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CHAPTER 1

Introduction

1.1 Alzheimer’s disease: prevalence and clinical manifestation

Alzheimer’s disease (AD) — first described by physician Alois Alzheimer in 1906 — is one of the
most common neurodegenerative disorders and is the most frequent cause of dementia, affecting
over 6.7 million people in the United States of America [5] and 32 million worldwide [6]. This
disease most commonly affects individuals aged 65 years and older, where about 1 in 9 individuals
in the U.S. over the age of 65 develop AD-related dementia [7]. As the age of the general
population increases, it is predicted that the total number of individuals in the U.S. with AD will
rise to 14 million by 2050 unless preventative measures are developed, representing a significant
burden on the country’s healthcare system, economy, and individual caregivers [7]. The disease is
clinically characterized by a progressive and significant loss of memory, problem-solving ability,
language, executive function, and overall cognitive capacity. Eventually, individuals with AD
become entirely dependent on a caregiver to help them with daily tasks of living as the disease

progresses into its most severe stages, leading ultimately to death [8].

1.2 Neuropathology of Alzheimer’s disease

At the neuropathological level, AD is characterized by the hallmark accumulation of extracellular
protein aggregates known as amyloid beta (AB) plaques and the presence of neurofibrillary tangles
composed of a hyperphosphorylated microtubule-stabilizing protein, tau, in neuronal cell bodies
[9]. AP aggregation and deposition in the brain is typically observed first, decades before the onset

of clinical cognitive decline, peaking early during the course of symptomatic disease [10]. The



deposition of these aggregated proteins in the brain is thought to be a primary initiating event for
the disease, eventually leading to widespread synaptic dysfunction, neuronal death, hippocampal
atrophy, and significant cognitive deficits [11]. This well-known hypothesis, known as the amyloid
cascade hypothesis, is predicated in part on the fact that patients with early-onset familial
Alzheimer’s disease (FAD) — those who develop symptoms before the age of 65 and represent only
<5% of all AD cases — exhibit familial mutations in the genes encoding for amyloid precursor
protein (APP) and presenilin 1 and 2. These mutations result in the preferential cleavage of APP
by proteolytic enzymes B-secretase and y-secretase into abnormal aggregation-prone AP species
[12]. In FAD patients, overproduction of AP is thought to be the primary causative factor in the
onset of this aggressive form of AD. However, in 95% of AD cases, patients present with a form
of disease known as “sporadic AD” or late-onset Alzheimer’s disease (LOAD). In these patients,
disease etiology is complex and multifactorial, with age being the most significant risk factor for
development of LOAD [13]. While AB plaque deposition in critical brain regions is a defining
feature of LOAD patient brains as well, there has been immense debate on the centrality of Ap in
the pathogenic process [14]. Reports have shown significant A deposition in cognitively-normal
aged individuals [15, 16] and many studies suggest a lack of correlation between amyloid load and
degree of cognitive decline, especially in aged populations [17-19]. Additionally, clinical trials
targeting amyloid have brought further into question the role of amyloid in AD pathology, as many
of the developed pharmaceuticals have failed to significantly improve cognitive function despite
their efficacy in clearing plaques [20]. Thus, there is a lack of consensus on the role of amyloid in
driving AD pathogenesis [21, 22]. Greater attention has begun to be placed on other hallmark
pathologies of AD, which are often found in conjunction with amyloid, including the presence of

significant neuroinflammation, metabolic dysfunction, brain hypoperfusion and decreased brain



glucose consumption, calcium imbalance, oxidative stress, and metal (e.g., iron) dyshomeostasis

[13] (Fig. 1.1).
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Figure 1.1. Basic neuropathology of Alzheimer’s disease.

In the early stages of AD development (b), aberrant amyloid-f protein production and subsequent plaque
aggregation is a defining feature of disease. Microglial cells are thought to be activated early in response to
AP aggregation and appear chronically activated throughout the course of disease. Later in disease
progression, aberrant hyperphosphorylation of tau protein in neurons results in the toxic accumulation of
neurofibrillary tau tangles, which contribute to inflammatory signaling from glial cells and consequent
neuronal damage. In addition to these two primary protein abnormalities in AD brains, AD etiology involves
complex and multifactorial processes. Blood brain barrier (BBB) disruption and leakage (likely leading to
hypoperfusion and entrance of foreign and/or toxic materials into the brain), an imbalance in brain heavy
metals, oxidative stress, as well as chronic microglia and astrocyte activity are several of the other key
pathologies associated with AD development.

Figure modified from a BioRender.com template, with permission.
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1.3 Cell types in Alzheimer’s disease
In addition to the overall gross changes that occur in the AD brain, much research has focused on

the cellular pathologies observed during disease progression. Neuronal cell dysfunction, damage,



and death is the eventual cause of cognitive decline; thus, the only approved treatment for AD for
several decades (prior to the recent approval of amyloid-targeting drugs) were acetylcholinesterase
inhibitors, which act to increase neuron-derived acetylcholine levels in the brain — the primary
neurotransmitter thought to be deficient in AD brains [23]. However, there are a plethora of
changes that occur prior to the onset of dementia and are thought to underlie the widespread
neurodegeneration typical of late-stage AD. For example, neurons are the primary producers of
APP and associated AP peptide, and neuronal cell bodies accumulate hyperphosphorylated tau
fibrillary tangles. Detected even earlier than these changes, however, hyperexcitability of neurons
has been observed as an early marker of disease [24]. Pre-clinical AD models demonstrate more
frequent neuronal action potential firing [24, 25] and work has found a higher incidence of seizure
activity in individuals with AD [26]. At the molecular level, increases in calcium signaling [27]
and enhanced glutamatergic release [28] are significantly associated with this hyperexcitable
phenotype. Additionally, defects in the endosomal-lysosomal system in neurons is a significant
early disturbance during the course of AD development [29-31]. Outside of neuronal pathology, it
has been widely accepted that glia — predominantly astrocytes and microglia — play a significant
role during AD pathogenesis as well. Indeed, neuronal changes may occur in response to
pathological glial activity [32, 33]. While greater attention in recent decades has been placed on
determining the function of these non-neuronal cells in AD, their role in disease progression has
not been fully understood. Astrocytes represent the most abundant type of glial cell in the brain
and are responsible for processes such as maintenance of blood-brain barrier integrity and function,
neurotransmitter re-uptake and clearance, regulation of synaptic activity, maintenance of ion
homeostasis, and regulation of inflammation. During AD, astrocytes appear as highly reactive,

pro-inflammatory cells [34, 35]. In addition to their role in propagating inflammation in the AD



brain, astrocytes also actively participate in A generation and contribute to the dysfunctional
glutamatergic signaling mentioned earlier [36]. Other significant changes to cell types in the brain
during AD include changes in oligodendrocytes [37], cells associated with vasculature [38], and

microglia. The role of microglia in AD will be discussed in detail below in section 1.8.

1.4 Mouse models of Alzheimer’s disease

Much of what is known about AD at the genetic and pathological level has driven the generation
of appropriate animal models to study the disease’s pathogenesis. Mouse models have served a
critical role in aiding our understanding of disease progression and in allowing pre-clinical testing
of different therapeutics. While the field lacks a model that recapitulates all the features of human
AD, there have been numerous genetically-modified mouse models generated to study aspects of
the disease [39]. AB-driven models include the widely used APPswe/PS1dE9 (APP/PSI) and
5xFAD mouse lines, which both harbor a humanized 4 PP transgene containing inserted mutations
known to cause FAD. In the APP/PSI mouse line, the “Swe” (from a family of Swedish descent)
mutation in APP increases APP proteolytic processing through the pathogenic [B-secretase
pathway, resulting in elevated A production in the brain [40] (Fig. 1.2). Additionally, the APP/PS1
model includes a human PSEN (gene for presenilin 1) with exon 9 deleted. This mutation in
presenilin 1 — the proteolytic subunit of the y-secretase enzyme — is also strongly associated with
FAD and results in increased production of AP due to preferential cleavage of APP by y-secretase

into aggregation-prone AP fragments [41, 42].
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Figure 1.2. Mutations involved in processing of APP into aggregation-prone Ap fragments.

a) In the AP production pathway, amyloid precursor protein (APP) is cleaved first by the enzyme -secretase
(resulting in a soluble APPp fragment), followed by sequential proteolysis by y-secretase. This sequential
cleavage produces a cytoplasmic C-terminal domain (AICD) and critically releases extracellular AP
monomer, which is prone to form oligomers, protofibrils, and fibrils which eventually aggregate into
plaques. b) Diagram of mutations in the sequence of APP associated with FAD development and utilized
in the APP/PSI mouse model of AD. The Swedish mutation is a double missense mutation found at codon
positions 670 and 671 of human APP near the N-terminal cleavage site of AP, where two amino acid
substitutions are thought to result in pathogenic cleavage of AP by B-secretase. The highlighted portion
represents the transmembrane (TM) segment of AP, where y-secretase acts to cleave APP and release
extracellular Af.

Figure modified from Yokoyama, Kobayashi, Tatsumi, and Tomita, 2022, Figure 1, with permission [3].

The APP/PS1 model has been widely used for decades of AD research focused on AP deposition
and associated pathologies [43, 44]. The 5xFAD model was generated in 2006 and has become
another widely used model for the study of AD pathogenesis related to AP plaque pathology. This

model contains five mutations in APP and PSEN1 known to cause FAD, resulting in a more rapid



and significant accumulation of AB compared to the APP/PS1 model [45]. Although both these
mouse lines have been two of the most commonly used models in AD research, there are now over
200 models in use for studying AD pathology including mice with APOE and/or TREM?2 mutations
(known genetic risk factors for the development of LOAD), mutations in SORLI (endosomal
trafficking receptor thought to be important for A degradation), and models driven by mutant tau

(resulting in tau tangle-related pathology) [46].

In my work, I utilized the APP/PS1 mouse model of AD, which is the topic of Chapter [V
of this dissertation. This model was chosen for several reasons: 1) it has been extensively
characterized in regards to its neuropathological features and behavioral phenotype in both sexes
[47-49], 2) it holds relevance to aging-associated AD development as these mice develop AD
hallmarks in a more gradual and progressive manner than models such as the 5XFAD mouse, 3)
and others have previously demonstrated significant iron deposition and microglial activation in
this model [50, 51]. Microglial function and iron load are two significant directions of my research
and will be discussed in sections 1.6 and 1.8 of this chapter; thus, this well-established animal
model serves as an appropriate choice to assess the effects of an intervention targeting an aspect
of microglial iron-handling machinery. Furthermore, related to my interest in iron-associated AD
pathology, an AB-driven model was chosen based on demonstrated associations between iron and
AP aggregation in AD brains [52], which will be discussed in more detail in section 1.5.

In addition to genetic models of AD, other models have been generated to study particular
pathologies associated with AD development. Specifically, models of neuroinflammation have
garnered wide attention in recent years, as chronic neuroinflammation is a significant component
of AD pathology. These models include those driven by injection of compounds such as

lipopolysaccharide (LPS, a component of Gram-negative bacteria), Polyl:C (a viral stimulus), or



inflammatory molecule interleukin (IL)-1B [53]. Injection of LPS particularly represents one of
the most widely used neuroinflammatory models in AD-related research, as it has been shown in
rodents to induce cognitive impairment and a plethora of clinically-relevant behaviors that mimic
those observed in patients with neurodegenerative disease (i.e., weight loss, anorexia, decreased
movement, decreased exploratory behavior, and depressive-like behavior) [54]. LPS is a
component of the cell wall of gram-negative bacteria and activates cellular inflammatory pathways
via engagement of Toll-like receptor 4 (TLR4). Relevant to AD, TLR4 is expressed on microglial
cells and is also activated by AP, resulting in the production of inflammatory cytokines and other
signaling molecules, which are key to the neuroinflammatory process [55]. Furthermore, neuronal
damage occurs in response to microglial activation by LPS [56, 57] and LPS itself has been found
in AD patient brains [58]. Thus, LPS-induced models serve as a significant tool for the focused
study of how neuroinflammatory processes — in particular, those mediated by microglia —
contribute to neurodegenerative disease pathology [59]. Use of an LPS-induced animal model of
neuroinflammation to study the effects of a decreased microglial iron import gene on the

inflammatory response is the topic of Chapter III of this dissertation.

1.5 Iron homeostasis

In addition to the known pathologies mentioned in section 1.2, iron dyshomeostasis has been
recognized as a critical feature during the pathogenesis of AD and several other neurodegenerative
diseases [60-62]. The most abundant transition metal in the brain, iron serves essential roles in
mitochondrial metabolism and cellular energy production, enzyme catalysis, neurotransmitter
synthesis, and myelination. The ability of iron to redox-cycle — readily switch back and forth

between ferrous (Fe?") and ferric (Fe®") states by accepting or donating electrons — is essential for



its role in mediating cellular reactions and processes. However, due to its transitionary state, excess
iron levels also catalyze the formation of reactive oxygen species (ROS) such as superoxide anion
and hydroxyl radical, which can act to induce severe oxidative stress, DNA and protein damage,
and eventually cellular death [63, 64]. Indeed, the critical importance of maintaining appropriate
iron homeostasis is evidenced by a variety of diseases of both iron deficiency and overload such
as anemia, hemochromatosis, obesity, cancer, and neurodegeneration [65].

Thus, iron levels must be tightly regulated in both the body and brain to avoid the toxic
accumulation of iron. In humans, only about 1-2 mg of iron is absorbed via dietary intake per day
through regulated enterocyte iron uptake [63]. Instead, much of the biochemically available iron
in the body is recycled internally through elaborate systemic and cellular mechanisms that serve
to supply iron to cells and tissues as needed (Fig. 1.3). Systemically, iron primarily exists in the
circulation in the ferric state bound to soluble transferrin (Tf) protein, which is taken up by
erythroid precursors to aid in erythropoiesis [66]. These systemic iron levels are maintained
predominantly through the action of the peptide hormone hepcidin, produced principally by the
liver [67]. Hepcidin binds to and induces the internalization of the mammalian cellular iron
exporter, ferroportin (gene, Slc40al), to decrease circulating iron concentrations in conditions such
as iron overload.

At the tissue-level, the majority of surplus iron found in healthy mammalian systems is
stored in a non-toxic form in hepatocytes in the liver and in tissue-resident macrophages, which
are equipped with the necessary machinery to import, store, and export iron in accordance with
tissue demands [1] (Fig. 1.4). In healthy states, most iron handling in macrophages is primarily
performed by specialized splenic red pulp macrophages and liver Kupffer cells, which phagocytose

senescent erythrocytes and release iron via hemoglobin degradation in the cell [68]. This iron is



then recycled for Tf-receptor 1 (TfR1)-mediated import in maturing erythropoietic cells, which
use it for hemoglobin synthesis and proliferation [69]. Other tissue-resident resident macrophages
typically process smaller amounts of iron than splenic red pulp macrophages and Kupffer cells in
homeostatic conditions and can take up iron via multiple other mechanisms of import. These
mechanisms include the import of Tf-bound iron via TfR1, iron contained in heme-hemopexin via
LDL-related receptor 1 (LRP1 or CD91), iron contained in hemoglobin-haptoglobin via scavenger
receptor CD163, and non-transferrin-bound Fe** iron (NTBI) via membrane-bound divalent metal
transporter 1 (DMTT1). It is thought that tissue-resident macrophages are less involved in red blood
cell phagocytosis (which involves heme-iron handling via CDI163 and/or CD91) and
predominantly utilize TfR1 to mediate cellular iron uptake [69, 70]. In this case, holo-Tf binds to
TfR1 found at the plasma membrane, which is then internalized and trafficked to the endosome.
Once Tf-TfR is in the endosome, iron is released from the complex, reduced to Fe?' (via
metalloreductase six-transmembrane epithelial antigen of the prostate 3, or STEAP3), and
transported into the cytosol through an endosomal membrane-bound form of DMT1. Once in the
cytoplasmic ‘labile iron pool’, this iron can then be readily used for reactions in the cytosol,
trafficked to the mitochondria for assistance with cellular respiration, recycled and exported via
ferroportin, or safely stored intracellularly in a non-toxic iron storage protein, ferritin [containing
both heavy (H) and light (L) chains involved in Fe*" oxidation and long-term iron storage,
respectively] (Fig. 1.4). Expression levels of these importers and storage molecules are regulated
by an exquisite system at both the transcriptional and post-transcriptional levels. In cases of iron
deficiency, mRNA gene expression of iron importers DMT1 (gene, Slclla2) and TfRI increases
significantly [71, 72]. At the post-transcriptional level, the genes for TfR1, some isoforms of

DMT]I, and ferritin-H and L contain “iron-responsive elements” (IREs) in their untranslated
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regions which are regions where iron regulatory proteins (IRPs) bind [73]. These IRPs remain
bound to IREs or dissociate from IREs upon sensing iron levels in the cell and can either stabilize
or inhibit translation of the mRNA [74, 75]. While TfR-mediated cellular iron uptake is thought to
be the typical mechanism of importing iron in cells in healthy states, the importer DMT1 can also
mediate the import of extracellular non-transferrin bound Fe?". Particularly in conditions of iron
overload and Tf saturation, the resultant accumulation of NTBI has been associated with the
development of a variety of pathological conditions, and DMT1-mediated iron uptake may become
more relevant in these aberrant states, which will be discussed further in section 1.6 below [65,

76].
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Figure 1.3. Systemic iron lifecycle and recycling by macrophages.

Dietary iron absorption in the gut accounts for only 1-2 mg of iron handled in the body each day. In
enterocytes, this iron is up-taken by a heme-iron importer and/or via DMT1, bringing Fe?" into the cell from
the intestinal lumen. From there, the absorbed iron is oxidized at the plasma membrane before export and
transported into the bloodstream bound to transferrin for uptake and use by various tissues. The remaining
iron handled in the body is recycled primarily by macrophages of the liver and spleen. These cells
phagocytose dying and/or dead red blood cells (RBCs) and scavenge iron associated with heme and
hemoglobin via receptors CD163 and LRP1. Heme and hemoglobin-associated iron is then metabolized in
the cell and exported as Tf-Fe*" for the maturation of new RBCs in the bone marrow. In conditions of
systemic iron overload, excess iron is stored in hepatocytes and macrophages of the liver, which is also the
organ site for hepcidin production (molecule that acts systemically to inhibit tissue iron release during iron
overload). Additionally, excess iron in these conditions can be imported as Fe** via DMT1 into macrophages
of various tissues.

Figure made with BioRender.com, with permission.
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Figure 1.4. Macrophage iron-handling overview.

Importers TfR1, DMT1, CD163, and LRP1/CD91 are responsible for cellular import of iron at the plasma
membrane. TfR1 mediates the import of transferrin-bound Fe**, which is then reduced in the endosome by
metalloreductase enzyme STEAP3, and the resultant Fe?" is transported out of the endosome into the cytosol
via endosomal-bound DMT]1. At the plasma membrane, DMT1 mediates the import of NTBI Fe* directly.
CD163 and LRPI, also known as CD91, mediate the import of hemoglobin-haptoglobin (Hb-Hp) and
hemopexin-heme (Hp-Heme), respectively. Heme-iron extracted from these sources is then metabolized by
enzyme heme-oxygenase 1 (HO-1). Iron from all four importers can be trafficked to the mitochondria for
use in energy production, oxidized and stored in ferritin (Ft-H and Ft-L complex), or oxidized and exported
out of the cell via ceruloplasmin (Cp) and ferroportin (Fpn), respectively.

Figure modified using BioRender.com from Winn, Volk, Hasty, 2020, Figure 1, [1], with permission.

1.6 Divalent metal transporter 1 in health and disease

DMT1 (originally known as natural resistance associated macrophage protein 2, Nramp?2) is a
twelve-transmembrane domain proton (H")-dependent transporter responsible for the cellular
uptake of a variety of divalent metals [77, 78]. The first mammalian transmembrane iron
transporter to be identified, DMT1 (gene name, Sic//a2) can also transport metals Zn>*, Mn?",
Cu?*, Co**, Cd*", and Pb*", although iron — in the form of Fe?* — appears to be its most prominent
physiological substrate [79, 80]. DMTT also exists in an endosomal-bound form inside the cell,

where it is critically important for transporting Fe?* (the usable form of iron in the cell) into the
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cytosol following cellular endocytosis of Tf-TfR and trafficking of Tf-bound Fe** to the endosome.
Thus, although a role for DMT1 in uptake of extracellular NTBI Fe** may not emerge until
conditions of iron overload occur, endosomal DMTT is essential in ensuring imported Tf-bound
iron can be used by the cell during homeostatic conditions. Consequently, mutations in Slc//a?2
and complete ablation of DMT 1 in rodents result in significant anemia and early mortality [81-83]
and polymorphisms of Slc//a2 in humans are associated with significant risk of anemia [84-86].
These studies demonstrate the essential role DMT1 plays in transporting bioavailable iron, which
other transporters fail to compensate for.

As mentioned in section 1.5, DMT1 may play a pivotal role in mediating the pathologic
accumulation of iron in disease. An increase in DMT1 expression was found to be the primary
driver of osteoarthritis in a mouse model of iron overload-induced joint cartilage damage [87] and
increased DMT]1 transport activity of NTBI has been implicated in cardiomyopathy associated
with elevated heart iron levels [88, 89]. Additionally, it has been suggested that upregulations in
intestinal DMT]1 significantly contribute to the iron overload observed in hemochromatosis (one
of the most common iron overload disorders), which leads to multi-organ dysfunction and is
associated with diseases such as diabetes and liver cirrhosis [90, 91]. Although widely studied in
the context of iron absorption in the gut and disruptions in systemic iron levels [81, 92-94], the
role of DMTT in the brain has been less extensively studied. /n vivo mouse studies have shown
that DMT1 1is essential for proper neuronal development and memory capacity [95]. In
oligodendrocytes, DMTT1 is critical for cellular maturation and myelinating function [96]. DMT1
expression has also been shown in astrocytes [97] and microglia [98], although the function of
DMT1 in these cell types is not well understood. Overall alterations in brain levels and function

of DMT1 have been implicated in a variety of neurodegenerative disorders [99-102]. However,
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the specific mechanisms by which DMTT is involved in neurodegenerative disease pathology, as
well as how DMT1 functions in specific cell types during the disease process are still widely

unknown.

1.7 Iron load in neurodegeneration and Alzheimer’s disease
Excess iron has been found in AD patient brains [ 103, 104] as well as mouse models of the disease
[105, 106]. In particular, focal iron deposits have been found in and near AP plaques [107] and
iron has been directly shown to increase the production of AB and exacerbate its toxicity [108-
110]. While iron gradually increases in the brain throughout aging, it is thought that an excessive
and specific accumulation of iron in brain regions relevant to AD development (i.e., hippocampus,
entorhinal cortex, frontal cortex) is a significant contributor to the onset of disease [111]. Indeed,
iron plays a central role in the group of diseases known as Neurodegeneration with Brain Iron
Accumulation (NBIA), which are a category of genetic disorders caused by mutations in genes
such as the gene encoding for ferritin light chain or ceruloplasmin (Cp, ferroxidase important for
cellular iron export). In these disorders, iron accumulates significantly and specifically in the basal
ganglia of the brain, which leads to significant deficits in motor control and often in intellectual
ability [112]. Considering the central role of iron in NBIA and the hallmark accumulation of this
metal found in AD brains, a key role for iron in AD pathology has become to be appreciated [52,
60, 62].

Much of the research in the past few decades has focused on how iron exacerbates amyloid-
related toxicity and pathology. APP contains an IRE and is responsive to changes in iron levels
[113, 114], and iron binds to and increases the cytotoxicity of Ap plaques [108, 115]. However,

more recent publications suggest a central role for iron in propagating AD pathological decline,
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even outside of its role in worsening amyloid production and toxicity. Studies have shown
significant correlations between increased iron levels and cognitive decline [116, 117], which is
not mirrored in correlations between AP burden and cognition [118]. In fact, there is a negative
association between iron levels and cognitive ability even at pre-clinical stages of disease,
suggesting iron plays a significant role during the initial stages of disease onset [119, 120]. In
mouse models of AD, iron chelation significantly improves markers of disease and cognitive
performance [121, 122], further suggesting iron homeostasis as a potential therapeutic target for

the treatment of AD.

