels by P11.

When cells are undergoing a programmed cell death called apoptosis, an enzyme caspase-
3 is cleaved in the cytoplasm; thus, activating it (Fernandes-alnemri et al., 1994). The cleaved
caspase-3 (CC3) cleaves key proteins such as cell cycle proteins, leading to condensation and cell
death (Porter and Janicke, 1999). To determine changes in cell apoptosis in the developing WT,
KO, and hM280 mice, thin brain sections from P15 mice were immunostained for CC3 (Fig.
11A). Fig. 11B-D showed no statistically significant changes in CC3+ cell density in the P15
SLM, CC, and cortical GM of KO and hM280 brains compared to WT.
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Fig. 11: hM280 and KO mice do not have significant changes in apoptosis in the developing
brain. A Representative image of P15 WT, KO and hM280 SLM immunostained for CC3 (red)
and counterstained with Hoechst (white). White arrows indicate CC3+ cells. Scale bars are 50
um. B-D Quantification of the density of CC3+ cells in the SLM (B), CC (C), and GM (D) at
P15. CC3= cleaved caspase-3. All graphs analyzed with 1-way ANOVA followed by Tukey’s

multiple comparison’s test. n=4 animals for each genotype. Data are mean +/- SEM.
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3.12 hM280 and KO mice exhibit increased anxiety in adulthood.

Finally, to ask whether developmental perturbations in brain development affect brain
function in adulthood, we subjected 2—3-month-old WT, KO, and hM280 mice to an open field test
(OFT) and elevated plus maze (EPM) (Fig. 12A, D). The OFT is a well-accepted measure of
locomotion and anxiety (Seibenhener and Wooten, 2015). EPM also tests for anxiety (Walf and
Frye, 2007), indicated by a decrease in the amount of time spent in the open arm of the maze (Fig.
12D). The OFT tests showed that KO mice had a ~2-fold (p<<0.0001) decrease in distance traveled
compared to WT and hM280 mice (Fig. 12B), in agreement with previous reports (Méndez-Salcido
et al., 2022). In the EPM, both KO and M280 mice had a ~2-fold (p<<0.0001) decrease and a ~1.4-
fold (p=0.0005) decrease in distance traveled compared to WT, respectively (Fig. 12E). The KO
mice also had a ~1.5-fold (p=0.004) decrease in distance traveled compared to hM280 (Fig. 12E).
Since KO mice had reduced locomotion, we opted not to measure time spent in center vs periphery
of the OFT box. Instead, we measured time spent self-grooming, a well-accepted measure of
repetitive behaviour and anxiety (Zhan et al., 2014). The KO mice spent twice as much time self-
grooming (p=0.0009) compared to WT and 2.5 times as much time self-grooming (p=0.0007)
compared to hM280 (Fig. 12C). When distance spent in open arms was measured in the EPM, KO
mice showed a ~4.7-fold (p<0.0001) decrease in the amount of time spent in the open arms
compared to WT (Fig. 12F). This is indicative of an anxiety phenotype and is in agreement with
previous reports (Méndez-Salcido et al., 2022). While the distance travelled by hM280 mice did
not differ from WT in an OFT test (Fig. 12B), it was decreased in an EPM test, but less so when
compared to KO (Fig. 12E). In the OFT test, the time spent grooming did not differ between WT
and hM280 mice (Fig. 12C). However, hM280 mice spent ~1.6-fold (p=0.0041) less time in the
open arms compared to WT mice, although this phenotype was less pronounced than in the KO
mice (Fig. 12F). These results indicate that mice that express the hM280 variant exhibit an anxiety

phenotype in adulthood, but to a lesser extent when compared to KO mice.
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Fig. 12: hM280 and KO mice exhibit increased anxiety in adulthood. A Schematic diagram of
the open field test. B-C Quantification of the distance traveled (B) and grooming time (C) of 2-3-
month-old WT, KO, and hM280 mice during the 10 minutes spent in the open field test. D
Schematic diagram of the elevated plus maze. E-F Quantification of the distance traveled (E) and
time spent in the open arms (F) of WT, KO, and hM280 mice in the elevated plus maze. All
graphs analyzed with 1-way ANOVA followed by Tukey’s multiple comparison’s test. *p<0.05,
**%p<0.001, ***p<0.0001. n=8-17 animals for each genotype. Data are mean +/- SEM.



