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ABSTRACT OF THE DISSERTATION

Investigating microglial regulation of the extracellular matrix in health and
neurodegenerative disease

By
Joshua Daniel Crapser
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2021

Professor Kim Green, Vice Chair

Microglia are the primary immune cells of the central nervous system (CNS) parenchyma,
and have evolved conceptually from silent sentinels awaiting pathogenic or injurious
disturbance to active and central regulators of brain homeostasis and disease (Prinz et
al., 2019). Their functional repertoire equips microglia to perform immune as well as non-
immune roles, but less is known about the latter. As exacerbated or, on the other hand,
deficient microglial function may contribute to brain dyshomeostasis, shedding light on
such functions may provide insight into mechanisms underlying disease etiology and
pathogenesis. The development of microglial depletion paradigms via inhibition of colony-
stimulating factor 1 receptor (CSF1R), expressed in the brain by microglia and required
for their survival (Elmore et al., 2014), provides unprecedented capacity for functional
investigation by allowing researchers to observe and draw conclusions from the
consequences of microglial absence (up to 99% depletion) on CNS processes for virtually
any duration of time (Green et al., 2020). Such methods have suggested that microglia
dynamically regulate the dendritic spines of neuronal circuits in the adult homeostatic

brain (Rice et al., 2017; Rice et al., 2015), for instance, as well as amyloid plaque
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compaction and deposition in the context of Alzheimer’s disease (AD) (Casali et al., 2020;
Huang et al., 2021; Spangenberg et al., 2019).

The aim of my thesis is to identify and elucidate the role of microglia in the regulation of
the brain extracellular matrix (ECM) — the perisynaptic and synaptic manifestations of
which serve as the fourth and most recently addended component of the contemporary
model of the quad- or tetra-partite synapse, also consisting of pre- and post-synaptic
elements and associated glia (Dityatev and Schachner, 2003; Dityatev et al., 2010). While
the ECM is divided into several separate compartments in the brain, one particularly
salient instance is the perineuronal net (PNN), a specialized reticular formation that
surrounds neuronal subsets and proximal synapses to provide synaptic stability, physical
and chemical protection, and other unique physiological properties (Fawcett et al., 2019;
Reichelt et al., 2019). Not only are PNNs associated with long-term memory storage (Shi
et al., 2019a; Thompson et al., 2018; Tsien, 2013), they protect against oxidative stress
and amyloid-p (Cabungcal et al., 2013; Miyata et al., 2007), underscoring their particular
relevance to disorders like AD. Among other changes, | found that these ECM structures
are reduced in Huntington’s disease (HD) and AD, two brain disorders with disparate
etiologies, pathologies, and microglial activation phenotypes. Importantly, | found that
early microglial depletion with CSF1R inhibitors prevented PNN loss in both cases.
Surprisingly, elimination of microglia also induced dramatic upregulation of PNN density
throughout the brains of healthy adult mice. These results define a novel role of microglia
in the regulation of PNNs in the homeostatic CNS, which may in turn go awry in

neurodegenerative diseases where microglia adopt dyshomeostatic phenotypes.
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INTRODUCTION

A small cell with many hats: The emerging complexity of microglia

Far from acting simply as a structural glue that holds neuronal networks together, as
suggested by the Greek word from which the name “glia” is derived, it is now readily
apparent that microglia and macroglia (astrocytes, oligodendrocytes) are important
determinants of brain development and health (Kierdorf and Prinz, 2017). Microglia in
particular have been the focus of further reappraisal as their functional repertoire has
extended from the classically immune — detecting and resolving injury and invasive
pathogens — to more non-immune roles in the homeostatic brain (Li and Barres, 2018;
Prinz et al., 2019; Salter and Beggs, 2014). These findings have occurred across a
backdrop of increasingly elegant methodological advances including single cell analyses
(Hammond et al., 2019; Li et al., 2019; Masuda et al., 2019), microglial ablation paradigms
(Bruttger et al., 2015; Elmore et al., 2014; Green et al., 2020; Han et al., 2017; Rojo et
al., 2019; Waisman et al., 2015), and in vivo imaging techniques (Liu et al., 2019;
Miyamoto et al., 2016; Nimmerjahn et al., 2005; Stowell et al., 2019), that together have
characterized the dynamic influence microglia have on virtually all major CNS cell-types
over the lifespan of an organism. However, this increased functional complexity suggests
greater opportunity for dysfunction and dyshomeostasis should microglia fail to properly
perform their cellular roles at the appropriate times, as supported by a growing body of
evidence implicating microglia as drivers of disease pathogenesis (Salter and Stevens,
2017). Therefore, taking stock of the homeostatic functions performed by these cells — at
this critical juncture of glial biology research — may provide insight into what goes wrong

in disease and how such deficits may be best targeted in the clinic.



Microglia and other resident tissue macrophages display considerable diversity across
organs at the gene expression and chromatin levels (Gautier et al., 2012; Lavin et al.,
2014), reflecting the varying developmental and functional roles they play in each tissue
(Li and Barres, 2018; Schafer and Stevens, 2015; Sieweke and Allen, 2013; Varol et al.,
2015). The recent wave of studies characterizing microglia at single cell resolution
indicate extensive transcriptional heterogeneity during development and disease, with a
more homogenous population evident in the homeostatic adult brain (Hammond et al.,
2019; Li et al., 2019; Masuda et al., 2019; Mrdjen et al., 2018; Tay et al., 2018). If an
empty niche is available in the tissue myeloid compartment, cues from the local
microenvironment can reprogram infiltrating bone marrow-derived monocytes or
ontogenically foreign macrophages into microglia-like phenotypes (Bennett et al., 2018;
Cronk et al., 2018; Ginhoux and Guilliams, 2016; Lund et al., 2018; Shemer et al., 2018).
The extent of transcriptional reprogramming appears to depend on the yolk-sac or
hematopoietic origin of the cell in question (Bennett et al., 2018; Bruttger et al., 2015;
Shemer et al., 2018), at least in the CNS where the adult resident macrophage population
derives from yolk-sac erythromyeloid progenitors (Ginhoux et al., 2010; Gomez
Perdiguero et al., 2015; Hoeffel et al., 2015; Kierdorf et al., 2013). The capacity for
macrophage re-education, combined with the diverse transcriptional profiles of resident
macrophages in different organs and stages of life, emphasizes the complexity of
homeostatic functions performed by tissue myeloid cells, even in the adult.

Research into microglia in development has revealed numerous essential functions not
directly related to immunity but essential for proper brain organization and tissue health

(Frost and Schafer, 2016; Kierdorf and Prinz, 2017; Li and Barres, 2018; Schafer and



Stevens, 2015). Additional investigation into early microglial functions has drawn some to
label these cells “architects” of the developing CNS (Frost and Schafer, 2016; Kierdorf
and Prinz, 2017), with top-down roles in the spatial organization and survival of both
neuronal and non-neuronal cell types. In the perinatal period, microglia orchestrate spatial
patterning of neurons through a variety of regulatory mechanisms that dictate
neuronal/neuronal  precursor cell (NPC) survival, i.e. signaling through
soluble/membrane-bound microglial factors (glutamate, reactive oxygen species, TNF-a)
that induce programmed cell death prior to microglial phagocytosis of debris, reported
phagocytosis of live cells (“phagoptosis”), and secretion of pro-survival factors (e.g.
insulin-like growth factor; IFG-1) (Li and Barres, 2018; Schafer and Stevens, 2015).
Microglia continue to regulate neurogenesis in the adult brain by phagocytic maintenance
of the hippocampal NPC pool (Sierra et al., 2010). A major re-evaluation of microglial
effector functions in the brain was spurred by the discovery of synaptic engulfment and
pruning by postnatal microglia that occurs in an activity- and complement-dependent
manner to refine the neural circuitry (Paolicelli et al., 2011; Schafer et al., 2012; Stevens
et al., 2007) that continues to some extent in the adult during memory processing (Wang
et al., 2020).

Extensive work in recent years has elucidated the regulation of other glial cells by
microglia, and vice versa, particularly when it comes to astrocytes (Han et al., 2021;
Liddelow and Barres, 2017; Liddelow et al., 2017; Liddelow et al., 2020; Vainchtein et al.,
2018; Vainchtein and Molofsky, 2020). Microglia induce a neurotoxic phenotype in
astrocytes (termed “A1” astrocytes) following LPS via release of microglial IL-1a, TNF-q,

and C1q that promotes neuronal and oligodendrocyte death; loss of these factors (i.e.



II1a-Tnf-C1qa’ triple knock-out mice) or microglia themselves (Csf7r’- mice) blocks A1
astrocyte formation (Liddelow et al., 2017). Detrimental gain-of-function properties in
neurotoxic astrocytes are accompanied by a loss of beneficial properties, including their
support of neuronal outgrowth and synaptogenesis (Liddelow et al., 2017). Subsequent
studies determined that blocking these regulatory microglial factors by genetic or
pharmacologic means ameliorates such neurotoxic astrocyte reactivity and/or neuronal
death in models of amyotrophic lateral sclerosis (ALS) (Guttenplan et al., 2020b),
Parkinson’s disease (Yun et al.,, 2018), optic nerve crush (Guttenplan et al., 2020a),
glaucoma (Guttenplan et al., 2020a; Sterling et al., 2020), and aging (Clarke et al., 2018).
In addition to affecting oligodendrocyte number via the cytotoxic effects of reactive
astrocytes (Liddelow et al., 2017), microglia also choreograph oligodendrocyte patterning
directly in disease conditions and under homeostatic conditions (Li and Barres, 2018;
Miron, 2017). Postnatal microglia are required for early oligodendrocyte precursor cell
(OPC) maintenance and maturation and continue to support the OPC pool in adulthood
(Hagemeyer et al.,, 2017), and minocycline-based inhibition of postnatal microglial
activation impairs oligodendrocyte differentiation (Shigemoto-Mogami et al., 2014).
Furthermore, early microglia promote developmental myelinogenesis (Hagemeyer et al.,
2017) at least in part through production of myelinogenic IGF-1 by a CD11c* microglial
subpopulation (Wlodarczyk et al., 2017), and myelin in the adult brain is phagocytosed by
microglia, where it accumulates with age (Safaiyan et al., 2021; Safaiyan et al., 2016).
Interactions with oligodendrocytes in disease are multifaceted, such that microglia can
support remyelination in certain cases, as in the secretion of activin A to promote OPC

proliferation and differentiation (Miron et al.,, 2013), and persistently disrupt



OPC/oligodendrocyte population dynamics and myelination in others (Gibson et al.,
2019).

Thus, despite traditional classifications of microglia as immune cells first, mounting data
tells us that they are intricately entwined in the complex process of brain tissue
development and adult brain homeostasis, interacting with virtually every cell type in the
brain to orchestrate non-immune as well as classically immune-related processes.
Microglial cellular functionality may be perturbed in one of two ways: through 1) toxic gain-
of-function, as exemplified by chronically activated microglia that fail to resolve ongoing
pro-inflammatory cytokine and neurotoxin production (e.g. plague-associated microglia in
Alzheimer’s disease, (Yin et al., 2017)) or 2) loss of beneficial or protective function. An
example of the latter may be seen in the failure to appropriately prune neuronal synapses
in development, which may contribute to autism spectrum disorders (Kim et al., 2017; Xu
et al., 2020; Zhan et al., 2014). The extent to which these changes contribute to brain
disease depends on a multitude of contextual factors, including brain age, existing
disease pathology, and disease-relevant genetic and environmental risk factors, among
others.

Pharmacological depletion of microglia: CSF1R inhibitors

To gain insight into the roles they play, microglia may be depleted via toxin-, genetic-, and
pharmacological-based methods, and we have recently reviewed the comparative
advantages, disadvantages, and caveats of these different approaches (Green et al.,
2020). To serve as an illustration, our lab has previously developed pharmacological
paradigms of microglial depletion with inhibitors to CSF1R, signaling through which

microglia are dependent for survival (Dai et al., 2002; Elmore et al., 2014, Erblich et al.,



2011; Rice et al., 2015; Rojo et al., 2019; Spangenberg et al., 2016). Formulation of
CSF1R inhibitor PLX3397 in rodent chow at a dosage of 290ppm allowed for a non-
invasive method of CSF1R inhibition, with subsequent CNS inhibitor concentrations in the
low uM range resulting in 50% depletion of microglia within 3 days of treatment, and up
to 99% depletion by 3 weeks in adult WT mice. Increasing the dose of PLX3397 in chow
to 600ppm induced a ~99% depletion of microglia within 7 days (Najafi et al., 2018)(Figure
1). Of clinical relevance, PLX3397, or pexidartinib, has been granted US FDA approval
as a drug treatment for tenosynovial giant cell tumors (Tap et al., 2015), making it an ideal
candidate for its application in other disorders involving myeloid dysfunction. However,
limitations of this compound include its relatively poor CNS penetrance (~5%; (Elmore et
al., 2014)) and potential off-target effects on related receptor tyrosine kinases c-Kit and

fms-like tyrosine kinase 3 (FLT3) (Tap et al., 2015).



Control 1d PLX3397 (600 ppm in chow)

Figure 1. Widespread Depletion of Murine Microglia with Orally Administered Colony-Stimulating Factor 1 Receptor (CSF1R)
Inhibitors. For illustrative purposes, wild-type mice aged 2 months were treated with the CSF1R inhibitor PLX3397 (600 ppm in chow)
for 1, 2, or 7 days. Controls were treated for 7 days with vehicle chow. To visualize microglial depletion, representative micrographs
of brain sections stained via chromogenic immunohistochemistry using the common microglial marker ionized calcium binding adaptor

molecule 1 (IBA1) are shown. Higher-resolution images are provided as insets. Scale bar, 120 ym.



Additional inhibitor screening led to the identification of PLX5622, which exhibits both a
higher specificity for CSF1R and improved brain penetrance (20%) than PLX3397, with
delivery in chow at 1200ppm inducing the depletion of >80% of microglia within 3 days in
adult mice (Spangenberg et al., 2019). Research utilizing these inhibitors has reported
microglial loss throughout the CNS, including the murine brain parenchyma, spinal cord,
and retina (Bellver-Landete et al., 2019; Okunuki et al., 2018; Paschalis et al., 2018), due
to microglial cell death (Elmore et al., 2014) rather than downregulation of microglial
markers (Spangenberg et al., 2016). Inhibitor-induced depletion of microglia occurs in the
absence of behavioral deficits, cytokine storm, brain pathology, or replacement by
peripheral myeloid cells (Elmore et al., 2014), and appears to be indefinitely maintainable
as long as inhibition is continued (at least 6 months) (Spangenberg et al., 2019).

Restoring CSF1R signaling by inhibitor withdrawal induces full repopulation of the
microglial niche via proliferation of surviving microglia (Elmore et al., 2014; Najafi et al.,
2018), which may be exploited to correct dysfunctional microglial phenotypes by replacing
the old with new cells. This aspect of microglial biology has been utilized to promote brain
recovery after traumatic brain injury (TBI) (Henry et al., 2020), neuronal lesion (Rice et
al., 2017), and aging (Elmore et al., 2018) by resolving chronically activated or otherwise
dyshomeostatic microglia in vivo. Thus, by eliminating microglia and observing the
consequences of their absence and/or renewal on brain physiology in homeostasis and
disease, and whether these processes normalize injury- or disease-associated deficits,

we may make inferences about their function in the brain.



Microglia and the extracellular matrix in health and disease

Perhaps more aptly considered the ‘glue’ of the nervous system than glia themselves, the
ECM is a highly complex and dynamic molecular meshwork with roles in plasticity,
biophysical protection, and cell signaling (Dityatev and Schachner, 2003; Dityatev et al.,
2010; Fawcett et al., 2019; Reichelt et al., 2019). While its role as an extracellular scaffold
is well-known, less appreciated is the ability of the ECM to limit, and thus functionally
compartmentalize, the diffusion and localization of key molecules (Dityatev et al., 2010),
including neurotransmitters (Bikbaev et al., 2015; Nicholson and Sykova, 1998), ions
(Bekku et al., 2010; Hrabétova et al., 2009; Morawski et al., 2015), and membrane
receptors (Cingolani et al., 2008; Favuzzi et al., 2017; Frischknecht et al., 2009; Groc et
al., 2007). Furthermore, matrix molecules such as the abundant chondroitin sulfate
proteoglycans (CSPGs), which consist of glycosaminoglycan side chains attached to a
core protein, may inhibit neurite and axon growth (Fisher et al., 2011; Monnier et al., 2003;
Ohtake et al., 2016; Pearson et al., 2018; Properzi et al., 2005; Shen et al., 2009),
myelination and remyelination by oligodendrocytes/OPCs (Keough et al., 2016; Lau et
al., 2013; Pendleton et al., 2013), and neural stem cell migration (Galindo et al., 2018).
This has been classically illustrated in astrocytic glial scars that form after injury (e.g.
spinal cord injury) and serve as a physicochemical barrier to neuronal recovery and
axonal regrowth, thought to be due in large part to the consequent deposition of matrix
components such as CSPGs into the interstitial ECM by reactive astrocytes (Davies et
al., 1999; Davies et al., 1997; Lau et al., 2013; Silver and Miller, 2004; Yiu and He, 2006).
This interpretation is complicated with the discovery that certain glial scar components

(such as specific CSPG subtypes (Nakanishi et al., 2006; Schafer and Tegeder, 2018)),



and the glial scar as a whole (Anderson et al., 2016; Liddelow and Barres, 2016), both
appear to facilitate axon regeneration and neurite outgrowth. Additionally, disruption of
injury-induced astrocyte responses upstream to scar formation impedes recovery by
impairing injury containment, BBB repair, and inflammation resolution (Bradbury and
Burnside, 2019; Bush et al., 1999; Faulkner et al., 2004; Herrmann et al., 2008), and
astrocytes themselves may adopt multiple reactive phenotypes that likely exist on a
functional spectrum (Liddelow and Barres, 2017; Zamanian et al., 2012) and which may
in turn be influenced by proteoglycans (Bradbury and Burnside, 2019; Silvestri et al.,
1981). Whatever new findings future studies may hold, it is clear that the ECM has
profound influence on brain health and disease.