1.8 Microglial cells

1.8.1 Background

Microglia are the primary innate immune cells of the central nervous system (CNS), acting as
resident macrophages of the brain to provide surveillance of neural tissue and to protect against
infection and CNS injury. While similar to other tissue-resident macrophages in many roles they
play in the brain, microglia represent a distinct and highly specialized population of myeloid-
derived cells. Microglial precursors arise from the yolk sac during embryonic development and
migrate to colonize the embryonic brain, where specific brain-derived cues lead to their unique
differentiation. Following initial brain colonization, microglia repopulate and maintain cell
numbers exclusively via self-renewal in homeostatic conditions [123]. These cells have been
known to play active and essential roles in the pruning of synapses during neural circuit
development, phagocytosing debris and dying cells in response to foreign material or damage in
the CNS, and maintaining overall neural homeostasis [124, 125]. Highly branched processes,

which extend from the cell body, allow microglia to survey the brain parenchyma and respond
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rapidly to changes in brain homeostasis to perform these functions and govern healthy neural
function. Indeed, in response to alterations in the brain parenchyma, microglia can exist on a broad
and dynamic continuum of activation states, rapidly modifying their morphology and motility,
cytokine and chemokine secretion profiles, intracellular metabolism, and cellular functions

according to the needs of the surrounding tissue [126] (Fig. 1.5).
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Figure 1.5. Microglia adopt a wide spectrum of dynamic activation states.

During homeostatic conditions, surveying microglia patrol brain tissue and maintain homeostasis via
secretion of growth factors and anti-inflammatory cytokines. In response to an acute stimulus, microglia
rapidly adapt their inflammatory profile and secrete pro-inflammatory cytokines and chemokines. If
inflammatory settings remain, microglia can become chronically activated, secreting high amounts of
pro-inflammatory cytokines and ROS. To repair tissue following acute inflammation or damage,
microglia become phagocytic and release anti-inflammatory and pro-resolving molecules to return tissue
to homeostasis.

Figure made in BioRender.com, with permission.
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1.8.2 Microglia in neuroinflammation and Alzheimer’s disease

Over the past several decades, microglial cells have emerged as significant players in AD
pathology and in the pathology of several other neurodegenerative diseases [127-129]. The
presence of significant neuroinflammation [i.e., robust production of pro-inflammatory cytokines
including interleukin (IL)-1B, IL-6, and tumor necrosis factor o (TNFa), chemokines like C-C
motif chemokine ligand (CCL) 1, CCL-2, and ROS] is a key feature of AD patient brains, and this
chronic inflammation is thought to be a driver of disease pathology [130]. While several cell types
in the brain are known to contribute to the widespread neuroinflammation seen in the diseased
brain, microglia are considered to be one of the predominant cell types involved in mediating the
inflammatory cascade. Genome-wide association studies of patients with LOAD have revealed
that variants in genes exclusively and/or preferentially expressed in microglia significantly
increase an individual’s risk of developing AD, positioning microglia as central players in disease
pathogenesis [126]. Indeed, astrocytes — the other glial cell known to mediate inflammation in the
AD brain — have been shown to respond to early microglia activation [131, 132]. Furthermore,
microglial-mediated inflammation is a key feature of many of the known risk factors associated
with an individual’s increased propensity to develop AD (i.e., aging, obesity, traumatic brain injury,
stroke, gut dysbiosis, and sleep deficits) [4].

However, the complex and dynamic roles microglia play during the development and
progression of AD have not been fully elucidated. Transcriptomic studies have demonstrated a
gradual shift in microglial phenotype from a homeostatic state to a disease-associated state over
the course of AD in mouse models and human brains [133, 134]. These ‘disease-associated’
microglia (“DAMSs”) upregulate signature markers such as apolipoprotein E (4poe) and triggering

receptor expressed on myeloid cells 2 (7rem2) and downregulate classic microglial homeostatic
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genes such as Cx3crl, Tgfbrl, P2ryl2, and Tmeml119 [135]. Conflicting results indicate that this
transcriptional cell state is related to an anti-inflammatory and phagocytic response which offers
neuroprotection [136], while others suggest this pathway is involved in an exaggerated
inflammatory response which promotes cellular dysfunction and neurotoxicity [137]. It is likely
that transcriptional changes in microglia exert effects on disease progression that are time-,
context-, and pathway-specific. The work in this dissertation aimed to target a particular
transcriptional pathway in microglia at a specific time during disease to further parse out the
disparate roles that microglia have been shown to play in propagating or protecting against disease.

Activated microglia surrounding AP plaques have also been isolated and profiled as a
distinct disease-related subset of microglia in AD, with DAM-like upregulations in genes
associated with complement signaling, lysosomal degradation, immune response, and redox
reactions [138, 139]. Microglia express a variety of receptors that bind AB, such as TLR2, TLR4,
and CD36 [126] and A directly stimulates microglial activation and inflammatory signaling
[140], which may be beneficial to initiate plaque clearance mechanisms [141, 142]. If prolonged,
however, it is thought that excessive AB-induced microglial activation contributes to neuronal
degradation and disease progression [143, 144] (Fig. 1.6). Thus, the specific role these disease-
associated microglia play in protecting against or promoting disease during each step of pathology
is still a matter of intense debate. This again suggests that assessing a specific aspect of microglial
function at distinct time points during disease is essential to fill the gap in our understanding of
the role these cells play in disease. The work in this dissertation thus sought to explore the effects

of altering a distinct function of microglia early in disease and is discussed in Chapter I'V.
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Figure 1.6. Divergent, ‘double-edged sword’ roles of microglia during AD progression.

During homeostatic conditions in a healthy brain (blue background), microglia survey the brain parenchyma
for foreign material and/or damage. Upon identification of amyloid-f deposits, microglia respond with an
acute release of cytokines, effectively clear (i.e., phagocytose) AB from the brain, and typically return to
homeostasis. This is neuroprotective and is thought to occur initially in response to early amyloid deposition
in the pre-clinical AD brain. However, prolonged exposure to inflammation (systemic or other brain
inflammation via stroke, infection, or other brain injury), or prolonged exposure to AP can cause these
primed microglia to continuously secrete toxic amounts of pro-inflammatory cytokines and ROS (pink
background). This pro-inflammatory phenotype worsens with age and cellular senescence and is associated
with defects in cellular ability to phagocytose AP. It is thought that cells exist on a spectrum of activation
states during AD development, eventually transitioning into “DAM”s — a phenotype characterized by
downregulation of homeostatic genes and upregulation in inflammatory markers. Although the beneficial
versus detrimental roles for DAM subsets are still debated, the transition to the “DAM?” phenotype is a
significant hallmark of AD progression associated with neurodegeneration.

Figure modified from Ennerfelt and Lukens, 2020, with permission [4].

1.8.3 Microglial iron handling
Single cell RNA sequencing studies suggest the disparate roles of microglia during AD
development may be in part due to the heterogeneity of cell subpopulations found in diseased

brains and the various activation states these cells assume over the course of disease progression
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[127, 145]. In particular, recent studies have revealed a specific disease-associated microglial
subpopulation in AD patient brains and mouse models characterized by the significant
accumulation of iron [50, 51, 146]. As tissue-resident macrophages of the brain, microglia are
equipped with the necessary machinery to import, store, and recycle (i.e., export) iron [1]. Studies
have demonstrated that iron transport occurs preferentially in microglia compared with other cells
in the brain [147, 148] and microglia are thought to store iron more efficiently as well [149].
Additionally, neurons and oligodendrocytes respond significantly to changes in microglial iron
content [150-152], suggesting microglia play a similar central role in maintaining local iron
homeostasis as other tissue-resident macrophages mentioned in 1.4. Indeed, work over the past
decade has elucidated a critical role for microglia in regulating brain iron homeostasis [153].
Microglia loaded with iron have been described in AD patient brains [146, 154, 155], models of
Parkinson’s disease [156, 157], amyotrophic lateral sclerosis [158], and multiple sclerosis [159].
This iron-loaded microglial phenotype has been closely linked with significant
neuroinflammation, oxidative stress, and neurodegeneration [156, 160]. In fact, recent pioneering
work done by Ryan et al. in a disease-related tri-culture cell system demonstrated the centrality of
microglia in mediating iron-induced neuronal death [161]. In this study, microglial iron overload
led to an iron-dependent form of cell death known as ferroptosis [162], which was shown to
mediate nearby neuronal toxicity. Indeed, work in vivo has also suggested that a subset of microglia
defined by significant iron load — senescent, or dystrophic, microglia — are the chief drivers of
neuroinflammatory and neurodegenerative pathology [163-165]. Dystrophic, iron-loaded
microglia secrete high amounts of pro-inflammatory cytokines (i.e., TNFa, IL-1, IL-6, Type I
IFN) and ROS, leading to significant neurotoxicity [166, 167]. Additionally, it has been posited

that senescent, iron-loaded microglia lose their beneficial capacity for phagocytosis of Ap [168]
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and instead mediate aberrant synaptic loss leading to neurodegeneration [165, 169]. Importantly,
an upregulation in iron storage genes Fthl and Ftl (ferritin) appears as a consistent marker of
DAMs in transcriptomic studies [133, 170, 171], suggesting a change in microglial iron
homeostasis may be a significant contributor to downstream disease development. While others
have pointed out disparities in microglial phenotypes between AD mouse models and humans, this
upregulation in iron storage markers has been shown as an overlapping and defining feature of

mouse and human pathology [133, 146, 171].

1.8.3.1 Microglial iron and inflammation

An intimate relationship between microglial iron-handling and inflammatory status has become
appreciated over the past decade [153, 172]. For example, it has been shown that excess iron load
significantly increases microglial secretion of pro-inflammatory cytokines [173] and ROS [167]
in response to an inflammatory stimulus. Others have also suggested that iron overload itself can

provoke a cellular pro-inflammatory activation state, highlighting a close link between cellular

Figure 1.7. Plaque-associated, activated microglia are loaded with stored iron.

Shown are microscopic images taken of hippocampal sections from a wild-type control mouse (a) and the
APP/PSI mouse model of AD (b) and (c¢). Microglial cells are visualized in green (endogenous GFP at the
microglial Cx3cr! locus in both animals), Methoxy-X04 was used to visualize amyloid-P plaques (in blue),
and an anti-ferritin antibody was used to visualize ferritin deposits (shown in red). Images were taken at
60x on a confocal spinning microscope, scale bar = 30 um. Microscope images taken with the help of Julia
Pinette.
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iron load and inflammatory state [166, 174-177], although this has been debated recently in an
iPSC model [178]. Reciprocally, inflammatory conditions promote cellular uptake of iron [179,
180]. In response to inflammatory stimuli such as bacterial LPS and AP, cells treated in vitro
upregulate markers involved in iron import such as DMTT1 and ferritin. In in vivo AD conditions,
inflammatory, plaque-associated microglia are also iron-laden (which we have corroborated in my
data, Fig. 1.7), suggesting a relationship between iron and inflammatory signaling in AD [50, 51].
However, it is still not fully understood how exactly iron-associated machinery and inflammation
influence each other in microglia, especially during early stages of this progressive disease [128,
181]. The work in this dissertation thus aimed to determine the relationship between alterations in
iron-handling machinery and inflammatory signaling in microglia during short-term inflammation
and chronic disease in vivo (Chapters Il and IV, respectively). While acute uptake of iron by
macrophages and microglia may serve a protective role in the context of tissue damage (i.e., stroke)
or bacterial infection (to prevent iron-aided pathogenic growth) [182], prolonged exposure to iron
and inflammation such as observed in chronic AD may lead to a feed-forward loop of signaling
detrimental to the cell and its surrounding environment [183] (Fig. 1.8). Although the specific
interplay between microglial inflammatory signaling and iron-handling status during AD
development has not been fully elucidated, microglial iron status has been suggested as a future

therapeutic target for the treatment of AD [2].
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Figure 1.8. Purported iron-inflammatory feed-forward cycle in microglia.
Pro-inflammatory signals such as LPS (which activate TLR signaling) and cytokines such as IL-1p and
TNFa initiate cellular iron uptake and retention. Ferroportin (iron export) is downregulated, DMT]1 (iron
import) is upregulated, and hepcidin is produced locally to induce iron sequestration and storage (Ft,
mtFt) in these conditions. In conditions of iron overload, unbound iron augments inflammation directly
and indirectly (via ROS production) through activation of nod-like receptor of pyrin domain containing
3 (NLRP3) inflammasome and nuclear factor kappa-B (NF-xB). Iron dissociation from ferritin via
ferritinophagy contributes to the free iron pool (“labile iron”). NLRP3 and NF-«kB activation leads to
increased cytokine production of IL-1p and TNFa, which results in further iron sequestration.
Figure modified from Sfera, Gradini, Cummings, Diaz, Price, and Osorio, 2018, Figure 1, with
permission [2].

Interestingly, the inflammation-induced increase in microglial iron uptake mentioned
above appears to be specific to NTBI, which is reduced to Fe*" at the plasma membrane before
DMT1-mediated import into the cell [180]. As alluded to earlier in sections 1.4 and 1.5, an increase
in NTBI is typically observed in conditions of iron overload and represents a form of toxic iron
which has a high propensity to induce ROS and cellular damage [76, 184]. It may be that
detrimental DMT 1-mediated increases in microglial iron contribute to the significant iron load,

oxidative stress, and inflammation observed in AD brains. In vitro studies with AD-related
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inflammatory stimulus A demonstrate that microglial DMT1 is elevated in response to acute A3
stimulation [173, 180] and inhibiting DMT1 significantly decreases the AB-induced inflammatory
response [ 185]. While an association between DMT1 and inflammation related to AD in microglia
has been established, a role for DMT1 in propagating microglial inflammation in the context of
disease in in vivo systems has remained a significantly understudied area. It is not known whether
altering DMTT in vivo affects downstream inflammation, or whether targeting microglial DMT1
could serve as a therapeutic direction to limit disease-associated decline. This is the major focus

of this dissertation.

1.9 Summary

Chapter I is a review of our current knowledge of AD pathology, iron imbalances in AD, and the
roles of microglial cells in mediating neuroinflammation and iron dyshomeostasis in disease.
Microglia play active and crucial roles in orchestrating inflammatory responses and associated
changes in cellular iron load; thus, a deeper understanding as to how an iron-inflammatory axis in
these cells may go awry in disease is of critical importance. Many questions remain as to how
changes in iron homeostasis and inflammation are coordinated in the brain during disease, and
especially as to how these co-pathologies may converge in microglia. In the long-standing pursuit
of finding a preventative or interventive treatment for AD, targeting a pathway associated with
iron-handling and inflammation in microglia may pose a new potential opportunity. The work
described in this dissertation aimed to target an iron-inflammatory pathway and answer questions
on how a mechanism involved in microglial iron import (via DMT1/gene, Slc//a2) may impact
inflammatory and disease conditions in vivo (Fig. 1.9). In Chapter II, I describe the methodology

utilized to assess the effects of targeting the microglial gene for iron importer DMT1 (Slc//a2) in
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the context of an acute model of inflammation and a model of chronic AD. Chapter I1I details work
showing how knockdown of microglial Sic//a2 in mice experiencing acute inflammation leads to
a significant abrogation of the neuroinflammatory response in a sex-specific manner. Chapter IV
describes the impact of microglial Sic//a2 knockdown on downstream cognition and behavior and
markers of disease in a mouse model of chronic AD. Lastly, Chapter V summarizes the completed

work and illuminates remaining questions and potential future directions.

Pre-symptomatic: Homeostasis/ Early Disease: Unabated Late AD: Chronic
Beneficial Response Inflammation/Changes in Iron? Neuroinflammation + Iron Load

L J

Figure 1.9. Targeting the remaining gaps in our understanding of the contribution of microglial iron
importer DMT1 to disease.

In pre-symptomatic, homeostatic conditions, microglia react acutely to AP and effectively clear aggregates
before returning to a homeostatic surveillance state. It is thought that in the transition to an early disease
state, microglia become chronically activated (by a higher burden of AP and/or other contributing
inflammatory events such as stroke, systemic inflammation). This dissertation research examines the idea
that an increase in an iron-loading mechanism during this time of early disease contributes to the unabated
inflammation and dysfunction of microglia observed in late-stage disease. Specifically, this research asks
the question on whether targeting the microglial iron import gene for DMT1 at an early time point in disease
inhibits downstream disease features including cognitive capacity and the presence of significant pro-
inflammation, ROS production, and markers of iron and A plaque load.

Figure made with BioRender.com, with permission.
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CHAPTER 2

Materials and Methods

2.1 Animal models

All animal breeding, maintenance, and procedures were approved in advance and performed in
compliance with the Institutional Animal Care and Use Committee at Vanderbilt University. Mice
were weaned at 3 weeks of age and had ad libitum access to food (LabDiets, standard rodent chow
5001) and water. Both male and female mice were used in all in vivo experiments and were group-
housed (2-5 per cage, paper bedding) by sex in transparent cages at 22-25°C under a 12 h light/dark
cycle in a specific pathogen-free facility. For studies discussed in Chapter I1I, an inducible model
of microglial-specific knockdown of Slc1la2 was generated. Cx3cri“ERT2 (#020940, JAX) [186]
and Slc11a2-floxed mice [96] (129S-Slc11a2™Ne¢/J: #017789, JAX) were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). Cx3cr1*®2 mice harbor a Cre-recombinase driven by the
promoter for the macrophage/microglial-specific chemokine receptor, Cx3cr!, fused to a mutated
estrogen receptor (ER), allowing for Cre-mediated gene excision of /oxP-containing sites upon

JCERT2 mice were bred in

tamoxifen exposure (agonist for the mutated ER). Homozygous Cx3cr
our facility with homozygous Slclla2-floxed animals to obtain experimental Cx3crl<™
ERT2WT.Slc11a2™ animals. All genotypes were confirmed with an ear snip via Transnetyx
(Cordova, TN) using real-time PCR. Experimental mice were on a mixed 129S/BL6 background
and were crossed onto the C57BL/6J background over 6 different generations. For experiments
conducted in Chapter 1V, Slc11a2" and Cx3cr1“**R"? animals were cross-bred until mice were
homozygous for both genotypes (Slcl1a2™;Cx3cri***). APP/PSI* hemizygous animals
(Tg(APPswe,PSEN1dE9)85Dbo; #034832, JAX) were purchased from Jackson Laboratories and

maintained in our facility. These transgenic animals express a chimeric mouse/human amyloid
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precursor protein (Mo/HuAPP695swe) and a mutant presenilin-1 (PS1-dE9), as discussed in
section 1.4. APP/PSI* hemizygous animals were bred separately with Slc//a2™ animals to yield
Slc11a2™:4PP/PSI* mice. Resulting progeny from these crosses were then bred with the
homozygous Slc11a2":Cx3cri1“*FRT2™ animals to yield triple-transgenic Slcl1a2™:Cx3cri1®
ERT24- 4PP/PSI™ or APP/PSI  (i.e., “WT’) mice. All mice used in experiments in Chapter IV were
Slc11a2; Cx3cr1CERTZYWT with either APP/PS1™ hemizygosity or WT as littermate controls.
Experimental mice were on a mixed 129S/BL6 background, with >80% BL/6J genetic makeup.
For the primary cell experiments from young and aged mice in Chapter IV, young male 9-week-
old control C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA)
(#000664, JAX). C57BL/6J male mice between 27-30 months old were originally purchased from
Jackson Laboratories and were aged and maintained in a Vanderbilt mouse facility (Dr. Rich

Breyer). Control and experimental animals were randomly assigned across cages.

2.2 Mouse treatments

2.2.1 Tamoxifen treatment

To induce Cre-mediated knockdown of microglial Sic//a2 in experiments for Chapters III and 1V,
a five-day tamoxifen treatment regimen was used. Tamoxifen (Sigma #T5648, Saint Louis, MO)
was dissolved in corn oil (Sigma #C8267-2.5L, lot #MKCK6411, Saint Louis, MO) at a
concentration of 20 mg/ml by stirring overnight at 37 °C. For animals in Chapter III,
Cx3cr1CERTZWT Gl 1142 male and female mice at 9-14 weeks of age were administered a daily
dose of 4 mg tamoxifen via oral gavage for five consecutive days [187] to achieve a Cre-mediated
microglial knockdown of Slc/1a2 (denoted Sic11a2¥P). Cx3cr1CERTWT:Sjc 1142 mice from the

same litters given corn oil alone were used as a control for unintended Cre activity based on
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recommendations in the literature [ 188]. Mice were allowed to rest for at least 4-5 weeks following
tamoxifen or corn oil treatment before further treatment to allow for turnover of peripheral Cx3crI-
expressing monocytes and to restrict Cre-mediated recombination primarily to microglia [187,
189, 190]. Male and female mice in Chapter IV were administered tamoxifen with this regimen
between 5-6 months of age, when AP plaque deposition becomes apparent in the APP/PS1 model.
These mice then remained in their cages until behavioral testing between 12-15 months of age. To
confirm efficient microglial knockdown of Sicl//a2, gene expression of Slc/la2 was determined
for each animal via RT-qPCR or bulk RNA sequencing analysis on isolated microglia depending
on the experiment. Based on literature showing variability in knockdown efficiency using
inducible Cre model systems [191], an a priori threshold of >50% Siclla2 knockdown was
decided upon, and animals in Chapter III which did not exhibit at least a 50% knockdown of
microglial Slclla2 compared to controls via qPCR were excluded from primary statistical

analyses.

2.2.2 Lipopolysaccharide injection

For Chapter III, LPS injection was used to induce acute systemic and neural inflammation. LPS
(derived from E. coli serotype O111:B4, Sigma #L.4391, Saint Louis, MO) was dissolved in 0.9%
sterile saline and fresh, single aliquots were used for each experiment. The sub-lethal dose and
strain of LPS used was chosen based on previous work demonstrating a reproducible
neuroinflammatory response in both sexes [192-195]. Mice were weighed the day before and
morning of injection and were single-housed for accurate sickness scoring and nest building
evaluations (sections 2.3 and 2.4.1). Mice were injected intraperitoneally (i.p.) with a 2 mg/kg

body weight bolus of LPS in volumes under 150 pL, or 100 pL 0.9% sterile saline as a vehicle
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control. Saline and LPS mice were randomly distributed across cages prior to treatment, and the
experimenter was blinded to experimental groups. Table 2.1 shows detailed numbers of animals

used in the LPS experiments.

24 h experiments | Behavioral experiments | 4 h experiment
(3-6 d post-LLPS)
Male Control 14 Saline 11 Saline 5 Saline
14 LPS 13 LPS 5 LPS
Male Slc11a2¥P 13 Saline 10 Saline 7 Saline
14 LPS 11 LPS 7 LPS
Female Control 10 Saline 11 Saline
12 LPS 13 LPS
Female Slc11a2X? | 12 Saline 11 Saline
12 LPS 13 LPS

Table 2.1. Mouse numbers used for each experiment in Chapter III.

Only male mice were used for the 4 h post-LPS experiments based upon data showing that female
knockdown animals were not significantly different from control female animals in LPS-induced behavioral
sickness response and 24 h microglial gene expression analysis.

2.3 Sickness scoring

In Chapter III, mice were monitored for sickness behavior at baseline prior to LPS injection (0600-
0730), and at 4 h, 8 h, and 24 h post-injection (injections were performed at 0800). A subset of
mice was scored at 48 h and 96 h post-LPS as well. Specifically, an observer blinded to treatment
groups weighed and scored the mice on the severity of sickness using a published 12-point scale
of sickness behavior [196, 197], where a score of 12 represents a healthy mouse with normal
activity and O represents a deceased mouse. Utilizing this scale, mice were evaluated for response
to finger poke (4 for normal, 3 for slightly decreased, 2 for severely decreased, 1 for minimal
response, and 0 for no response/dead), signs of encephalopathy (4 for normal gait, 3 for tremors
or staggering, 2 for twisting movements, or 1 for falling/turning), and overall mouse appearance

(score decreases by 1 each for display of piloerection, periorbital exudates, diarrhea, or respiratory
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distress). Animals that received a score of 3 or below at any point post-injection were euthanized

according to a humane endpoint (z = 1 euthanized male from the control-LPS group).

2.4 Behavioral assays

All behavioral assays were conducted in the Vanderbilt Murine Neurobehavioral Core laboratory
after mice were acclimated to the facility for at least one-two weeks. In Chapter 111, a cohort of
male and female mice (n = 11-13 per group/per sex) was utilized for behavioral analyses 3-6 days
after LPS injections following recovery from acute sickness behavior. In Chapter IV, all mice
underwent testing by two experimenters between 12-15 months of age. The order of assays run
was kept consistent for all animals in each study, and animals were run each day between 0630-
1300 h with one task per day. For each task, mice were acclimated to the testing room for 30 min
to 1 h prior to testing, and control and experimental groups were evenly and randomly distributed
across cages, days, and time of each assay. Following completion of a trial, each apparatus was
cleaned of feces, disinfected, and deodorized with an anti-bacterial spray (Peroxigard, Virox

Technologies) in between animals.