67

4 Discussion and conclusions

4.1 Oligodendroglia findings in CX3CR1249M280 homozygous
(hM280) mice

hM280 mice have aberrant myelin protein levels compared to WT mice, specifically
during early postnatal development at P15, when oligodendrocytes and myelin first start to
develop [reviewed in: (Adnani et al., 2018)]. These changes in myelin protein include a
statistically significant decrease in CNPase and a trending decrease in MBP. Notably, these
changes in the hM280 brain lysates were not present in the adult cerebrum lysates when
compared to WT. When MBP levels was analyzed spatially in sagittal brain sections, the SLM
region in the hM280 hippocampus showed decreased MBP staining in the early postnatal, but not
adult mice. The change in MBP was not due to the absence of axons as NFL staining was present
and comparable to WT. The decrease in MBP in the developing hM280 hippocampus correlated
with a decrease in mature oligodendrocytes and not OPCs. Importantly, these changes were not
due to altered proliferation or cell death. Therefore, it is likely that the hM280 mice have a
decreased OPC differentiation into oligodendrocytes in the early postnatal brain that leads to a
developmental delay in myelination. These data from the hippocampus support and extend prior
reports that showed decreased oligodendrogenesis in the developing cortex of the CX3CR1 KO
mice (Voronova et al. 2017) or in OPCs treated with anti-CX3CR1 function-blocking antibodies
in vitro (Watson et al., 2021).

However, data presented here on oligodendrogenesis in the developing cortical GM and
CC of KO mice differs from a previous study (Voronova et al., 2017). Specifically, the difference
between my results showing no statistical differences for OPCs or oligodendrocytes in the
developing cortex of the KO mice and a previous report (Voronova et al., 2017) could be due to
how data were expressed. My data is expressed as a proportion of OPCs and oligodendrocytes
relative to total Olig2+ cells, and the previous report showed average numbers of PDGFRo+ and
CCl1+ cells. Moreover, the KO mice in my study were generated by inserting the human CX3CR1
gene with the 1249/M280 variants along with a neomycin gene flanked by loxP sites into the

endogenous mouse locus; therefore, the variant CY3CRI mRNA, but no protein is produced from
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the locus. In contrast, the KO mice used in the previous study were generated by knocking in a
functional GFP gene into the endogenous CX3CR1 locus; therefore, the CX3CRI mRNA and
protein were both absent in cells that would normally express the receptor. This may have led to
the more severe oligodendroglia decrease observed in both the CC and cortical GM at P15 in the
previous study. In addition, the presence of the GFP mRNA and protein in cells that normally
express the CX3CRI1 protein may have negative or off-target effects in the cells, leading to a

more pronounced phenotype.

An intriguing question that arises from these data is that while oligodendrocytes are
decreased in the hM280 brain at P15, the western blot shows altered changes in the different
myelin proteins such as a decrease in CNPase but no change in PLP. It has been recently shown
that oligodendrocytes are a heterogenous population in both morphology and transcriptomics
[reviewed in: (Floriddia et al., 2020; Lentferink et al., 2018; Marques et al., 2018, 2016; Osanai
et al., 2022; Pandey et al., 2022; Valihrach et al., 2022)]. Different oligodendrocytes serve
various functions, such as supporting a specific type of axons [reviewed in: (Simons and Nave,
2016)]. Thus, it is possible that the hM280 variant may affect the formation and/or function of a
specific group of oligodendrocytes that contain more CNPase and less PLP. Though this specific
oligodendrocyte category has not been reported in literature yet, it is known that overexpression
of PLP gene results in hypomyelination as well as cognitive deficits in mice that include anxiety-
like behaviours (Kagawa et al., 1994; Tanaka et al., 2009). On the other hand, hM280 variant
may change the protein composition of intact myelin by affecting oligodendrocyte homeostasis.
Finally, reduced abundance of myelin-specific proteins can affect myelin biogenesis (Poggi et al.,
2016). It is possible that hM280 mice may have aberrant myelin formation and/or changes in
axon myelination, which could be investigated by transmission electron microscopy. A limitation
of this work is the NFL stain used to mark axons to check for their presence; however, presence
may not correlate with function. Active neurons play a role in the proliferation of OPCs and
myelination (Barres and Raff, 1993; Gibson et al., 2014; McKenzie et al., 2014; Ortiz et al.,
2019; Venkatesh et al., 2015). Moreover, CX3CR1 KO mice show exacerbated axon transport
dysfunction in retinal ganglion cells (Breen et al., 2016) that leads to deficits in synaptic pruning,
which in turn is associated with weak synaptic transmission and decreased brain connectivity
(Zhan et al., 2014). Loss of CX3CR1 results in neurotoxicity in animal models of Parkinson,