In terms of composition, the brain ECM is made up largely of proteoglycans, such as
CSPGs and heparan sulfate proteoglycans (HSPGs), glycoproteins, such as laminins and
tenascins, and glycosaminoglycans, such as the abundant hyaluronan (Dityatev and
Schachner, 2003; Dityatev et al., 2010), among other molecules (e.g. collagens), that
together constitute roughly 20% of overall brain volume (Nicholson and Sykova, 1998;
Sykova, 1997). The structural molecules that constitute the brain ECM, and the proteases
that are secreted to remodel it, are produced by neurons, astrocytes, microglia, and
oligodendrocyte lineage cells with varying degrees of overlap in terms of cellular origin
depending on the molecule in question (Fawcett et al., 2019; Jones and Tuszynski, 2002;
Lau et al., 2013; Song and Dityatev, 2018). The ECM can be partitioned into structural
subtypes based on organization composition, which generally include: 1) the basement
membrane of the BBB, 2) the diffuse ECM found in interstitial and perisynaptic spaces,

3) the condensed, reticular ECM that ensheathes neuronal subsets and their perisomatic
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synapses to form structures known as perineuronal nets (PNNs), and 4) the perinodal
ECM that surrounds nodes of Ranvier within axons and that display compositional
resemblance to PNNs (Fawcett et al.,, 2019; Lau et al.,, 2013). Along with synaptic
terminals and glial cells, the diffuse perisynaptic matrix and the synaptic ECM of PNNs
constitute the fourth compartment and most recent addition to the conventional model of
synaptic function, the tetrapartite synapse (Dityatev and Schachner, 2003; Dityatev et al.,
2010).

Perineuronal Nets

Discovered by Camillo Golgi and dismissed by Ramoén y Cajal as a fixation artifact,
perineuronal nets are specialized ECM structures that condense in a reticular fashion
around the soma and proximal neurites (dendrites and axon initial segment) of neurons
throughout the brain during development (Fawcett et al., 2019; Vitellaro-Zuccarello et al.,
1998). Although PNNs are associated primarily with fast-spiking parvalbumin (PV)-
expressing GABAergic interneurons, particularly in the cortex of the brain (Lensjg et al.,
2017a; Rossier et al., 2015), they are evident throughout the CNS and across a variety
of neuronal subsets (Carstens et al., 2016; Fawcett et al., 2019; Lensjg et al., 2017a;
Morikawa et al., 2017; Reichelt et al., 2019; Wegner et al., 2003) and are generally (but
not always) labeled with the lectin Wisteria floribunda agglutinin (Fawcett et al., 2019).
These formations serve as a molecular scaffold to stabilize and regulate the synapses
they surround, and reach adult levels during the closure of critical periods of
neuroplasticity (Pizzorusso et al., 2002; Reichelt et al., 2019), and the genetic or
enzymatic removal of PNNS or their components is capable of reinstating critical period-

like plasticity (Boggio et al., 2019; Lensjg et al., 2017b; Pizzorusso et al., 2002; Rowlands
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et al., 2018). In line with their role as a synaptic scaffold, PNNs have been proposed as
the molecular basis of long-term memory storage (Tsien, 2013), and their experimental
removal disrupts consolidation (Banerjee et al., 2017; Shi et al., 2019a) and recall (Shi et
al., 2019a; Thompson et al., 2018) of various types of remote fear memories. Thus, the
heightened plasticity afforded by PNN loss may impair long-term memory fidelity due to
interference from new memory traces (Carulli et al., 2020; Christensen et al., 2021;
Reichelt et al., 2019). Physiologically, PNNs also protect host cells from neurotoxins such
as AB1-42 and oxidative stress (Cabungcal et al., 2013; Miyata et al., 2007), regulate
neuronal excitability (Balmer, 2016; Dityatev et al., 2007), and augment neuronal firing by
reducing membrane capacitance akin to myelin sheaths (Tewari et al., 2018), thereby
influencing excitatory-inhibitory balance. Furthermore, the removal of PNN components
alters synaptic transmission (Blosa et al., 2015), synaptic ion channel/neurotransmitter
receptor localization (Favuzzi et al., 2017), and synapse number (Geissler et al., 2013;
Gottschling et al., 2019). While future experiments will determine whether some of these
effects at least partly result from changes to the perisynaptic matrix rather than the PNN
proper, particularly in the case of brevican modifications (Frischknecht and Seidenbecher,
2012), these findings taken together underscore the truly multimodal effects that the brain
ECM in general, and PNNs specifically, exert on the cells they enwrap.

PNN deficits/decreases have also been observed across more diverse diseases still,
many if not all of which are also generally associated with microglial activation, including
multiple sclerosis (Gray et al., 2008a), stroke (Dzyubenko et al., 2018; Hartig et al., 2017;
Hobohm et al., 2005; Karetko-Sysa et al., 2011; Quattromani et al., 2018), traumatic brain

injury (Vita et al., 2020; Wiley et al., 2016), spinal cord injury (Sanchez-Ventura et al.,
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2021), epilepsy (McRae et al., 2012; Rankin-Gee et al., 2015), obesogenic high fat and
high sugar diet consumption (Reichelt et al., 2021), glioma (Tewari et al., 2018),
Alzheimer’s disease (Baig et al., 2005; Cattaud et al., 2018; Kobayashi et al., 1989), and
schizophrenia (Bitanihirwe and Woo, 2014; Mauney et al., 2013; Pantazopoulos and
Berretta, 2016; Pantazopoulos et al., 2010).

Perisynaptic matrix

The vast majority (98%) of CSPGs within the CNS are found in the general diffuse ECM,
including the perisynaptic matrix, as opposed to the highly specialized manifestations of
the brain ECM that are PNNs (Fawcett et al., 2019). Many key molecules coexist in both
the perisynaptic matrix and in PNNs, and so it is inherently difficult to tease apart the
effects of their manipulations as resulting from changes to one or another ECM structure,
particularly in the case of global genetic ECM knock-out models. For instance, while
aggrecan is a requisite component of the PNN backbone (Matthews et al., 2002;
Morawski et al., 2012; Rowlands et al., 2018), the shorter CSPG brevican may be
considered a reciprocally critical molecule to the perisynaptic ECM (Frischknecht and
Seidenbecher, 2012; Jager et al., 2013; Morawski et al., 2012) and accumulates in
synaptic fractions following biochemical fractionation of brain tissue (Li et al., 2004;
Seidenbecher et al., 1995). However, these CSPGs can be found across both structures,
and so additional research will likely be required to determine where and how they exert
their effects on neuronal and synaptic physiology, and the extent to which interactions
exist between ECM compartments. Interestingly, neuroglycan C (a.k.a. CSPG-5) appears
to localize to perisynaptic regions of glutamatergic and GABAergic terminals, and is often

observed at the edges of PNNs (Pintér et al., 2020), and its loss results in presynaptic
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functional deficits and premature elimination of synapses during development (Juttner et
al., 2013).

Several approaches exist to study the perisynaptic vs. perineuronal matrix. Mice deficient
in link proteins HAPLN1 and HAPLN4, which serve to stabilize interactions between
hyaluronan and CSPGs in the ECM (Dityatev et al., 2010), have overall unchanged CSPG
levels but fail to incorporate these molecules into PNNs (Bekku et al., 2012; Carulli et al.,
2010; Fawcett et al., 2019), and therefore may provide a means of studying the effects of
disrupting these structures without affecting the perisynaptic matrix and diffuse ECM at
large. Microinjections of chondroitinase ABC (ChABC) near dendrites have also been
successfully used to locally degrade perisynaptic CSPGs while leaving PNNs intact
(Orlando et al., 2012). Alternatively, studies elucidating the function of the perisynaptic
ECM could focus on regions that naturally lack PNNs (Lendvai et al., 2012), and vice
versa in regions densely enriched with PNNs (Blosa et al., 2013), although the effects of
the perisynapic matrix would not be entirely absent — just relatively minimized — in the
latter case.

Research by several groups in the past decade has begun to shed light on the
comparative composition of perisynaptic and PNN matrices in the CNS as well as the
organizational frameworks that distinguish them (Blosa et al., 2013; Blosa et al., 2015;
Bruckner et al., 2008; Faissner et al., 2010; Jager et al., 2013; Lendvai et al., 2012;
Lendvai et al., 2013; Mitldhner et al., 2020). The discovery of axonal coats (ACs) serves
as one such example of a well-characterized perisynaptic matrix structure that exists as
a separate entity from classical PNNs (Bruckner et al., 2008). These round structures of

aggrecan- and brevican-based ECM enwrap individual synaptic boutons contacting
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neuronal dendrites and somata and sometimes co-mingle with PNN components on
associated neurons (Bruckner et al., 2008; Jager et al., 2013; Lendvai et al., 2012), with
hypothesized roles at the synapse in restricting neurotransmitter spillover and receptor
localization (Blosa et al., 2013; Dityatev et al., 2010; Jager et al., 2013). Several studies
suggest that ACs are synthesized by the presynaptic neuron (Bruckner et al., 2008; Jager
et al., 2013; Lendvai et al., 2012; Lendvai et al., 2013), which may have implications in
the microglial trogocytosis of presynaptic synapses (Weinhard et al., 2018), in that this
process might necessarily involve concurrent remodeling of the presynaptically-
generated ECM that supports synapses in these instances and a mechanism in place to
allow such preferential targeting by microglia.

Although there is some degree of overlap, perisynaptic ECM can be found around
neuronal subsets lacking PNNs (Bruckner et al., 2008; Lendvai et al., 2012), as is the
case for dopaminergic neurons and glutamatergic principal neurons in the substantia
nigra and thalamus, respectively, on which presynaptic ACs make contact (Bruckner et
al., 2008). Additionally, activation of dopamine receptors and subsequent neuronal
activity was shown in an elegant study to induce proteolysis of perisynaptic brevican and
aggrecan in the ECM around excitatory synapses which, at least for brevican, was
mediated by ADAMTS-4/5 (Mitlohner et al., 2020). Thus, changes in upstream
perisynaptic ECM could lead to downstream signaling-dependent changes in synaptic
ECM and plasticity in an increasingly complex, circuit-level process. It has also been
shown that targeted perisynaptic matrix degradation induces structural plasticity of
dendritic spines (e.g. enhanced spine motility and formation of spine head protrusions)

(Orlando et al., 2012) and similar structural changes are associated with increased
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functional plasticity as measured by LTP (de Vivo et al., 2013), and thus CSPGs appear
to restrict plasticity in either case.

Collectively, these results underscore the far-reaching effects that the brain ECM in the
form of the perisynaptic matrix and PNNs exert on the functions of synapses with which
they are associated. The microglial modulation of the tetrapartite synapse at the level of
the pre- and post-synapse (Schafer and Stevens, 2015; Wake et al., 2013) and glia —
both astrocytes (Han et al., 2021; Liddelow and Barres, 2017; Liddelow et al., 2020;
Vainchtein and Molofsky, 2020) and oligodendrocyte lineage cells (Miron, 2017) — are, at
this time, well reported. This thesis will address the influence of microglia on the fourth

component, namely the brain ECM, in health and disease.
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CHAPTER ONE

Dyshomeostatic microglia and the ECM in Huntington’s disease
Introduction

The cause of Huntington’s disease (HD), an autosomal dominant neurological disorder,
is well established as an abnormal expansion of CAG triplet repeats in exon 1 of the
ubiquitously expressed huntingtin (htt) gene, resulting in an elongated polyglutamine (Q)
tract in the mutant huntingtin protein (mHTT)(1993). While the unaffected population
ranges on average 16-20 triplet repeats at this locus, affected patients contain 240 CAGs,
with the age of symptom onset in general inversely correlating with repeat length (Duyao
et al,, 1993; Labbadia and Morimoto, 2013). Disease symptoms include progressive
movement abnormalities (chorea, dystonia) and cognitive-behavioral impairments,
accompanied by selective striatal medium spiny neuron (MSNs) death and cortical
atrophy (Ross and Tabrizi, 2011). Pathologically, mHTT accumulates in many cells types,
and in multiple forms, due at least in part to the failure of protein quality control networks,
as reflected by an accumulation of ubiquitin and other post-translationally-modified
proteins (Ochaba et al., 2016) and disruptions in autophagy (Kurosawa et al., 2015).
Despite HD’s deceivingly simple monogenic origin, the contributions of specific cell types
in the brain is only beginning to be elucidated.

Microglia, resident myeloid phagocytes comprising ~12% of cells in the brain, sample the
entire parenchymal milieu every 24 hours for deviations from homeostasis (Nimmerjahn
et al., 2005). That microglia are potent modulators of neurodegeneration and injury is by
now clear (Li and Barres, 2018), and investigation into the full functional spectrum and

uniqueness of microglia among related immune cells continues to elucidate critical roles
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in development, aging, and disease (Bennett et al., 2018; Mrdjen et al., 2018). Previously,
we developed a pharmacological method to eliminate virtually all (~99%) microglia from
the murine brain for several months at a time (Dagher et al., 2015; Elmore et al., 2014),
based on inhibition of colony-stimulating factor 1 receptor (CSF1Ri). Microglial CSF1R
signaling is essential to their survival and has become a thoroughly tested and highly
replicated model for targeted elimination of microglia (Acharya et al., 2016; Asai et al.,
2015; Bennett et al., 2018; Dagher et al., 2015; Elmore et al., 2014; Feng et al., 2016; Li
et al., 2017; Rice et al., 2015; Spangenberg et al., 2016; Stafford et al., 2016; Szalay et
al., 2016). By formulating inhibitors in chow, we can ensure non-invasive, uninterrupted
drug delivery and elimination of these cells for the duration of treatment.

In HD, microglial activation is detected years before the onset of clinical symptoms and
correlates with striatal neuron dysfunction in subclinical (Tai et al., 2007) as well as clinical
stages of the disease (Pavese et al., 2006; Politis et al., 2011). Postmortem HD brains
contain elevated densities of reactive microglia in regions of neuronal loss (Sapp et al.,
2001) and this microgliosis is mirrored in mouse models of the disease (Simmons et al.,
2007). While microglia conventionally react to stress signals and exogenous toxins in
neurodegeneration, the presence of endogenous mHTT alone alters their transcriptional
landscape through increased expression of the myeloid lineage-determining factor Pu.1
(Crotti et al., 2014), resulting in enhanced production of IL-6 and TNFa transcripts as well
as increased neurotoxicity in the context of a secondary immune challenge. Furthermore,
intrastriatal engraftment of mHTT-expressing human glial progenitor cells in
immunodeficient mice results in neuronal hyperexcitability in the striatum along with motor

impairments (Benraiss et al., 2016; Osipovitch et al., 2019). We aimed to further extend
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these findings by eliminating microglia from a mouse model of HD via sustained CSF1Ri
and assessing the impact on disease pathogenesis.