2.4.1 Nest building

As a measurement of general cognition and well-being, an overnight nest building assay was used.
For animals in Chapter III, nest building capacity was assessed at both 24 h post-LPS during the
acute sickness phase and 72 h post-LPS following sickness recovery. In the AD model in Chapter
IV, nest building assessments were performed as the first behavioral task to minimize effects of
stress on the mice from other behavioral assays. Mice were single-housed and given 5 g of cotton
nestlet (Ancare, Bellmore, NY) in the afternoon the day prior. The next morning, amount shredded

and quality of nests was scored by a blinded observer using a 0-5 scale adapted from previous
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work, in 0.5 increments [198, 199]. Following nest building assessment, mice were re-housed in

groups of 4-5 for all other behavioral tasks.

2.4.2 Locomotor activity

For locomotor activity assessment, several assays were used. An elevated zero maze (white maze,
width 5 cm; diameter 50 cm; wall height 15 cm, Stoelting Co. IL) was used first, where mice
underwent a single 5 min trial of free exploration. Mice were video-recorded using a ceiling-
mounted camera and movement was automatically tracked and scored using AnyMaze (Stoelting
Co., Wood Dale, IL). Analysis parameters were set to ensure 80% of the mouse needed to be
present in either the ‘open’ or ‘closed’ zone for an entry into that zone to be recorded. Total time
in the open and closed zones and total distance traveled were measured. Sound-attenuating
transparent open field chambers (27.5 x 27.5 cm) were used for a second measurement of baseline
locomotor activity. Mice were placed in the center of the chamber and allowed to explore freely
for 45 min. Distance traveled was recorded automatically via the breaking of infrared beams
(MedAssociates ENV-510 software, Fairfax, VT). Additionally, time spent in the center area (19.05
x 19.05 cm) versus time in the ‘surround’ was calculated as a control measure of anxiety-like

behavior.

2.4.3 Short-term spatial working memory

A single-trial Y-maze was used as both another measurement of baseline locomotor and
exploratory behavior, as well as an assay to measure short-term working memory function. A clear
plexiglass three-arm Y-maze (each arm 5 cm in width, 34.5 cm long) with differentiated arms
(different colors of paper with or without patterns placed underneath the maze) was used. All mice

were placed in the same point of the same arm and allowed to freely explore for 5 min. (Chapter
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IIT) or 6 min (Chapter IV). A ceiling-mounted camera recorded video of the mice and AnyMaze
automatically measured total distance traveled and order of arm entries. Entry into another arm
was predicated on having at least 80% of the mouse cross into at least 1 cm of the arm. Spontaneous
alternation as a measure of intact working memory was calculated by hand using arm entry order
data from AnyMaze. A ‘correct’ alternation is defined by three consecutive entries into three
different arms (e.g., ABC, BCA, CAB). Percent alternation was calculated using: (Number of

spontaneous alternations) / (Number of total arm entries — 2)) * 100.

2.4.4 Long-term memory (inter-session habituation)
In Chapter III, mice were returned to open field locomotion chambers two weeks following their
initial exposure and the change in total distance traveled from the first session was recorded as a

measure of longer-term memory with S/c//a2 knockdown and post-LPS [200].

2.4.5 Morris water maze

The mice used in Chapter IV also underwent testing in the Morris water maze (MWM) to assess
the effect of Sicl/l/a? knockdown on learning and memory [201]. Briefly, a circular pool
approximately 1 m in diameter filled approximately 30 cm deep with 22-27°C water was used for
this task. A white round platform (10 cm in diameter) was used to provide animals an escape from
the water. Mice first underwent two visual training days, where the platform jutted above the water
with a pole attached to allow mice to see the target platform. This platform was moved around to
each of the four quadrants on each session during training days to allow the opportunity for each
animal to swim and survey the room, which contained multiple visual spatial cues kept constant
throughout. Each training day comprised four trials per mouse, and each mouse was given 60 sec

to find the platform. If a mouse did not reach the platform in 60 sec, it was guided to and placed
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on the platform for at least 5 sec. On subsequent days following the two visual training days, the
water was made opaque with non-toxic tempura white paint, and the platform was submerged
approximately 0.5 cm under the water. The platform was kept in the same location for each trial
and day, and mice were randomly placed in different locations in the pool so that the use of spatial
cues for navigation was necessitated. Mice underwent four trials per day for five days, with each
trial lasting 60 sec to assess learning and short-term memory. If mice did not find the platform
within 60 sec, they were guided to the platform and escape latency was recorded as 60 sec.
Following the final day of testing, the platform was removed and mice were allowed to swim freely
for 60 sec. Total time spent in the target quadrant where the platform used to be, time spent around
the location of the platform, swim speed, total distance traveled, and time spent in perimeter were

recorded as measurements of platform location memory.

2.4.6 Fear conditioning assay

Following completion of all other behavioral tasks, a fear conditioning assay was conducted in the
animals in Chapter [V to assess differences in fear-associated memory. Mice were placed in sound-
attenuating chambers with a wire grid floor. On the first day (training trial), mice were placed in
the chambers for 8 min and allowed to run around freely. Every 2 min, a 30 sec tone was played,
followed immediately by a small shock administered through the wire floor (1 sec, 0.5 mA). This
tone-shock pairing occurred 3 times during the training trial. To assess contextual fear
conditioning, mice were placed back into the same chamber the next day and allowed to run around
freely for 4 min with no tone or shock presented. Total time freezing — indicative of fear memory
— was recorded automatically (VideoFreeze, MedAssociates). To assess cued fear conditioning
(memory of the tone), mice underwent a second testing trial. This trial included a different

experimenter handling the mice, significant alterations to the chamber with white walls, white
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floor inserts, and red light, and the scent of vanilla placed in an open tube outside the chamber.
Mice freely explored the chamber for 2 min before the tone was administered for the final 2 min
(without a shock pairing). Total time spent freezing during the no-tone and tone segments were

recorded as a measurement of cued fear memory.

2.5 Mouse euthanasia and tissue collection

At the time of euthanasia, mice were deeply anesthetized with isoflurane and 500-700 pL of blood
was collected via cardiac puncture. Immediately following blood collection, mice were trans-
cardially perfused with 20 mL of cold 1x Dulbecco’s phosphate-buffered saline (DPBS) to remove
circulating blood and decapitated for rapid brain removal. Whole brains were either placed on ice
for mincing and processing for cellular isolation, or the hippocampus and cortical regions were
isolated first before proceeding to cellular isolation. A subset of brains from females in chapter [V
were extracted carefully following transcardial perfusion with ice-cold 4% paraformaldehyde
(PFA) and immediately fixed in 4% PFA for 24 h at 4°C before transferring to a 1x PBS with
0.02% sodium azide solution. These brains were used for tissue clearing using the SHIELD method
[202] following manufacturer’s instructions (Life Canvas Technologies, Cambridge, MA) and
imaged with a light sheet microscope at the Vanderbilt Neurovisualization Core (Dr. Jose

Maldonado).

2.6 Plasma collection and cytokine analysis
Blood was collected into EDTA-coated syringes from the right ventricle following cardiac
puncture and immediately placed into EDTA-coated (25 mM, 20-30 uL evaporated overnight)

tubes on ice to prevent coagulation. Samples were then centrifuged at 4°C (2500 rcf, 10 min) for
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plasma isolation. Plasma was aliquoted into separate tubes and stored at -80°C for further analysis.
A cohort of male mice in Chapter III (n = 5-7/group) was utilized to assess the acute systemic
cytokine response 4 h after LPS. Only male mice were assessed based on multiple data points from
earlier experiments indicating a significant effect of knockdown on the LPS-induced response only
in the males. Plasma cytokines IFNy, IL-1p, IL-10, MCP-1, IL-6, and TNFa were measured via a
Luminex multiplex cytokine panel performed by the Vanderbilt University Medical Center
Hormone Assay and Analytical Services Core. To stay within standard curves, un-diluted samples
were used for IFNy, IL-1B, IL-10, and MCP-1, and a 1:5 dilution was used for IL-6 and TNFa.
Additionally, levels of TNFa and IL-6 were confirmed by ELISA according to manufacturer’s

instructions (BioLegend, TNFa, #430904; IL6, #431304, San Diego, CA).

2.7 Microglial isolation

2.7.1 Tissue digestion and single-cell suspension preparation

Brains were rapidly removed and briefly placed in 3 mL cold, sterile 1x Hank’s buftered saline
solution (HBSS, Gibco, #14175095) containing 1% fetal bovine serum (FBS, heat-inactivated;
Gibco, #10082147) to remove any residual blood. Microglia isolation was performed following
published protocols, with slight modifications [203-205]. Briefly, whole brains were transferred
and finely minced with scissors in cold, sterile “IMG media” [Dulbecco’s modified Eagle’s
medium (DMEM) with high glucose (4.5 g/L) and L-glutamine media (Gibco, #11965092)
containing 10% FBS and 1% penicillin-streptomycin (Gibco, #15140122). Minced tissue was
transferred into 50 mL conical tubes and 5 mL of digestion media (IMG media + 100 units Papain,
#LLK003176; 500 Kunitz units DNase, #L.LK003170, Worthington Biochemicals, Lakewood, NJ)

was added to each tube. Samples were enzymatically-dissociated by placing in an orbital shaker
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for 1 h at 37°C, diluted with 10 mL IMG media, and strained through 70 pm sterile filters (Corning,

#431751). Samples were further processed at 4°C unless otherwise indicated.

2.7.2 Percoll gradient

Cells were centrifuged for 5 min at 500 x g, and re-suspended in a solution of 30% isotonic Percoll
and IMG media (Cytiva, #17-0891-01) and slowly layered onto a 70% Percoll gradient with HBSS
+ 1% FBS. HBSS + 1% FBS (without Percoll) was layered on top, and samples were centrifuged
for 15 min at room temperature at 600 x g with the brake set to the lowest setting to allow for
density separation. The supernatant containing myelin and neuronal debris was removed, and cells
at the interface between the 30-70% gradients were carefully collected and placed on ice into 8mL
HBSS + 1% FBS in a fresh tube to wash residual Percoll. Cells were centrifuged at 500 x g for 5

min at 4°C, and pelleted cells were re-suspended in appropriate media for downstream assays.

2.7.2.1 Plating and treatment for primary cell experiments

For experiments conducted in isolated primary cells from young and aged mice in Chapter IV, all
steps above were performed under sterile conditions in a cell culture hood with autoclaved tools
and sterile-filtered reagents. Glial cells isolated and pelleted from the Percoll gradient were re-
suspended in 1 mL IMG media for counting and plating. Cells were counted using the Nexcelom
Cellometer Auto T4 Cell Counter (Nexcelom Biosciences) and plated at a density of 100,000 cells
per well in poly-L-lysine-coated 48-well plates in pre-warmed sterile IMG media containing 5
ng/mL GM-CSF (R&D Systems, #415-ML-010). Media was changed the next day, and then every

other day for five days before stimulation, described below in section 2.10.2.
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2.7.3 CD11b immunomagnetic microglial isolation

For experiments in Chapter III (sections 3.2.2 and 3.2.5) and section 4.2.5 of Chapter 1V,
Percoll-isolated glial samples were further processed for enrichment of CD11b" microglia.
Following Percoll gradient separation, centrifugation, and pelleting, cells were re-suspended in
400 pL cold “MACS” buffer (1x PBS containing 0.5% FBS and 2 mM EDTA) and transferred to
5 mL tubes. Cells were centrifuged at 4°C for 5 min at 500 x g, pelleted, and re-suspended in 90
uL MACS buffer for magnetic labeling and separation according to manufacturer’s instructions
(Miltenyi Biotec, Bergisch Gladbach, Germany). Briefly, samples were incubated with magnetic
anti-CD11b MicroBeads (Miltenyi Biotec, #130-093-634; 10 ul per 90 ul buffer/brain) for 15 min
at 4°C. Magnetic separation was performed utilizing MS columns, and CDI11b" cells and the
effluent non-magnetic fractions (CD11b" cells) were obtained. Following a final centrifugation for
5 min at 500 x g, cells were immediately re-suspended in RLT lysis buffer (Qiagen, #74004)
supplemented with 1% beta-mercaptoethanol, briefly vortexed, and flash-frozen in liquid nitrogen.

Samples were stored at -80°C until RNA isolation.

2.8 RNA isolation, cDNA synthesis, and RT-qPCR

Lysed cell samples (CD11b" and CD11b™ fractions) were processed for total mRNA using an
RNeasy Micro Kit with DNase treatment according to the manufacturer’s protocol (Qiagen,
Hilden, Germany, #74004). Following on-column RNA purification and elution, cellular RNA was
reverse transcribed into cDNA at equal concentrations across samples using iScript Reverse
Transcriptase (BioRad, Hercules, CA). RT-qPCR was conducted to assess the expression of several
genes and confirm Slc//a2 knockdown using FAM-conjugated TagMan Gene Expression Assay

primers (Thermofisher) and iQ Supermix (BioRad). PCR reactions were performed in duplicate
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under thermal conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for
45 s. The expression of each gene measured was normalized to a housekeeping gene (either /8S

or ActinB where indicated), and relative expression values were analyzed utilizing the comparative

cycle threshold 2724¢T method [206].

2.9 RNA sequencing

2.9.1 Library preparation and RNA sequencing

Following on-column purification and DNase treatment with the Qiagen Rneasy Micro Kit, total
mRNA extracted from CDI11b" samples was submitted to the Vanderbilt Technologies for
Advanced Genomics (VANTAGE) Core facility for sample quality control assessment and RNA
Sequencing (RNASeq). The concentration of RNA samples was determined by NanoDrop
(ThermoScientific). Sample Quality Control analysis was assessed using fluorometry Qubit and
integrity by BioAnalyzer, and a RIN value of >7 was confirmed for all samples before proceeding
to library preparation and sequencing. One sample (n =1) was excluded from the male samples in
Chapter III due to low RNA quality. Paired-end sequencing libraries were constructed using a
standard mRNA NEBNext Poly(A) selection Library Prep Kit (Illumina). Library Quality Control
analysis was performed by using Qubit and BioAnalyzer to determine the concentration and size
bp. Samples were then sequenced at multiplex Paired-End 150 bp using the Illumina NovaSeq
6000 sequencing platform targeting an average of 5S0M reads per sample. To confirm sequencing
quality, Illumina Quality Scores were calculated utilizing the following equation: Q = -10logiol.

All samples sequenced reached sequencing quality of at least Q(30).
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2.9.2 Sequencing analysis: alignment, mapping, quantification, differential expression

For RNASeq data in Chapter III, gene alignment, read mapping, and reads quantification were
conducted using Illumina’s automated Dragen RNA-Seq pipeline version 3.6.3 with the mouse
reference genome Mouse mm10. Files were generated and deposited in BaseSpace Sequence Hub
via Illumina’s automated workflow. A .csv file describing the number of reads mapped to each
gene for each sample was then utilized as input for an RNA-Seq data analysis pipeline. Differential
expression for gene read counts were analyzed with DESeq2 version 1.36 [207] using R version
4.2.2. In brief, gene counts were normalized by a negative binomial distribution model to account
for overdispersion, followed by Bayesian shrinkage estimators for effect sizes using the
Approximate Posterior Estimation for the GLM (apeglm) package [208]. Differential expression
analyses between Control vs. Slc/1a2%P in the LPS studies was completed using the Wald test in
DESeq2, and corrected for multiple comparisons (p.adjust) using the Benjamini and Hochberg
method [209, 210]. RNASeq data discussed as a future direction in Chapter V will be from
hippocampal CD11b" microglia isolated from female control and experimental mice following
findings of significant behavioral differences in Sic//a2 knockdown female APP/PSI animals.
Gene alignment, read mapping, and gene counts quantification were conducted at the Creative

Data Solutions (CDS) Core at Vanderbilt using mouse reference genome mm39.

2.10 In vitro cells and experimental treatments
The immortalized microglial cell line, “IMG” [211], was used for in vitro experiments to assess
the effect of pharmacological inhibition of DMT1 on AB-induced inflammation. IMG cells were

purchased from Millipore (Cat. #SCC134, RRID:CVCL_HC49), and cultured as described using
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Accutase for dissociation and passaging [185]. Cells used in experiments were cultured up to a

maximum of 10 passages in sterile IMG media (described in section 2.7.1).

2.10.1 Ebselen treatment of IMG cells

IMG cells were plated and grown in six-well tissue culture plates the day before ebselen treatment
in IMG media. Ebselen was purchased from Focus Biomolecules (#10-2288) and re-suspended in
sterile dimethyl sulfoxide (DMSO; Sigma, #276855). A 25 uM concentration of ebselen was
chosen as the treatment, following preliminary experiments indicating this dose decreased cellular
iron content and following similar reported doses from previous work [89]. After 24 h treatment

with either ebselen or control DMSO, cells were treated as described below in section 2.10.2.

2.10.2 Amyloid-p and iron treatments

In both IMG cells and the primary isolated glia in Chapter IV, amyloid-Pi-4> was used as an acute
AD-associated inflammatory stimulus. AB (HFIP-treated, rPeptide #A-1163-2) and a scrambled
AP (rPeptide #A-1004-2) were purchased from rPeptide and 5 mM stock solutions were prepared
with anhydrous DMSO (Sigma #276855) and sonicated for 15 min before storing aliquots at -
20°C. The day before cell stimulation, oligomeric APi.42 was prepared as previously described
[173] using cold, sterile phenol-free Ham’s F-12 media (R&D Systems, #M25350) and allowed to
rest at 4°C for 24 h. The next day, cells were treated with 1 uM A4z or scrambled AP for 24 h
before lysis and collection for RNA isolation as described above in section 2.8. For in vitro
experiments in IMG cells, ferric ammonium citrate (FAC, Sigma, #F5879) was used as a non-
transferrin-bound form of iron. FAC was re-suspended fresh in sterile RNase-free water
immediately before each experiment, and cells were treated with 50 uM FAC based on literature

recommendations [173, 178] or water (control), with or without Ap.
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2.11 Data and statistical analyses

Data are presented as mean £ S.E.M. All experiments were analyzed using analysis of variance
(ANOVA) for multiple comparisons followed by appropriate post-hoc analyses unless otherwise
noted. Male and female data were first compared using ANOVA (2(Sex) x 2(Genotype) x
2(Treatment), followed by Sidak’s corrections for multiple comparisons and analysis of interaction
effects. After observing sex differences particularly in LPS-induced Sic/la2 expression when
directly comparing male and female data in Chapter III, most primary analyses were conducted
within each sex separately to assess the effect of Sic//a2 knockdown in each sex. To do this, a
2(Genotype) x 2(Treatment) ANOVA followed by Sidak’s corrections was used. In analyzing
sickness scoring data from Chapter III, repeated measures ANOVA (2(Genotype) x 2(Treatment)
x 4(Time)) was used to analyze scoring data from multiple time points and Tukey’s post-hoc
analysis was used following significant F values to establish differences among all groups. Data
from primary cell and IMG cell experiments in Chapter IV were analyzed using either
2(Treatment) x 2(Age) ANOVA or 3(Treatment) x 2(ebselen/DMSO) ANOVA, respectively.
Sidak’s post-hoc analysis was used for interaction effects and corrections for multiple
comparisons. Statistical outliers within each group for all studies were identified using the ROUT
method for multiple outliers and excluded from statistical analyses. GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA) was used for statistical analyses outside of RNASeq analyses

conducted in R. Differences among groups were considered significant at values of p<0.05.
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CHAPTER 3
Microglial-specific knockdown of iron import gene, Slc/1a2, blunts LPS-induced
neuroinflammatory responses in a sex-specific manner
Adapted from Volk Robertson, K., et al. Brain Behavior and Immunity, 2024. February 2024.

doi: 10.1016/1.bb1.2023.12.020

3.1 Introduction

Excessive iron deposition in the brain is strongly associated with several neurodegenerative
diseases, including Alzheimer’s disease (AD), Huntington’s disease, and Parkinson’s disease [ 104,
212-214]. While iron is critical for mitochondrial metabolism, neurotransmitter synthesis, and
myelination in the brain; excess iron is associated with chronic neuroinflammation and the toxic
production of reactive oxygen species (ROS), which can ultimately lead to DNA and protein
damage, lipid peroxidation, and cell death often seen in disease [52, 184].

Microglia, the resident innate immune cells of the central nervous system (CNS), play a
critical role in tightly regulating brain iron levels to maintain neural homeostasis and orchestrate
appropriate responses to CNS injury [153]. While microglial cell-mediated neuroinflammation has
been widely recognized as a prominent feature of neurodegenerative disease pathology [215, 216],
more recent work suggests that iron loading in activated microglia is also a prominent hallmark of
both mouse and human disease pathology [2, 50, 146]. Work over the last decade has highlighted
an intimate relationship between inflammatory signaling and iron-handling status at the cellular
level [2, 172]. Microglial iron retention often occurs during a shift towards a pro-inflammatory
cellular state [50, 51, 160], and increased iron import has been shown to enhance microglial

secretion of pro-inflammatory cytokines and ROS production in response to inflammatory stimuli
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[167, 173, 217]. While iron load enhances inflammation, in vitro studies also demonstrate that
acute inflammatory signals, such as bacterial lipopolysaccharide (LPS) and AD-associated
amyloid-P, increase microglial import and sequestration of local non-transferrin-bound iron
(NTBI) [179, 180]. Specifically, these inflammatory signals upregulate the microglial ferrous iron
(Fe*") importer, divalent metal transporter 1 (DMT1; gene name, Sic/1a2)[167, 173, 180]. DMT1
is a widely-expressed proton-coupled ferrous iron transporter critical for life [92], and is found on
both the cellular plasma membrane as well as the endosomal membrane. While this transporter is
important for the immediate import of extracellular iron reduced to Fe** at the plasma membrane,
it also plays an essential role in the endosome, where it transports Fe** (the usable form of iron in
the cell) into the cytosol after reduction in the endosome [79]. Inflammation-induced increases in
DMT]1, and the reported effects of iron on augmenting inflammation suggest a reciprocal, feed-
forward relationship between inflammatory signaling and changes in iron import machinery in
these cells. Despite the greater attention brought to the role of iron in exacerbating
neuroinflammation during the last decade, the bidirectional relationship between changes in
cellular iron import mechanisms and inflammatory signaling is not fully understood [172].
Considerable evidence demonstrates that systemic inflammation triggers microglial
activation and accelerates neurodegeneration in rodent models [218, 219] and humans [220, 221];
however, it is not known how or whether microglial iron-handling machinery and systemic
inflammatory signaling influence each other. Few studies have examined directly how a shift in a
microglial iron import gene might affect downstream inflammatory processes in vivo. In the
present study, we sought to determine the effects of directly altering a microglial iron import gene,
via microglial-specific knockdown of iron importer Sic/ /a2, on downstream inflammatory events

in a rodent model of LPS-induced inflammation. The endotoxin, LPS, is the major surface
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membrane component of Gram-negative bacteria, and is a widely used stimulus to experimentally
induce neuroinflammation associated with increases in key pro-inflammatory cytokines, such as
interleukin (IL)-1B, IL-6, and tumor necrosis factor-o (TNF-a) [59, 222, 223]. To determine the in
vivo effects of decreased Sic/la2 on the inflammatory response in both sexes, we generated a
novel model of inducible microglial Slc//a2 knockdown in both male and female mice. After
challenging mice with systemic LPS, we investigated whether microglial Sic//a2 knockdown
alleviated acute LPS-induced inflammation and altered downstream cognitive function following

a period of short-term recovery.

3.2 Results

3.2.1 Microglial Slc11a2 knockdown improves acute sickness response post-LPS injection in
male, but not female, mice

Following i.p. injection of LPS (2 mg/kg body weight, initial body weights shown in Table 3.1),
male and female mice were monitored for signs of sickness behavior at 4, 8, and 24 h post-LPS
before euthanasia and CDI11b+ microglial isolation for Slc/la2 gene expression analysis

(experimental diagram, Fig. 3.1a).

Control + Saline | Slc11a2¥P + Saline | Control + LPS | Slc11a2¥® + LPS

Males 28.82+£0.71 29.38 £0.67 29.03 £0.56 28.92+£0.78

Females 24.98 £0.68 25.16 £ 0.60 2543 £0.48 24.80 = 0.46

Table 3.1. Body weights were assessed immediately prior to injections of saline or LPS. The data are
presented as average weight in grams £+ S.E.M. for 21-33 mice per group.