ALS, and demyelination via lipopolysaccharide injections (Cardona et al. 2006). Therefore, if
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axons in CX3CR1 KO and hM280 mice are not functioning properly, it may be affecting
myelination in the SLM indirectly. This can be addressed in the future by staining for markers

that indicate axon health and by performing electrophysiology.
4.2 Astrocyte findings in hM280 mice

The hM280 mice show increased GFAP marker in the developing grey and white matter
compared to WT. This may be due to an increase in astrocyte density and/or an increase in GFAP
protein levels by each astrocyte. In contrast, western blot analysis of the whole cerebrum shows
that GFAP levels are not altered in hM280 brains compared to WT (Fig. 1F). As cerebrum also
contains additional areas, like the thalamus and the striatum, it is possible that the changes in
GFAP protein levels are specific to hippocampus and cortex, which were analyzed via IHC.
OPCs are known to differentiate into astrocytes and oligodendrocytes (Behar, 2001; Suzuki et al.,
2017). My results support and extend a previous publication, where OPCs, differentiated in the
presence of anti-FKN or anti-CX3CR1 function blocking antibodies, showed an increase in the
formation of astrocytes (Watson et al., 2021). It is possible that hM280 mice display altered OPC
fates with increased astrocyte and decreased oligodendrocyte differentiation. In the developing
brain, the reduced density of oligodendrocytes leads to less myelination of axons while the
increased astrocytes may alter neuronal development. Overall, these displacements from

homeostasis may ultimately lead to the anxiety phenotype these mice experience in adulthood.

It is also possible that the elevated GFAP levels in hM280 hippocampus and cortex may indicate
astrogliosis, a process during which astrocytes proliferate, increase their cell body as well as
GFAP mRNA and protein, and display shorter, stubby processes (Carmignoto et al., 2021).
Reactive astrocytes have been observed during regular aging as well as in various diseases, such
as AD, MS, and Creutzfeldt-Jakob’s disease as well as in EAE (Eng and Ghirnikar, 1994;
Verkerke et al., 2021). Therefore, GFAP upregulation in the hM280 mice may indicate an early
sign of astrocyte response to a potential injury. Notably, the hM280 cortex had increased GFAP
protein levels near the pial layer, where the blood brain barrier (BBB) is located (Fig. SA, white
arrows). This raises questions about whether the BBB may be disrupted in the hM280 mice
leading to an “injurious” phenotype. To pursue this question, brain sections can be stained for a

specific potassium channel (KIR4.1) or glutamate transporters (EAAT1 and 2) expressed in
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astrocyte endfeet in addition to junctional proteins to determine whether the BBB is affected

(Carmignoto et al., 2021).
4.3 Microglia findings in hM280 mice

While the density of microglia in the P15 hippocampus and cortex are comparable
between WT, KO, and hM280 mice, the KO and hM280 mice displayed altered microglia
morphology and/or IBA1 staining. These changes are likely indicative of altered microglia
function (Hopperton et al., 2018; Torres-Platas et al., 2014). A previous study showed that
microglia in naive adult hM280 mice cerebellum are more activated (have reduced TI) compared
to WT and KO (Cardona et al., 2018). The contrasting results in KO microglia are likely due to
the difference in mice age, different housing environments, and/or the region of interest analyzed
between the previous study and this work. Moreover, there was an increase in microglia density
in KO and hM280 SLM at P30, but not P70 (Fig. 6C, D). At P15, there is a statistically
significant increase in BrdU+ cells as well as a trending increase in proliferating microglia in
hM280 mice, but not KO. Therefore, the transient increase in hM280 microglia density at P30
could be achieved by compensatory increase in microglia proliferation that occurs sometime
between P15 and P30. Altered microglia proliferation in KO mice has been chronicled in

literature, including in AD mouse models (Chidambaram et al., 2020; Lee et al., 2010).