In this study we treated transgenic R6/2 mice, expressing exon 1 of the human huntingtin
(HTT) gene containing ~120 CAG repeats, or nontransgenic (NT) littermates with the
clinically utilized and FDA-approved CSF1R inhibitor, PLX3397 (Pexidartinib) (Tap et al.,
2014), or vehicle. The R6/2 line is a short-lived and rapidly progressing mouse model of
HD that displays motor and behavioral deficits beginning around 7 weeks of age and
progressing until an early death at 11-13 weeks (Mangiarini et al., 1996). We find that
CSF1Ri and resultant microglial depletion in R6/2 mice is accompanied by ameliorated
grip strength and memory deficits, mHTT species accumulation, and protein clearance
system pathway dysfunction. At the transcriptional level, we report impaired neuronal and
neurite development pathways in addition to an interferon (IFN) signature in the R6/2
striatum that is similarly overrepresented in human HD, aspects of which are diminished
following microglial depletion. Additionally, despite a reduction in R6/2 caudoputamen
volume, we observed increased neuronal and neurite cytoskeletal element densities in
the R6/2 striatum at 11 weeks. This was concomitant with astrogliosis and massive brain-
wide deposition of the major extracellular matrix (ECM) chondroitin sulfate proteoglycans
(CSPGs), a key component of glial scars (Hsu et al., 2008) and a negative axon guidance
cue (Ohtake et al., 2016). In parallel, we observed a disease-related loss of CSPG-
containing perineuronal nets (Fawcett et al., 2019), specialized interneuron-associated
ECM structures the degradation of which contributes to seizures (Tewari et al., 2018),
dampened inhibitory tone, and changes in plasticity (Banerjee et al., 2017). CSF1Ri and

the depletion of microglia abrogated each of these changes, including disease-associated
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striatal volume loss, underscoring their role as coordinators of brain ECM remodeling that
in turn appears to contribute to neurodegeneration in HD. Interestingly, microglial
elimination in NT littermates also resulted in brain-wide increases in PNN density,
suggesting that microglia tightly regulate PNN formation in health as well as disease.

Materials and Methods

Compounds: CSF1R inhibitor PLX3397 (Pexidartinib) was provided by Plexxikon Inc.
and formulated in AIN-76A standard chow by Research Diets Inc. at 275 mg/kg.

Animals: All animal experiments were performed in accordance with animal protocols
approved by the Institutional Animal Care and Use Committee (IACUC) at the University
of California, Irvine, an American Association for Accreditation of Laboratory Animal Care
(AAALAC)-accredited institution. R6/2 mice have been described elsewhere in detail
(Mangiarini et al., 1996; Ochaba et al., 2016). For this study, 5-week-old R6/2 male mice
were purchased from Jackson Laboratories and housed in groups of up to five
animals/cage under a 12-hr light/dark cycle with ad libitum access to control chow and
water during baseline testing, and then AIN-76A chow (containing vehicle or PLX3397)
starting at week 6. Brain tissue from 22-week-old mixed sex wild-type mice on a C57BL/6J
congenic background treated for 10 weeks (from week 6) with the more selective CSF1R
inhibitor PLX5622 (Plexxikon Inc.) formulated in standard chow by Research Diets Inc. at
1200mg/kg was utilized for additional investigation of perineuronal nets. Assignment of
animals to treatment groups was conducted in a random fashion. Researchers were
blinded to genotype and treatment group for behavioral tasks and in the analysis of
behavioral, histological, stereological, and biochemical assays. CAG repeat sizing of tail

samples was performed by Laragen.
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Behavioral Testing: Baseline behavioral characterization was performed at 5 weeks of
age via Rotarod and grip strength as described previously (Morozko et al., 2018; Ochaba
et al., 2016) and again during treatment at regular intervals. Briefly, animals were tested
for latency to fall from an accelerating rotarod over three 5-minute interval trials averaged
together on weeks 5, 7, and 9. Forelimb grip strength was assessed with a meshed force
gauge that records peak force applied (IITC Life Science instrument, Woodland Hills, CA)
over 5 trials averaged together on weeks 5, 7, 9, 10, and 11. Body weights were obtained
daily from 5-11 weeks of age. Open Field (OF) and Novel Object Recognition (NOR) were
assessed on week 11 and were analyzed with EthoVision. For OF, mice were placed in
an empty chamber and recorded while roaming freely for 5 minutes. For NOR, mice were
placed in a chamber for 5 minutes with two identical objects on day 1, and one familiar
and one novel object on day 2, and memory for the familiar object was measured as the
time spent investigating the novel object as percentage of total time exploring (i.e.
discrimination index). Exclusionary criteria are as follows: If mice did not spend time
investigating both objects during training, or either object during testing, the testing data
was excluded from analysis, as it cannot be confirmed they spent enough time exploring
to learn/discriminate. All behavioral tests were conducted and analyzed in a blinded
fashion.

Tissue Collection: After final behavioral measurements on week 11, mice were
euthanized with administration of Euthasol followed by transcardial perfusion with ice-
cold 1X phosphate-buffered saline. Brains were isolated and divided hemispherically; one
hemisphere per animal was drop-fixed in 4% paraformaldehyde (Thermo Fisher

Scientific, Waltham, MA) for 48hrs, cryopreserved in 30% sucrose, and sectioned at 40um
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on a freezing microtome for immunohistochemistry (IHC), while the other hemisphere was
used to extract, flash freeze, and store striatal tissue at -80 °C for later biochemical
analyses. Frozen striatal tissue was split into protein and RNA fractions.

Immunohistochemistry and Confocal Microscopy: Fluorescent immunolabeling
followed a standard indirect technique as described previously (Elmore et al., 2014;
Spangenberg et al., 2016). Brain sections were stained with antibody to IBA1 (1:1000;
019-19741, Wako and ab5076, Abcam) (Elmore et al., 2014; Smith et al., 2013), HTT
(EM48) (1:500; MAB5374, Millipore), DARPP32 (1:500; SC-11365, Santa Cruz) (Morozko
etal., 2018), CD68 (1:200; MCA1957GA, BioRad), NeuN (1:500; MAB377, Millipore), IB4
(1:200; 121414, ThermoFisher) (Elmore et al., 2018), Olig2 (1:200; MABN50, Millipore),
MAP2 (1:200; ab32454, Abcam) (Elmore et al., 2014), Tau (1:500; A0024, DAKO) (Julien
etal., 2012), p62 (1:500; BML-PW9860, Enzo) (Paine et al., 2013), MBP (1:100; MAB386,
Millipore) (Cardoso et al., 2015), S1008 (1:200; ab52642, Abcam) (lllouz et al., 2019),
CD44 (1:200; ab157107, Abcam) (Koga et al., 2018), CSPG (1:200; ab11570, Abcam)
(Park et al., 2017), Wisteria floribunda agglutinin (WFA) lectin (1:1000; B-1355, Vector
Labs) (Yutsudo and Kitagawa, 2015), parvalbumin (1:500; MAB1572, Millipore)
(McNamara et al., 2014), c-Kit (1:100; ab25022, Abcam) (Trias et al., 2018), and FIt3
(1:100; ab73019, Abcam) (Svensson et al.,, 2015). Immunostained sections were
mounted and coverslipped with Fluoromount-G  with DAPI (00-4959-52,
SouthernBiotech). High resolution fluorescent images were obtained using a Leica TCS
SPE-IlI Confocal microscope, and whole-brain stitches using a ZEISS Axio Scan.Z1. Cell
and EM48" puncta quantities, area, and intensity were determined using the spots module

in Imaris v9.2. Percent area coverage and integrated density measurements were
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determined in ImagedJ (NIH) at a constant threshold for each stain using 20X confocal
images for striatal and dentate gyrus quantifications and regions of interest in whole-brain
stitches for cortical analyses.

Western Blotting: Striatal tissue fractionation, gel electrophoresis, and immunoblotting
was performed as previously described (Morozko et al., 2018; Ochaba et al., 2016;
Ochaba et al.,, 2018). Briefly, striatal tissue was first homogenized in lysis buffer
containing 10 mM Tris (pH 7.4), 1% Triton X-100, 150 mM NaCl, 10% glycerol, and 0.2
mM PMSF. Tissue was lysed on ice for 60 minutes before centrifugation at 15,000 x g for
20 min at 4°C. Supernatant was collected as the detergent-soluble fraction. The pellet
was washed 3x with lysis buffer and centrifuged at 15,000 x g for 5 min each at 4°C. The
pellet was resuspended in lysis buffer supplemented with 4% SDS, sonicated 3%, boiled
for 30 min, and collected as the detergent insoluble fraction. Protein concentration was
determined using Lowry Protein Assay (Bio-Rad).

Detergent-soluble fractions were resolved on 4-12% Bis-Tris Poly-Acrylamide gels
(PAGE), insoluble fractions on 3—8% Tris-Acetate Poly-Acrylamide gels, and oligomeric
species determined by Agarose Gel Electrophoresis (AGE) using a 1%, 375mM Tris-HCI,
pH 8.8, 1% SDS agarose gels. Insoluble mHTT fibrils were detected using a modified
filter retardation assay where insoluble fractions were loaded onto a dot blot apparatus
(BioRad) and blotted onto a 0.2um Cellulose Acetate membrane (Morozko et al., 2018).
Membranes were blocked in StartingBlock (Invitrogen) or 5% milk in TBST (for fibrils) at
room temperature and incubated in primary antibody overnight at 4°C. The following
primary antibodies were used: anti-HTT (1:1000; MAB5492, Millipore), anti-Ubiquitin

(1:1000; sc-8017, Santa Cruz Biotechnology) (Ochaba et al., 2016), anti-p62 (1:1000;
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BML-PW9860, Enzo) (Wong et al., 2015), and anti-GAPDH (1:2500; 1D4, Novus
Biologicals) (Zhang et al., 2018). Insoluble fibrils were labeled with anti-HTT (1:1000;
VB3130, Viva Biosciences) (Ochaba et al., 2016). Western blot and AGE data were
quantified by measuring mean pixel intensity using Scion Image processing software.
Detergent-soluble fraction lysates were normalized to house-keeping protein loading
control (GAPDH) prior to statistical analysis. Detergent-insoluble and oligomeric protein
were quantified as relative protein abundance as before (Morozko et al., 2018).

gPCR and Nanostring: RNA was extracted and purified from frozen striatal tissue using
a RNeasy Plus Universal Mini Kit (73404, Qiagen). qPCR was performed as before
(Morozko et al., 2018) with reverse transcription using the SuperScript 3 First-strand
synthesis system (Invitrogen) and the following primers for cONA amplification: R6/2
transgene (F: CCGCTCAGGTTCTGCTTTTA, R: TGGAGGGACTTGAGGGACTC),
Rplp0 (F: GCTTCGTGTTCACCAAGGAGGA, R: GTCCTAGACCAGTGTTCTGAGC).
For nCounter© analysis, total RNA was diluted to 20 ng/ul and probed using a mouse
nCounter© PanCancer Immune Profiling Panel (NS_Mm_Cancerlmm_C3400,
Nanostring Technologies) profiling ~700 immunology-related mouse genes. Counts for
target genes were normalized to the best fitting house-keeping genes as determined by
nSolver software. The WGCNA package was used to evaluate the quality of reads, as
well, as identify and remove appropriate outliers, based on standard deviation within
normalized expression values. PCA plots were generated using plot3D. Negative
binomial linear regression analysis was performed using EdgeR, DESeq, and Limma

packages to generate FDR and log fold change values. Top significant genes are
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displayed as a volcano plot constructed using GLimma, ggplot2, and EnhancedVolcano
(FDR<0.10, LogFC>1).

RNA-sequencing and analysis

For mRNA-seq, RNA from the same striatal samples used for Nanostring was analyzed,
and as such was previously extracted using the RNeasy Plus Universal Mini Kit (73404,
Qiagen). Total RNA was monitored for quality control using the Agilent Bioanalyzer Nano
RNA chip (Agilent) and Nanodrop absorbance ratios for 260/280nm and 260/230nm.
Library construction was performed according to the Illlumina TruSeq mRNA stranded
protocol. The input quantity for total RNA was 700ng and mRNA was enriched using
oligo dT magnetic beads. The enriched mMRNA was chemically fragmented for 3 minutes.
First strand synthesis used random primers and reverse transcriptase to make cDNA.
After second strand synthesis the ds cDNA was cleaned using AMPure XP beads
(Beckman Coulter) and the cDNA was end repaired and then the 3’ ends were
adenylated. lllumina barcoded adapters were ligated on the ends and the adapter ligated
fragments were enriched by nine cycles of PCR. The resulting libraries were validated by
gPCR and sized by Agilent Bioanalyzer DNA high sensitivity chip (Agilent). The
concentrations for the libraries were normalized and then multiplexed together. The
concentration used for clustering the flowcell was 200pM. The multiplexed libraries were
sequenced on 1 lane using PE 100 cycles chemistry for the HiSeq 4000 (lllumina). The
version of HiSeq control software was HCS 3.3.76 with real time analysis software, RTA
2.7.6.

Read alignment and expression quantification: Pair-end RNA-seq reads were first filtered

for ribosomal RNA using SortMeRNA v.2.1b followed by trimmomatic v.0.35 to correct for
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overrepresented sequences via quality trimming and adapter removal. Paired-end reads
were then aligned using STAR v.2.5.1b (Dobin et al.,, 2013) with the options (--
outFilterMismatchNmax 10 --outFilterMismatchNoverReadLmax 1 --
outFilterMultimapNmax 10). Rsubread was used to generate feature counts. Gene
expression was measured using Limma, edgeR, and org.Mm.eg.db packages with
expression values normalized into RPKM. Differential expression analysis: Libraries with
uniquely mapping percentages higher than 80% were considered to be of good quality
and kept for downstream analysis. Transcripts with expression RPKM >=1 in at least
three samples, were collected for subsequent analysis. Differential expression analysis
was performed by using Limma, edgeR, and org.Mm.eg.dbt (Robinson et al., 2010).
Differentially expressed genes (DEGs) were selected by using false discovery rate
(FDR)=<0.05. Top significant genes are displayed as a volcano plot constructed using
GLimma, ggplot2, and EnhancedVolcano (FDR< 0.05, LogFC >1). PCA plots were
generated using plot3D. Gene enrichment pathway analysis was performed using
Ingenuity Pathway Analysis (IPA, Qiagen) of DEGs detected at FDR<0.10, and predicted
upstream regulators are reported with activation z-scores and p-values.

Data analysis and statistics

Statistical analysis was performed with Prism Graph Pad (v.8.0.1). To assess linear
relationships, the two-tailed Pearson correlation test was used. To compare one variable,
the two-tailed unpaired Student’s t-test was used. To compare two variables, two-way
ANOVA with Tukey’s post-hoc test was used. To compare two variables over multiple
timepoints (Rotarod, grip strength), the MIXED procedure of the Statistical Analysis

Systems software (SAS Institute Inc.) and subsequent post-hoc contrasts were used to
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examine interactions as before (Elmore et al., 2015; EImore et al., 2018). All bar graphs are
represented as means + standard error of the mean (SEM) with individual sample values
overlain. Significance is expressed as follows: * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001

Data availability

Gene expression data is deposited in GEO (ascension number GSE136158), and all
RPKM values can be viewed and searched through at

http://rnaseq.mind.uci.edu/green/R62 PLX/gene search.php. All other data is available

upon reasonable request.
Results

CSF1Ri via PLX3397 depletes microglia in R6/2 mice

To evaluate the dependency of microglia on CSF1R signaling in R6/2 mice — a rapidly
progressing mouse model expressing an expanded repeat exon 1 transgene (Mangiarini
et al., 1996) — the CSF1R/c-Kit inhibitor PLX3397 (275 mg/kg) or vehicle was provided in
chow to R6/2 mice and nontransgenic littermates for 7 days to generate four experimental
groups: NT + vehicle (Control), NT + PLX3397 (7d PLX3397), R6/2 + vehicle (R6/2), and
R6/2 + PLX3397 (R6/2 + 7d PLX3397). IHC with the myeloid marker IBA1 revealed a
significant increase in striatal R6/2 microglial densities at 7 weeks of age (p<0.001) that
was not seen in the diseased somatosensory cortex at this timepoint (Fig. 1.1).
Importantly, 7 days of PLX3397 delivered at 6 weeks significantly depleted striatal and
cortical microglia from R6/2 (p<0.0001, p<0.0001) and nontransgenic mice (p<0.001,

p<0.001) to comparable densities of surviving cells (p>0.05), suggesting that microglial
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mHTT expression does not appear to alter their dependence on CSF1R signaling for

survival.
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Figure 1.1. 7 days of 275mg/kg PLX3397 significantly reduces elevated IBA1* microglia numbers in 6-week-old R6/2 mice. A.
Representative 20X images of striatal/cortical IBA1* microglia from 6-week-old R6/2 or nontransgenic mice treated with vehicle or
275mg/kg PLX3397 for 7 days. B-C. Quantification of microglia revealed significantly increased densities in the R6/2 striatum at 7
weeks (p<0.001) and confirm significant and comparable depletion with 7d 275 mg/kg PLX3397 compared to vehicle-treated controls
in R6/2 (p<0.0001, p<0.0001) and NT (p<0.001, p<0.001) striatum/somatosensory cortex (two-way ANOVA with Tukey’s post-hoc

test; n=4/group). Statistical significance is denoted by * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Error bars indicate SEM.