As expected, isolated microglial cells from animals treated 4-5 weeks prior with tamoxifen
exhibited a significant decrease in Slc//a2 gene expression in both males and females, indicating

efficient cellular knockdown of Sic//a2 (Fig. 3.1b; Knockdown, F(1,88) = 163.6, p< 0.0001).
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Specifically, we were able to achieve between an 80-90% knockdown of Sic//a2 in most mice.
At 24 h post-LPS injection, microglia from control male mice exhibited a >2-fold increase in
Slcl1a2 expression compared to saline controls (Fig. 3.1b; p<0.0001), reproducing in vivo what
has been shown in vitro [180]. This upregulation was only observed in cells isolated from males
(Sex, F(1,88) =10.17, p = 0.002, Treatment x Sex, F(1,88) = 7.78, p=0.007), as microglia from
females showed no upregulation in microglial expression of Slc//a2 in response to LPS (Fig. 3.1b;
Female Saline vs Female LPS, p>0.999). Indeed, female microglia express significantly lower
levels of Slc11a2 in response to LPS when compared directly to their male counterparts (Fig. 3.1b,
Males Control LPS vs. Females Control LPS, p<0.0001). Furthermore, this LPS-induced Sic/ /a2
response in males appears to be primarily a microglial response, as the CD11b-negative neural cell
fraction isolated from this timepoint did not exhibit a significant increase in Slc/la2 (Fig. 3.2). As
expected, LPS significantly worsened sickness score in control male and female mice at all time
points (Fig. 3.1c, Time F(2.6, 202.6) = 90.62, p<0.0001 compared to baseline, Fig. 3.1d, Males;
Treatment F (1, 77) = 64.75, p<0.0001, Time x Treatment F(3, 231) = 28.39, p<0.0001; 4 h:
p<0.0001; 8 h: p<0.0001; 24h: p = 0.0002; Fig, 3.1e, Females; Treatment F(1,72) = 53.73,
p<0.0001; Time x Treatment (F(3, 216) = 22.75, p<0.0001). When comparing males and females
directly post-LPS, we did not observe a statistically significant difference in LPS-induced sickness
scores at 4, 8, or 24 h in control animals (Fig. 3.1c, Sex, p>0.05), demonstrating the robust effect
of this LPS dose in provoking significant sickness behavior compared to baseline and saline
controls in both sexes. However, there was a significant interaction between Sex and Knockdown
in the LPS-provoked sickness response (Fig. 3.1c; Sex x Knockdown, F(1,77) = 8.34, p = 0.005).
Specifically, male mice with microglial Sic//a2 knockdown showed an acute significant

improvement in overall sickness score compared to littermate S/c//a2-intact control animals at 4
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and 8 h post-LPS (Fig. 3.1c, d; Knockdown x Treatment ¥(1, 77) = 12.52, p<0.001), Time x
Knockdown x Treatment (F(3, 231) = 4.142, p<0.01; 4hr: p = 0.003, 8hr: p = 0.056). In fact, the
sickness response observed in male Slc/7a2XP animals following LPS treatment was not
significantly different from male control animals administered saline during the acute phase post-
LPS (Fig. 3.1d; 4 h: p = 0.412; 8 h: p = 0.252). This modulatory effect of microglial Sic/la2
knockdown was only observed in male mice, as Slcl1a2%P females exhibited similar LPS-induced
sickness behavior as both control females and males at all time points post-LPS (Fig. 3.1c, 4 h:
Female KD LPS vs. Female control LPS, p>0.99, Female KD LPS vs. Male control LPS, p=0.57;
8 h: Female KD LPS vs. Female control LPS, p>0.99, Female KD LPS vs. Male control LPS, p =
0.70; 24 h: Female KD LPS vs. Female control LPS, p = 0.98, Female KD LPS vs. Male control
LPS, p>0.99; Fig. 3.1e; Treatment F(1,72) = 53.73, p<0.0001; Time x Treatment (F(3, 216) =
22.75, p<0.0001; Knockdown x Treatment F(1,72) = 0.003, p = 0.96). This demonstrates the sex-
specific effect of the Slc//a2 knockdown in modulating the acute male sickness behavioral

response to LPS.

47



A 22 O Q
| )

9-14 wk-old “ . -

- n=57 n=9-14 n=11-13
Sle11a2",; 4-5 weeks Euthanize| | Euthanize Behavioral
Cx.?cr?l-CreE”‘”' |atler 4hr 24hr Testing

| 1
| | | \ \ |
5x gavage [ Inject saline | Sickness ~ 24h Days 3-6
Tamoxifen of 2 mg/kg | Scoring: 4NF 8Ar ' 7S
or Corn OQil | LPSip.
B Sic11a2 C Sickness Scores
5. #han 12

O Males Saline
H Males LPS

O Females Saline
° O Females LPS

&
-
e

=]
(=]
Sickness Score
[+]
7I_I . [

ud

rud

L o Males: LPS
® Males: Sici1a2*® - LPS

Relative
Gene Expression

—
L

6 Females: LFS
0 S S Females: Sic11a2"0- LPs
) Males Females 0 4-h Blh 2£|lh
Control Sle11a2*®
D . i E . .
Males Sickness over Time Females Sickness over Time
123-‘ 12.————.. o ﬂ
@ @ -
510/ = 10
o o R
0 8 n 8' e *kk AR
o0 " i
% ﬁ_ KX g E'
_E 4 Control Saline _-E 4/ e Control Saline
Q 1 & Control LPS o Control LF:E:
Fr etk ¥D : ) W SicffaZ”~ Saline
@ 2 . 1102 LPS 2 Sic11a2® LPS
0 - : - 0
0 4h 8h 24h 0 4h 8h 24h

Figure 3.1. Microglial Sicl1a2 knockdown improves acute LPS-induced sickness response in male,
but not female, mice.

a) Experimental design: Male and female Sic1/a2";Cx3cr1<***™*"T mice were given tamoxifen or corn
oil vehicle (p.o.) to induce Cre-mediated Sic//a2 gene knockdown. After 4-5 weeks, control and
knockdown mice received saline control or LPS (i.p., 2 mg/kg) before downstream assessments at various
timepoints. b) Slclla2 gene expression was measured via RT-qPCR from whole-brain isolated CD11b+
microglia 24 h after LPS injection. Data represent the mean + S.E.M. of 9-14 mice per group. Three-way
ANOVA, ***¥p<(.0001 effect of LPS Treatment in males, “p<0.05, “*p<0.0001 effect of Sex x Treatment
in females, ¥4p<0.01 effect of male knockdown on LPS-induced response. ¢) Behavioral sickness response
scores at baseline and 4, 8, and 24 h post-LPS injection in male and female mice. *4p<0.01 male Slc1/a2%P
compared to control LPS, ***p<(0.001 compared to baseline for both sexes labeled in corresponding color,
‘ns’ = not significant, no significant differences found between males and females in the LPS-induced
response in controls. Data represent the mean = S.E.M of 17-22 mice per group. d) Male behavioral sickness
response scores at baseline and 4, 8, and 24 h post-LPS, including saline groups. “denotes differences
between Control-LPS and Saline, “denotes differences between Sic/1a2¥P-LPS vs. Control-LPS in
corresponding color, "denotes differences between Slc11a2XP-LPS vs. Saline, ‘n.d.’, no difference between
Slc11a2%P-LPS and Saline mice, “p<0.01, *p<0.01, "p<0.05. Data represent the mean + S.E.M. of 19-22
mice per group. e) Female behavioral sickness response scores at baseline, 4, 8, and 24 h post-LPS,
including saline groups. “denotes differences between Control-LPS and Saline, "denotes differences
between Slc11a2¥P-LPS and Saline, no differences detected between Sicl/a2¥P-LPS and Control-LPS,
“p<0.001, “'p<0.01, ""p<0.001. Data represent the mean + S.E.M of 17-20 mice per group.

Figure 3.1a was generated using BioRender.com, with permission.



CD11b- cells: Sic11a2

4- | ns
=
o ns )
w3d o [ Saline
g g ALPs
© $ol © ®
Q W o] o
m ) [+]
g 1+ o o
o ® %
1
0 | KD
Control Sic11a2

Figure 3.2. CD11b-negative cells do not exhibit changes in Sic//a2 in males 24 h post-LPS.

Cells from the whole brain were magnetically-sorted for CD11b, and the negative fraction was isolated
for RT-qPCR gene expression. Data are normalized to housekeeping gene /8S and represent the mean
+ S.E.M of 11-14 mice per group. ns = not significant.

3.2.2 LPS-induced pro-inflammatory gene expression is significantly decreased in isolated
microglia from Slcl1a2 knockdown male mice.

To assess molecular changes that underlie the blunted LPS-induced sickness response in Slc/a2-
knockdown male animals, mice were euthanized 24 h following saline or LPS injections and
whole-brain CD11b" microglia were collected for RT-qPCR gene expression analyses of several
pro-inflammatory markers. As expected, LPS treatment significantly upregulated the expression
of 1I-1f in both male and female controls, albeit to a lesser degree in females (Fig. 3.3a, Males;
Treatment, p = 0.0005; Fig. 3.3d, Females; p = 0.012). Female microglia overall displayed a lower
LPS-induced cytokine response in //-1f and //6 compared to males in the control groups (Fig. 3.4a-
b; 1I-1p, Males LPS vs. Females LPS, p = 0.056; 1/6, Males LPS vs. Females LPS p = 0.015),
which has been reported by others [224-226]. Microglial Sici1a2 knockdown had a modulatory
effect on LPS-induced ///f and 1/6 expression only in male microglia, as Slc//a2 knockdown
significantly attenuated the LPS-induced upregulation in /1§ (Fig. 3.3a; Interaction, F(1, 46) =

9.15, p = 0.0041) and /6 expression in isolated male Sic11a2%P microglia (Fig. 3.3b; Interaction,
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F(1, 48) =7.07, p = 0.011; Fig. 3.4a-b, 1l15: Knockdown x Treatment x Sex, F(1,83) =3.52,p =
0.064; 1l6: Knockdown x Treatment x Sex, F(1,86) = 9.40, p = 0.003). Tnfa was significantly
upregulated in female and male microglia in response to LPS compared to their control
counterparts (Fig. 3.4c; Treatment, F(1,81) =7.49, p = 0.008); however, there were no significant
differences in LPS-induced Tnfa expression due to knockdown in either sex (Fig. 3.3c, f; Fig.
3.4c). Female Siclla2 knockdown microglia given LPS exhibited no difference compared to
female LPS controls in any of the measured LPS-induced cytokines (Fig. 3.3d-f, p>0.05),
suggesting this is a sex-specific effect of Sic//a2 knockdown on markers of LPS-induced pro-

inflammation in microglia.
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Figure 3.3. Siclla2 knockdown blunts pro-inflammatory gene expression in isolated
microglia 24 h post-LPS in male, but not female, mice.

a-c¢) CD11b" microglia were isolated from the brains of Slc/l/a2-knockdown and corn oil control
animals 24h following saline or LPS injection for RNA extractionand RT-qPCR
analysis. //1f, 116, and Tnfo gene expression from male microglia 24 h post-LPS. d-f) Slcila2,
1118, 116, and Tnfa gene expression from female microglia 24 h post-LPS.
*denotes Treatment effect, “denotes Interaction effect, "p < 0.01, ™p < 0.001; ¥p < 0.05, #4p < 0.01,
&&&p < (0.001, ‘n.d.” = no difference. Data represent the mean + S.E.M of 8-14 mice per group.
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Figure 3.4. Changes in gene expression in response to LPS in microglial Sic/la2 knockdown

animals are sex-specific.

a-c) CD11b+ microglia were isolated from whole brains 24 h after LPS injection, and gene expression
was measured via RT-qPCR. Data represent the mean + S.E.M. of 9-14 mice per group. Three-way
ANOVA, *#*#*p<0.0001 effect of LPS Treatment in males, #p<0.05 effect of Sex x Treatment in
females, &&p<0.01 effect of male knockdown on LPS-induced response. Outliers were removed using
ROUT s test for multiple outliers.

3.2.3 Sicl1a2 knockdown did not significantly affect downstream changes in behavior after
sickness recovery from LPS treatment.

Previous research has reported longer-term alterations in behavior and cognition in rodents
administered LPS [227, 228]. Thus, we aimed to determine whether LPS and/or Siclla2
knockdown affected longer-term behavior and cognition following sickness recovery in our

studies. To do this, a subset of male and female mice was administered 2 mg/kg LPS and allowed
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to recover from sickness for 72 h before beginning a behavioral testing battery (complete sickness
curves shown in Fig. 3.5a and d). An acute difference in sickness response was again observed
only in the knockdown males (Fig. 3.5a, Time x Knockdown x Treatment F(6,250) = 3.11, p =
0.006; 4 h: p=0.048). Female mice given LPS recovered more quickly overall compared to male
LPS control mice (Fig. 3.6a, Time x Sex F(6,274) = 2.53, p = 0.021), replicating what others have
shown [229, 230]. However, most animals were fully recovered by the 72 h time point, and there
were no significant differences based on knockdown in the later time points of recovery in either
sex (Fig. 3.5a and d, monitored to 96 h post-LPS, p>0.05). To determine whether LPS and/or
Slclla? knockdown affected downstream general cognition and wellbeing in these mice, we
utilized a nest building assay, where mice were given 5 g of nestlets overnight following sickness
recovery (72 h after LPS), and nests were scored the following morning. All groups of mice
performed similarly on nest building capacity, with no significant differences between sexes (Fig.
3.6b). When analyzing the sexes separately, we found a statistically significant improvement in
nest scores in the female knockdown animals given LPS compared to their control LPS
counterparts (Fig. 3.5b, males, Kruskal-Wallis statistic = 0.44, p = 0.93 and Fig. 3.5e, females,
Kruskal-Wallis statistic = 7.92, p = 0.048, compared to control-LPS group). Next, as LPS
significantly decreases locomotor activity in the acute sickness phase [231], (which we
corroborated, data not shown) we determined whether LPS and/or knockdown had a lasting effect
on spontaneous locomotor activity following recovery from acute sickness. Four days following
LPS treatment, mice were placed into open field chambers and allowed to run freely for 45 min.
Female mice overall traveled less than male mice across treatments (Fig. 3.6¢, Sex F(1,84) = 6.34,
p =0.014); however, neither LPS nor S/c//a2 knockdown had a significant effect on total distance

traveled between any groups at this time point in either sex (males, Fig. 3.5¢; Treatment F(1, 41)
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=0.12, p = 0.73, Knockdown F(1, 41) = 0.055, p = 0.82; females, Fig. 3.5f; Treatment F(1, 44) =

0.48, Knockdown F(1,44)=0.13, p=0.72).
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Figure 3.5. Sic11a2 knockdown had no significant effect on longer-term behavioral recovery post-

LPS.

a, d) Sickness behavior was monitored in a subset of control and knockdown male and female mice at
4, 8,24, 48, 72, and until 96 h post-LPS injection. *denotes difference between Slc/1a2¥P-LPS vs.
Control-LPS at 4 h post-LPS. No significant differences were found in overall sickness recovery
between 24 and 96 h in any of the groups. b, e) At 72 h following LPS administration, single-housed
mice were given 5 g of nestlet overnight and nest building capacity was scored the next morning.
*denotes Interaction effect, *p < 0.05. ¢, f) At 96 h following LPS injection, mice were placed in open
field locomotor activity chambers and activity was recorded for 45 min. Total distance traveled in cm is
shown; no significant differences were detected. Data represent the mean + S.E.M. of 10-14 mice per

group.
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Figure 3.6. Neither LPS nor Sicl/1a2 knockdown had a significant effect on behavioral phenotypes
(tested within one week of LPS injection) in males or females.

a) Sickness scores were measured at baseline, 4, 8, 24, 72, and 96 h post-LPS injection in male and
female animals with or without Slc//a2 knockdown. Three-way RM ANOVA, *p<0.05 compared to
control LPS animals, #p<0.05 compared to males. b) Mice were given 5g nestlets overnight three days
after LPS and nests were scored the following morning. No significant differences found between sexes
or due to knockdown. ¢) Four days following LPS, mice were placed in transparent open field chambers
to move about freely for 45 min. Total locomotor activity was calculated in cm distance traveled. Three-
way ANOVA, *p<0.05 effect of sex. Data represent the mean + S.E.M. of 10-13 mice per group.

To assess any changes in longer-term memory, we placed mice back into the same open
field chambers two weeks after this initial session, and allowed free exploration for 45 min. The
change in distance traveled between first exposure and this second session was calculated as a

measure of inter-session habituation and long-term memory [200]. Although LPS treatment
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decreased the change in distance traveled between sessions — indicative of an LPS-induced deficit
in both sexes (Fig. 3.7¢c, Treatment F(1,83) = 5.32, p = 0.024) — there was no significant effect of
Slclla2 knockdown in either sex on this measurement of long term context-dependent memory
(Fig. 3.7c, 3.8c, 3.9c; Males: Treatment F(1,39) = 1.83, p = 0.18, Knockdown F(1,39) =1.11,p =

0.30; Females: Treatment F(1,44) =3.68, p = 0.062, Knockdown F(1,44) = 0.082, p = 0.78). Data
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Figure 3.7. Slc11a2 knockdown had no significant effect on behavioral phenotypes (tested 3-5 days
or 2 weeks following LPS injection) in males or females. a) Control and knockdown male and female
animals freely explored an elevated zero maze for 5 min. 3 days post-saline or LPS. There were no
significant differences in total distance traveled (m) or time spent in closed arms among groups or
between sexes. b) Mice freely explored a three-arm Y-maze for 5 min., and spontaneous alternation
capacity was calculated as a measurement of spatial working memory. Mice with fewer than eight total
arm entries were excluded from analysis. Three-way ANOVA, ****p<(0.0001, effect of sex. ¢) Two
weeks following initial open field assessment, mice were placed back into the same open field chambers
and allowed to move freely for 45 min. Change in distance traveled compared to the original session
(four days after LPS) was calculated. Three-way ANOVA, *p<0.05, effect of LPS Treatment; no
significant differences due to knockdown or sex. Data represent the mean + S.E.M. of 9-13 mice per
group.
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from additional assays including elevated zero maze and Y-maze spontaneous alternation in our
behavioral battery revealed no significant differences as an effect of LPS treatment or Sic//a2

knockdown (Fig. 3.7-3.9, p>0.05).
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Figure 3.8. Neither LPS nor Slcl1a2 knockdown had a significant effect on behavioral phenotypes
(tested 3-5 days or 2 weeks following LPS injection) in males. a) Male control and knockdown
animals freely explored an elevated zero maze for 5 min. 3 days following saline or LPS injection. There
were no significant differences in total distance traveled (m) or time spent in closed arms. b) Male
animals freely explored a three-arm Y-maze for 5 min., and spontaneous alternation capacity was
calculated as a measurement of spatial working memory. There were no significant differences found.
¢) Two weeks following initial open field assessment, mice were placed back into the same open field
chambers and allowed to move freely for 45 min. Change in distance traveled from the original session
four days after LPS was calculated. No significant differences. Data represent the mean + S.E.M. of 9-
13 mice per group.
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Figure 3.9. Neither LPS nor Sicl/1a2 knockdown had a significant effect on behavioral phenotypes
(tested 3-5 days or 2 weeks following LPS injection) in females. a) Female control and knockdown
animals freely explored an elevated zero maze for 5 min. 3 days following saline or LPS injection. There
were no significant differences in total distance traveled (m) or time spent in closed arms. b) Female
animals freely explored a three-arm Y-maze for 5 min., and spontaneous alternation capacity was
calculated as a measurement of spatial working memory. There were no significant differences found.
¢) Two weeks following initial open field assessment, mice were placed back into the same open field
chambers and allowed to move freely for 45 min. Change in distance traveled from the original session
four days after LPS was calculated. There was a trend towards an LPS-induced deficit (p = 0.0617);
however there was no significant difference due to knockdown. Data represent the mean + S.E.M. of
11-13 mice per group.
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3.2.4 Slc11a2 knockdown is associated with a significant blunting of the acute systemic
inflammatory response post-LPS in males.

Murine plasma levels of LPS-induced inflammatory cytokines typically peak between 2-6 h post-
LPS, depending on the cytokine [195, 232]. We observed the greatest difference in LPS-induced
sickness response during the acute phase of sickness immediately following LPS administration
only in male mice (4-8 h, shown earlier). As female mice had shown no significant changes in
response to Slcl/la? knockdown in sickness behavior or LPS-provoked pro-inflammatory
cytokines to this point, we focused on how Sic/la2 knockdown affected the immediate LPS-
induced inflammatory response in a separate cohort of male animals. This cohort of mice was
administered LPS and euthanized 4 h post-injection for the assessment of systemic inflammatory
cytokines in plasma and for microglial isolation.

We found a striking decrease in several pro-inflammatory cytokines in plasma collected
from male Slc//a2 knockdown animals compared to their littermate controls given 4 h LPS, (Fig.
3.10). In particular, knockdown males exhibited a significant decrease in LPS-induced plasma
IFNy, which was indistinguishable from the control animals administered saline only (Fig. 3.10a;
Interaction F(1,15) = 8.67, p=0.01). As expected, LPS induced a robust increase in plasma
cytokine levels of monocyte-chemoattractant protein 1 (MCP-1), IL-1p, IL-6, and TNFa in our
control animals, which were also significantly blunted in male Sic//a2 knockdown animals (Fig.
3.10b-f; MCP-1: Interaction F(1,15) =21.12, p=0.00034; IL-1B: Interaction F(1,15) = 11.39,
p=0.0042; IL-6: Interaction F(1,17) = 84.54, p<0.0001; TNFa: Interaction F(1,17) = 50.90,
p<0.0001). Plasma IL-10 was also measured, as secreted levels have been shown to coincide with
a rise in TNFa in the coordinated LPS-induced response [233], and we observed a significant

decrease in LPS-provoked IL-10 levels in knockdown samples (Fig. 3.10c; Interaction F(1,15) =
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99.54, p<0.0001). To confirm that this blunted systemic inflammatory response is not a result of
deficient Siclla2 presence in peripheral monocytes — which also express Cx3cr/ in the Cre-lox
system used — we isolated peripheral blood monocytes (PBMCs) in a different subset of
knockdown mice. Slclla2 expression levels in PBMCs were not different between control and
knockdown groups (Fig. 3.11), suggesting that the microglial-specific Slc//a2 inhibition

contributed to the blunted LPS-induced systemic response of several cytokines in male knockdown

mice.
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Figure 3.10. Microglial Siclla2 knockdown in males significantly blunts LPS-induced pro-
inflammatory cytokines in plasma collected 4 h post-LPS. a-f) Male mice were euthanized 4 h
following LPS injection and blood was collected immediately via cardiac puncture. Isolated plasma was
assayed for presence of inflammatory cytokines via Luminex multi-plex panel. The LPS-induced
increases in plasma IFNy, MCP-1, IL-10, IL-1pB, IL-6, and TNFa were significantly abrogated
in Slc11a2%P mice. Samples which were below the limit of detection in the assay were given a numerical
value of 0. *denotes Treatment effect, *p <0.05, **p <0.01,
*kkp < 0.001; “denotes Interaction effect, “4p < 0.01, ¥*4p < 0.001. Data represent the mean + S.E.M.
of 4—7 mice per group.
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Figure 3.11. No significant differences in Slc/1a2 expression levels were found between treatment
or knockdown groups in peripheral blood mononuclear cells (PBMCs). A subset of male mice was
euthanized and PBMC:s collected for RT-qPCR analysis of Slc//a2 gene expression. ns =not significant.
Data are normalized to housekeeping gene /85 and represent the mean + S.E.M. of 3-5 mice per group.

Furthermore, corroborating the work of others [234], in a separate group of control
C57BL/6J male mice we confirmed that tamoxifen alone does not have a significant effect on LPS-
induced cytokine production in males (Fig. 3.12), further suggesting that this result is due to the

microglial knockdown of Sic//a2 and not a delayed response to tamoxifen injection.
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Figure 3.12. Tamoxifen alone does not have a significant effect on markers of LPS-induced pro-
inflammation in male mice. A control experiment was conducted in male C57BL/6J mice to assess for
effects of tamoxifen alone. Nine-week-old male mice were given five doses of tamoxifen (1x/day for
five days, 20mg total by end of treatment) and treated with i.p. LPS (2 mg/kg) 4 2 weeks later. a-b) 4
h plasma cytokines were measured via ELISA, and e-f) CD11b+ microglia were isolated for gene
expression analyses via RT-qPCR (data normalized to housekeeping gene /8S). ns = not significant.