Approximately 10% of all in vitro WT microglia are positive for CD16/32 or Argl
protein marker, which is in line with other reports that showed similar levels of pro- and anti-
inflammatory marker presence in “naive” non-polarized microglia cultures (de Almeida et al.,
2023; Galleguillos et al., 2022). Further in vitro analysis showed an increased proportion of
Argl+IBA1+ cells in the hM280 microglia cultures. This could be indicative of a more protective
(alternatively activated) state of microglia (Fig. 8). Recently, it was shown that Argl+ microglia
are found in the brain during early post-natal mouse brain development and that knocking down
this population leads to deficits in the hippocampus (Stratoulias et al., 2023). These deficits
include deficient neuron innervations and impaired dendritic maturation, which results in
impaired cognition in female mice. Since Argl+ microglia play an important role in post-natal
brain development, future experiments identifying Argl+ microglia in WT, KO and hM280

brains in vivo may provide more insight. Moreover, the hM280 brain lysates but not the KO have
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reduced concentrations of proinflammatory cytokines TNFa and IFNx¥ (Fig. 9). No changes were
observed in IL-1B, MIP-1a, IL-10, IL-6, MCP-1, SDF-1a and VEGF. In contrast, a previous
study found that CX3CR1 KO mice have increased IL-1f3 levels in the hippocampus and
increased TNFa in the cerebellum at 3-months of age (Rogers et al., 2011). These conflicting
results are likely due to the different ages of the mice between the two studies, the different
housing facilities where the mice were kept as well as the region analyzed as the current study
used whole cerebrum without the cerebellum. Despite the changes in methodology, the hM280
mice have a trending increase in IL-1f protein levels in the brain at P70 (Fig. 9C); however, KO
are comparable to WT. This indicates that there may be altered levels of IL-1f protein in KO and
hM280 brains at a later time-point, not covered in the current experiment. Future cytokine

analysis on older brain lysates may provide more insight into the abundance of these cytokines.

Notably, previous research has found dual roles for TNFa and IFN¥. Regarding TNFa,
the phenotype depends on the TNFa receptor subtype that is activated and the subsequent
downstream signaling pathways. An example is in the EAE mouse model, where knocking out
TNF receptor 1 has beneficial effects while knocking out TNF receptor 2 exacerbates the disease
(Suvannavejh et al., 2000). An additional recent study discovered that exogenous administration
of TNF to mice pups from P1 to P5 result in increased locomotor activity two weeks after birth,
suggesting that TNF plays a role in early development (Paraschivescu et al., 2022). Similarly,
IFNx plays a role in processes like adult hippocampal neurogenesis, neuronal connectivity,
spatial learning, memory, and social behaviour (Baron et al., 2008; Filiano et al., 2016).
Therefore, the TNFa and IFNy decrease observed in the hM280 brain lysates at P15 could
indicate altered cytokine homeostasis in early development contributing to aberrant

developmental myelination and leading to long-term effects in adulthood.