CSF1Ri via PLX3397 ameliorates grip strength and novel object recognition deficits
in R6/2 mice

Having demonstrated that microglia could be eliminated in R6/2 mice, we next set out to
investigate the roles these cells play in disease progression. Following baseline
behavioral measurements, 6 week-old R6/2 mice and NT littermates were placed on diet
containing 275 mg/kg PLX3397 or vehicle (n=6/group) until sacrifice at 11 weeks (Fig.
1.2A). CAG repeats were confirmed at a range of 126-130 repeats in R6/2 mice. While
treatment had no effect on body weight, which displayed the stereotypical plateauing in
R6/2 mice at ~7 weeks (Fig. 1.2B), we found that over the duration of CSF1Ri, HD-related

grip strength deficits were prevented up to week 11, with significant improvement
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remaining even at that time point (Fig. 1.2C). While inhibitor treatment could potentially
affect muscle macrophages in a way that reduces skeletal muscle mHTT inclusions
(Moffitt et al., 2009) or transcriptional alterations (Strand et al., 2005), PLX3397 has not
been reported to reduce peripheral macrophage numbers (Elmore et al., 2014; Mok et
al., 2014; Szalay et al., 2016). Cognitively, treatment prevented R6/2 deficits in novel
object recognition at 11 weeks (Fig. 1.2D) while having no effect on controls, consistent
with previous measures of cognition following CSF1Ri in healthy mice (Elmore et al.,
2014). No groups differed statistically in average velocity or distance traveled by open
field analysis (data not shown) indicating that these differences are due to effects on
cognition. We did not observe any effect of treatment on HD-related Rotarod performance
deficits (Fig. 1.2E). Finally, to verify cognitive and motor improvements with CSF1Ri in
this model, these behavioral tasks were replicated in a second cohort of n=10/group (Fig.
1.2F-1), producing similar results. The failure to achieve statistical significance in NOR
with this second cohort may be attributed to the rapid progression of the model, as many
R6/2 mice were largely immobile/lethargic at week 11 just prior to sacrifice, increasing the
number of animals excluded during novel object training and consequently decreasing
statistical power. Nonetheless, the similar cognitive and grip strength effects observed
between cohorts suggests that PLX3397 may have therapeutic potential in HD,

particularly in the case of grip strength.
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Figure 1.2. PLX3397 (CSF1Ri) ameliorates grip strength and object memory deficits in R6/2 mice. Following baseline
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measurements, 6-week-old nontransgenic or R6/2 mice were treated with vehicle (Control, R6/2) or 275 mg/kg PLX3397 (PLX3397,
R6/2+PLX3397) for 5 weeks to attain microglial depletion through colony-stimulating factor 1 receptor inhibition (CSF1Ri). A.
Experimental design (n=5-6/group). B. Body weight from baseline to end of experiment displayed stereotypical R6/2 plateauing (n=5-
6/group). C. R6/2+PLX3397 forelimb grip strength deficits were significantly reduced compared to R6/2 at every timepoint tested
(p<0.0001; MIXED procedure with post-hoc contrasts; n=5-6/group). D. Performance in novel object recognition (NOR) test by
R6/2+PLX3397 mice at week 11 was significantly better than R6/2 mice (p<0.001) and not different from PLX3397 controls (two-way
ANOVA with Tukey’s post-hoc test; n=5-6/group). E. Latency to fall from an accelerating Rotarod was not altered with treatment and
displayed the stereotypical R6/2 genotype effect (p<0.0001; MIXED procedure; n=6/group). F-l. Replication cohort for validation of
behavioral outcomes utilizing the same statistical analyses. (n=8-10/group, except for NOR where n=5-10/group due to exclusion
criteria from day 1 acquisition period). Statistical significance is denoted by * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns = not
significant. For grip strength, * indicates R6/2 vs. R6/2+PLX3397 and # indicates PLX3397 vs. R6/2+PLX3397. Error bars indicate

SEM.

R6/2 microglia display regional differences but are ubiquitously depleted with
CSF1Ri

To assess the microglial response to disease, IHC with the myeloid marker IBA1 was
performed on coronal brain sections from each group. Microglial number, cell body area,
and IBA1 intensity were measured in the disease-relevant striatum as well as in multiple
cortical regions (motor, somatosensory, and piriform cortex) (Fig. 1.3A). R6/2 mice
displayed elevated microglial densities in the striatum (p=0.01) and motor cortex (p=0.05),
in addition to a trending increase in the somatosensory cortex (p=0.06; Fig. 1.3B, C).
Microglial cell body area (Fig. 1.3D) and IBA1 intensity (Fig. 1.3E) were significantly
increased only in the motor (p<0.01, p<0.01) and somatosensory cortices (p<0.05,
p<0.05). Striatal microglia, although at greater densities, did not appear activated
morphologically or by IBA1* intensity, and were negative for the activation marker 1B4
(data not shown). Together, this suggests that “classical” microglial activation is not an

overt feature of the R6/2 brain. Consistent with the data from 7 days of treatment, CSF1Ri
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significantly depleted microglial numbers in all tissue regions and in both genotypes as

expected (Fig. 1.3C).
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Figure 1.3. CSF1Ri depletes striatal and cortical R6/2 microglia, which are increased in number but do not appear
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“classically” activated. A. Representative IBA1* whole-brain and B. 20X striatal and motor, somatosensory (SS), and piriform cortex
images from nontransgenic and R6/2 mice treated with vehicle or PLX3397 confirmed R6/2 microgliosis and microglial depletion (n=5-
6/group). C. Quantification of IBA1* microglia revealed significant increases in the R6/2 striatum (p<0.01) and motor cortex (p<0.05),
with a trending increase in the SS cortex (p=0.06) but no change in the piriform cortex compared to control. PLX3397 significantly
depleted microglia in both genotypes and in all regions (two-way ANOVAs with Tukey’s post-hoc test; n=4-6/group). D. Microglia
increased in size with disease in the motor (p<0.01) and SS (p<0.05) cortices but remained ramified and did not adopt an amoeboid
morphology (two-tailed unpaired t-tests; n=4-6/group). E. IBA1" intensity mirrored changes in cell size, with significant increases in
motor (p<0.01) and SS (p<0.05) cortices in R6/2 mice compared to control (two-tailed unpaired t-tests; n=4-6/group). F. Striatal
inflammatory gene expression assessed with a NanoString immune panel revealed non-overlapping clustering of samples in each
group by principal component analysis (PCA; n=3/group). G-H. Volcano plots of differentially expressed genes (DEGs) in R6/2 vs.
control striatum (G) indicated a lack of inflammatory transcription at a false-discovery rate (FDR) of < 0.1, but (H) confirmed loss of
the microglial gene signature with PLX3397 in R6/2 striatum (n=3/group). Statistical significance is denoted by * p<0.05, ** p<0.01,

*** p<0.001, **** p<0.0001, ns = not significant. Error bars indicate SEM.

R6/2 striatal mMRNA expression reveals dysregulated interferon signaling and
significant gene enrichment overlap with human HD caudate that is partially
mitigated with CSF1Ri

A NanoString inflammatory panel (NS_Mm_Cancerlimm_C3400) was used to assess
endpoint DEGs in striatal tissue from 3 mice per group. PCA of normalized gene counts
revealed separate clustering of control and R6/2 tissue both prior to and following CSF1Ri
(Fig. 1.3F). However, even at FDR < 0.1, few inflammation-related DEGs were found in
R6/2 striatal tissue (Fig. 1.3G). In addition to a marked decrease in striatal adenosine A2a
receptor (AdoraZ2a), canonically downregulated in HD (Blum et al., 2018), we noted
altered T-cell and interferon signaling (1 Twist1, Ebi3, Tal1, Ccl19, Irf7, Irf4, Bst2, Ifit3,
Psmb8; | CD4, Alcam, Tcf7, Mcam, Ccl25, 1118), similar to recent reports of peripheral T-
cell suppression in R6/2 mice (Lee et al., 2018). Surprisingly, we found no evidence of
disease-related inflammation in terms of cytokine transcript expression (/I6, II13, Ifny,
Tnfa) at the 11-week timepoint using this panel (Fig. 1.3H). DEGs in CSF1Ri-treated

R6/2 mice largely reflected microglial depletion, in addition to partial reversals in T-cell

34



transcript levels (Tal1, Ccl25). As before (Najafi et al., 2018), CSF1Ri treatment in
nontransgenic mice induced the expected loss of microglial gene signature from the brain
transcriptome (data not shown).

To broaden our scope of gene expression analysis, we performed RNA-seq on the same
striatal extracts used for NanoString. All RPKM values can be searched and visualized at

http://rnaseq.mind.uci.edu/green/R62 PLX/gene search.php. We again observed

distinct clustering of genotypes, but this time divergent effects of CSF1Ri on the R6/2
transcriptome were detected (Fig. 1.4A). At week 11, striatal R6/2 transcription was
considerably suppressed relative to controls (Fig. 1.4B) as has been described previously
(Hodges et al., 2006; Luthi-Carter et al., 2003; Runne et al., 2008; Vashishtha et al.,
2013). Among the downregulated genes were GAD71 and GADZ2, which encode the
enzymes that catalyze GABA synthesis (2017), as well as the MSN voltage-gated sodium
channel 34 subunit Scn4b (Miyazaki et al., 2014; Oyama et al., 2006), and the astrocyte
glutamate transporter Sic7a11, all indicative of dysregulated excitatory/inhibitory balance.
Microglial elimination was followed by telltale loss of microglial gene expression in control
(not shown) and R6/2 mice (Fig. 1.4C). Among other genes, CSF1Ri prevented the
disease-associated suppression of /s/71, a gene involved in motor neuron development
(Liang et al., 2011) the conditional deletion of which results in striatal cholinergic
interneuron loss (Elshatory and Gan, 2008), as well as Cacna2d2, mutations in which
decrease Ca?* channel subunit expression and drive epileptic seizures (Barclay et al.,
2001; Pippucci et al., 2013). Importantly, this differential expression occurred in the

absence of detectable changes in endogenous wild-type HTT transcript levels across
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groups. RNAseq DEGs were validated by and mirrored in the prior results from the more

sensitive NanoString assay covering a subset of immune genes.
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Figure 1.4. RNA-seq and pathway analysis confirms lack of inflammatory transcriptional polarization in R6/2 striatum, except
for a dysregulated interferon signature resembling the human HD caudate that is partially resolved following CSF1Ri. A. PCA

of striatal gene expression as determined by mRNA-seq confirmed similar non-overlapping clustering of control and R6/2 samples but
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a divergent effect of PLX3397 (n=3/group). B-C. Volcano plots of control vs. R6/2 DEGs (B) confirmed an absence of inflammatory
transcript upregulation in the R6/2 striatum and (C) a loss of microglial gene expression with PLX3397 (FDR<0.05; n=3/group). D.
Pathway analysis (IPA) of 860 control vs. R6/2 DEGs and 1380 control vs. R6/2+PLX3397 DEGs (FDR<0.1; n=3/group) revealed a
distinct interferon signature and suppressed neuronal development and neuritogenesis pathways in the R6/2 striatum that closely
resembled the human HD caudate, and which were partially resolved following PLX3397. Top significant predicted upstream
regulators included HTT, IFNy, L-DOPA, IRF7, and TRIM24, with associated activation z-scores of 2.151 (p<8.31E-22), 3.727
(p<1.01E-15), -5.654 (p<1.19E-20), 4.589 (p<7.47E-13), and -3.970 (p<3.58E-12) respectively. E. IPA predicted IFNy as the major
cytokine upstream regulator in the R6/2 striatum, signaling which, along with IFNa, is no longer enriched in R6/2+PLX3397 striatum.
F. A heatmap of control vs. R6/2 DEGs (FDR<0.1) that were reversed with treatment by unadjusted p-value (p<0.05) to indicate
potential mediators of beneficial PLX3397 effects (n=3/group). All RPKM values can be searched and visualized at

http://rnaseq.mind.uci.edu/green/R62_PLX/gene_search.php.

A growing number of non-viral diseases are characterized by the presence of a similar
IFN transcriptional signature (Mostafavi et al., 2016) evident within the microglial
transcriptome itself as upregulated interferon signaling gene sets in cells isolated from
both an AD-like model of neurodegeneration as well as aging humans (Galatro et al.,
2017; Mathys et al.,, 2017). We compared the activation z-scores of significantly
overrepresented pathways in human control vs. HD caudate (z-score overall = 41.23;
gene expression data taken from (Hodges et al., 2006)) to those in control vs. R6/2 striatal
tissue and found concordance between the mouse model and the human disease (Fig.
1.4D). A dysregulated IFN signature was found in both the murine and human
manifestation of disease (Fig. 1.4D), facets of which were ameliorated with CSF1RIi-
mediated microglial elimination as indicated by a resolution of IFNa and IFNy, but not
IFNB, gene enrichment in control vs. R6/2 + PLX3397 samples. This was accompanied
by a concurrent loss of IFN-involved toll-like receptor signaling (TIr4, 7, 9) as well as
downstream IFN effector pathways (Stat7). Pathway enrichment predicted HTT as the
most significant upstream regulator of R6/2 DEGs (z-score: 2.151, p<8.31E-22), in

addition to IFNy (z-score: 3.727, p<1.01E-15), L-dopa (z-score: -5.654, p<1.19E-20), the
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type | IFN regulator IRF7 (z-score: 4.589, p<7.47E-13), and TRIM24 (z-score: -3.970,
p<3.58E-12). Thus, pathway analysis of the R6/2 vs control brain predicted IFNy as the
primary cytokine regulator of disease DEGs (Fig. 1.4E), a potent stimulator of microglial
activation (Monteiro et al., 2017). Interestingly, Usp78 was markedly increased in HD,
which inhibits microglial activation by specifically blocking IFN-induced transcription
(Goldmann et al., 2015), suggesting the mobilization of relevant compensatory
mechanisms in the R6/2 striatum.

Microglial elimination normalized several additional overrepresented human/murine HD
pathways, i.e. impaired neuronal development, neuritogenesis, contextual conditioning,
and coordination. This occurred in the absence of an extensive inflammatory
transcriptional signature. Indeed, the pro-inflammatory NFk3 pathway was upregulated in
the human HD caudate, but not R6/2, where inflammatory transcripts such as //6 and //1b
were in fact below detection limits, indicating that this model likely does not fully
recapitulate the neuroinflammation observed in end-stage human HD (Crotti and Glass,
2015; Rodrigues et al., 2016; Yang et al., 2017). Accordingly, FDR and unadjusted p-
values (FDR<0.1 for Control vs. R6/2 plus p<0.05 for R6/2 vs. R6/2 + PLX3397) in
addition to hierarchical clustering were used to identify genes that were changed in R6/2
mice and subsequently prevented with treatment in order to identify potential non-immune
targets of CSF1Ri-mediated microglial elimination (Fig. 1.4F).

CSF1Ri and consequent microglial depletion reduces mHTT accumulation and
disease-related protein clearance pathway dysregulation

To investigate whether sustained CSF1R inhibition altered the accumulation of mHTT,

we first examined intranuclear mHTT inclusion bodies (EM48) in the same regions
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assessed for microgliosis (Fig. 1.5A). Nuclear inclusion bodies were rarely seen in
microglia, consistent with previous studies finding that they are predominantly neuronal
(Jansen et al., 2017). Instead, when we found EM48"* staining in microglia it was localized
to cytoplasmic CD68" lysosomal granules (Fig. 1.5B; arrows). Following CSF1Ri the total
number of EM48-labeled inclusion bodies was modestly reduced in the striatum (~25%;
p<0.05), consistent with the results from a recent study suppressing microglial Galectin-
3 in HD models (Siew et al., 2019), while EM48 intensity was significantly reduced in the
somatosensory cortex (p<0.05) (Fig. 1.5C-E). We also confirmed previous reports of
colocalization of the autophagic protein p62 with EM48* inclusion bodies in R6/2 mice
(Kurosawa et al., 2015) (Fig. 1.5F). Finally, although PLX3397 is more selective for
CSF1R, it can also inhibit c-Kit and, at higher concentrations, FIt3 receptor tyrosine
kinases (IC50 of 0.013, 0.027 and 0.16 pM respectively (Tap et al., 2015)). Staining for
c-Kit and FIt3 revealed no colocalization with neurons or microglia (Fig. 1.6, 1.7), and no
significant differences were detected in their transcript levels (Kit, FIt3) by RNAseq across
groups, supporting the notion that the effects seen here are due specifically to the

inhibition of microglial CSF1R and subsequent microglial depletion.
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Figure 1.5. CSF1Ri-mediated microglial depletion reduces striatal R6/2 mHTT accumulation and protein clearance system
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dysregulation. A. Representative 20X images of R6/2 and R6/2+PLX3397 striatal and cortical EM48* nuclear mHTT inclusions in
11-week-old R6/2 mice (n=4-6/group). B. Representative 63X images of microglial EM48+ mHTT. When it occurs, it is non-nuclear
and colocalizes with CD68" lysozomes. C-E. Quantification of R6/2 EM48" nuclear puncta, which are (C) significantly reduced in
number in the striatum with PLX3397 (p<0.05), where they (D) also display a trending decrease in area (p=0.07). Treatment also (E)
significantly reduced mean EM48" intensity (p<0.05) in the SS cortex (two-tailed unpaired t-tests; n=4-6/group). F. Representative
63X images of p62*/EM48" nuclear colocalization in R6/2 striatum. G-H. Western blots of striatal homogenates separated into
detergent-soluble and insoluble fractions and probed for mHTT protein species (n=3-6/group). I. Quantification of immunoblotted
mHTT species revealed that R6/2+PLX3397 mice had significantly reduced soluble transgenic (p<0.05), soluble oligomeric (p<0.001),
and insoluble high molecular weight (HMW) mHTT (p<0.05) in the striatum compared to R6/2 (two-tailed unpaired t-tests; n=3-
6/group). J. gPCR of striatal R6/2 RNA indicates that PLX3397 did not change mHTT expression (two-tailed unpaired t-test;
n=3/group). K. Western blots of striatal homogenates immunoblotted for soluble ubiquitinated proteins, p62, and the housekeeping
protein GAPDH (n=3/group). L. The accumulation of ubiquitinated species was significantly increased in R6/2 striatum compared to
control (p<0.05) and this was prevented with PLX3397 (p<0.01); interestingly, PLX3397 also significantly increased ubiquitination in
control mice (p<0.05). PLX3397 also induced a significant reduction in R6/2 striatal p62 levels (p<0.05) (two-way ANOVAs with
Tukey’s post-hoc test; n=3/group). Statistical significance is denoted by * p<0.05, ** p<0.01, ***p<0.001, ns = not significant. Error

bars indicate SEM.