Data represent the mean + S.E.M. of 5 mice per group.

3.2.5 Microglial Sic11a2 knockdown significantly alters acute transcriptional response in microglia

isolated 4 h post-LPS in males.

Along with the systemic response following 4 h LPS, we also determined the effect of Sic//a2
knockdown on transcriptional changes in isolated microglia from the males, during peak
transcriptional stimulation in the brain post-LPS [222, 235]. To determine global transcriptional
changes in microglia from these mice, which may underlie the systemic differences we observed,
brains were rapidly collected at 4 h post-injection and CD11b+ cells were magnetically-sorted for

mRNA isolation and microglial bulk RNASeq analyses. We first confirmed Slc//a2 knockdown
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in our samples. Three mice in the ‘Slc/1a2%P group given LPS exhibited a <50% knockdown of
Slclla2 in our sequencing data (shown as triangles in Fig. 3.13a), and thus were excluded from
primary statistical analyses at the 4 h timepoint based on an a priori threshold of at least 50%
knockdown efficiency and data were analyzed separately (plasma cytokine data from these animals
is shown in Fig. 3.14). Interestingly, the three mice in this cohort which had insufficient microglial
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Figure 3.13. Males with <50% Sicl1a2 knockdown exhibit microglial gene expression patterns
similar to control animals following 4 h LPS. a) Microglia were CD11b-magnetically isolated 4 h
post-saline or LPS injection and analyzed via bulk RNASeq. Counts of Slc//a2 were assessed to
confirm sufficient knockdown. Three samples in the knockdown group (red triangles) did not exhibit at
least a 50% knockdown in gene expression. b) PCA plot showing the three samples with <50 %
knockdown of Slclla2 in red triangles. These samples cluster closely with control-LPS samples shown
in white circles. ¢) Volcano plot with differentially-expressed genes between knockdown LPS and
control LPS groups when the three samples without sufficient knockdown are included. d-e) Targeted
relative gene expression analysis of inflammatory markers, iron-handling, and oxidative stress markers
using RNASeq counts. The three samples with < 50% knockdown exhibit significant differences in gene
expression for several genes measured compared to the full-knockdown samples, more closely mirroring
levels observed in control LPS samples. *p <0.05, p <0.01, ™p <0.001, ™*p <0.0001. Data
represent the mean = S.E.M. of 3—7 mice per group.
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Slclla2 knockdown also exhibited an overall gene expression profile more similar to control LPS
mice (PCA plot in Fig. 3.13b, differentially-expressed genes in 3.13c - ¢) and levels of LPS-
induced plasma cytokines that were more similar to control animals given LPS (Fig. 3.14). This

suggests a close association between microglial Slc//a2 expression levels and the inflammatory

response 4 h post-LPS.
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Figure 3.14. Male mice exhibiting insufficient knockdown (<50% Slc11a2 microglial knockdown)
display similar LPS-induced systemic cytokine profile as control mice 4 h post-LPS treatment.
a-f) Luminex multiplex cytokine data from plasma isolated 4 h post-saline or LPS injection. The three
male mice with <50% Slc/]a2 knockdown as assessed via RNASeq are shown here, labeled “<50% KD
LPS” group. For figure clarity, statistical differences between Control-Saline vs. Control-LPS are not
shown here; however, there was a significant LPS treatment effect for all cytokines in the control
animals, p<0.05. Additionally, the <50% knockdown LPS group was statistically different from the
Control Saline group for all cytokines except for IFNy. "p<0.05, “p<0.01, **p<0.001, ns = not
significant. Data represent the mean = S.E.M. of 3-5 mice per group.

Principal component analysis in mice with >50% (between 60-80%) knockdown of
Slclla2 revealed distinct sample population clusters in the male mice. Specifically, we observed

both saline groups (control animals and knockdown animals) clustered together similarly,
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suggesting minimal differences in gene expression due to knockdown alone (Fig. 3.15b). As
expected, control animals given LPS exhibited a significantly different transcriptional profile from
both saline groups. In the Slc//a2 knockdown + LPS group, we observed a unique cluster of
samples, which appeared transcriptionally distinct from control animals administered LPS and
from saline controls (Fig. 3.15b). To define specific differences in the microglial response to LPS
in our knockdown animals, we then calculated log> fold change and adjusted p-values of
differential gene expression between groups. In control animals given LPS we identified 3,843
genes significantly altered compared to their vehicle saline counterparts (adj. p-value threshold <

0.05; Fig. 3.15c¢).
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Figure 3.15. Slc11a2 knockdown significantly alters microglial transcriptional landscape 4 h post-
LPS in male mice. a) CD11b + microglia were sorted from whole brains of control and knockdown
male mice 4 h following saline or LPS for bulk RNASeq analysis. Slc/la2 expression levels (gene
counts) were significantly decreased in the knockdown group administered LPS compared to controls.
b) Principal component analysis plot reveals distinct sample clusters from each group.
Slc11a2%P samples administered LPS exhibited a transcriptional profile distinct from saline control and
control LPS groups. ¢) Venn diagram of differentially-expressed genes (DEGs) following LPS. d) Heat
map of genes significantly altered by LPS in control versus knockdown samples reveals a significant
blunting of LPS-induced transcriptional changes in the Slc/1a2%P LPS samples compared to controls.
e) Volcano plot with significant DEGS between control LPS and Slc1/a2%P LPS samples. f) Gene
ontology analysis of pathways differentially altered in Slc/1a2%P samples in response to LPS. g-h)
Targeted expression analyses comparing relative counts of genes from RNASeq data
between Slc11a2%P and control cells post-LPS. *p < 0.05, “p < 0.01, “*p < 0.0001. Data represent the
mean = S.E.M. of 4-7 mice per group.

As expected, many of the genes significantly upregulated in response to LPS in the control
animals included pro-inflammatory markers such as /114, 116, and 1119 (Fig. 3.16a). Gene ontology
(GO) analysis identified a robust upregulation of genes associated with immune-related and
inflammatory response pathways in response to LPS in our controls (Fig. 3.16b). Downregulated
pathways included several related to lipid-handling, fatty acid metabolism, and cholesterol
transport in response to LPS (Fig. 3.16b), which are pathways typically associated with
inflammatory resolution [236, 237]. In addition to changes in inflammatory signaling, data from
the control animals administered LPS also demonstrate significant changes in the cellular
transcriptional iron-handling phenotype, with alterations in genes such as Slc40al (iron exporter,
ferroportin) and Fthl (ferritin heavy chain, iron oxidation and storage). Importantly, Sicl//a2
increased in response to LPS in our control animals at 4 h (adj. p<0.0001; Fig. 3.16a), further
demonstrating a significant shift in the expression of this cellular iron import gene associated with

the acute inflammatory stimulus.
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Figure 3.16. LPS induces significant and widespread changes in gene expression in male control
animals.

Microglia were CD11b-magnetically isolated 4 h following saline or LPS injection for bulk RNASeq
analysis. a) Volcano plot showing significant differentially-expressed genes between Control Saline and
Control LPS animals; adjusted p-value <0.05. b) Gene ontology pathway analysis reveals a significant
upregulation in immune processes and the inflammatory response, and a downregulation in lipid-related
signaling in control cells given LPS compared to saline-treated animals (p<0.05). ¢) Volcano plot
showing significant differentially-expressed genes between Slc/1a2XP samples given saline and
Slc11a2%P samples given LPS; adjusted p-value <0.05. Data are shown from 4-7 mice per group.

When we compared Slc/la2 knockdown saline-treated animals with knockdown animals
given LPS, we observed a significant decrease in the number of genes altered by LPS treatment
(974 genes compared to 3,843 in our control LPS animals, Fig. 3.15¢c, volcano plot in Fig. 3.16c).
In fact, there were 3,022 genes uniquely affected by LPS treatment in our control animals which
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were not found in S/c//a2 knockdown animals (1861 up and 1161 down), suggesting a significant
effect of the knockdown in modulating LPS-induced alterations in microglial gene expression (Fig.
3.15¢). Indeed, when visualizing differential gene expression across groups via heatmap (Fig.
3.15d), we observed a significant overall blunting of LPS-induced changes in the knockdown
animals. When we directly compared gene expression in microglia from control and Siclla?2
knockdown animals treated with LPS, we observed a significant difference in the transcriptional
profiles. Specifically, we identified 1,582 genes significantly altered in Slc//a2 knockdown cells
compared to control cells post-LPS (Fig. 3.15¢). We observed a robust decrease in LPS-induced
pro-inflammatory cytokines such as /1§, Tnfa, 1l6, and Ifny in knockdown cells compared to
controls (Fig. 3.15e), which recapitulates our RT-qPCR data observed in male microglia 24 h post-
LPS shown earlier. GO analysis of these knockdown cells reveals an overall marked inhibition of
pathways involved in the innate immune response, inflammatory processes, and cytokine and
chemokine-related signaling following LPS compared to controls (Fig. 3.15f). In conjunction with
this decrease in pro-inflammatory gene expression, we also observed a significant upregulation in
anti-inflammatory cellular markers such as Trem2, Tgfbrl, Ppary, Apoe, and homeostatic
microglial marker Cx3crl in Slclla2 knockdown cells compared to control samples given LPS
(Fig. 3.15g).

To assess whether alterations in cellular iron-related genes are associated with this decrease
in the immune response, we determined differences in markers of iron homeostasis between
control cells and knockdown cells post-LPS. Critically, Slc//a2 knockdown cells exhibited a shift
in overall iron-related gene profile. Along with the expected decrease in Slc/l/a2 gene expression
levels (Fig. 3.15a, as shown earlier), these cells also exhibited a significant decrease in iron storage

marker Fthl (a key marker of ‘disease-associated microglia’, DAMs [133, 134]). In general,
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knockdown cells exhibited markers indicative of a robust shift towards a more iron-recycling and
pro-resolving cell, displaying significant increases in iron export gene Slc40al and hemoglobin-
haptoglobin scavenger receptor gene Cd/63, which are both associated with tissue repair and the
resolution phase of inflammation [182, 238, 239] (Fig. 3.15h). Furthermore, knockdown cells
exhibited a robust increase in the homeostatic Hfe gene, which is typically associated with
maintenance of iron homeostasis, and pronounced decreases in iron-related genes Hamp (hepcidin)
and Cp (ceruloplasmin) (Fig. 3.15h).

Interestingly, in isolated cells which did not display efficient knockdown of Sicl//a2, we
observed expression levels of pro-inflammatory markers and iron-relevant genes that were more
similar to control LPS cells (Fig. 3.13d - e). This suggests that the degree of Slc//a2 knockdown
corresponds with a decrease in the LPS-induced inflammatory and iron-related gene response in

these microglial cells, at least at the transcriptional level.

3.3 Discussion

Neuroinflammation and associated microglial activation have long been recognized as key features
of the neurodegenerative process in several neurodegenerative diseases, including AD,
Huntington’s disease, and Parkinson’s disease. Recent publications have suggested that
dysfunctional iron homeostasis in the brain coincides with this aberrant activation of microglia in
disease [50, 154, 240]. In particular, it has been suggested that iron accumulation, specifically in
microglial cells, is associated with increased cellular inflammation and dysfunction in disease
[146, 156]. Furthermore, an increase in markers of cellular iron storage (via Ft/ and Fthl
upregulation) is a key signature of disease-associated microglia in AD models [133, 137, 146]. In

vitro work in primary mouse microglia has shown a specific upregulation in the microglial iron
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importer, DMT1/Slcl11a2, in response to inflammatory signals [180] (corroborated by us also, data
not shown). This acute response to an inflammatory challenge is thought to be an innate mechanism
intended to prevent pathogenic access to iron needed for growth and proliferation [68, 241, 242].
However, prolonged exposure to inflammation may also lead to an aberrant increase in DMTI,
which could further exacerbate inflammation and cellular dysfunction in a vicious cycle. Others
have targeted microglial DMT1/Slc11a2 in cell culture systems and observed a significant decrease
in cellular inflammatory signaling when DMT1 expression is inhibited [89, 173]. However, few
studies have examined a direct role for this microglial gene in inflammatory contexts in vivo, and
no studies to our knowledge have examined whether genetically suppressing microglial DMT1
(gene, Slclla?2) in vivo impacts downstream neuro-inflammatory responses. Additionally, some
work has been completed to elucidate sex differences in the inflammatory response; however, none
to our knowledge has explored a sex-specific role for a microglial iron import gene during
inflammation. We therefore sought to elucidate the effects of microglial Slc//a2 suppression on
downstream inflammatory responses in vivo in both male and female mice.

Here, we established a novel mouse model of tamoxifen-inducible microglial-specific
Slc11a2 knockdown utilizing the Cx3cr1< 812 and Slc11a27"**! mouse lines. We used a well-
established model of LPS-induced inflammation, in which others have highlighted a critical role
for microglia in mediating the neuroinflammatory response [56, 243]. In this model, we examined
behavioral, systemic, and cellular effects of knocking down microglial Slc//a2 on subsequent
LPS-induced inflammatory responses in both male and female mice. First, we found a sex-specific
increase in microglial Slcl//a2 expression levels only in male microglia isolated 24 h after LPS
injection. Corresponding with this data, we observed a significant effect of Slc//a2 knockdown in

the LPS-induced inflammatory response only in male mice, despite achieving a robust knockdown
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of microglial Sic/la2 in both sexes. We showed that microglial Slc//a2 knockdown decreased the
overall inflammatory response in male mice and had no effect on LPS-induced inflammatory
markers in females. Following both 4 h and 24 h LPS administration, we observed a significant
downregulation in pro-inflammatory cytokine expression in isolated microglia from knockdown
male animals, including ///f and Il6. We also found a significant decrease in several plasma
cytokines (IFNy, TNFa, IL-6, IL-10, IL-1p, and MCP-1) in male knockdown animals 4 h following
LPS, suggesting a fascinating interplay between microglial Slc//a2 and the systemic inflammatory
response in our acute model. In fact, it was striking to see that male samples without sufficient
microglial Slc11a2 knockdown (<50% as assessed via RNASeq data) also exhibited LPS-provoked
plasma cytokines similar to control LPS animals.

We confirmed absence of the knockdown in CD11b-negative cells isolated from the brain,
as well as PBMC:s isolated from the periphery, suggesting that this effect on cytokine levels in the
males is related to a knockdown found primarily in CD11b+ brain mononuclear cells. In
accordance with this, a study by Zhang et al. recently demonstrated an inflammatory pathway of
communication from the CNS to the periphery [244], and others have also suggested a bi-
directional relationship, such that changes in the brain may regulate peripheral responses to
inflammation [245, 246]. While extensive work has shown the effects of systemic inflammation
on neural signaling, fewer studies have documented a central-to-peripheral inflammatory pathway.
Our work suggests that a change in microglial inflammatory signaling could contribute, in part, to
the whole-body immune and behavioral sickness response to LPS.

In addition to the changes observed in male microglia 24 h following LPS, our RNASeq
data also illuminated a variety of cellular changes in male knockdown microglia 4 h post-LPS.

Specifically, Slclla2 knockdown led to a similar significant decrease in pro-inflammatory
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cytokine signaling (116, 1115, Tnfa) after 4 h of LPS, corroborating the gene expression analyses
conducted at the 24 h time point. This decrease in inflammatory markers in response to LPS
paralleled a shift in the expression of cellular iron-related genes, as male knockdown microglia
exhibited a significant downregulation in markers of cellular iron-storage genes such as Fthl, Ftll,
and Tfrc. Instead, Siclla2 knockdown cells upregulated genes typically associated with iron-
recycling, the resolution of inflammation, and tissue repair (Cd/63 and Sic40al). We also observed
a dramatic decrease in Hamp levels in the knockdown cells compared to the controls following
LPS. Hepcidin (protein for Hamp) plays a prominent role in cellular iron import and storage, as it
degrades iron exporter ferroportin to limit iron export and to induce cellular iron sequestration
[247]. It is primarily produced by the liver to assist in systemic iron regulation [248]. However,
more recently, hepcidin has emerged as an important mediator during brain inflammation, and it
is still not fully understood how hepcidin is produced locally in the brain in response to damage or
inflammation [249]. The alterations we observed in LPS-induced Hamp levels in microglia from
our mice may suggest a critical role microglia play in producing Hamp to mediate local iron
homeostasis in the brain, particularly in response to inflammation. The robust decrease in Hamp
in the knockdown cells reflects a significant shift in the cellular transcriptional profile as the cells
express increased markers related to iron-releasing and iron-recycling compared to controls.
Interestingly, we also observed a decrease in Cp (ceruloplasmin) expression in the knockdown
microglia. Ceruloplasmin is a critical ferroxidase, important for catalyzing the conversion of
ferrous to ferric iron and facilitating cellular iron export. While it initially surprised us to observe
a decrease in Cp associated with the knockdown microglia, it may be that Cp is playing a role in
the inflammatory response outside of its role in helping to mediate iron export. Indeed, it has been

shown that Cp plays a role in potentiating iNos signaling in microglia [250]; thus, a decrease in
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Cp in the knockdown cells may be associated with the overall marked inhibition of the
inflammatory response we observed.

Our RNASeq data also revealed a significant upregulation in anti-inflammatory, pro-
resolving, and lipid-handling genes (7rem2, Ppary, Apoe) in the male Siclla2 knockdown
microglia compared to their control counterparts administered LPS. These changes corresponded
with a shift to a more homeostatic microglial signature, marked by increased expression of genes
such as Cx3crl, Tgfbrl, Tmemll19, and P2ryl2. These data suggest that decreasing Sic//a2 in
male microglia during a bout of acute inflammation is associated with a significant shift of the
transcriptional profile towards a cell state more closely associated with iron-recycling, debris
clearance, and resolution of inflammation. Additionally, we found significant downregulation in
several genes related to oxidative stress in knockdown cells, such as Cybb, Sod2, Nos2, and Hiflo.
Increased Hifla has been associated with detrimental increases in intracellular ROS production
[251] and both Hiflo and Cybb are core transcriptional markers of DAMs [252, 253]. Thus, it may
be that these alterations in the cellular oxidative stress signature provide an important link between
changes in iron-associated machinery and inflammation and may partially underlie the differences
we observed in Slc/1a2 knockdown cells. Taken together, our bulk RNASeq data reflect significant
transcriptional changes to the oxidative, inflammatory, and iron-handling machinery in these cells.
Significant technical challenges limited us to gene expression analyses in these studies, and we
note that quantifying cellular iron levels and changes in iron transport and/or handling itself are
important future directions. It is intriguing to consider whether the knockdown of Sic//a2 has an
effect on cellular iron import, or whether the knockdown affects iron and/or other metal
localization within the cell. In vitro work has shown that inhibiting microglial DMT1 decreases

iron uptake in response to LPS [180], and future work will aim to characterize metal load in

73



knockdown cells in vivo. Nonetheless, the association between relative gene levels of Slc//a2 and
alterations in LPS-induced plasma cytokines and cellular iron-related and oxidative stress genes is
compelling to suggest a role for Slc//a2 in the inflammatory response.

The LPS-induced sickness response has been extensively characterized and is thought to
be a brain-mediated behavioral response to a bout of systemic inflammation [223, 254].
Corresponding with our gene expression and cytokine analyses, we found that male Sic//a?2
knockdown animals exhibited a significant improvement in sickness scores, particularly during
the peak of LPS-induced sickness. These sickness scores in the knockdown males did not
significantly differ from control animals given saline, demonstrating a robust blunting of the
typical behavioral response to LPS. Although we observed this difference in behavior immediately
following LPS injection, we did not find any significant changes in cognitive performance
following sickness recovery due to knockdown in either sex. Others have shown that LPS
administration can induce robust behavioral changes and lasting cognitive deficit in murine models
[54, 255, 256], and we found an overall LPS-induced deficit in long term memory in both sexes.
However, it may be that this acute model of LPS was not sufficient to induce lasting changes in
cognition due to knockdown.

The sex differences we found in the knockdown animals are particularly noteworthy.
Female and male mice often exhibit profound differences in the immune response to LPS [224,
257]; thus, we also aimed to explore whether microglial Slc//a2 knockdown had a different effect
within each sex. Coupled with sex differences typically observed in the inflammatory response to
LPS [258], our data show that the cellular Slc//a2 response to inflammation may also be sex-
dependent, as male, but not female, microglia upregulate Slc//a2 in response to LPS. Furthermore,

when challenged with the same moderate-high dose of LPS, only male mice exhibited an effect of
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microglial Slclla2 knockdown, as female control animals and knockdown animals produced the
same inflammatory response to LPS. It is intriguing to consider a differential role for microglial
Slclla2 in partially mediating this inflammatory response in each of the sexes. Sex differences in
brain ferritin iron levels in humans have been observed, such that males have higher brain ferritin
iron than women in several regions [259]. It has been suggested that these increased iron levels
may contribute to the risk for males of developing neurodegenerative diseases at earlier ages
compared to females [260]. However, others have presented mixed results, showing that female
mice accumulate more brain iron compared to their male littermates when injected with iron [261],
suggesting sex differences in brain iron uptake, but not in total levels per se. While the specific
association between sex and brain iron status is still unclear, the sex difference we report in the
microglial Slclla?2 response points to another site of differential regulation of the mechanisms
involved in the cellular iron-associated response between males and females. Interestingly, we
observed this difference in LPS-induced microglial Slc//a2 expression in the absence of additional
excess iron. Thus, our data suggest a sex-specific microglial response in which inflammatory
signals and changes in cellular iron-handling machinery at the transcriptional level are intimately
connected, particularly in male mice. As young female mice typically respond less robustly than
males to a variety of acute inflammatory or infectious stimuli [262, 263] — likely due in part to
estrogenic and neurotrophic effects [264-266] — it may be that a significantly higher dose of LPS
(closer to lethal) or an additional challenge (e.g., age) could evoke a role for microglial Sic//a2 in
the inflammatory response in the females; however, this remains to be determined. Nevertheless,
it is intriguing to consider the implications of these data to our understanding of the baseline
differences between females and males in the development of diseases of concomitant iron dys-

homeostasis and inflammation.
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CHAPTER 4
Microglial-specific knockdown of Slc11a2 worsens behavioral phenotypes in female mice in

the APP/PS1 model of Alzheimer’s disease

4.1 Introduction
Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases and most
frequent cause of dementia. The disease is primarily characterized by the accumulation of
extracellular amyloid-beta (AP) plaques and intraneuronal neurofibrillary tau tangles, which
ultimately results in neuronal loss and debilitating impairments in memory and cognition [7]. Over
the past decade, mounting evidence has shown that excessive iron deposition in the brain is
strongly associated with AD pathogenesis [62, 184, 213]. Iron levels in the brain increase
significantly with age [267, 268] and studies in patients with AD demonstrate that the degree of
iron load in disease-associated brain regions (i.e., the hippocampus and frontal cortex) positively
correlates with aberrant protein aggregation and severity of cognitive decline [155, 269, 270].
Furthermore, iron directly binds to and exacerbates the toxicity of AP [108, 109] and has been
found in dense core plaques and in tau tangles in the brains of AD patients and mouse models [106,
212, 271]. Although iron is critical for myelination, neurotransmitter synthesis, and mitochondrial
metabolism in the healthy brain, excessive levels of iron can result in the harmful formation of
toxic free radicals and production of reactive oxygen species (ROS), which can ultimately lead to
lipid peroxidation, cellular damage, and ultimately cell death [272].

Microglial cells are the primary resident innate immune cell of the central nervous system
(CNS) and play essential roles in brain development, maintenance of neural homeostasis, and

response to injury and disease in the CNS. While it was been widely appreciated that microglial-
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mediated neuroinflammation is a key pathological hallmark of AD [127, 128], more recent work
has begun to also highlight the prominent role microglia play in mediating brain iron dysregulation
in disease [50, 153]. Microglia are equipped with all the necessary machinery to import, store, and
export and/or recycle iron [1, 153, 180]. In fact, others have suggested that iron transport occurs
preferentially in microglia compared to other cell types in the brain [147-149]. Despite their high
capacity to handle and store iron, microglia have been shown to be particularly susceptible to iron-
induced damage compared to other neural cells [273] and Ryan et al. recently demonstrated a
predominant role for microglia in mediating the harmful effects of excess iron on other neural cells
in a tri-culture system [161]. Microglia have been found loaded with iron in AD and other
neurodegenerative diseases [51, 146, 154, 159, 274] and one of the key transcriptional changes in
clusters of disease-associated microglia (‘DAM’s) identified by several groups in both humans and
mice is an alteration in iron-storage genes such as Fthl and Ft/ [133, 171]. While microglial iron
loading has been more widely recognized as a key component of AD pathology, it is still not
understood how exactly microglial iron loading contributes to overall disease progression [62, 168,
275].