4.4 Comparison of CX3CR1 KO and CX3CR1124M280 yariant

CX3CR1 KO and hM280 mice show similarities and differences at the molecular level in
both the hippocampus and cortical gray matter. For example, both genotypes are largely
comparable to WT at P70 when analyzing myelin proteins, MBP presence, oligodendroglia, and
microglia. Moreover, both genotypes exhibit similar microglia results and astrocyte analysis in

the CC at P15 as well as anxiety behaviour in adulthood, though the hM280 anxiety is less severe
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than the KO. Notably, when the KO and hM280 phenotypes are similar, the hM280 phenotype
appears to be less severe than the KO, such as the microglia density and the transformation index
at P30. In contrast, there are differences between the two genotypes that largely occur only at
P15. For example, KO mice PLP levels were higher, while hM280 mice had less CNPase
compared to WT. Moreover, while KO had a decrease in both OPCs and oligodendrocytes in the
SLM at P15, hM280 only had a decrease in oligodendrocytes and MBP protein levels. hM280
mice also show altered abundance of cytokines, which are not observed in the KO at P15. These
differences are likely due to the hM280 variant being expressed but with decreased affinity for its
ligand fractalkine (Cardona et al., 2018). This result is in line with other animal models, such as
the cystic fibrosis mouse models, where null mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene result in more severe phenotype compared to a variant that
decreases the function of the protein instead (reviewed in: (Guilbault et al., 2007)). This suggests
that variants with missense mutations and KO mice may not exhibit the same phenotype and

therefore, should not be used interchangeably.
4.5 CX3CRI1-dependent interaction of microglia and OPCs

In this study, the hM280 and KO mice brains exhibit changes in both oligodendrocyte,
and microglia cells during early development. The animal models have either an endogenous
expression of the hM280 variant under the CX3CR1 promoter (hM280), or no expression of the
CX3CRI gene (KO), in all cells that would normally express this gene. Since both OPCs, the
precursors to oligodendrocytes, and microglia express CX3CRI, this raises questions about
whether the observed results are mainly due to aberrant FKN signaling in microglia or OPCs.
According to literature, fractalkine ligand regulates in vitro oligodendrocyte formation from
NPCs and OPCs in the absence of microglia (Voronova et al., 2017; Watson et al., 2021).
Another study treated OPCs and microglia with fractalkine before co-culturing them in vitro to
discover which cell type largely responded to the ligand, leading to the increase in
oligodendrocytes (de Almeida et al., 2023). The results suggest it was necessary to pre-treat both
OPCs and microglia with fractalkine to elicit an increase in oligodendrocytes in vitro. Pre-
treatment of one cell type with fractalkine is not sufficient. However, this and the current study
were not able to rule out the contribution of microglia in in vivo experiments, where FKN-

mediated crosstalk via microglia may also have important biological effects.
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Future co-culture experiments are needed to shed more light on the relationship between
OPC and microglia in development in the context of the CX3CR1 receptor. A limitation of these
experiments is that the cells may change their behaviour due to removing them from their native
environment; thus, the results may not be representative of in vivo cell behaviour. Alternatively,
conditional CX3CR1 KO mice may be developed, where the CX3CRI gene can be specifically

knocked out in either OPCs or microglia to study its effects in vivo.

4.6 Implications of aberrant brain development in adulthood and

demyelinating injury

Previous studies show that CX3CR1 KO mice have an anxiety phenotype (Méndez-
Salcido et al., 2022; Zhan et al., 2014). Another study also discovered that adult CX3CR1 KO
mice have deficits in motor learning; however, their baseline motor skills are comparable to WT
as test via an increasing rotarod test (Rogers et al., 2011). The present thesis recapitulates the
anxiety phenotype by showing that KO mice do exhibit it in adulthood as measured in an open
field test and an elevated plus maze. In addition, these tests were expanded to include the hM280
mice in adulthood, which also show an anxiety phenotype; however, less pronounced than in KO.
This may be due to the molecular differences between the KO and the hM280 variant observed in
early development as the KO does not express the receptor, but the variant is present with lesser
affinity for the ligand. In the future, it will be important to test the baseline motor skills of both
CX3CR1 KO and hM280 mice in an increasing rotarod test to ensure that locomotion issues are
not a confounding factor in the anxiety phenotype measured by an open field test and elevated

plus maze as the measurements depend on movement.