In addition to nuclear inclusions, mHTT fragments build up in multiple detergent-soluble
and -insoluble biochemical species of increasing complexity that can be resolved by
fractionation (Ochaba et al., 2018). To further assess mHTT flux accompanying the
observed changes in inclusion body number following CSF1Ri, we immunoblotted for
detergent-soluble and insoluble mHTT in striatal homogenates from R6/2 mice as
described (Ochaba et al.,, 2016) (Fig. 1.5G-lI). CSF1Ri and microglial depletion
significantly reduced both monomeric (p<0.05) and oligomeric (p<0.001) mHTT in the
detergent-soluble fraction, consisting of largely cytoplasmic proteins (O'Rourke et al.,
2013). In the detergent-insoluble fraction, containing high molecular weight (HMW) mHTT
multimers, insoluble fibrils, and nuclear proteins, we found that CSF1R reduced HMW
(p<0.05) but not fibrillar mHTT species. While microglia do express mHTT, the paucity of

nuclear inclusions in these cells (Jansen et al., 2017) compared to the more abundant
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neurons — potentially due to the former’s greater proteosomal and autophagic capacity
(Yang et al., 2017) — suggests that elimination of microglia reduces neuronal mHTT
accumulation. To confirm that mHTT changes did not stem from transcriptional
suppression or “gene knockdown” via microglial elimination, we performed qPCR of the
mutant transgene in the striatum and found that CSF1Ri did not alter mHTT expression

(Fig. 1.8J), thus suggesting that changes in protein level were independent of transcript

abundance.

Control PLX3397 R6/2 R6/2+PLX3397 B WT Spleen
25pm:

>

Striatum

Figure 1.6. c-Kit is not expressed by neurons or microglia in R6/2 or nontransgenic brains. A. Representative 63X images
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confirming absence of neuronal or microglial c-Kit expression in vehicle- or PLX3397-treated R6/2 or nontransgenic striatum at 11

weeks. B. Representative 63X image of c-Kit'IBA1* cells in adult wild-type spleen.

Control R6/2 R6/2+PLX3397 B WT Spleen &
25pm

>

Striatum

Figure 1.7. FIt3 is not expressed by neurons or microglia in R6/2 or nontransgenic brains. A. Representative 63X images
confirming absence of neuronal or microglial Fit3 expression in vehicle- or PLX3397-treated R6/2 or nontransgenic striatum at 11

weeks. B. Representative 63X images of FIt3* cells in adult wild-type spleen.

Ubiquitin- and autophagy-based protein clearance systems are highly impaired in HD, as
evidenced by a striking build-up of ubiquitinated species in patient brain and mouse
models (Bennett et al., 2007; Ochaba et al., 2016) and an upregulation of the autophagy

marker p62 (Lee et al., 2012). Immunoblotting for ubiquitinated proteins in the detergent-
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soluble striatal fraction confirmed significantly greater ubiquitination in R6/2 mice
(p<0.05), but also, surprisingly, that CSF1Ri completely prevented this phenotype (Fig.
1.5K, L). Striatal p62 was significantly reduced in CSF1Ri-treated R6/2 mice (p<0.05),
although levels were not statistically higher in these compared to controls (Fig. 1.5L).
Together, these data suggest that microglial depletion via CSF1Ri slows the accumulation
of multiple species of mHTT in the RG6/2 striatum by at least partially reversing
dysfunctional protein clearance systems. Interestingly, the removal of microglia from
control mice enhanced ubiquitination (p<0.05), suggesting a potential role for these
myeloid cells in homeostatic non-microglial protein clearance.

Microglial depletion with CSF1Ri prevents R6/2 striatal atrophy

Despite minimal neuronal loss even in late stages of the disease (Dodds et al., 2014),
R6/2 mice display marked striatal atrophy (Hansson et al., 1999; Li et al., 2005) similar to
humans. mHTT expression in R6/2 microglia effectively “primes” the cell by increasing
expression of the myeloid transcription factor Pu.1 (Crotti et al., 2014), a positive regulator
of microglial phagocytosis (Smith et al., 2013). We hypothesized that enhanced
phagocytic capability of mHTT-containing microglia could mediate remodeling of striatal
neurites and/or ECM in HD. We performed double-blinded stereology of the anterior
caudoputamen, representing the dorsal striatum, using 6 coronal sections collected at
240pm intervals from CSF1Ri- and vehicle-treated control and R6/2 mice (Fig. 1.8A).
Surprisingly, we found that microglial elimination via CSF1Ri completely prevented the
decrease in striatal volume observed in R6/2 mice (Fig. 1.8B) independent of changes in
neuronal density (Fig. 1.8C, D). In fact, we found significantly greater NeuN" cell density

in the HD striatum (p<0.05) that did not change with treatment.
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To better understand the structural relationship between the neural components of the
diseased striatum, we next examined neuropil by staining for the Type Il microtubule-
associated proteins MAP2 and tau, localized to neuronal dendrites and axons,
respectively (Zhang and Dong, 2012). Both proteins stabilize microtubules critical for
autophagosome transport (Kast and Dominguez, 2017) especially in neurons where distal
autophagosomes travel long distances to fuse with soma-localized lysosomes (La Spada
and Taylor, 2010). Furthermore, faulty splicing in HD increases total tau and the juvenile
form of MAP2 (Fernandez-Nogales et al., 2016), which retracts from the dendrites
towards the neuronal cell body in HD patients (Cabrera and Lucas, 2017), together
promoting dendritic and striatal atrophy. We found significant elevations in the integrated
densities of MAP2 (p<0.0001) and tau (p<0.0001) fluorescent signal in the R6/2 striatum
(Fig 1.8E-H), alterations which were either partially (MAP2) or entirely (tau) normalized

with CSF1Ri.
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Figure 1.8. PLX3397 prevents R6/2 striatal volume loss, neurite abnormalities, and astrogliosis. A. Representative images of
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cresyl-violet stained coronal sections used for stereological assessment of striatal volume (n=5-6/group, 6 sections/mouse separated
by 240um intervals, spanning the anterior caudoputamen). B. Quantification of stereological analysis reveals a significant reduction
in R6/2 striatal volume vs. control (p<0.01) that is prevented with PLX3397 (p<0.01) (two-way ANOVA with Tukey’s post hoc test; n=5-
6/group). C-H. Investigation of striatal neurons revealed increased NeuN* density (20X C, D) in R6/2 and R6/2+PLX3397 mice
compared to respective controls (p<0.05) (two-way ANOVA with Tukey’s post-hoc test; n=4-6/group). Integrated MAP2* (20X E, F)
and tau® (20X G, H) signal density, staining for microtubule-associated proteins localized to the dendrites and axons respectively,
were significantly increased in R6/2 striatum vs. control (p<0.0001, p<0.0001) and this was significantly prevented with PLX3397
(p<0.001, p<0.0001) (two-way ANOVAs with Tukey’s post-hoc test; n=4-6/group). I-N. Analysis of striatal glia revealed a significant
R6/2 genotype effect (p<0.01) on Olig2* number (20X 1, J) coincident with a significant increase in R6/2 myelinated (MBP*, 20X K, L)
white matter area coverage (p<0.01) that is normalized with PLX3397 (p<0.05) (two-way ANOVAs with Tukey’s post-hoc test; n=4-
6/group). Quantification of integrated S100B* signal density (20X M, N) revealed extensive astrogliosis in the R6/2 striatum (p<0.0001)
that was prevented with PLX3397 (p<0.0001) (two-way ANOVA with Tukey’s post-hoc test; n=5-6/group). Significance is denoted by

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Errors bars indicate SEM.

Staining for MBP revealed increased striatal white matter density with disease (p<0.01),
concordant with a significant effect of the HD genotype on Olig2* oligodendrocyte lineage
cell number (p<0.01; Fig. 1.8I-L) which are reported to be uniquely proliferative in the
R6/2 striatum (McCollum et al., 2013). While oligodendrocyte lineage numbers were not
attenuated, CSF1Ri returned white matter densities to control levels in R6/2 mice.
Furthermore, analysis of striatal astrocytes revealed marked disease-related astrogliosis
as measured by integrated S1008 signal density (p<0.0001; Fig. 1.8M-N). This was
prevented with CSF1Ri and microglial depletion, in line with the increasingly reported role
of microglia in directing astrocyte reactivity (Gibson et al., 2019; Liddelow et al., 2017;
Rothhammer et al., 2018; Yun et al., 2018). Although seemingly in juxtaposition to one
another, the enhanced white matter and neuropil density coincident with striatal volume
loss in R6/2 mice may stem from impaired neurite outgrowth (Mehta et al., 2018) or
disrupted synaptic connections (2017; Ferrante et al., 1991) in HD, consistent with the

downregulated neuronal and synaptic development pathways seen in this study.
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However, ECM degradation could also contribute to volume loss, and so we aimed next
to extend our structural findings beyond neuronal cell bodies and processes to the
extracellular milieu.

CSF1Ri reduces global ECM proteoglycan deposition in the R6/2 brain

Cell-matrix adhesion is in the brain is mediated largely by the transmembrane receptor
CD44, which binds the primary component of parenchymal ECM, the glycosaminoglycan
(GAG; polysaccharides consisting of a repeating disaccharide unit) hyaluronan, as well
as other matrix constituents such as glycoproteins and proteoglycans (Dzwonek and
Wilczynski, 2015). CD44 immunoreactivity was robustly enhanced in the R6/2 striatum
(p<0.01) and this was prevented with treatment (Fig. 1.9A, B). CD44 expression in the
adult brain is primarily confined to astrocytes and activated microglia (Matsumoto et al.,
2012), and while we did not observe colocalization of CD44 with the latter, microglia have
been shown to regulate astrocytic expression of the receptor (Liddelow et al., 2017).
CD44 is a one of a family of mostly secreted molecules termed chondroitin sulfate
proteoglycans (CSPGs) that are involved in neural development and glial scar formation,
due largely in part to their role as negative guidance cues in axon growth (Ohtake et al.,
2016) as well as their ability to form specialized ECM structures critical to plasticity
(Tewari et al., 2018; Yutsudo and Kitagawa, 2015). CSPGs consist of a core protein
covalently bound to one or more sulfated GAG sidechains, structurally related to the
unsulfated GAG hyaluronan coexisting in the ECM, and are primarily produced by

reactive astrocytes (Silver and Miller, 2004; Yu et al., 2012).
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Figure 1.9. Extracellular chondroitin sulfate proteoglycans (CSPGs) accumulate in the R6/2 striatum, cortex, and
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hippocampus, but are reduced with PLX3397. A-D. Non-microglial expression of the cell-ECM receptor CSPG8/CD44 (20X with
IBA1* A, same images with pan-CSPG* C) is significantly increased in R6/2 striatum (B) compared to control and R6/2+PLX3397
(p<0.01, p<0.01) (two-way ANOVA with Tukey’s post-hoc test; n=5-6/group), and correlated with CSPG accumulation (D) across all
samples (p<0.0001, r=0.8505) (Pearson correlation test; n=23). E-K. Representative whole-brain (E), 20X striatal (with MAP2" F,
same images with IBA1* H), and 20X hippocampal stitched (J) images of CSPG* accumulation, quantified in the striatum (G), cortex
(I) and dentate gyrus (DG) of the hippocampus (K) as integrated signal density (n=5-6/group, except DG where n=3-6/group).
Significant increases compared to control were found in R6/2 striatum (p<0.01), motor cortex (p<0.01), SS cortex (p<0.01), and DG
(p<0.01), along with a trending increase in the piriform cortex (p=0.08) (two-way ANOVAs with Tukey’s post-hoc test). Interestingly,
disease-related accumulation was significantly reduced with PLX3397 in the striatum (p<0.01), SS cortex (p<0.05), and DG (p<0.01)
(two-way ANOVAs with Tukey’s post-hoc test; n=5-6/group, except DG where n=3-6/group). L. Inlet of DG from R6/2 hippocampus

(J) showing CSPGH+ staining in all layers. Statistical significance is denoted by * p<0.05, ** p<0.01. Error bars indicate SEM.

We therefore wondered whether other members of the CSPG family followed a similar
expression pattern. Using the CS-56 antibody targeting CSPG-GAG sidechains, we
performed a pan-CSPG stain and found that global CSPG signal varied directly with CD44
expression, regardless of experimental group (Pearson correlation coefficient r = 0.8505,
p<0.0001; Fig. 1.9C, D). Furthermore, we observed a striking and ubiquitous
accumulation of extracellular CSPG throughout the R6/2 brain, which we quantified in the
striatum, cortex, and dentate gyrus (DG) of the hippocampus (Fig. 1.9E-K). There was a
significant (p<0.01; striatum, motor cortex, SS cortex, DG) or trending increase (p=0.08;
piriform cortex) in CSPG signal in every region examined. In appearance, the diffuse
patches of elevated CS-56 staining often resembled “DAndelion Clock-like Structure”
(DACS), extracellular CSPG lattices reported to form around neurons at the end of the
developmental critical period (Hayashi et al., 2007) as well as following kainic acid (KA)-
induced seizure (Yutsudo and Kitagawa, 2015), and sometimes localized to MAP2-
negative striatal fiber tracts (Fig. 1.9F, R6/2). The depletion of microglia with CSF1Ri
significantly reduced CSPG accumulation to control levels in the striatum (p<0.01),

somatosensory cortex (p<0.05), and DG (p<0.01), supporting the idea that microglia can
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directly or indirectly (i.e. through regulation of astrocyte reactivity) mediate the aberrant
deposition of CSPG proteoglycans into the extracellular space.