At the cellular level, an intimate relationship between microglial iron load and
inflammatory signaling has been established. In a reciprocal manner, iron has been shown to
enhance markers of inflammation and oxidative stress in some systems [50, 167, 173] and
inflammatory signals induce the cellular uptake and storage of iron [179, 180]. Specifically,
microglia preferentially upregulate iron importer divalent metal transporter 1 (DMT1; gene name,
Slc1la2) in response to acute inflammatory stimuli such as lipopolysaccharide (LPS) and AB [179,
180, 276]. DMT1 is a widely-expressed proton-coupled ferrous iron (Fe*") importer essential for

life, found on both the cellular plasma membrane and endosomal membrane [277]. This importer
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plays a role in both transferrin-bound and non-transferrin-bound iron uptake, as it mediates the
immediate import of ferrous iron at the cell surface, and also transports iron reduced in the
endosome into the cytosol so it can be utilized by the cell [79]. Previous work has targeted
DMT1/Slclla2 in cell culture systems, and observed a significant decrease in ///f signaling in
response to an acute stimulus of AR [185]. Furthermore, our prior work showed that knocking
down Slclla2 in a short-term in vivo model of LPS-induced inflammation blunted the systemic
and neural inflammatory response in male, but not female, mice [276]. These results were observed
in the absence of an additional iron load, suggesting a role for microglial DMT1/Slc/]a2 in helping
to drive the baseline inflammatory response.

With these findings, it is intriguing to consider a role for microglial DMT1/Slc/la2 in a
disease of chronic cellular iron load and inflammation. However, to our knowledge, no studies
have investigated whether targeting this microglial iron importer alters disease pathogenesis in
vivo. These studies aimed to determine how directly decreasing a microglial cell iron import gene,
via genetic knockdown of Slc//a2, impacts cellular inflammatory and oxidative stress status and
cognitive function in a mouse model of AD. We generated an inducible, microglial-specific
knockdown of Slc//a2 in a model of AD in both male and female mice and investigated whether
microglial Slc//a2 knockdown alleviated markers of disease including microglial inflammatory

and oxidative stress markers and changes in behavior and cognition.
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4.2 Results

4.2.1 Age and AP stimulation synergize to increase microglial Slc/1a2 in primary isolated
microglia.

To assess a potential role for microglial iron and Slc//a2 in aging and amyloid-related pathology,
we isolated microglia from young and aged mice for primary cell in vitro experiments. First, glia
from young and aged mice were isolated for imaging of ferritin (FtL) as a marker of iron load. We
observed significant FtL protein deposits in isolated aged cells compared to young cells (Fig. 4.1a-
b), demonstrating, as others have shown, a key iron-loading microglial phenotype in aging [164,
168]. To determine whether Sic//a2 may contribute to this age-associated increase in iron and
whether the transporter gene plays a role in amyloid-related disease conditions, isolated microglia
from young and aged mice were treated ex vivo with an acute stimulus of 1 pM oligomeric A for
24 h and gene expression of Slc//a2 was measured. As others have also shown [180, 185], there
was a significant increase in microglial Slc//a2 in response to acute AP exposure (Fig. 4.1c,
Treatment, F(1,35) = 48.91, p<0.0001). Additionally, glia from the aged mice exhibited an
augmented AP-induced Sic/la2 response, which was significantly greater than the response
observed in the cells from young mice (4ge, F(1,35)=11.21, p=0.002; young vs. old AB, p=0.005).
This suggests a synergistic relationship between age and AP on increasing microglial Sic/la2
expression. In addition, there was a robust increase in pro-inflammatory cytokines 7nfa, 111§, and
116 in response to AP (Fig. 4.1d-1, 1/6: Treatment, F(1,32)=41.20, p<0.0001; /115: F(1,34) =24.23,
p<0.0001; Tnfoa: F(1,34) =77.83, p<0.0001), which was even higher in the aged glia compared to
the young glia (significant only for Tnfa.: Age, F(1,34)=6.52, p=0.015, Interaction F(1,34) = 5.57,
p=0.024; young vs. aged AP p=0.005). Along with differences in Sic//a2 gene levels in the aged

glia in response to AP, there was a significant increase in iron-storage genes Ft/ and Fthl in
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response to AP only in the aged cells (Fig. 4.1g-h). Specifically, Ap induced an increase in Fthl in
the aged glia (4ge, F(1,29)=12.46, p=0.001, Treatment, F(1,29)=13.67, p=0.0009), and Fthl and
Ftl were significantly higher in response to A in the aged cells when compared to the young cells
(Fthl, young vs. aged, p=0.01; Ftl: Age, F(1,34) =7.92, p=0.008, young vs. aged, p=0.02). There
were no differences in Tfrc gene expression — another main iron importer —due to age or AP
treatment (Fig. 4.11, p>0.05), suggesting that a specific increase in Slc//a2 may accompany age-
and AB-related changes in cellular iron and inflammatory status. AP also decreased Sic40al levels
(gene for ferroportin, main iron exporter) to a similar degree in the young and aged cells (Fig. 4.1j,
Treatment, F(1,30) = 23.40, p<0.0001), further suggesting that a specific alteration in Slc//a2 in

response to age and amyloid may be involved in the progression of disease.
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Figure 4.1. Age and AP stimulation synergize to increase Sicl/la2 in cultured primary microglia
from adult mice.

a) Representative image of isolated primary microglia from 9-week-old C57BL/6J mouse, visualizing
microglia (red, F4/80), ferritin (green, FtL), and DAPI (blue, nuclear stain). b) Representative image of
isolated microglia from two-year-old aged C57BL/6]J mouse showing ferritin deposits (green) in
microglia (red), with DAPI (blue). Microscope images taken with 20x magnification, scale bar = 100
um. c-j) Gene expression analysis via RT-qPCR in microglia isolated from young (9-wk-old) and aged
(2-yr-old) mouse brains following 24 h stimulation with 1pum A4, or control scrambled Af. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, ns = not significant. *asterisks, Af Treatment effect;
&ampersand, Age x AB Treatment Interaction effect. Data represent the mean = S.E.M. of 6-10 mice per

group.
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4.2.2 DMT1 inhibition in vitro significantly decreases Ap-induced inflammation in
immortalized microglia.

Based on the purported roles for DMT1/Slc11a2 in AP stimulation and iron load, we characterized
the effect of inhibiting DMT1 on AP and iron-induced inflammation in an in vitro system. This
preliminary work has been replicated in two separate experiments, and further work will repeat the
experiment at least once more before our manuscript is submitted for publication to ensure
statistical power. Cells from the murine immortalized microglial cell line, “IMG” cells [211], were
treated with ebselen, a pharmacological inhibitor of DMT1 [278], before subsequent treatment
with scrambled AP, APi-42 alone, or iron (50 uM FAC) + Ai.42. Preliminary results showed that
AP stimulation leads to a robust increase in microglial pro-inflammatory /1, Tnfa, and 116
transcription, as expected (Fig. 4.2a-c). Simultaneous treatment with FAC alongside A resulted
in a blunting of AB-induced Tnfa and [/6 transcription. Ebselen profoundly decreased the AP-
induced pro-inflammatory cytokine response for all three cytokines assayed, even in the AP alone
condition with no iron added (Fig. 4.2a-c). As expected, AP induced a significant upregulation in
Slclla? and ebselen exacerbated this increase (Fig. 4.2d), likely reflecting a compensatory
upregulation of gene expression following ebselen-mediated DMT]1 inhibition. Interestingly, the
decrease in inflammatory cytokine transcription observed in response to ebselen treatment
occurred in the absence of excess iron added to the media and without a significant change in total
intracellular iron in the AB-alone condition (as measured via ICP-MS) (Fig. 4.2e). This suggests
that a change in total intracellular iron content is not necessary for ebselen to exert its anti-
inflammatory effects in these cells. Similar to our previous in vivo work using LPS as a

neuroinflammatory stimulus [276], these preliminary data suggest a critical role for DMTI in
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mediating the baseline inflammatory response to A in microglia, even without significant changes

in total iron content.
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Figure 4.2. Ebselen-mediated DMT1 inhibition significantly abrogates Ap-induced inflammatory
cytokine expression in IMG cells.
a) [/1f gene expression via RT-qPCR from IMG cells treated for 24 h with DMSO control or 25 uM
ebselen, followed by 24 h treatment with scrambled AP, 1 uM oligomeric A4, or 50 uM FAC with
1uM oligomeric ABi42. B) Tnfa gene expression via RT-qPCR following cell treatments. ¢) //6 gene
expression via RT-qPCR following cell treatments. d) Sic//a2 gene expression via RT-qPCR following
cell treatments. e) Total cellular iron content assessed via ICP-MS in IMG cells treated for 24 h with
DMSO or 25 uM ebselen, followed by 24 h treatment with scrambled AP, ABi.42, or FAC + ABi42. Data
shown represent an n of 3 technical replicates from one experiment. This experiment was repeated

twice.
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4.2.3 Microglial Siclla2 knockdown produces a hyperactive phenotype in female APP/PS1
mice and worsens hyperactivity in male APP/PS1 mice at 12-15 months.

Between 12-15 months of age, male and female mice were run through a series of behavioral
assays to assess the effect of microglial Sic//a2 knockdown on aspects of behavior and cognition.
First, to assess locomotor activity, mice were run through an elevated zero maze (EZ maze, 5 min),
open field chambers (45 min), and a one-trial spontaneous alternation Y-maze test (6 min) and total
distance traveled was measured.

In females, APP/PSI mice did not exhibit differences in baseline locomotor activity
compared to control WT female mice in any of the assays tested (Fig. 4.3a-f; p>0.05). However,
female APP/PS1 animals with microglial Slc//a2 knockdown exhibited a significant increase in
distance traveled in all three activity measurement assays compared to their non-4APP/PSI
counterparts (Fig. 4.3a, c-f; activity measurements, EZ maze: APP/PS1, F(1,39) = 7.55, p=0.01,
Interaction effect, F(1,39)=10.21, p=0.003; open field: Interaction, F(1,39)=5.36, p=0.03; Y-maze
activity: APP/PS1, F(1,40) = 5.23, p=0.03, Interaction, F(1,40) = 5.92, p=0.02; arm entries in Y-
maze: APP/PS1, F(1,40) = 5.76, p=0.02, Interaction, F(1,40) = 7.93, p=0.008). As control
measurements to assess for anxiety-like behavior, the amount of time spent in the open arms of the
EZ maze (Fig. 4.3b, p>0.05) or in the center area of the open field chambers were not significantly
different (Fig. 4.3d, p>0.05). Additionally, there were no significant differences in Y-maze
spontaneous alternation capacity between any groups (Fig. 4.3g, p>0.05).

Male APP/PSI mice exhibited a significant increase in activity in the EZ maze compared
to controls, suggesting a sex-specific effect on baseline activity in this APP/PS] disease model at
this age (Fig. 4.4a; EZ Maze: APP/PS1 effect, F(1,48) =22.61, p<0.0001). There was a significant

main effect of Slc/1a2 knockdown on activity in the EZ maze in males (Knockdown effect, F(1,48)
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= 8.18, p =0.0063), and post-hoc analyses revealed that Sic//a2 knockdown had a greater effect
on the hyperactive phenotypes observed in the APP/PSI males compared to corresponding
controls (Fig. 4.4a, EZ maze: Control vs. APP/PS1, p=0.013, Slc11a2%P Control vs. Slc11a2%P
APP/PS1, p=0.0006). This was observed in the absence of a significant anxiety-like phenotype,
with no difference in time spent in the open arms of the EZ maze (Fig. 4.4b). Male APP/PSI mice
did not show any significant differences in total distance traveled or anxiety-like behavior in the
open field chambers over 45 min (Fig. 4.4c,d, p>0.05). However, there was a significant APP/PS1-
associated increase in activity in a 6 min Y-maze in the males (Fig. 4.4e; Y-maze: APP/PS1 effect,
F(1,46) = 8.40, p=0.006), which was exacerbated in the S/c//a2 knockdown animals (Fig. 4.4e,
Y-maze activity post-hoc comparisons: Control vs. APP/PS1, p=0.39, Slc11a2XP Control vs.
Slc11a2%P APP/PSI, p=0.012; Fig. 4.4f, Y-maze arm entries: F(1,46) = 5.65, p = 0.02; post-hoc
comparisons: Control vs. APP/PS1, p=0.61, Slc11a2%P Control vs. Slc11a2XP APP/PS1, p=0.03).
There were no significant differences in Y-maze spontaneous alternation capacity as a measure of
working memory (Fig. 4.4g). Overall, these data suggest that microglial Slc//a2 knockdown is
associated with an exaggerated hyperactive phenotype in the APP/PSI animals, particularly in

female mice.
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Figure 4.3. Microglial Sicl1a2 knockdown produces hyperactive phenotype in female APP/PS1
mice.

a) Total distance traveled (m) in a 5-min elevated zero maze between control and APP/PS1 females with
or without Slcl/la2 knockdown. b) Percent time spent in open arms of elevated zero maze during the 5
min trial. ¢) Total distance traveled (cm) in open field transparent chambers during a 45 min trial of free
locomotion. d) Percent time spent in center square area of open field chamber during 45 min session.
e) Total distance traveled (m) in a 6 min trial of Y-maze. f) Number of arm entries in 6 min Y-maze trial.
g) Percent spontaneous alternation in 6 min three-arm Y-maze trial. *p<0.05, **p<0.01, ***p<0.001, ns
= not significant. Data represent the mean + S.E.M. of 8-13 mice per group.
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Figure 4.4. Microglial Sicl11a2 knockdown exacerbates hyperactivity in male APP/PS1 mice.

a) Total distance traveled (m) in a 5 min elevated zero maze between control and APP/PSI male mice
with or without microglial Sic//a2 knockdown. b) Percent time spent in the open arms of elevated zero
maze. ¢) Total distance traveled (m) in open field chambers during a 45 min session. d) Percent time
spent in center square of open field chambers during 45 min session. e) Total distance traveled (m)
during 6 min Y-maze trial. f) Number of total arm entries explored during 6 min Y-maze. g) Percent
spontaneous alternation in 6 min Y-maze trial. *p<0.05, **p<0.01, ***p<0.001, ns = not significant.
Data represent the mean + S.E.M. of 11-15 mice per group.

4.2.4 Siclla2 knockdown results in worsened performance in Morris Water Maze and fear
conditioning assay in female 4PP/PS1 animals.

To determine whether Sic//a2 knockdown affected measurements of well-being, cognition, and
longer-term learning and memory, several behavioral tasks were utilized. An overnight nest
building assay revealed a significant APP/PSI-associated deficit in nestlet amount shredded in
both females and males (Fig. 4.5a; Females: APP/PS1 effect, F(1,38) =43.54, p<0.0001, Fig. 4.6a;
Males: APP/PSI effect, F(1,47) = 9.15, p = 0.004); however, there were no additional effects of
knockdown on this measurement of cognition and well-being in either sex (p>0.05). To assess
learning and spatial memory, mice underwent five days of trials to find a hidden platform in Morris

water maze (MWM), a widely used test for hippocampal-dependent spatial navigation and
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memory. Over the course of five days, all mice (both males and females regardless of APP/PSI
genotype or knockdown), effectively learned the location of the platform compared to their
baseline on day one, exhibiting significantly shorter path lengths to find the platform by day five
(Fig. 4.5b, 4.6b; Females: Day effect, F(2.75, 110.1) = 11.38, p<0.0001; Males: Day effect,
F(2.891, 135.9)=20.45, p<0.0001). Female 4PP/PS1 mice were not different than control females
at finding the hidden platform during training days. However, female APP/PSI animals with
microglial Slcl//a2 knockdown exhibited slightly longer path lengths to find the hidden platform,
although this was not significant (p = 0.1). Furthermore, in accordance with data from earlier tasks
assessing locomotor activity, female Slc//a2 knockdown APP/PSI mice were significantly more
hyperactive in the water maze (i.e., greater average swim speed) compared to all other groups (Fig.
4.5c; Knockdown x APP/PS1 Interaction, F(1,40) = 5.45, p = 0.025Mice underwent one 60 sec
probe trial for memory of platform location 24 h after the last set of training trials, in which the
platform was removed from the pool and mice were allowed to swim freely. There were no
significant differences in time spent in the target quadrant where the platform location was
previously (Fig. 4.5d, p>0.05); however, female 4APP/PSI mice overall exhibited a significant
decrease in time spent around the exact platform location (1.5 cm radius) compared to littermate
controls (Fig. 4.5¢e; Females: APP/PSI effect, F(1,35) = 11.45, p=0.002). Female APP/PSI mice
with Slclla2 knockdown exhibited a significant further reduction in time spent around the
platform location, suggesting an exacerbated loss of memory function in these animals (Females:
post hoc analysis: Control WT vs. Control APP/PSI, p = 0.39; Knockdown WT vs. Knockdown
APP/PS1, p=10.003). To further assess the effects of Slc//a2 knockdown on memory function, we
utilized a fear conditioning assay. In a contextual fear conditioning assay, female 4APP/PSI mice

exhibited a disease-associated deficit in fear memory (Fig. 4.5f, APP/PS1 effect, F(1,39) = 12.26,
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p = 0.0012); although, there was no additional effect of Sic//a2 knockdown. However, in a cued
fear conditioning memory task, female APP/PSI mice with Slc/la2 knockdown displayed a
significant worsening in fear memory associated with presentation of a tone (Fig. 4.5g, Knockdown
x APP/PSI Interaction, F(1,39) = 4.19, p = 0.047). Indeed, although all females exhibited an
increase in freezing in response to the presentation of the tone (7one, F(1,39) = 145.2, p<0.0001),
female Slc11a2 knockdown APP/PS1 mice were significantly less responsive compared to all other
groups (Fig. 4.5h; Interaction of Knockdown x APP/PS1, F(1,39) =5.39, p =0.026). It is unlikely
that this effect was due to a hearing phenotype, as all groups significantly increased freezing in
response to the tone in this trial and also in response to the tone by the third tone presentation in
the initial training session, albeit APP/PSI females overall froze less over the course of the 8 min
training session (Fig. 4.51, Time effect, F(6.9, 279.3) = 41.1, p<0.0001; Interaction of Time x

APP/PSI, F(15,600) = 4.91, p<0.0001).
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Figure 4.5. Microglial Sicl1a2 knockdown in APP/PS1 females results in worsened performance
in Morris water maze and fear conditioning assay compared to controls.

a) Total amount of 5 g nestlet shredded in overnight nest building assay. b) Total distance traveled (i.e.,
path length in m) during learning days 1-5 of Morris Water Maze (MWM). ****p<(0.0001, effect of day.
¢) Average swim speed (m/sec) during the 60 sec probe trial of MWM. d) Percent time spent in the
target quadrant where platform location previously was during 60 sec probe trial of the MWM. e) Total
time spent (sec) in the 1.5 cm radius around and including the previous platform location during the
memory probe trial of MWM. f) Percent time spent freezing during 4 min of contextual fear
conditioning memory task (mice were placed in the same chamber in which they received tone-shock
pairings the day prior). g) Percent time spent freezing during re-presentation of a tone during a cued
fear conditioning memory task (mice were placed in an unfamiliar environment (chamber walls were
changed to plastic white, vanilla scent added, lights off, new experimenter) the day after receiving tone-
shock pairings). h) Change in percent time spent freezing between 2 min of no tone and 2 min of re-
presentation of the tone (paired with a shock the day prior) during a cued fear conditioning memory
task. i) Percent time freezing over 8 min fear conditioning training session with three tone-shock
pairings. Red boxes represent a 30 sec tone, at the end of which was a 1 sec shock (black dotted line).
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant. Data represent the mean = S.E.M.
of 8-13 mice per group. Statistical outliers removed using ROUT’s test.

APP/PSI males exhibited significantly longer path lengths to find the hidden platform
compared to male littermate controls during the five MWM training days (Fig. 4.6b; APP/PS1

effect, F(1, 47) = 5.99, p = 0.018). This behavioral phenotype was observed in the absence of
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differences in swim speeds between groups (Fig. 4.6¢c, p>0.05), demonstrating a disease model-
associated learning deficit in the males. In the MWM probe trial, there were no significant
differences between groups in time spent in the target quadrant of the previous platform location
(Fig. 4.6d, p>0.05); however, male APP/PS1 mice overall spent significantly less time around the
remembered platform location (within 1.5 cm radius) compared to littermate controls (Fig. 4.6¢;
Males: APP/PS1 effect, F(1,47) = 5.06, p = 0.03). There were no differences in male knockdown
animals compared to Slc/la2-intact control animals in MWM. Furthermore, there were no
significant difference between any groups of the males in the contextual fear conditioning assay
(Fig. 4.6f, p>0.05), although male APP/PSI mice overall performed worse on the cued fear
conditioning task for memory (Fig. 4.6g-h, APP/PSI effect, F(1,46) = 4.15, p = 0.047; Fig. 4.61,
Interaction of Time x APP/PSI, F(15, 705) = 2.25, p = 0.004). Sic1la2 knockdown had no effect
on performance in these assays in the males. Overall, these data suggest that a decrease in
microglial Slclla?2 is associated with significant worsening of cognitive dysfunction in several

tasks in a sex-specific manner, particularly in female APP/PSI animals.
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Figure 4.6. Microglial Slc11a2 knockdown had no significant effect on performance in Morris
water maze and fear conditioning assay in APP/PS1 males.

a) Total amount of 5 g nestlet shredded overnight in nest building assay. *p<0.05, effect of APP/PSI.
b) Total distance traveled (path length, m) during learning days 1-5 in MWM in males. ****p<0.0001,
effect of day, *p<0.05, effect of APP/PSI. ¢) Average swim speed in 60 sec MWM probe trial (m/sec).
d) Percent time spent in target quadrant of previous platform location during 60 sec probe trial for
memory in MWM. e) Total time spent (sec) in the area of where the platform location was previously
(radius of 1.5 cm) in a 60 sec MWM probe trial for memory. *p<0.05, effect of APP/PS1. f) Total percent
time spent freezing in a contextual fear conditioning assay. Mice moved freely for 4 min in the same
chambers as the day before, where they had received a tone-shock pairing. g) Total percent time spent
freezing in a cued fear conditioning assay. Mice were placed in a novel environment and re-presented
with a tone that had been paired with a shock the day prior. *p<0.05, effect of APP/PS1. h) Change in
percent time freezing during 2 min of no tone presentation versus 2 min of tone re-presentation the day
after mice experienced a tone-shock pairing. i) Percent time spent freezing during 8 min fear
conditioning training session with three tone-shock pairings. Red boxes = 30 sec tone presentation,
immediately followed by a 1 sec shock, shown in black dotted lines. *p<0.05, **p<0.01, ***p<0.001,
*#%%p<0.0001 effect of Tone. Data represent the mean + S.E.M. of 11-15 mice per group.