Observing the anxiety phenotype in the hM280 in adulthood raises questions about the
influence of early development on later life outcomes. Using the various methods to look at
oligodendrocytes and microglia cells, it appears that at P70, the hM280 mice brains are largely
comparable to WT whereas there are notable differences at P15, such as oligodendrocyte density
in the cortical GM and the SLM of CA1 of the hippocampus. Therefore, despite appearing as
comparable to WT by P70, the hM280 mice still exhibit a phenotype in adulthood, raising the
possibly that early development may still have implications in adulthood despite the molecular

machinery seemingly having caught up to WT.
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In addition to the increased anxiety, previous literature shows that CX3CR1 KO and the
hM280 variant both exacerbate clinical EAE, induced in adulthood at 8-10 weeks of age) disease
in mice (Cardona et al., 2018). Notably, the disease in hM280 mice is less severe than in the KO
mice. Moreover, microglia density and activation (decrease in TI) increased in WT, KO and
hM280 cerebellum in response to EAE. The FKN ligand protein is increased in naive KO brain
lysates in adulthood compared to WT. Additionally, EAE increases FKN ligand in brain lysates
in both WT and KO; however, it remains consistent in hM280 brains. Additional studies show
that CX3CR1 KO and hM280 mice have defective clearance of myelin debris by microglia in
cuprizone-induced demyelination, leading to more severe demyelination and impaired
remyelination (Lampron et al., 2015; Mendiola et al., 2022). These severe outcomes may be
attributed to altered KO and hM280 brain development as characterized in this thesis. The
CX3CL1-CX3CR1 axis plays a role in communication between neurons, microglia, and OPCs in
the brain; therefore, the complete loss (KO) or reduced signaling (hM280) between these cell
types in early development has a long-lasting influence. One way that this influence may

manifest in adulthood is altered response to external stressor like EAE and cuprizone.

The importance of early development on later life consequences has been shown by others
as well. For example, ablating oligodendrocytes during the first postnatal week in mice leads to
delayed developmental myelination (Caprariello et al., 2015). While adult CNS in these animals
looks comparable to controls, remyelination fails in response to lysolecithin-induced
demyelination (Caprariello et al., 2015). The failure occurred despite myelination “catching up”
to normal levels in the adult naive mice. It is tempting to speculate that the exacerbated
demyelination and poor remyelination in the hM280 mice may be at least in part due to delayed
developmental myelination. This hypothesis is in part supported by the observations that while
the oligodendroglial and microglial changes in the developing hM280 mice returns to WT levels

by P30 and P70; the behavioral phenotypes are abnormal in adulthood.

During development, embryonic RGCs transition to a quiescent adult NPC during late
embryogenesis according to their transcriptional profile (Yuzwa et al., 2017). Therefore, the
dormant adult NPCs continue to maintain a core transcriptional identity that is similar to the late
embryonic NPCs; however, they are in a non-proliferative state. A recent single-cell profiling

study confirmed this finding (Borrett et al., 2020). Moreover, they showed that when adult NPCs
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become activated to make neurons, they acquire embryonic RGC-like identity. They concluded
that the transition from dormant adult NPC to activated embryonic RGC is a result of the niche

environment rather than fundamental changes in cell identity.

A large body of previous research suggests that the re-activation of normal developmental
processes are important for repairing CNS damage and injury (reviewed in: (Okano, 2010)).
These developmental processes include neurogenesis, gliogenesis, migration, axonal sprouting,
and myelination. Re-activating these processes involve both intrinsic factors like expressing a
key developmental receptor as well as extrinsic factors like specific embryonic morphogens
(Hilton and Bradke, 2017; Tanaka and Ferretti, 2009). Together, this may indicate that
regeneration in the brain during adulthood is at least driven in part by the recapitulation of
developmental processes. For example, after demyelinating adult mice via cuprizone and
allowing them to remyelinate for a week, microglia and oligodendroglia cells largely
recapitulated the developmental hippocampus data presented here: no change in KO and hM280
microglia compared to WT, trending decrease in KO and increase in hM280 OPCs compared to
WT, and a statistically significant decrease in mature oligodendrocytes in KO and hM280
compared to WT (Mendiola et al., 2022). Specifically, the results presented here from KO and
hM280 mice mirror the results in these mice following remyelination after cuprizone-induced
demyelination. Therefore, it is possible that the hM280 mice have more severe disease outcomes
in response to EAE and cuprizone because their re-activated developmental mechanisms during

injury are not effective compared to WT.
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