CSF1Ri-driven microglial elimination ubiquitously increases the density of ECM
perineuronal nets, which are degraded in the R6/2 brain

Depending on side chain sulfation pattern, CSPGs can also be preferentially incorporated
into conventional perineuronal nets (PNNs) (Fawcett et al., 2019) where they form a
reticular dendrosomatic structure around largely parvalbumin (PV)-expressing
interneurons (Miyata et al., 2012; Yutsudo and Kitagawa, 2015) thought to “lock”
synapses in place during development. PV interneurons are reduced in number by ~75%
in the anterior caudate of HD patients (Reiner et al., 2013). Furthermore, it is now known
that PNN degradation impairs the inhibitory firing of GABAergic interneurons, thus
contributing to tumor-associated seizures (Tewari et al., 2018) akin to those observed in
R6/2 mice. Therefore, to investigate disease-associated changes in another relevant
CSPG-based ECM structure, PNNs, we used the canonical lectin marker Wisteria
floribunda agglutinin (WFA) to examine the same striatal and cortical regions where we
observed increased CS-56 immunolabeling in the R6/2 brain (Fig. 1.10A). Of the regions
examined, PNNs were always most abundant in the somatosensory cortex, where, along
with the motor cortex, they were significantly decreased in R6/2 mice (p<0.01 and 0.001,
respectively; Fig. 1.10D, E), with trends to reduction seen in regions of lower PNN density
and intensity (striatum, piriform cortex; Fig. 1.10B, C, E). Importantly, PV-expressing
interneurons in the HD striatum displayed a significant reduction (p<0.01) in mean WFA*

co-staining intensity (Fig. 1.10F, G) suggesting degradation of encapsulating PNNs.
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IBA1* microglial processes were frequently observed proximal to and in contact with the
surface of PNNs in both control and R6/2 brains (Fig. 1.10F). Indeed, it has been
postulated that microglia mediate the degradation of PNNs in certain disease states, likely
through enhanced production of extracellular proteases (Franklin et al., 2008; Sandvig et
al., 2018). Microglial elimination with CSF1Ri prevented the disease-associated PNN loss
observed in the somatosensory and motor cortices (p<0.001 and 0.05, respectively),
regions where microglia had adopted a more activated phenotype in R6/2 mice as
measured by cell size and IBA1* intensity. Remarkably, the depletion of microglia from
naive nontransgenic mice significantly and dramatically elevated PNN densities in every

brain region examined.
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Figure 1.10 The density of CSPG-containing perineuronal nets (PNNs) is reduced in R6/2 mice and this is prevented with
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microglial depletion, which also ubiquitously enhances PNN formation in healthy controls. A. Representative whole-brain
images of Wisteria floribunda agglutinin (WFA) lectin staining of PNNs (n=5-6/group). B-E. 20X striatal and cortical images of WFA*
PNN staining (with IBA1+ B and D) quantified as integrated density (C, E) revealed significant reductions in the motor (p<0.001) and
SS (p<0.01) cortices, which were restored by microglial depletion with PLX3397 (p<0.05, p<0.001) (two-way ANOVAs with Tukey’s
post-hoc test; n=5-6/group). Surprisingly, PLX3397 in healthy nontransgenic controls significantly increased WFA*" PNN density in
every region examined: striatum (p<0.01), motor cortex (p<0.0001), SS cortex (p<0.0001), and piriform cortex (p<0.01) (two-way
ANOVAs with Tukey’s post-hoc test; n=5-6/group). Quantification of mean WFA" intensity colocalizing with striatal parvalbumin-
expressing GABAergic interneurons (63X F, G) revealed significant (p<0.01) and trending (p=0.085) reductions in R6/2 and
R6/2+PLX3397 mice respectively, indicating loss of interneuron-associated PNN integrity (two-way ANOVA with Tukey's post-hoc
test; n=5-6/group). H. Representative whole-brain and 20X cortical images of WFA™ PNN staining in wild-type mice treated for 10
weeks (from 6 weeks) with 1200mg/kg PLX5622 (n=4-5/group). Analysis of PNN density as integrated WFA* signal in the SS cortex
(I) revealed a significant elevation with PLX5622 (p<0.0001) that occurred alongside the CSF1Ri-induced loss of microglia (J)
(p<0.001) (two-tailed unpaired t-tests; n=4-5/group). Statistical significance is denoted by * p<0.05, ** p<0.01, *** p<0.001, ****

p<0.0001. Error bars indicate SEM.

Finally, to confirm that the robust enhancement of PNNs in wild-type mice are due solely
to the loss of microglia, we performed IHC on previously generated brain tissue from 6
week-old congenic C57BL/6J mixed-sex mice treated for 10 weeks with the highly
selective CSF1R inhibitor PLX5622 (Spangenberg et al., 2019) at 1200mg/kg (Fig.
1.10H). WFA™ PNNs in the somatosensory cortex were significantly enhanced with
PLX5622 treatment compared to vehicle (p<0.0001; Fig. 1.10l) and this was
accompanied by the depletion of IBA1* microglia (p<0.001; Fig. 1.10J). Unlike CSPGs
secreted by glia, PNNs and their proteoglycan constituents are synthesized by neurons
(Miyata et al., 2005). Taken together, this indicates that microglia tightly regulate basal
PNN formation through sustained levels of homeostatic degradation, a function that can
be pathologically altered in the context of brain injury or disease.

Discussion

The contribution of microglia to Huntington’s disease pathogenesis has been a topic of

recent investigation. Although neuroinflammation is characteristic of HD (Crotti and Glass,
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2015), treatment of R6/2 mice with the tetracycline derivative minocycline, an inhibitor of
inflammatory microglial activation (Kobayashi et al., 2013), has produced mixed results
(Chen et al., 2000; Smith et al., 2003). Furthermore, mHT T-expressing microglia generate
exacerbated responses to inflammatory stimuli and consequently greater neuronal
damage in vivo (Crofti et al., 2014), but depletion of mHTT from myeloid cells does not
significantly rescue disease phenotype in the BACHD mouse model (Petkau et al., 2019).
To further clarify microglial function in disease, we used the targeted and sustained
inhibition of CSF1R to pharmacologically deplete microglia from the R6/2 brain and
assessed the behavioral, transcriptional, and pathological consequences.

Microgliosis is a hallmark of the HD brain, both in patients (Sapp et al., 2001; Tai et al.,
2007) and in cell (Kraft et al., 2012) and mouse models (Siew et al., 2019; Simmons et
al., 2007). Further, inflammatory cytokines have been detected in plasma, myeloid cells
and CSF from HD subjects (Chang et al., 2015; Miller et al., 2016; Rodrigues et al., 2016).
Accordingly, we observed elevated densities of cortical and striatal microglia, which
displayed several morphological features of immune reactivity (larger soma, higher IBA1
intensity) in the motor and somatosensory cortices specifically. Beyond this, however,
R6/2 microglia did not appear overtly activated in vivo, at least to the extent seen in other
neurodegenerative disease models (Liberatore et al., 1999; Spangenberg et al., 2016):
their processes remained ramified and thin, they did not adopt an amoeboid morphology,
and the striatal transcriptome did not reflect broad pro-inflammatory polarization.
However, microglia exist within a spectrum of functional states, and their dynamic
developmental (Lehrman et al., 2018) and homeostatic (Bennett et al., 2018) roles could

also be affected by proteinopathy.
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In this study, we began CSF1R-mediated microglial depletion at week 6, after microglial
development but before overt R6/2 symptomology, attaining successful microglial
elimination in all brain regions examined. We reported beneficial effects of treatment on
both grip strength and novel object recognition deficits in R6/2 mice. Of clinical relevance,
it is possible that peripheral actions of PLX3397 may contribute to delayed grip strength
deficits, e.g. by altering CSF1R signaling in skeletal muscle macrophages. Polyglutamine
inclusions accumulate in skeletal muscle from HD models (R6/2, HdhQ150) and patients,
which display myopathic structural abnormalities (Ciammola et al., 2006; Moffitt et al.,
2009; Zielonka et al., 2014). Furthermore, similar downregulations of macrophage-related
transcripts we observed in the striatum here have also been reported in R6/2 skeletal
muscle (lgf1, Ccl25, H2-DMa) (Strand et al.,, 2005) and peripheral HD
monocyte/macrophages show dysregulated transcriptional polarization as well as
impaired migration to stimuli (Crotti and Glass, 2015). Although PLX3397 has modest to
no effects on homeostatic peripheral tissue macrophage numbers (Mok et al., 2014)
including at doses virtually equivalent to that used in this study (Szalay et al., 2016),
disruption of CSF1R signaling may alter the functional phenotype of skeletal muscle
macrophages in a manner that slows disease-related muscle weakness. Future studies
should investigate the effects of more translationally amenable doses of PLX3397 that do
not cross the BBB on R6/2 grip strength and muscle tissue changes. Additionally, the
effects seen here should be validated in longer-lived models of HD (e.g. BACHD (Gray et
al., 2008b) or zQ175 mice (Menalled et al., 2012)), where greater behavioral readout and
postsymptomatic treatment opportunities are feasible than with the more aggressive R6/2

model.
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Transcript analysis of the R6/2 striatum revealed a robust upregulation of IFN pathway
signaling that closely resembled the affected human caudate. This is suggestive of the
existence of an “interferon signature” in HD, increasingly reported in other diseases
(Mathys et al., 2017; Mostafavi et al., 2016), aspects of which were partially resolved upon
microglial elimination here. Of note, microglia were recently reported to accelerate
neurodegeneration in a model of prion disease via reactive upregulation of type |
interferon (Nazmi et al., 2019). Consistent with a secondary rather than initiating role in
HD, microglial depletion with CSF1Ri reduced the striatal accumulation of several
pathologic mHTT species in R6/2 mice, even though microglia rarely contain nuclear
mHTT inclusions themselves (Jansen et al., 2017).

While investigating the cellular integrity of the HD striatum, we found markedly increased
expression of the cell-matrix adhesion receptor CD44, the expression of which by
microglia and astrocytes is associated with ALS progression (Matsumoto et al., 2012).
While we did not observe microglial colocalization, its upregulation in astrocytes is
microglia-dependent (Liddelow et al., 2017), consistent with the observed astrogliosis that
is abrogated alongside striatal CD44 expression with microglial elimination. CD44
(CSPG8) belongs to a family of mostly secreted proteoglycans that are fundamental
components of glial scars (Anderson et al., 2016) and the brain ECM (Tewari et al., 2018;
Yutsudo and Kitagawa, 2015), and staining for CSPG with CS-56 revealed a strong
correlation with CD44. Indeed, HD mice displayed a remarkable accumulation of CSPG
in the cerebral cortex, striatum, and hippocampus, consistent with reports of astrocytic

CSPG expression in human HD striatum (DeWitt et al., 1994). Interestingly, kainic acid-
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induced seizures (Yutsudo and Kitagawa, 2015) which directly enhance glutamate
signaling (ladarola et al., 2015), are followed by similar CS-56" deposition.

CSPGs generally exert inhibitory effects on axon growth (Fidler et al., 1999; Fisher et al.,
2011; Ohtake et al., 2016; Pearson et al., 2018; Properzi et al., 2005). Consistent with
this, transcriptomic pathway analysis confirmed impairments in striatal neuritogenesis
and neuronal development, which were restored alongside CSPG levels following
microglial depletion. Importantly, the same human striatal samples displayed elevated
astrocyte and CSPG mRNA with disease (Hodges et al., 2006). It is possible that the loss
of microglia represses astrocyte activation and CSPG secretion (Liddelow et al., 2017;
Silver and Miller, 2004; Yu et al., 2012), thereby permitting neuropil and axonal outgrowth
in the striatum and restored striatal volume. Consistent with this, astrocyte reactivity and
CSPG production is stimulated by TGF@ (Ohtake et al., 2016; Yu et al., 2012), which is
primarily produced by microglia (Zhang et al., 2014) and disease astrocytes (Endo et al.,
2015), and was significantly reduced in R6/2 striatum following CSF1Ri (Tgfb1, LogFC =
-2.0535, FDR<0.01) alongside astrogliosis. Additionally, the depletion of mHTT from
astrocytes alone (Wood et al., 2018), but not microglia (Petkau et al., 2019), reduces
mHTT accumulation and striatal volume loss in the BACHD mouse model. Furthermore,
bilateral intra-striatal AAV-RNAI delivery of HTT-suppressing miRNA targeted to neurons
and astrocytes (AAV1), but not neurons alone (AAV2-HBKO), rescued motor deficits in
the YAC128 mouse model of HD, suggesting that astrocyte mHTT directly alters reactivity
in a manner detrimental to disease (Stanek et al., 2019). In light of the current study,
these reports suggest that astrocytes directly contribute to neurodegeneration, while

microglia promote secondary damage through modulation of astrocyte reactivity and/or
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other pathways, thereby accelerating pathogenesis. The loss of the homeostatic
microglial gene PZ2ry12 (Bennett et al., 2018) from the R6/2 striatum in our dataset
(FDR<0.1, LogFC = -0.7083 vs. control) further suggests microglial dysfunction in the
context of HD.

CSPGs are also core structural elements of conventional perineuronal nets, reticular
structures that form along the soma and proximal dendrites of primarily GABAergic PV
interneurons soon after synaptic pruning is completed by microglia (Paolicelli et al., 2011),
stabilizing the neuronal circuitry and inhibiting plasticity (Fawcett et al., 2019; Wang and
Fawcett, 2012). CSPGs contained in PNNs are labeled by the plant lectin WFA in a
manner distinct from CS-56 (Hayashi et al., 2007; Pantazopoulos et al., 2015; Yutsudo
and Kitagawa, 2015), potentially due to differences in CSPG sidechain sulfation status
(Sorg et al., 2016) or epitope availability. PNNs are autonomously constructed by neurons
(Fowke et al., 2017; Geissler et al., 2013; Miyata et al., 2005), and in stark contrast to CS-
56 staining, we found a loss of WFA® PNN density with disease in motor and
somatosensory cortices. R6/2 PV striatal interneurons also displayed a reduction in WFA*
intensity and an apparent loss of PNN structural integrity, which has before been shown
to contribute to tumor-associated seizures (Tewari et al., 2018) due to impaired
GABAergic inhibitory firing as PNNs are thought to enhance GABAergic electrical
transmission akin to a myelin sheath. As such, their loss may further contribute to the
excitatory/inhibitory imbalance observed in the R6/2 brain. Surprisingly, the depletion of
microglia from healthy, nontransgenic mice produced a dramatic and ubiquitous

accumulation of PNNs, which we verified in brain tissue from adult wild-type mice treated
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with the selective CSF1R inhibitor PLX5622, underscoring a yet unstudied role of
microglia as homeostatic regulators of perineuronal net formation in the healthy brain.

In conclusion, we show that sustained CSF1R inhibition in the R6/2 mouse model of HD,
which exhibited elevated microglial numbers but not broad inflammation at the
transcriptional or morphological level, mitigated grip strength and object memory deficits.
Microglial depletion was accompanied by a reduction in striatal mHTT accumulation and
partial or full reversals of dysregulated interferon signaling, neuritogenesis, and neuronal
development pathways. Furthermore, we report a massive accumulation of extracellular
CSPG with disease, which is associated with striatal volume loss, astrogliosis, and
neuropil alterations in the R6/2 brain, and microglial depletion with CSF1Ri partially or
completely prevented each of these phenotypes. Finally, we show that a related but
distinct CSPG-containing structure, the perineuronal net, is disrupted in a region-specific
manner with disease, and that the elimination of microglial not only ameliorates this, but

greatly enhances PNN density in the naive adult brain.
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CHAPTER TWO
Dyshomeostatic microglia and the ECM in Alzheimer’s disease
Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized
pathologically by the accumulation of extracellular amyloid- (AB) plagques and
intraneuronal neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau. The
appearance and spread of these pathological substrates is fundamentally linked to a
cascade of events that results in the synaptic dysfunction and neuronal loss characteristic
of the disease, manifesting behaviorally as progressive impairments in memory and
cognition (Selkoe and Hardy, 2016). Research spanning the past decade has identified
numerous genes that confer increased risk of disease development (Karch et al., 2012;
Van Cauwenberghe et al., 2016), and the majority of these risk genes are highly or solely
expressed in myeloid cells (e.g. Trem2, Cd33, Spi1, Abi3, Plcg2, Apoe) thereby
implicating microglia in AD etiology (Sierksma et al.; Sims et al., 2017). In addition, genes
expressed in other CNS cell types (e.g. neurons and astrocytes) have microglia-specific
enhancers with risk polymorphisms that selectively affect myeloid expression (i.e. Bin7)
(Nott et al., 2019).

Brain myeloid cells consist primarily of microglia, the resident parenchymal macrophages,
and border macrophages along CNS interfaces (e.g. meningeal, perivascular, and
choroid plexus macrophages) (Kierdorf and Prinz, 2017; Li and Barres, 2018). As part of
the glial activation characterized by Alois Alzheimer in his initial report (Stelzmann et al.,
1995), the microglial response to amyloid plaques and/or tau pathology is increasingly

thought to cause or contribute heavily to disease-related neurodegeneration (Krasemann
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etal., 2017; Shi et al., 2019b; Spangenberg et al., 2019; Spangenberg et al., 2016). Thus,
elucidating the cellular mechanisms by which microglia drive disease progression in the
AD brain — and how this may be linked to downstream cognitive and behavioral
phenotypes — is critical to understanding the disease, and in a similar vein, to the
development of therapeutics that counteract these effects.