4.2.5 Sicl1a2 knockdown is associated with significantly lower microglial Fr/I expression levels in
APP/PS1 animals.

Following significant behavioral differences observed in female APP/PSI animals with Sicll/a?2

knockdown, we aimed to assess changes in microglia from these animals, which may in part
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underlie the worsened cognitive performance observed. Specifically hippocampal microglia were
isolated, as the hippocampus is a primary brain region involved in learning, memory formation,
and consolidation [279, 280]. Bilateral hippocampi were extracted from female control and
experimental animals and hippocampal CD11b" microglia were isolated using magnetic sorting.
These samples will be utilized for bulk-RNASeq analysis in a future direction, described in
Chapter V. CD11b" cells were also collected from the remaining whole brain from males and
females for preliminary RT-qPCR analysis of overall changes to microglia due to Siclla?2
knockdown. In whole-brain CD11b" cells, there was an APP/PSI-associated increase in Siclla2,
which was significant in male, but not female, microglia (Fig. 4.7a, b; Females: Knockdown,
F(1,26) = 270, p<0.0001, Interaction, F(1,26) = 7.23, p = 0.01, WT vs. APP, p = 0.07; Males:
Knockdown, F (1,35) = 66.77, p<0.0001, Interaction, F(1,35) = 4.06, p=0.05, WT vs. APP, p =
0.038). 71 and Cybb were also measured in whole-brain microglia to determine whether Sic//a2
knockdown affects APP/PSI-associated inflammation and oxidative stress, respectively. Both
female and male microglia isolated from APP/PSI mice exhibited a robust upregulation in pro-
inflammatory cytokine //1f, as expected (Fig. 4.7c, d; Females: APP/PS]I effect, F(1,30) = 24.2,
p<0.0001; Males: APP/PSI eftect, F(1,36) = 27.81, p<0.0001). Slclla2 knockdown had no
additional effect on this marker of inflammation in either sex (p>0.05). In measuring Cybb as a
marker of oxidative stress, there was a significant increase in APP/PSI-induced Cybb in male
microglia, but not female microglia, with no effect of Slc//a2 knockdown (Fig. 4.7e, f; Females,

p>0.05; Males: APP/PS1 effect, F(1,34) = 13.73, p=0.0007).
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Figure 4.7. Sicl11a2 knockdown blunts APP/PSI-induced Ftll1 upregulation in microglia isolated
from whole brains of male and female mice.

a) RT-qPCR gene expression of Slc/la2 from microglia isolated from WT or APP/PS1 female mice
with or without microglial Slc//a2 knockdown. b) RT-qPCR gene expression of Sic//a2 from microglia
isolated from WT or APP/PSI male mice with or without microglial Sic//a2 knockdown. ¢) 111
expression in female microglia. d) //1f expression in male microglia. e€) Cybb expression in female
microglia. f) Cybb expression in male microglia. g) Ft// gene expression in isolated microglia from
females. h) Ft/] gene expression in isolated microglia from males. *p<0.05, **p<0.01, ***p<0.001,
***%p<0.0001, ns = not significant. Data represent the mean + S.E.M. of 4-12 mice per group.
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Lastly, disease-associated microglia isolated from brains of AD model mice and humans
consistently display a robust upregulation in F#/ gene expression across multiple datasets [133,
134, 146, 281]; thus, Ft/ gene expression was measured in these cells. Microglia isolated from
brains of APP/PS1 females and males exhibited a significant increase in F#// expression compared
to WT controls (Fig. 4.7g, h; Females: APP/PSI effect, F(1,25) = 21.28, p<0.0001; Males:
APP/PS] eftect, F(1,34) = 18.60, p<0.0001). Slcila2 knockdown blunted this APP/PSI-induced
upregulation of microglial Fz// in both sexes, albeit to a greater degree in the males (Females:
Interaction, F(1,25) = 3.22, p = 0.08, Control APP/PSI vs. Slc11a2XP® APP/PS1 p = 0.064, 25%
decrease in Ftll expression in Slcl1a2%® APP/PSI compared to control APP/PSI; Males:
Interaction, F(1,34) = 7.94, p = 0.008, Control APP/PSI vs. Slc11a2XP APP/PS1 p=0.005, 34%
decrease in Ftll expression in Slcl1a2XP APP/PSI vs. control APP/PSI). As the greatest
differences in behavior due to Slc//a2 knockdown were observed in female mice, further analysis
of transcriptional changes of female hippocampal CD11b" microglia via RNAseq is a future

direction.

4.2.6 Determining differences in brain-wide distribution of AP, ferritin, and microglia using
brain clearing and light sheet microscopy.

To determine global and region-specific changes in microglia, iron, and A in the brains of female
Slc11a2 knockdown mice compared to controls, we also conducted brain clearing and light sheet
microscopy. Female WT and APP/PSI mice with or without S/c//a2 knockdown were used for
whole brain isolation and tissue clearing using SHIELD method. This work is in its preliminary
stages; however, we have been able to visualize A plaques, microglia (via Ibal antibody staining),
and ferritin deposits (via ferritin antibody staining) throughout the brain, which all colocalize in
APP/PS1 female brains (Fig. 4.8). Our future work aims to utilize these images to quantify
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differences in regional amyloid deposition, ferritin immunoreactivity, and microglial number by
brain region (total number and average number of cells surrounding plaques). It may be that the
Slclla2 knockdown in microglia is associated with decreased microglial ferritin staining, and
questions remain on the implications that might have on microglial reactivity and plaque
deposition in vivo in these brains. This light sheet microscopy work will allow us to delve deeper
into understanding the changes underlying the altered cognition observed in the female 4PP/PS1

Slclla2 knockdown animals.

Figure 4.8. Microglia, ferritin, and A can be visualized in a brain cleared using SHIELD.

Image shows an A plaque (stained with an anti-amyloid antibody, orange), microglial cells (probed
with an anti-Ibal antibody, white), and ferritin deposits (stained with anti-ferritin antibody, green) from
the brain of an APP/PSI female mouse at 15 months of age. Image taken by Dr. Jose Maldonado with
light sheet microscope at 15x, scale bar =5 uM.
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4.3 Discussion

Iron-loaded microglia are a significant hallmark of several neurodegenerative diseases, including
AD [282-284]. Reactive microglia surrounding AP plaques exhibit a significant upregulation in
ferritin-L (Ft/1) across AD mouse models and human patients and is thus a defining feature of
DAMs across multiple disease models [133, 134, 146, 171]. At the in vitro level, we and others
have shown that inflammatory signals and iron import mechanisms are intimately connected in
microglial cells [[153, 180], our data also in IMG cells]. AD-associated pro-inflammatory signals
such as AP and bacterial lipopolysaccharide upregulate microglial iron importer DMTI1 and
increased iron levels lead to enhanced secretion of pro-inflammatory cytokines [185], toxic ROS
production [167], and cellular senescence and dysfunction [164, 166]. Furthermore, recent in vitro
work has shown that iron loading specifically in microglia underlies subsequent neurotoxicity and
cell death in a tri-culture system [161].

In studies in primary isolated microglia from aged and young mice, we demonstrated
significant ferritin deposits in aged cells compared to young cells, replicating what others have
shown in aged human populations [164]. After treating the isolated cells in vitro with pro-
inflammatory oligomeric ABi1-42, we found a significant AB-induced increase in Slc//a2, which
was exacerbated in aged microglia compared to young cells. Interestingly, this A and age-induced
upregulation in iron import machinery was specific to Slc//a2, as we observed no changes in the
other primary iron importer 7frc, at least at the transcriptional level. This age-associated increase
in Slclla2 expression was accompanied by a significant upregulation in iron storage genes Ftl/
and Fthl and augmented AB-induced inflammatory markers in the aged cells. This exacerbated
AB-provoked response in the aged glia has been similarly observed by others [285, 286] and

suggests a primed cellular inflammatory state. These preliminary findings in primary cells
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demonstrate an association between iron loading markers and AB-induced inflammation in aged
cells and suggest that changes in microglial DMT1/Slc/1a2 may be uniquely associated with the
development of these hallmarks in age and disease.

In our previous work, we showed that knocking down Sic//a2 in an LPS-induced acute
inflammatory model in vivo led to a decrease in microglial pro-inflammatory markers, suggesting
a key role for DMTT1 in mediating the inflammatory response [276]. To examine whether altering
DMT1 might affect downstream disease-associated parameters associated with AP, in vitro
experiments were first conducted to inhibit DMT1 in an immortalized microglial cell line (IMGs)
before treating the cells with oligomeric AB. Pharmacological inhibition of DMT1 using ebselen
resulted in a robust abrogation of AB-induced pro-inflammatory cytokine expression. These data,
in correspondence with our previous work, suggest a critical role for DMT1 in mediating
inflammatory responses to multiple stimuli (i.e., LPS and AP). However, no studies to our
knowledge have directly examined whether altering microglial iron-handling machinery affects
the development of chronic inflammation and disease-associated hallmarks in vivo.

In these studies, we generated a novel model of inducible, microglial-specific knockdown
of DMT1 (gene, Siclla2) in the APP/PS1 mouse model of AD. Microglial Sic//a2 knockdown
was induced in male and female mice at an early stage of plaque development (5-6 months of age)
and downstream cognitive function, behavior, and markers of disease were assessed when mice
were 12-15 months of age. We observed a significant worsening of behavioral phenotypes and
cognitive function in female APP/PSI mice with Slcl/l/a2 knockdown. Specifically, female
APP/PS1 knockdown animals were significantly more hyperactive than all other female groups in
multiple assays conducted, including EZ maze, open field locomotion, and spontaneous Y-maze.

Interestingly, these data showed that female APP/PS1 mice at 12-15 months of age do not exhibit
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differences compared to controls in baseline locomotor activity; however, the substantial
hyperactive phenotype emerged in females with Slc//a2 knockdown. In males, APP/PSI mice
overall were significantly hyperactive and Slc//a2 knockdown further increased hyperactive
behavior in EZ maze and Y-maze, but not in open field. This may reflect a significant change in
hyperactive behavior exercised in a novel environment, as the open field test we used consists of
a longer 45 min bout of activity. Previous studies have demonstrated significant hyperactivity in
mouse models of AD [287-290] and AD human patients often exhibit disruptions in psychiatric
behaviors such as hyperactivity, impulsivity, and disinhibition [291]. Thus, microglial Slcl//a2
knockdown exacerbates disruptions in these neuropsychiatric-like symptoms, particularly in
female APP/PSI mice.

To assay for changes in memory function in these mice, we utilized the MWM test for
memory — a gold standard for testing hippocampal-dependent spatial memory acquisition and
retention in rodents [201, 292]. Although female APP/PSI mice were not significantly different
from controls in memory performance, Slc//a2 knockdown resulted in a significant worsening of
memory function in the APP/PS1 females in the MWM memory probe trial. While male APP/PS1
mice overall performed worse in MWM compared to WT controls, we found no significant effects
due to microglial Slc//a2 knockdown in this assay. This suggests a sex-specific disease-modifying
cognitive effect of Slc//a2 knockdown in female APP/PS1 animals.

Previous work has shown conflicting results on sex differences in behavior and memory in
the APP/PS1 model of AD. Some report no differences in behavior between WT or APP/PSI males
and females in some cognitive tasks [47], whereas others demonstrate that female 4APP/PSI mice
are worse in MWM [48, 293] but better at IntelliCage [49] and Barnes Maze [294] than male

APP/PS1 animals. The conflicting results may in part be due to age and strain of mice tested, AD
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model characteristics, cognitive task utilized, and stress level of the mice. Similar to our findings
in mice of the same age, Melnikova et al. uncovered a sex-specific deficit in spatial memory only
after overexpression of cyclooxygenase 2 in female, but not male, APP/PSI mice [295]. It may be
that some of the memory-associated tasks used in Melnikova’s and our studies require a later
timepoint in disease in the females to detect cognitive deficits in the APP/PS1 model. Indeed, it
has been shown that male 4PP/PS1 mice develop cognitive deficits earlier than female APP/PS1
mice [296]. Both male and female APP/PSI mice at the time point of testing in our studies
exhibited robust deficits in nest building capacity compared to WT controls, demonstrating the
high sensitivity of this task in detecting early disease-related differences in overall well-being and
general cognition in both sexes [297, 298]. However, due to the purported lower sensitivity of
memory-associated assays such as Y-maze and MWM in detecting differences [290, 299], a later
time point may have illuminated more baseline cognitive differences in female 4APP/PSI mice
compared to WT controls. If this is the case, it is intriguing to consider the implications of Slc//a2
knockdown accelerating APP/PSI-associated memory deficits at an earlier time point specifically
in female mice.

To further probe this memory phenotype, we also used a fear conditioning assay consisting
of both a contextual conditioning and cued conditioning task. APP/PS1 females overall performed
significantly worse than control WT mice in the contextual fear conditioning task, although
Slclla2 knockdown had no additional effect in this task. In the cued fear conditioning assay
however, we observed a significant deficit in learned cued fear memory in female APP/PSI mice
with Slcl/a2 knockdown compared to controls. Others have shown that hyperactivity can impair
freezing capacity in fear conditioning tasks [300, 301]. However, it is unlikely that enhanced

hyperactivity accounts for the deficit in the cued fear conditioning task we observed in female
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APP/PS1 knockdown mice, as female knockdown and control APP/PSI mice froze to the same
degree in response to the tone during initial training of the fear conditioning task (both exhibited
increased freezing after the third tone presentation preceding the third shock). Thus, the
impairment we observed in the cued fear memory task suggests a specific memory-associated
deficit in the female knockdown APP/PS1 animals. It may be that the cued fear conditioning task
utilizing the re-presentation of a cue (tone previously paired with a shock) requires the use of a
separate, parallel neural processing system from the contextual fear memory task, involving inputs
primarily from the amygdala, insular cortex, associated regions in the parietal and temporal lobes,
sensory cortices, and thalamus [302, 303]. These complex networks likely converge with
hippocampal circuits to acquire and express fear memory associated with a conditioned stimulus
[304]. Interestingly, dysfunction and neurodegeneration in the amygdala [305-307] and insular
cortex [308, 309] have been implicated in AD models and patient brains as an early indicator of
disease. Indeed, deficits in amygdala-related signaling may also underlie many of the
neuropsychiatric symptoms observed in AD patients, such as hyperactivity, agitation, and
aggression [310]. The deficit we observed in cued fear memory, paired with the significant
hyperactivity observed particularly in the female APP/PSI knockdown mice suggests that Sic//a?2
knockdown worsens AD-associated behavior mediated by both hippocampal and non-
hippocampal-dependent circuits in female mice. In males, we found a significant APP/PSI-
associated deficit in cued fear conditioning; however, there were no significant differences due to
knockdown. These data thus reflect a significant sex-specific effect of Sic//a2 knockdown on
hippocampal-dependent memory function (i.e., MWM deficit), as well as cortical and amygdala-
associated function (i.e., hyperactivity, fear conditioning deficits) in female, but not male,

APP/PS1 mice.
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The sex differences observed in our model are of particular interest. In humans, females
are significantly more likely to develop AD than males [311, 312]. Furthermore, although there is
a lack of consensus on sex differences in specific cognitive tasks in different mouse models of AD,
females show higher plaque burden compared to males across several AD models suggesting
worsened AD phenotypes over time [293, 313, 314]. In these studies, we also report a sex
difference in APP/PS1-associated Slc/la2 microglial gene expression. In whole-brain isolated
microglia from these mice, Slc//a2 was found to be significantly increased in male, but not female,
APP/PS1 animals compared to WT controls. Similarly, in our previous work, we noted a sex-
specific LPS-induced increase in male, but not female, microglial Slc//a2, suggesting a male-
specific inflammatory-iron-associated transcriptional pathway in the microglia of these mice
[276].

Sex differences in brain iron-handling and changes in iron-associated markers as they relate
to disease development are not well understood. Studies in humans have shown that brain ferritin
levels are generally higher in older men than women in several regions [259], which is thought to
contribute to the risk for males developing neurodegenerative disease at earlier ages than females
[315]. Additionally, gene variants involved in iron metabolism (i.e., hemochromatosis gene variant
HFE H63D and transferrin gene variant TfC2) have been associated with higher brain iron levels
in older men [260, 316] and these variants have been associated with higher risk of developing AD
in some studies [317-319]. In females, a change in iron levels has also been linked with the
development of AD dementia, although the directionality of the change and the underlying
mechanisms are unclear. For example, prior iron-deficiency anemia has been significantly
associated with the development of dementia in females, but not males [320]. On the other hand,

studies have also shown that there is a significant rise in serum ferritin levels associated with
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menopause in aging females [321] and earlier age of menopausal onset has been associated with
higher risk of dementia in females as well [322]. Indeed, the rise in iron status during female mid-
life in humans has been directly correlated with declining cognitive performance [323]. Although
the exact associations between brain iron status, sex, and disease are still being elucidated, our
work highlights another potential site of sex-specific regulation of cellular iron-handling
machinery. Specifically, these data suggest a sex-specific regulation of microglial DMT1/Slclla2
in the context of inflammation and disease development. Corresponding with this, research has
illuminated significant sex differences in microglial morphology, inflammatory markers, and
activity in age and disease [225, 324]. It may be that the lack of an increase in microglial Sic/la?2
in female mice during AD development is a deleterious adaptation associated with the worsened
pathological development reported in female AD mice (e.g., worsened microglial function, greater
plaque burden) [314, 325, 326]). The lack of an increase in Slc//a2 in female APP/PSI microglia
compared to male APP/PS1 mice may reflect enhanced cellular iron burden in the females, as the
IRE-IRP system works in a compensatory manner to decrease iron import markers during high
iron load. This has previously been shown in a sex-specific manner in other models of iron load-
related disease and may be a detrimental adaptation [88]. Our future work aims to characterize
iron load in the knockdown cells to examine whether Sic//a2 knockdown alters iron levels and
distribution per se in the brains of the female APP/PSI mice.

Further work will also more deeply phenotype hippocampal microglia from these mice in
the RNASeq dataset. In our preliminary RT-qPCR gene expression analyses, the subtle decrease
in APP/PSI-associated Ft/l in whole-brain microglia isolated from female knockdown animals is
of note. It may be that Slc//a2 knockdown alters total iron load or intracellular iron distribution in

these cells, which is associated with worsened disease parameters. If this is the case, it could be
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that an increase in microglial iron-related markers serves as a protective adaptation during the
disease process, disallowing iron-handling by cells such as neurons and astrocytes, which are less
able to withstand a high iron load [148, 149]. In fact, work has shown that a decline in ferritin®
microglia and subsequent increase in free iron in aged animals is associated with deleterious effects
[327]. If mechanisms involved in iron import are a protective measure in disease, this may partially
underlie the exacerbated AD phenotypes we observed in female mice with decreased Sic//a2. It
is important to note that significant technical challenges limited us to gene expression analyses in
these studies. While we cannot make definitive conclusions related to iron levels per se and/or
protein-level changes in DMT]1 and inflammatory makers, others have suggested an important role
for transcription-level changes in iron-related genes [102, 328]. Other limitations and caveats of
this work are discussed in Chapter V.

Lastly, it is also intriguing to consider a different time point for manipulation of microglial
Slclla2 during the disease process. As alluded to above, initial ferritin/iron loading in microglia
may be a neuroprotective measure, whereas a late transition to an iron-loaded phenotype exceeds
the cell’s capacity for non-toxic iron storage and leads to neurodegenerative consequences [161,
329]. Despite the remaining questions, this work highlights a sex-specific role for microglial
Slclla2 during disease development in mice, and contributes to the ongoing debate on the

beneficial or detrimental roles of microglia in AD.
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CHAPTER 5

General Discussion/Conclusions/Future Directions

5.1 Conclusions and discussion

5.1.1 Summary of findings: LPS model and 4APP/PS1 model of Alzheimer’s disease

The studies in this dissertation determined the effects of knocking down iron import gene Sic//a?2
in microglial cells on pro-inflammatory markers, iron load markers, and behavior and cognition in
two mouse models related to Alzheimer’s disease. First, I characterized the significant effect of
microglial Slc1]/a2 knockdown on blunting LPS-induced inflammatory responses in male mice, as
detailed in Chapter III. Specifically, Sic//a2 knockdown male mice exhibited a significant
improvement in acute LPS-induced sickness behavior, which was associated with a robust
decrease in systemic inflammatory cytokines. However, there was no lasting effect on cognition
in the knockdown animals given LPS compared to controls. It is likely that the short-term stimulus
of LPS in this acute neuroinflammatory model is not robust enough to elicit significant changes in
cognition at the time point tested. Conversely, in Chapter IV, we demonstrated a significant
worsening of AD-associated behavioral phenotypes in middle-aged female APP/PSI mice with
microglial Slc/la2 knockdown. Female APP/PSI animals with Sic//a2 knockdown performed
significantly worse on several measures of memory capacity, including Morris water maze and a
fear conditioning assay, and were significantly hyperactive in EZ maze, open field locomotor
activity chambers, and Y-maze. It is intriguing to consider the difference in directionality of the
Slclla2 knockdown-induced behavioral changes observed in both models. Sic//a2 knockdown
significantly improved short-term male sickness behavior in the LPS model, yet considerably

exacerbated behavioral and cognitive deficits in females in the chronic model of AD (Fig. 5.1).
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Figure 5.1. Comparison of findings in short-term LPS inflammation model and chronic AD
model.

Microglial Slcila2 knockdown resulted in an acute improvement in sickness behavior in male mice in
the short-term LPS (i.p.) inflammatory model (left side). This was associated with a significant decrease
in pro-inflammatory markers and augmented anti-inflammatory, antioxidant, and growth markers in
isolated microglia. Cellular iron loading and import genes were also downregulated. Systemically,
knockdown led to a robust blunting of LPS-induced cytokines in male mice. Slc//a2 knockdown in the
APP/PSI model of AD led to a significant exacerbation of hyperactive behavior and worsened memory
performance specifically in female mice (right side). This was associated with a significant decrease in
Ftl in whole-brain microglia. Ongoing and future work will characterize effects of knockdown on
microglial gene expression of inflammatory and oxidative markers, additional markers of cellular iron
load, A plaque deposition, and microglial reactivity near plaques.

Figure made with BioRender.com, with permission.

It may be that in the context of acute inflammation, microglial Slc/]a2 helps orchestrate a sickness-

inducing pro-inflammatory behavioral response, whereas in chronic AD, where conditions of long-
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lasting inflammation are present, Slc//a2 mediates iron-associated and inflammatory responses
that help preserve behavior and cognition. This will be discussed in further detail in section 5.1.3.2.

In addition to changes in behavior, we also assessed alterations in microglial gene
expression in both models, which may underlie the behavioral and cognitive changes observed. In
the acute model of systemic LPS-induced inflammation, there was a significant decrease in
microglial pro-inflammatory markers in male Slc//a2 knockdown animals, which was associated
with an augmentation in an anti-inflammatory, antioxidant, and pro-growth transcriptional profile
(Chapter III). In examining iron-related gene markers, microglia from male Slc//a2 knockdown
animals displayed upregulations in genes associated with iron export and homeostasis (i.e.,
Slc40al, Hfe) and a significant decrease in LPS-induced Fthl. In preliminary gene expression
analyses from whole-brain microglia in the APP/PSI females from Chapter IV, there was a
significant decrease in APP/PS1-associated Ftl] expression in Slc/la2 knockdown animals. This
suggests a shared general effect of Slc//a2 knockdown on decreasing iron storage marker ferritin
in both models; however, the specific and divergent alterations in Fthl and Ft/ in each model are
of note. In acute and more severe inflammatory settings (e.g., LPS-induced inflammation), it may
be that a rapid induction in cellular iron uptake requires pathways more actively involved in
oxidizing incoming iron for safe and short-term cellular storage (i.e., an increase in Fth in the LPS
model) [180, 330]. However, a significant upregulation in F#// in AD may reflect long-term
cellular storage of iron involved in conditions of chronic inflammation and iron load [146, 164,
331]. Regardless, Slclla2 knockdown altered transcription of both Fthl in the LPS-induced
inflammatory model and of F#// in the chronic APP/PSI model. While further work will examine
other iron-related markers in the APP/PSI mice, it is intriguing to consider how Siclla?2

knockdown differentially impacts iron-associated gene markers in an acute inflammatory model
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versus a chronic model of disease. Additionally, future work will characterize broader gene
expression changes (e.g., inflammatory and oxidative stress markers) in hippocampal-specific
microglia from the female 4APP/PSI mice to assess transcriptional changes in a brain region

relevant to the behavioral and cognitive changes observed in Chapter I'V.

5.1.2 Sex differences in inflammation and Alzheimer’s disease
The sex differences observed in both the LPS and APP/PSI models are especially noteworthy. In
the acute model of LPS-induced inflammation, S/c//a2 knockdown had a sex-specific effect on
blunting inflammatory responses in male, but not female, mice. On the other hand, in the APP/PS1
model, Slc/la2 knockdown exerted significant effects on disease-associated parameters in female,
but not male, mice (Fig. 5.1). Studies have shown significant sex differences in the LPS-induced
response in young adult rodents, such that males typically display worsened sickness symptoms,
enhanced inflammatory signaling, and more reactive microglia than females [224, 226, 266]. In
fact, adult females overall demonstrate significant protection against infectious diseases compared
to more-susceptible males [332, 333]. In our work, expression levels of female microglial Sic//a2,
unlike in male microglia, remained unaltered in response to LPS, which may reflect the overall
decreased sensitivity to and protection against inflammatory stimuli observed in young females.
This suggests that a change in microglial Sic//a2 during LPS-induced inflammation plays a
prominent role in enhancing the male immune response to an acute inflammatory bout. Indeed, the
significant effect of Slc//a2 knockdown on blunting multiple inflammatory measures in the male
animals supports this.

Interestingly, this sex difference in female protection against inflammatory and infectious

disease appears to reverse in middle-age and onward, where females exhibit heightened sensitivity

108



to LPS compared to males [334, 335]. In chronic models of aging and neurodegenerative disease,
females are also typically more affected than males, exhibiting increased inflammatory markers,
more severe cognitive deficits, and more robust cellular dysfunction [225, 293]. Females are also
in general significantly more likely to develop late-onset AD than males [311, 312]. Overall,
previous work has shown that females experience a greater extent of chronic low-grade
inflammation in late life than males, which may contribute to the greater likelihood for females of
developing autoimmune diseases and age-related diseases of hyper-immune activation such as AD
dementia [312, 332, 336, 337]. Thus, it is possible that the same mechanisms that protect females
from infection and disease in young adulthood become sources of dysfunction and drivers of
disease later in life.

Previous work suggests that sex-dependent changes, specifically in microglia during
different stages of life, help drive this switch in disease susceptibility between males and females
[225]. Similar to the gross differences in immune responses observed in males and females,
microglia themselves display differential sensitivity to activation in males and females depending
on the context. In response to an acute inflammatory stimulus, young males typically display
higher microglia immunoreactivity, greater migratory capacity, and significantly greater pro-
inflammatory gene expression compared to females [338-340]. My data correspond with this and
additionally suggest that an upregulation in Slc//a2 contributes to this heightened microglial
inflammatory response in males. Conversely, work has shown that aged female microglia are
significantly more pro-inflammatory and display more robust disease-associated phenotypes (i.e.,
increased expression of “DAM” genes, senescence, decreased phagocytic ability, significantly
altered metabolism) compared to aged male cells [225, 341]. It may be that microglial Sic//a2

plays a role in this sex difference in late life as well. As in the LPS model, my data in the APP/PS1
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mice showed that female microglial Slc//a2 remained unaltered in relation to the disease model,
whereas microglial Slc/la2 was significantly upregulated in 4PP/PSI males. While a resistance
to increase microglial Slc//a2 was associated with improved sickness behavior for females in the
LPS model, it may be that the lack of a change in Slc//a2 becomes a maladaptive microglial
response in the context of age and disease. This may underlie in part why we observed significantly
worse AD-associated impairments due to microglial Sic//a2 knockdown in the APP/PSI middle-
aged females, but not in the short-term acute LPS model. The exact mechanisms behind the female
switch from a microglial protective phenotype in adulthood to an age-associated microglial type
prone to disease and overactivity are still under investigation; however, hormonal changes
associated with menopause in female mid-to-late life are likely a major contributor to the unique
sensitivity older females display to age and disease-associated disruptions in microglial function
[342-344]. Nonetheless, this work suggests that a sex difference in the regulation of microglial
Slclla2 and associated iron-handling mechanisms plays a role in this divergent susceptibility to

dysfunction for males and females during different stages of life.

5.1.3 Current understanding of microglial iron-handling in different contexts

5.1.3.1 Acute inflammation

In addition to elucidating sex-differential roles, the work in this dissertation further suggests
disparate roles for microglial S/c//a2 during acute inflammatory events in young adulthood and
during chronic disease. Indeed, changes in Slc//a2 may mirror changes in cellular iron uptake that
have been known to occur in a differential manner in macrophages during acute inflammation or
in microglia during chronic disease (the latter discussed in the following section 5.1.3.2). In acute

inflammatory settings, much work has been completed to understand the systemic iron-handling
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response to short-lived viral or bacterial infection. As a form of nutritional immunity, peripheral
macrophages rapidly import iron in conditions of pathogen invasion to limit systemic iron
availability and prevent sustained pathogen growth and proliferation [182, 241, 345]. This cellular
iron-related response has been shown to be critical for better prognosis and recovery, as individuals
with high systemic iron load are significantly more prone to infection and disease [182, 346].
Inflammatory pathways activated in response to infection further stimulate this iron uptake [347],
reinforcing the inflammatory-iron cellular pathway critical to host defense. Iron chelation in
peripheral macrophages significantly inhibits cellular inflammation and cytokine production in
response to LPS stimulation [182, 348] and macrophage DMT1 in particular is essential in
mediating inflammatory responses necessary for survival during microbial infection [242, 349].
These data suggest that overall, DMT1 and macrophage iron-handling during acute peripheral
inflammation is critically important.

Similar research on a role for cellular iron-handling during inflammation in the brain,
however, has been historically lacking. Thus, my work suggests a novel role for microglial
DMT1/Slclla2 during acute inflammation. Previous work has shown iron deposition in activated
microglia during acute ischemic stroke [350] which then were shown to release these temporary
iron stores to aid in tissue repair during post-stroke recovery [351, 352]. Furthermore, in vitro
studies using inflammatory stimuli (i.e., LPS and AP) or pro-inflammatory cytokines involved in
CNS injury (i.e., TNFa, IL-6) also demonstrate significant microglial iron retention [179, 353],
similar to what is observed in peripheral macrophages during systemic infection. Indeed, in vitro
studies of inflammatory stimulation demonstrate that microglia engage the same mechanisms as
peripheral macrophages when encountering acute pro-inflammatory stimuli such as LPS or Ap,

such that they preferentially upregulate NTBI uptake via DMT1 [179, 180]. However, no work to
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our knowledge had examined a role for microglial iron-handling mechanisms in vivo during an
inflammatory bout of LPS. The data in this dissertation demonstrate a microglial upregulation in
Slclla2 in response to acute inflammatory stimulation (LPS in vivo in Chapter III, Ap in primary
cells in Chapter 1V). Importantly, the work in Chapter III suggests that this upregulation in
DMT1/Slclla? is a critical step in initiating the robust inflammatory response, at least in males.
This is corroborated by in vitro experiments in Chapter IV, which showed that ebselen-mediated
DMTT1 inhibition profoundly decreases acute AB-induced inflammation in microglia. In fact,
others have also shown that inhibition of DMT1 in vitro leads to a significant blunting of the
microglial inflammatory response to an acute stimulus [185]. Our in vivo work thus lends credence
to a primary role for iron uptake and DMT1/Slc//a2 in mediating cellular responses in the context
of short-term inflammation in the brain. Although our data is limited to gene expression analyses
of Slcl1a2, studies have shown that DMT1-mediated responses to acute inflammatory stress in the
periphery can be largely IRE-independent [94, 354], suggesting that transcriptional mechanisms
may be significantly involved in the observed effects on inflammation due to Sic//a2 knockdown.
Questions remain as to whether this anti-inflammatory effect of microglial Sic//a2 knockdown
shown in these studies would be beneficial or detrimental in the context of actual microbial
infection in mice. Similar to work done in peripheral macrophages, do microglia require DMT1 to
protect the brain against long-standing infection and subsequent death? It is intriguing to consider
the parallels between microglial DMT1 and peripheral macrophage DMT1 during conditions of

short-term inflammation.

5.1.3.2 Chronic neurodegenerative disease
In aging and during AD, microglial iron load has been more extensively studied in recent years.

Iron storage markers Fth and Ftl consistently emerge as “DAM” markers of diseased and senescent
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microglia in AD [133, 134, 171] and significant microglial iron load has been widely demonstrated
in multiple models of neurodegenerative disease [50, 51, 146, 154, 176], which we also
demonstrated (Fig. 1.7). In these settings, cellular iron load is thought to be a significant driver of
disease, leading to excessive ROS production, inflammatory cytokine production, and cell death
[172, 181]. In fact, a type of iron-dependent cell death called ferroptosis was described within the
last two decades [162, 355]. Microglia are particularly susceptible to ferroptosis [273] and it has
been recently shown that microglial iron loading and subsequent ferroptosis are central in initiating
proximal neuronal cell death [161, 356]. However, the mechanisms behind microglial sensitivity
to ferroptosis during age and disease are far from understood. It would be intriguing to examine a
role for microglial DMT1 in mediating this ferroptotic susceptibility in neurodegenerative disease
conditions. In this case, a microglial iron import system described earlier as likely situated to
defend an organism during acute inflammatory settings may become detrimental in the context of
excess iron load and chronic disease. Interestingly, however, my data in Slc//a2 knockdown
APP/PS1 mice suggest that Slc//a2 may instead be involved in a protective pathway during
disease. Decreasing Slcl/la2 led to a worsening of AD-like phenotypes in females and an
exacerbated hyperactive phenotype in male APP/PSI animals, suggesting a role for microglial
Slc1la2 in limiting cognitive deficit in this AD model. Although we hypothesized that inhibiting
microglial Slc/la2 would improve disease parameters based off an assumption that iron-loading
mechanisms in microglia are generally detrimental, these results contribute to the ongoing debate
related to the mechanisms by which iron exerts effects on microglial function in neurodegenerative
disease [283]. For example, studies have shown that iron load increases neuroinflammation in a
feed-forward loop of pro-inflammatory signaling and toxicity [166, 185, 217, 357], while others

demonstrate a role for iron in dampening microglial inflammatory cytokine production and
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exaggerating oxidative stress [167, 178]. Furthermore, ferritin positivity in microglia has been
associated with protection against RNA oxidation and cellular dystrophy [327] and deletion of
mitochondrial ferritin in an AD mouse model resulted in exacerbated disease symptoms [358]. My
work suggests that microglial iron import mechanisms serve a protective response during early
stages of disease, particularly in females. It is intriguing to surmise that the deleterious behavioral
effects observed in female Sic//a2 knockdown APP/PSI mice are due to the loss of a protective
microglial iron import mechanism. This mechanism may be engaged in microglia during early
stages of disease to limit availability of excess toxic, free iron in the brain parenchyma, which can
significantly damage neurons that have lower capacity for iron storage [148, 149]. As Siclla2 was
knocked down at an early stage of disease in the APP/PSI model in my studies, this may underlie
why we observed a significant impairment in behavior and cognition in the females. Future work
will assess iron content in cells from the knockdown mice to determine whether early Sic/la2
knockdown altered cellular iron levels per se or whether the effect of Sic//a2 knockdown on
disease is independent of changes in total iron levels. In fact, it may be that Sic//a2 knockdown
changes the distribution (and not total levels) of iron in the cell, which could be detrimental or
beneficial depending on the timing and context.

Additionally, this work also suggests a critical role for DMT1/Slc//a2 in mediating
inflammation, even in the absence of excess iron. The in vitro work in Chapter IV demonstrated
that iron per se may not have a significant direct effect on AB-induced inflammatory cytokine
expression or on DMT1/Slclla2 in IMG cells, and my in vivo work in Chapter III showed
significant anti-inflammatory effects of Slc//a2 knockdown without additional iron added. Based
on these findings, it is intriguing to consider how Sic//a2 knockdown during early disease

pathology in the APP/PS1 animals affected initial inflammatory signaling in microglia even before
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excess iron accumulated. It may be that the detrimental effects of Slc//a2 knockdown on behavior
in the females are a result of a significant blunting of inflammation, which has been shown to be
an important protective mechanism during initial periods of disease development [359-361]. A
change in microglial DMT1/Slc11a2 during pathological development thus may play a prominent
role in mediating appropriate inflammatory responses to mitigate disease onset (purported roles
summarized in Fig. 5.2). Future studies examining inflammatory markers in these cells will help
elucidate whether this might be the case. Nonetheless, it is intriguing to consider the implications
of these data on our understanding of microglial iron-handling mechanisms during chronic disease

development.
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Figure 5.2. Purported role(s) for microglial DMT1 in health and disease development. During
prodromal disease stages of initial AP plaque deposition and/or in response to the presence of AD risk
factors (e.g., systemic inflammation, LPS neuroinflammation, brain injury), microglia engage acute
inflammatory mechanisms to effectively remove AP plaques and return the tissue to homeostasis. In
this setting, an upregulation in DMT1/Slcl1a2 may be a critical step to initiate early, neuroprotective
inflammatory responses. As disease progresses (i.e., AP load increases, age-associated brain iron burden
grows), microglial DMT1/Slc11a2 may still play a protective role in mitigating the presence of free
parenchymal iron, which can significantly damage neurons. Knockdown of Sic//a2 thus results in
acceleration into the next phase of disease. A role for DMT1/Siclla2 in late-stage disease was not
explored in this work; however, Slc//a2/DMT1 may assume a detrimental role in importing an
excessive iron load that ultimately results in microglial ROS production, inflammatory cytokine
signaling, and cell death. This significantly contributes to neurodegeneration and the seemingly
irreversible decline in disease at this late phase.

Figure made with BioRender.com, with permission.
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5.1.4 Understanding and targeting microglial diversity in Alzheimer’s disease

Although further understanding is needed as to how exactly microglial DMT1 contributes to or
protects against disease, my work adds to the growing body of research demonstrating the nuanced
nature of microglia in disease. Research over the past decade has highlighted the incredible
diversity of microglial functions and phenotypes in the healthy and diseased brain [362-364]. The
remarkable plasticity of microglia and their ability to adopt a wide range of phenotypes contributes
to their capacity to play either protective or aggravating roles during disease development. This is
likely why depletion of all microglia from the brain parenchyma in models of AD has resulted in
disparate results — with some studies demonstrating improvement in disease [365, 366] and others
demonstrating a significant worsening of disease parameters [360, 367]. These studies thus point
to the need for targeted manipulation of specific microglial phenotypes and functions in disease.
A subtype of microglia has been identified in aged and diseased brains, characterized primarily by
markers of iron load, senescence, inflammatory signaling, and dystrophic morphology [146, 171,
284]. Indeed, it is thought that this group of microglia significantly contributes to disease severity
[168], suggesting a potential cellular target for disease prevention. The work in my dissertation
targeted a specific iron-related gene in microglia to determine whether this cellular function is
associated with the detrimental contributions of microglial phenotypes in disease. The impairments
observed due to Slcl//a2 knockdown in the APP/PSI females in my studies could suggest that 1)
the iron loading phenotype reported in late-stage diseased microglia was initially a protective
mechanism, as discussed above or 2) there is a specific time-dependency to the detrimental effect
of microglial iron loading mechanisms, which become significantly deleterious towards late
disease stages. Since Slc/la2 was decreased at a prodromal stage of disease in these studies, it

would be intriguing to consider a time point for DMT1/Slc1]/a2 manipulation later in disease, when
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pathology is more significant. Indeed, the data in Chapter III demonstrate that manipulating
DMT1/Slcl1a?2 significantly blunts short-term inflammation, which could serve a protective role
in contexts where enhanced inflammatory signaling becomes disadvantageous (i.e., late in AD).
My data thus suggest that initial changes in Slc//a?2 early in inflammatory disease are a beneficial
mechanism to preserve downstream cognition. In concordance with previous work manipulating
microglia in neurodegenerative disease, this work highlights the importance of considering timing,

context, and functional specificity in devising treatments targeting microglia in disease.

5.1.5 Current developments in therapeutics to treat neurodegeneration

The work in my dissertation illuminates a pathway involved in disease that holds potential for
therapeutic development. Unfortunately, AD remains an untreatable disease despite decades of
effort by many groups around the world. For years, the only clinically-available therapeutics for
AD were in the form of acetylcholinesterase inhibitors targeting cholinergic pathways; yet, these
only served to mildly and temporarily improve quality of life if administered at the right time [368,
369]. Additionally, decades of clinical trials targeting AP deposition have consistently suggested
little to no effect on cognition despite significant declines in plaque presence [370]. Following the
controversial FDA approval of two recent anti-amyloid therapies, aducanumab and lecanemab,
some have argued about the lack of evidence of clinically meaningful improvements in cognition
in trial participants [20, 371]. Thus, much of the field has begun to examine alternative therapeutics
targeting pathologies that occur in parallel with amyloid deposition. In recent years, therapeutic
development of pharmaceuticals targeting neuroinflammation and brain iron metabolism have
garnered substantial attention. However, studies have shown conflicting results and/or negligible

effect on cognitive improvement thus far. For example, the anti-inflammatory compound
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resveratrol was shown to effectively inhibit inflammation and reduce oxidative stress in treated
patients [372], yet there was little effect on measures of cognition in a randomized clinical trial
using the drug [373]. Furthermore, other trials targeting inflammatory pathways such as the use of
the antibiotic minocycline [374] or non-steroidal anti-inflammatory drug (NSAID) ibuprofen [375]
have shown lackluster results in effectively improving cognition [376]. On the other hand, studies
have associated NSAID use with decreased incidence of AD [377], and two NSAIDs in particular
(diclofenac and fenamate) have been suggested as potentially promising therapeutics that target
microglial inflammation [378, 379]. As alluded to earlier, the efficacy of targeting inflammatory
pathways during disease is likely highly dependent on time, context, and cell type specificity. My
data highlight the nuanced mechanisms of microglial function during disease, suggesting that trials
using systemic drugs such as minocycline or ibuprofen have likely failed in part due to the lack of
specificity in target (i.e., microglia) or pathway (i.e., detrimental inflammatory pathways)
engagement.

In clinical trials targeting iron-related pathways in neurodegeneration, results have also
been conflicting [380]. In an initial trial in a small group of early Parkinson’s disease patients,
patients treated with iron chelator deferiprone exhibited a significant decrease in brain iron content
associated with a slowing of motor-related indicators of disease progression [381]. However, in
the follow-up multi-center clinical trial, iron chelation substantially worsened symptoms in
patients with Parkinson’s disease [382]. In patients with Huntington’s disease, a clinical trial using
iron chelator PBT2 demonstrated little effect on cognition as well [383]. In AD, rodent models
suggest iron chelation as a promising avenue of treatment [121, 384, 385] and an initial phase II
study in patients with early AD showed promising cognitive improvement following iron chelation

treatment [386]. An ongoing clinical trial using deferiprone to treat dementia will further elucidate
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the effects of iron chelation on disease progression (3D Study; ClinicalTrials.gov Identifier

NCTO03234686). However, it is again likely that a more precision approach to therapeutic
development will be needed to effectively slow or prevent disease. Brain-wide removal of iron
may result in a variety of undesired off-target effects [213] and the conflicting results observed in
iron chelation trials conducted thus far are likely due to this lack of specificity in targeting a type
of iron (ferrous versus ferric) and/or in targeting a certain cell type. My work exploring a specific
mechanism involved in microglial iron handling aids in this ongoing search for a distinct pathway

which could eventually be targeted to treat disease.

5.2 Limitations and caveats

Although my findings point to an important role for microglial Slc//a2 in mediating short-term
inflammation and contributing to behavioral deficits in the 4PP/PSI mice, there are several
limitations to note. These include a lack of analysis of protein-level changes, iron levels and
transport, and changes in the transport of other metals. First, much of our data is derived from
gene-level analyses, which limits an understanding of protein-level changes in DMTT1 in these
studies. In regards to the known IRE-IRP system of DMT]1 regulation, the work in this dissertation
does not explicitly take into account post-transcriptional regulation of DMT1, which may alter
protein levels in a manner that does not correspond to changes in gene expression per se. Indeed,
technical challenges in collecting sufficient material from isolated microglia for a reliable Western
blot signal of DMT1 significantly limited our ability to examine protein levels. Future work aims
to troubleshoot various antibodies against DMT]1 to determine if an antibody signal is strong
enough despite low protein volumes from isolated cells. Nonetheless, others have pointed out non-

IRE-dependent regulation of Sic//a2 — particularly in the brain — suggesting the relevance of
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changes in transcription as well [102, 328]. We also were unable to measure changes in iron
transport and total iron levels in isolated cells due to significant limitations in ICP-MS sensitivity.
Although this limits our interpretation of the results due to Slc//a2 knockdown, it is intriguing to
note (particularly in Chapter III), that Slc//a2 knockdown was associated with significant changes
in several other iron-related genes, such as Fthl, Tfrc, Cd163, Hfe, Hamp, and Slc40al, implying
a change in cellular iron content or distribution. Future directions aimed at measuring cellular iron
levels using different techniques are discussed in the next section 5.3. DMT1 also transports a
variety of other divalent metals, suggesting there may be changes in manganese, zinc, and/or
copper levels in these cells, which contribute to the observed phenotypes. It is important to note,
however, that iron is the most abundant transition metal in the brain, suggesting a primary role for
iron transport via DMT1.

There are also a few caveats worth mentioning about the animal models used in my studies.
Both the LPS inflammatory model and the APP/PSI mouse line are insufficient models to
recapitulate the complexity of human disease. Indeed, there is ongoing work in the field to generate
a mouse model which more fully mimics AD phenotypes observed in human patients [387] (i.e.,
MODEL-AD consortium). The use of an AB-driven model confines my results to an understanding
of amyloid-related pathology and does not directly consider the relationship between iron-related
pathology and tau deposition and/or the additional effects of genetic risk factors (i.e., APOE,
TREM?2 mutations). However, my findings add to our knowledge of the known associations
between amyloid pathology and iron toxicity [52] and suggest that iron-targeted treatment,
alongside the developed anti-amyloid therapies, could be a promising therapeutic direction to
pursue. Lastly, caution must be applied to deriving conclusions from the bulk RNA analysis of

microglial gene expression in Chapters III (sequencing) and IV (RT-qPCR). As discussed in

121



section 5.1.4, microglia are remarkably heterogenous in transcriptional profiles, phenotypes, and
functions and this cellular resolution is lost in bulk samples of microglial cells. Future directions

related to these limitations are discussed in the following section.

5.3 Future directions
There is a plethora of remaining questions following the results of my dissertation work. There
was a significant worsening of downstream disease parameters in middle-aged female mice when
Slclla2 was knocked down at an early stage of disease during initial plaque deposition. It is curious
to consider a later time point of Slc//a2 manipulation and whether this would have an opposing
effect on disease measures (i.e., improved disease in late stages). Furthermore, a later time point
of behavioral assessment is a possible future direction. In the studies reported in this dissertation,
there was a significant deficit in MWM and fear conditioned memory in female Sic/la2
knockdown animals between 12-15 months of age, but do these behavioral impairments plateau at
this age or continue to worsen dramatically as the disease progresses? The mice in these studies
are considered ‘middle-aged,’ thus, would aged mice perform even worse on the cognitive tasks?
Would aging in these mice also reveal a significant cognitive deficit in Slc//a2 knockdown males?
Future directions also include assessment of DMT1 protein levels and iron content in
knockdown cells. I am currently pursuing two separate avenues for the measurement of cellular
iron. A hybrid isotope imaging mass spectrometry (MIMS) electron microscopy (MIMS-EM)
analysis will be utilized in isolated microglial cells to assess subcellular iron distribution [388].
Additionally, work is ongoing with the Vanderbilt Neurovisualization Core to assess ferritin
deposition in microglia in whole-brain images of cleared brains from knockdown female animals.

As mentioned above, I am also pursuing the use of different antibodies against DMT]1 to conduct
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Western blot-level analysis of transporter protein expression. Lastly, I plan to conduct RNAseq
analyses on isolated hippocampal microglia from female Sic//a2 knockdown APP/PS1 animals to
determine global changes in the transcriptome (e.g., inflammatory, oxidative, iron-related, “DAM”
markers) of knockdown cells in the AD model.

Outside of these ongoing future directions, these data lend fuel for a variety of additional
research directions. An overexpression model of DMT1 would be interesting to explore to
determine whether microglial DMT1 can be protective in chronic disease. Related to the
multiplicity of DMT1-mediated divalent metal transport, it would be intriguing to examine
whether this overexpression of DMT1 results in increased import of non-iron metal ions as well
(i.e., Mn?*, Cu?*, Co**, Zn>"). These other non-Fe divalent metals have also been implicated in AD
[389]; thus, it would be interesting to determine a role for DMT1 in mediating increased uptake of
these ions and the effect on disease. The burgeoning study of ferroptosis also holds tremendous
potential for further study [390]. The importance of microglial ferroptosis has recently been
appreciated, yet a role for microglial DMT1 in mediating ferroptosis has not been explored and
would be a novel and compelling future direction. Can DMT1 be targeted to prevent ferroptosis in
microglia at certain stages of AD? Additionally, in this area, few studies have further examined
sex differences in cellular ferroptotic susceptibility. Are there sex differences in microglial
ferroptosis and could this be mediated in part by DMT1/Slc11a2? Considering the known profound
sex differences related to AD risk, exploring sex differences in microglial function, iron regulation,

and ferroptosis are critical future avenues to understand the mechanisms that drive disease.
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5.4 Summary

In conclusion, my work showed that knockdown of iron import gene, Slc//a2, improved male-
specific sickness behavior following LPS treatment and exacerbated female hyperactivity and
memory deficits in the APP/PSI model of AD. This was associated with decreased cellular iron
import and storage markers and a blunted inflammatory response in the LPS model. The disparate
results between the two models are suggestive of time-, context-, and sex-dependent roles for
microglial Slclla2 in vivo. Overall, this work adds to our understanding of the complex
mechanisms that drive AD and the intricate interplay between cellular iron-handling mechanisms
and inflammation. Ultimately, this work aids in the continual search for a successful AD

therapeutic to treat this debilitating neurological disease.
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