Microglia adopt a multitude of functions in the healthy and diseased CNS, and aside from
immunological roles, evidence indicates that these cells interact with and modulate
neuronal and synaptic elements, with direct effects on learning and memory (Elmore et
al., 2014; Elmore et al., 2018; Rice et al., 2015; Tremblay et al., 2011; Wang et al., 2020;
Werneburg et al., 2020). The extracellular matrix (ECM), specifically the condensed ECM
structure known as the perineuronal net (PNN), is an essential component of the synapse
involved in the regulation of plasticity that, along with astrocytes and synaptic terminals,
comprise the contemporary “tetrapartite synapse” (Reichelt et al., 2019). PNNs form
preferentially around fast-spiking parvalbumin (PV)+ GABAergic interneurons throughout
the brain during the closure of the critical period of plasticity, effectively “locking” proximal
synapses in place and providing synaptic stability (Fawcett et al., 2019) soon after
synaptic pruning is completed by developmental microglia (Paolicelli et al., 2011).
Although enhanced plasticity and learning is observed following experimental PNN
ablation (Pizzorusso et al., 2002; Rowlands et al., 2018), newly formed memory traces
can interfere with the fidelity and recall of previously learned information (Reichelt et al.,
2019), as evident by impaired reconsolidation and recall of remote memories following
PNN ablation (Shi et al., 2019a; Thompson et al., 2018). Furthermore, the structural

modification of PNNs alters synaptic transmission (Blosa et al., 2015), synapse number
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(Gottschling et al., 2019), and the ion channel/neurotransmitter receptor composition of
synapses (Favuzzi et al., 2017)), and thus may be related to the dysfunctional interneuron
activity mediating cognitive impairments in AD (Hijazi et al., 2019; Verret et al., 2012).
The functional capacity of microglia to remodel the ECM is classically demonstrated in
acute injuries such as stroke (Patel et al., 2013), in which microglia undergo activation
and subsequently release matrix metalloproteinases (e.g. MMP9) or other ECM-
degrading proteases that act on PNN components (Wen et al., 2018b), and PNN loss is
reported in neurological disorders such as seizure (Rankin-Gee et al., 2015) and prion
disease (Franklin et al., 2008). Recent work from our lab identified a role for microglia-
mediated PNN loss in Huntington’s disease (Crapser et al., 2019). Although PNNs are
reported to protect neurons against tau (Bruckner et al., 1999; Morawski et al., 2010a)
and A pathology (Miyata et al., 2007), the extent to which PNN loss occurs in human
and animal models of AD — where microglia are inextricably linked to disease
pathogenesis — remains controversial (Baig et al., 2005; Cattaud et al., 2018; Morawski
et al., 2012; Morawski et al., 2010Db).

Utilizing the aggressive 5XxFAD mouse model of disease (Oakley et al., 2006) and
corroborated by extensive immunohistochemical (IHC) analysis of human cortical tissue,
we report that PNNs are extensively lost in the mouse and human AD brain. We find that
PNN deficits occur earlier in 5xFAD brain regions with high pathology, as in the subiculum,
where reductions in PV+ interneuron density are observed only after impairments in
regional PNN coverage and structural integrity. Activated microglia closely associate with
morphologically abnormal nets in the AD brain and staining for PNN components reveals

colocalization in both mouse and human microglia. Interestingly, we also find consistent

63



colocalization of the CSPG aggrecan (ACAN) — critical to PNN structure and function
(Rowlands et al., 2018) — with human dense-core plaques, which in turn inversely
correlate with total ACAN+ PNNs across unaffected and AD brain samples. Inducing
microglial activation via lipopolysaccharide (LPS) injection in wild-type (WT) mice is
sufficient to cause overall PNN loss and impairments in the structural integrity of PV+
interneuron-associated PNNs, in addition to reduced PV+ cell densities. We show that
chronic depletion of microglia prior to and during plaque development in 5xFAD mice with
the selective colony-stimulating factor 1 receptor (CSF1R) inhibitor PLX5622 effectively
prevents PNN loss, data substantiated by the similar beneficial effects on PNNs we
observe with microglial depletion in aged 3xTg-AD mice. Importantly, this occurs despite
the persistence of plaques. Thus, we conclude that disease-altered microglia facilitate
plaque-dependent loss of PNNs in the AD mouse model and human brain.

Materials and Methods

Compounds: PLX5622 was provided by Plexxikon Inc. and formulated in AIN-76A
standard chow by Research Diets Inc. at 1200ppm.

Mice: All animal experiments were performed according to animal protocols approved by
the Institutional Animal Care and Use Committee (IACUC) at the University of California,
Irvine, an American Association for Accreditation of Laboratory Animal Care (AAALAC)-
accredited institution. We utilized 5xFAD mice in this study, a model of AD harboring five
relevant mutations across two human transgenes, amyloid precursor protein (APP) and
presenilin-1 (PSENT), described in detail elsewhere (Jawhar et al., 2012) and obtained
from the Mutant Mouse Resource and Research Centers (MMRRC; 034848-JAX), or

3xTg-AD mice, with three familial AD mutations (in APP, MAPT, PSENT) (Oddo et al.,
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2003). WT mice (00664) were obtained from the Jackson Laboratory to maintain both
lines on a C57BL/6J background. Mice were housed in groups of up to five animals/cage
under 12-hr light/dark cycles, with ad libitum access to vivarium chow and water. For
timecourse experiments, naive male and female 5xFAD and WT mice were euthanized
for investigation at 4, 8, 12, and 18 months (mo). For LPS experiments, 9-month-old male
and female WT mice were intraperitoneally (IP) injected with 0.5mg/kg LPS (L4130,
Sigma) or saline every other day for a week, followed by euthanasia 24hr after the last
dose. To determine the role of microglia in plaque-related PNN disturbances, male and
female 5xFAD and WT mice were given AIN-76A chow containing vehicle or 1200ppm
PLX5622 from 1.5 months (prior to plaque pathology) to 4 months of age. For post-
pathological experiments, male and female 3xTg-AD mice were given vehicle or 1200ppm
PLX5622 orally for 1mo starting at 17mo. Assignment of animals to treatment groups was
conducted in a random manner and was balanced for sex, and researchers were blinded
to genotype and treatment groups during analysis of histological data.

Tissue Collection:

Mouse tissue: At the end of treatment, mice were euthanized via CO2 inhalation and
transcardially perfused with ice-cold 1X phosphate buffered saline. For all studies, brains
were removed, and hemispheres separated along the midline. Each hemisphere was then
either flash frozen and stored at -80°C for subsequent biochemical analysis, or drop-fixed
in 4% paraformaldehyde (Thermo Fisher Scientific, Waltham, MA) for 48hrs,
cryoprotected in 30% sucrose, and sectioned at 40pm on a Leica SM2000R freezing

microtome for immunohistochemical analysis.
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Human tissue: For analysis of human brains, postmortem cortical tissue from the middle
frontal gyrus (BA9 and 46) of non-demented and AD subjects was obtained from the
Alzheimer’s Disease Research Center (ADRC), UC Irvine. The protocols for obtaining
postmortem brain tissue compiled with all federal and institutional guidelines with special
respect for donor identity confidentiality and informed consent. Dementia and AD
diagnosis were made by a consensus conference using neuropsychological assessment,
neurological examination, and medical records following DSM-IV and National Institute of
Neurological and Communicative and Stroke-Alzheimer’s Disease and Related Disorders
Association criteria, respectively. Neuropathological examination included Braak and
Braak staging for plagues and tangles and diagnosis of neuropathological AD using
National Institute on Aging-Reagan criteria (Hyman et al., 2012). Neuropathological
differences in non-demented (ND) control (cognitive diagnosis: ND; plaque stage: 1.67
+/- 0.24; age: 91 +/- 0.25; MMSE: 27.11 +/- 1.42) and Alzheimer’s disease (AD) (cognitive
diagnosis: AD; plaque stage: 3.93 +/- 0.07; age: 89.57 +/- 0.88; MMSE: 13.77 +/- 2.13)
cases are listed in Table 2.1. Paraformaldehyde-fixed human samples were
cryoprotected via 48hr incubation in 30% sucrose + 0.05% sodium azide and samples

were cut into serial sections (30um) using a Leica SM2000R freezing microtome.

Plaque
Group PMI Age Gender MMSE Plaque Stage Tangle
(h) (y) Stage (Frontal) Stage
ND- CON  3.61 91 6F, 3M  27.11 1.67 0.33 2.78
+0.28 +0.25 +142 10.24 1+ 0.17 +0.40
AD 4.51 89.57 10F, 13.77 3.93 3.00 5.36

+0.39 +0.88 4M +2.13 +0.07 + 0.00 +0.13

Table 2.1. Neuropathological differences in non-demented control (ND CON) and Alzheimer’s disease (AD) cases. Values represent
mean + SEM.
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Histology and Confocal Microscopy: Fluorescent immunolabeling followed a standard
indirect technique as described previously (Spangenberg et al., 2016). Brain sections
were stained with antibodies against IBA1 (1:1000; 019-19741, Wako and ab5076,
Abcam), Wisteria floribunda agglutinin (WFA) lectin (1:1000, B-1355, Vector Labs),
aggrecan 7D4 (1:15, MCA1454G, Bio-Rad), aggrecan (1:200, AB1031, Millipore), CSPG
CS-56 (1:200, ab11570, Abcam), and parvalbumin (1:500, MAB1572, Millipore).

Thioflavin-S (Thio-S; T1892, Sigma-Aldrich) staining was performed as described before

(Spangenberg et al., 2019). Amylo-Glo (TR-300-AG; Biosensis) staining was performed
according to the manufacturer’s instructions for confirmation of plaques with an additional
marker where indicated. IHC was performed the same on human post-mortem cortical
tissue, including Tho-S pretreatment, with an additional incubation in Sudan Black B
(206470; MP Biomedicals) as a final step to reduce autofluorescence. Antigen retrieval
was performed prior to staining 5xFAD tissue with aggrecan (AB1031) and CSPG via
30min incubation in pH 6.0 citric acid buffer at 80°C, after which all IHC steps were
performed normally. Immunostained sections were mounted and coverslipped with
Fluoromount-G with or without DAPI (0100-20 and 0100-01; SouthernBiotech). High
resolution fluorescent images were obtained using a Leica TCS SPE-Il confocal
microscope and LAS-X software. One 20X field-of-view (FOV) per brain region was
captured per mouse, and max projections of 63X Z-stacks were used for representative
images when indicated. For whole-brain stitches, automated slide scanning was
performed using a ZEISS Axio Scan.Z1 equipped with a Colibri camera and ZEN Axio

Scan 2.3 software.
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Cell quantities were determined using the spots module in Imaris v9.2, while plaque
number and PNN coverage area were determined using the surfaces module. To
measure PNN structural integrity, the average value of the mean WFA fluorescence
intensity within each PV+ spot (e.g. WFA+ signal colocalizing with PV+ cell body) of a
particular sample was compared, adapted and modified from (Tewari and Sontheimer,
2019). To measure the total WFA+ material associated with microglia, the WFA+ intensity
sum of each IBA1+ spot was added together for each sample. CSPG immunoreactivity
was measured as integrated signal density in Imaged (NIH) as before (Crapser et al.,
2019). For the analysis of human tissue, the number of ACAN+ (aggrecan clone 7D4)
PNNs and Thio-S+ dense core plaques were manually quantified and averaged across 4
regionally distinct 20X Z-stack max projections of cortical grey matter per brain sample
for n=9 non-demented control and n=12 AD brains to determine statistical differences. All
20X max projection values (rather than patient averages) were utilized for regression and
correlation analysis, excluding any replicates in which technical artifacts were observed.
Data analysis and statistics: Statistical analysis was performed with Prism GraphPad
(v.8.3.0). To compare two groups, the two-tailed unpaired Student’s t-test was used. To
compare multiple groups along one or two variables, a one-way or two-way ANOVA,
respectively, was performed with Tukey’s post-hoc test for multiple comparisons. All bar
graphs are represented as mean * standard error of the mean (SEM) with individual
sample values overlain. Nonlinear regression with Akaike’s Information Criterion (AICc)
was used to determine the statistical model (linear or quadratic) that best explains the
data, and Pearson’s or Spearman’s correlation analysis was performed depending on

whether the relationship was linear or nonlinear, respectively (all correlations reported in
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this study were nonetheless confirmed significant using both analyses). Statistical
significance was accepted at p<0.05 and is expressed as follows: *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

Results

Age- and plaque-dependent PNN loss occurs in 5xFAD mouse brains

5xFAD mice serve as an aggressive mouse model of AD, displaying extensive AB plaque
deposition and associated gliosis beginning at 3 months of age, particularly in the cortex
and the subiculum of the hippocampus (Oakley et al., 2006), in addition to synaptic deficits
and neuronal loss at later stages of the disease (Buskila et al., 2013; Jawhar et al., 2012).
Microglia from these mice have been extensively characterized, revealing the canonical
upregulation of disease-associated microglial markers (e.g. Cst7, Axl, Trem2, Apoe, Ctss)
and loss of homoestatic markers (P2ry12, Tmem119) that reflect disease-related changes
in form and function (Griciuc et al., 2019; Keren-Shaul et al., 2017; Spangenberg et al.,
2019). As before, we focused our investigation on the subiculum due to its early and
aggressive plaque development, which allowed us to study the consequences of high
plaque pathology in parallel with analyses of cortical regions, which display relatively
lower amyloid burden at the same timepoints and in the same mice. Furthermore, we
have previously conducted extensive cellular and transcriptomic characterization of these
regions following CSF1R inhibitor or vehicle treatment, providing a growing biological
context within which to interpret the findings of the present study. (Spangenberg et al.,
2019; Spangenberg et al., 2016). Therefore, to explore the effects of aging and plaque
development on PNN integrity, we performed immunohistochemistry (IHC) on 5xFAD and

age-matched WT control brain tissue at 4, 8, 12, and 18 months (mo) of age for dense-
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core plaques (Thioflavin-S (Thio-S) or Amylo-Glo), microglia (IBA1), and PNNs (WFA;
Fig. 2.1A). PNNs were visualized as generally done by immunolabeling with Wisteria
floribunda agglutinin  (WFA) lectin, which binds component chondroitin sulfate
proteoglycans (CSPGs) (Wen et al., 2018b). Examination of whole brain images revealed
the characteristic presence of PNNs in multiple key regions, including the subiculum (Fig.
2.1B) and visual cortex (Fig. 2.1C).

Plaques were evident in multiple brain regions by 4mo in male and female 5xFAD mice,
concomitant with the stereotypical activation and gliosis of plaque- and non-plaque-
associated microglia (PAM and NPAM, respectively; Fig. 2.1A-C) (Heneka et al., 2015;
Reed-Geaghan et al., 2020). Indeed, 5xFAD mice had significantly higher microglial
densities compared to WT at every timepoint in the subiculum, and from 8mo onward in
the visual cortex (p<0.0001 in each case; Fig. 2.1D,E). Microglia accumulated around and
near Thio-S+ plaques, which followed similar patterns of age-dependent aggregation in
the two regions. Plaques were abundant in the 5xFAD subiculum at 4mo and significantly
increased by 8mo (p=0.0002), whereas visual cortex plagues were sparse until 8mo
(p<0.01 vs 4mo) at which point they were evident across cortical layers, with numbers in

both regions remaining stable thereafter (Fig. 2.1F).
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Figure 2.1. AB plaques induce local PNN loss that expands with pathology in 5xFAD mice. (A) Representative whole-brain

images of WFA+ PNNs and Thio-S+ dense core plaques reveal extensive age- and plague-related PNN loss in the 5xFAD brain,

beginning in high pathology regions (e.g. subiculum) at 4 months (mo) and spreading globally by 18mo. (B-C) Representative 20X
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subiculum and visual cortex images display Thio-S+ plaque accumulation and IBA1+ microgliosis in spatial association with PNN
abnormalities and loss at 4, 8, 12, and 18mo. (D-E) Microglial numbers were significantly increased compared to WT at every age in
the subiculum and from 8mo on in the visual cortex (all p<0.0001; 2-way ANOVAs with Tukey’s post-hoc test; n=8-10/group). Age-
related increases were also detected in subiculum (p<0.0001) and visual cortex (p<0.0001) between 4 and 8mo in 5xFAD mice. (F)
Thio-S+ plaques were substantial in the subiculum but scarce in the visual cortex at 4mo, and increased between 4 and 8mo in both
subiculum and cortex (p<0.001, p<0.01; 1-way ANOVAs with Tukey’s post-hoc test; n=10/group), remaining at similar levels thereafter.
(G-H) Total area coverage of WFA+ PNNs revealed significant decreases in the plaque-laden subiculum (p<0.0001) as early as 4mo
with disease. Total WFA+ area was significantly diminished at all later timepoints compared to age-matched WT in subiculum (all
p<0.0001) and visual cortex (8mo p<0.0001; 12mo p<0.001; 18mo p<0.0001). 5xFAD WFA+ area was reduced at 12 (p<0.01) and
18mo (p<0.01) in the subiculum and at 8 (p<0.05), 12 (p<0.001) and 18mo (p<0.0001) in the visual cortex compared to the same
5xFAD regions at 4mo. WT mice also displayed age-related decreases in WFA+ area between 8 and 12mo in both the subiculum
(p<0.001) and the visual cortex (p<0.05) that did not recover by 18mo (all 2-way ANOVAs with Tukey’s post-hoc test; n=8-10/group).
(I) Representative 63X image displays WFA+ PNNs physically wrapped around an Amylo-Glo+ plaque by intermediary plague-
associated microglia (PAM) at 8mo, commonly seen in the 5xFAD brain. (J) Representative 63X image and (K) 3D rendering of WFA+
components observable within 5xFAD microglia (arrowheads; primarily in PAM) at 18 months. Statistical significance is denoted by *

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns = not significant. Error bars indicate SEM.

Notably, we found that WFA+ PNNs were robustly decreased in 5xFAD mice, with the
largest effects seen in the areas with the highest plaque number (Fig. 2.1A-C). This
negative correlation was modeled best by a linear equation in the subiculum (Y=-
188.8*X+23957; r>=0.2346; Pearson’s r=-0.4844, p<0.01; Fig. 2.2A), and a nonlinear
quadratic equation in the visual cortex (Y=57400+-2383*X+41.54*X?; r?=0.4131;
Spearman’s r=-0.6090, p<0.0001; Fig. 2.2B) suggesting potential region-related
differences. Total subiculum WFA+ area was reduced at every timepoint compared to
age-matched WT mice (p<0.0001 in each case; Fig. 2.1B,G), whereas the visual cortex
displayed significant losses at 8mo and every timepoint thereafter (p<0.0001 or p<0.001
in every case; Fig. 2.1C,H). Age-dependent PNN reductions were evident in both
genotypes and regions, resulting in even greater PNN loss with disease progression in

5xFAD mice; WFA+ PNNs were significantly reduced by 12mo (p<0.01) and 8mo (p<0.05)
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in the diseased subiculum and visual cortex, respectively, compared to the same 5xFAD
regions at 4mo, whereas significant within-genotype decreases in WT subiculum and

cortical PNNs were detected later, between 8mo and 12mo (p<0.001, p<0.05).
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Figure 2.2. 5xFAD PNN abundance varies inversely with plaque load in a region-specific manner. Nonlinear regression and
correlational analysis of WFA+ PNN area and Thio-S+ dense core plaque counts across all 5xFAD subiculum (A) and visual cortex
(B) samples (including all timepoints and ages) analyzed in Fig. 2.1 revealed region-specific inverse relationships between the two
variables, which were best modeled by a linear equation in the subiculum (Y=-188.8*X+23957; r>=0.2346; Pearson’s r=-0.4844,

p<0.01; n=39) and a nonlinear second order polynomial (quadratic) equation in the visual cortex (Y=57400+-2383*X+41.54*X?;

r?=0.4131; Spearman’s r=-0.6090, p<0.0001; n=40).

Analysis of total extracellular CSPG with CS-56 at early stages of PNN loss, which
generally labels CSPGs excluded from PNNs e.g. those found in glial scars (Pearson et
al., 2018; Yi et al., 2012), revealed significant increases in the subiculum but not visual
cortex (p<0.05, p=0.0818) of 5xFAD mice (Fig. 2.3A-C). These results resemble the
observation of CSPG in AD plaques reported almost three decades ago (DeWitt et al.,
1993) as well as our previous findings in the context of Huntington’s disease, where we
observed dense CSPG accumulation in regions of PNN loss (Crapser et al., 2019).
Together, this suggests that enhanced ECM CSPG deposition outside of PNNs is an

underappreciated feature of neurodegeneration, and may also partially account for the
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beneficial effects afforded by treatment with chondroitinase ABC enzyme in AD models
(Howell et al., 2015; Végh et al., 2014) which degrades CSPGs not only found in PNNs
but also in the general CNS ECM, where 98% of CNS CSPGs are found (Fawcett et al.,
2019).

Further examination at higher magnification revealed that 5xFAD PNN-ensheathed
neurites and cell bodies were observed physically wrapped around plaques, to which they
appeared tethered by intermediary PAM (Fig. 2.11). Interestingly, intracellular WFA+
material was evident in microglia (Fig. 2.1J, K; arrowheads), consistent with their putative
phagocytic clearance. Analysis of total WFA+ intensity associated with IBA1+ microglia
in the 18mo 5xFAD subiculum confirmed a significant increase compared to WT (p<0.001;
Fig. 2.3G-H). Finally, disease-related effects on PNNs were validated at 12mo by staining
for aggrecan, a core PNN CSPG (Rowlands et al., 2018), which confirmed the
morphological abnormalities as well as the loss of 5xFAD subiculum and cortical PNNs
at this timepoint (p<0.001, p<0.05; Fig. 2.3D-F). This data, together with the overlapping
temporal profiles of plaque accumulation, microgliosis, and PNN density reduction,

suggest that microglia facilitate the loss of PNNs in the 5xFAD brain.
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Figure 2.3. ECM CS-56+ CSPGs and ACAN+ PNNs increase and decrease, respectively, in the 5xFAD subiculum, where

microglia accumulate elevated levels of PNN material. (A) Representative 20X images of WT and 5xFAD subiculum and visual
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cortex at 4 months (mo) stained for CSPG (CS-56) and WFA display enhanced ECM CSPG accumulation with disease. (B-C)
Quantification of CS-56+ immunoreactivity confirmed a significant increase in the 5xFAD subiculum (p<0.05) but not visual cortex
(p=0.0818) compared to WT (two-tailed unpaired t-test; n=8-10/group). (D) Representative 20X images of WT and 5xFAD subiculum
and visual cortex stained for aggrecan (ACAN) at 12mo reveal morphologically abnormal and diminished PNNs. (E-F) Quantification
of ACAN PNN area confirmed significant reductions in PNN area in the 5xFAD subiculum (p<0.001) and visual cortex (p<0.05), as
observed with WFA (two-tailed unpaired t-test; n=8-10/group). (G) Representative 63X magnification illustrates the presence of WFA+
microglial inclusions in the 18mo 5xFAD subiculum shown in Fig. 2.1. (H) Quantification of total WFA+ signal intensity associated with
IBA1+ microglia in the 5xFAD subiculum at 18mo revealed a significant increase compared to WT (p<0.001; two-tailed unpaired t-

test; n=10/group). * p<0.05, *** p<0.001. Error bars indicate SEM.

Reductions in 5xFAD PV+ interneurons occur only after overt PNN loss

Impaired PV+ interneuron functioning has recently been linked to neuronal network
hypersynchrony/hyperexcitability and cognitive deficits in AD (Hijazi et al., 2019; Verret
et al., 2012), and PV+ cell loss occurs across multiple AD models (Ali et al., 2019; Saiz-
Sanchez et al., 2013; Takahashi et al., 2010; Zallo et al., 2018). Given the protective and
physiological benefits PNNs confer upon the neurons they enwrap (Balmer, 2016; Miyata
et al.,, 2007), we set out to investigate the temporal pattern of PV+ interneuron loss
reported in the 5xFAD brain (Ali et al., 2019; Flanigan et al., 2014) relative to the onset of
overt PNN reductions. To accomplish this, we immunolabeled and quantified PV+ cell
density at 4, 8, 12, and 18mo in male and female 5xFAD and WT subiculum (Fig. 2.4A)
and at 4mo and 18mo in the cortex (Fig. 2.5A). Interestingly, PV+ cell numbers remained
unchanged at 4mo and 8mo in the 5xFAD subiculum (p=0.085 at 8mo; Fig. 2.4B), when
PNN loss is already extensive, but were significantly reduced at 12mo and 18mo
compared to WT (p<0.0001, p<0.01) and to 5xFAD at 4mo (p<0.05, p<0.05), indicating
that interneurons are included among the general neuronal loss that we and others have

reported in the diseased subiculum (Oakley et al., 2006; Spangenberg et al., 2016). Mean
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intensity of WFA+ signal colocalizing with subiculum PV+ neurons, a measure of the
structural integrity of interneuron-associated PNNs, was significantly reduced at every
age compared to WT (p<0.01, p<0.0001, p<0.0001, p<0.01 starting at 4mo; Fig. 2.4C),
indicating that PV+ PNN component density and/or integrity is diminished prior to PV+
neuronal loss, and remains impaired in surviving cells at later ages. This trajectory of PNN
impairment (in overall coverage and in PV+ cell-associated signal) prior to PV+ cell loss
is consistent with reports in the hippocampus of the Tg2576 AD model (Cattaud et al.,
2018) and with the protective properties of PNNs against AD-relevant neurotoxins (e.g.
oxidative stress, AB) (Cabungcal et al., 2013; Miyata et al., 2007), which when lost likely
render neurons more susceptible to pathology-related death. We were unable to detect
any disease-related differences in PV+ cell density in the anterior visual cortex at 4mo or

18mo, although some loss in PV+ neuronal WFA+ intensity was evident (Fig. 2.5A-C).
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Figure 2.4. PV+ interneurons are decreased following PNN loss in 5xFAD mice and these effects are mirrored by LPS-induced

microglial activation. (A) Representative 20X images of WT and 5xFAD subiculum at 4 and 18 months stained for WFA, PV, IBA1,

and Amylo-Glo show a loss of PNN-associated PV+ interneurons at later stages of disease. (B) Quantification of PV+ interneurons in

5xFAD subiculum revealed significant reductions in cell density at 12 (p<0.0001), and 18mo (p<0.01) compared to age-matched

controls, and significant within-genotype decreases between 4 and 18mo in 5xFAD mice (p<0.05; 2-way ANOVA with Tukey’s post-
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hoc test; n=7-10 WT and 9-10 5xFAD/timepoint). (C) Mean intensity of WFA+ signal colocalizing with PV+ cell soma, a measure of
structural PNN integrity, was significantly reduced in existing PV+ cells at every timepoint examined in 5xFAD subiculum (4mo p<0.01;
8mo p<0.0001; 12mo p<0.0001; 18mo p<0.01; 2-way ANOVA with Tukey’s post-hoc test; n=7-10 WT and 9-10 5xFAD/timepoint). (D)
Representative 63X images of 18mo 5xFAD subiculum display the condensed, debris-like WFA+ puncta (arrowheads; also see Fig.
2.6) that accumulate around microglia as PNN degradation progresses in late stages of disease, particularly abundant in the
hippocampus but also evident in other regions (e.g. cortex). Notably, microglial process coverage of PNN-enwrapped neurites is
extensive in regions of lower WFA+ intensity (arrows). (E) Representative 63X image of morphologically dystrophic PV+ interneuron
and associated PNN in spatial relation to activated microglia in 18mo 5xFAD CA1 shows direct contact. (F) Representative 20X images
of adult 9mo WT subiculum and visual cortex from mice given IP injections of saline or LPS every other day for 7 days (4 doses)
demonstrating microglia-mediated neuroinflammation and consequent loss of PNNs and PV+ cell density. (G-H) Microglia were
increased in number in the visual cortex (p<0.05; two-tailed unpaired t-test; n=4/group) and displayed morphological hallmarks of
activation in both subiculum and cortex. (I-J) LPS induced significant decreases in WFA+ coverage in the subiculum (p<0.05) and
visual cortex of adult WT mice (p<0.01; two-tailed unpaired t-test; n=3-4/group), (K-L) diminished WFA+ signal intensity of subiculum
and visual cortex PV+ neurons (p=0.051, p<0.05; two-tailed unpaired t-test; n=4/group), and (M-N) reduced PV+ cell densities in both
regions (p<0.05, p<0.05; two-tailed unpaired t-test; n=4/group). Statistical significance is denoted by * p<0.05, ** p<0.01, *** p<0.001,

*kkk

p<0.0001, ns = not significant. Error bars indicate SEM.

Interestingly, small debris-like WFA+ puncta, phenotypically distinct from PNNs, were
abundant throughout the 5xFAD brain by 18mo, particularly in the hippocampus (e.g.
subiculum, CA1) where they associated with PAM (Fig. 2.4D; arrowheads) and NPAM
(Fig. 2.6A; arrowheads). Gross morphological deficits in PNNs and PV+ neurons were
apparent proximal to activated (e.g. amoeboid) microglia, often suggestive in appearance
of microglial-mediated disruption and/or engulfment of PV+ soma and encapsulating PNN
(Fig. 2.4E). To determine whether microglial activation in an established model of
neuroinflammation was sufficient to induce PNN degradation, adult male and female WT
mice were |.P. injected at 9mo with 0.5mg/kg LPS every other day for 7d (4 doses total)
and their brains immunolabeled for PV, WFA, and IBA1 (Fig. 2.4F)(Elmore et al., 2014).

LPS induced phenotypic activation of subiculum and cortical microglia (e.g. process
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retraction and enlargement), and while IBA1+ numbers were significantly elevated only
in the latter (p<0.05; Fig. 2.4G, H), WFA+ area was significantly reduced in both regions
(p<0.05, p<0.01; Fig. 2.4l, J) with reductions in mean WFA+ intensity of PV+ neurons
(p=0.051, p<0.05; Fig. 2.4K, L) and PV+ cell densities (p<0.05, p<0.05; Fig. 2.4M, N)
resembling that seen in 5xFAD mice. Together, these data suggest that microglial
activation or dyshomeostasis (induced by plaques or LPS) can result in PNN breakdown,
potentially leaving interneurons and other PNN-associated subtypes susceptible to

changes in synaptic connectivity (Reichelt et al., 2019), excitability (Balmer, 2016), firing

rate (Tewari et al., 2018), and damage (Miyata et al., 2007).
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Figure 2.5. 5xFAD visual cortex PV+ interneurons are unchanged between 4 and 18 months. (A) Representative 20X images of
WT and 5xFAD visual cortex at 4 and 18mo stained for WFA, PV, IBA1, and Amylo-Glo show no changes in PV+ interneuron cell
density with disease. (B) Quantification of PV+ interneurons in 5xFAD visual cortex did not suggest any significant differences between
5xFAD and WT at 4 or 18mo, or in 5xFAD tissue between 4 and 18mo (all p>0.10; 2-way ANOVA with Tukey’s post-hoc test; n=8-
10/group). (C) Mean intensity of WFA+ signal colocalizing with PV+ cell soma was significantly reduced in visual cortex PV+ cells at
4mo (p<0.05) but not 18mo due to age-related loss in WT PV+ cells over the same time period (p=0.0531; 2-way ANOVA with Tukey’s

post-hoc test; n=8-10/timepoint). * p<0.05, ns = not significant. Error bars indicate SEM.
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Figure 2.6. Abnormal WFA+ debris accumulates in the 5xFAD brain during disease progression and associates with
microglia. (A) Representative 63X images displaying the aberrant accumulation of, and IBA1+ microglial association with, dense
WFA+ debris puncta (arrowheads) in the 5xFAD brain at later stages of disease, particularly abundant in the 18mo hippocampus (here

shown in CA1; 63X), where morphologically normal PNNs are instead observable in WT brains, as shown on the right.

PNNs are reduced in human AD brains and are inversely related to plaque burden
The vulnerability of PNNs to AD pathology in humans is unclear, with some groups
reporting no changes (Lendvai et al., 2013; Morawski et al., 2012; Morawski et al., 2010b)
and others reporting disease-associated reductions (Baig et al., 2005; Kobayashi et al.,
1989); such ambiguity may be due in part to differences in quantitative technique, disease
stage/pathology progression, or regional variability. As prolonged post-mortem delay
(PMD) between death and tissue collection/fixation has been shown to reduce reactivity
for WFA lectin in mice, but not for the major PNN component aggrecan (using pan-
aggrecan clone 7D4 (Virgintino et al., 2009)), it has been suggested that early lectin
binding site loss due to PMD may lead to discrepancies upon autopsy (Morawski et al.,
2012). A recent report furthermore found clone 7D4 to be uniquely efficacious in staining

PNNs in banked post-mortem human middle frontal gyrus and hippocampal brain tissue,
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even among other aggrecan antibodies and where WFA had failed (Rogers et al., 2018).
Therefore, we immunolabeled post-mortem cortical tissue from clinically and
neuropathologically diagnosed AD and non-demented control brains for ACAN+ PNNs
(aggrecan 7D4), dense-core plaques (Thio-S), and microglia (IBA1+) (Fig. 2.7A-D). As in
the animal studies, we included only dense-core plaques in our analysis, meaning
plaques composed of a central amyloid core surrounded by a fibrillar “halo” (Kumar-Singh
et al., 2002; Wisniewski et al., 1989), due to the unique association and response of
microglia to dense-core rather than diffuse plaques (Mandrekar-Colucci and Landreth,
2010; Serrano-Pozo et al., 2013; Spangenberg et al., 2019; Yin et al., 2017).

Neuropathological scoring of post-mortem samples can be found in Table 2.1.
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Figure 2.7. PNNs are reduced in the human AD cortex and correlate negatively with dense-core plaque load. (A-B)
Representative stitched and 20X images of grey matter (GM) aggrecan (ACAN)+ PNNs immunolabeled in post-mortem cortical tissue
from the middle frontal gyrus (BA9 and BA46) of non-demented control or (C-D) clinically diagnosed AD patients reveals substantial
PNN loss in the diseased brain, where Thio-S+ dense core plaques (arrows) and immediately proximal IBA1+ PAMs accumulate. (E)
Quantification of ACAN+ PNN number in sections from n=9 non-demented control and n=12 AD brains revealed a significant loss with
disease (p<0.01; two-tailed unpaired t-test; n=9-12/group) in parallel with (F) a significant increase in Thio-S+ dense core plaques in
AD compared to non-demented control brains (p<0.001; two-tailed unpaired t-test; n=9-12/group). (G) Nonlinear regression and
correlational analysis of human PNN and dense core plaque counts across all sample replicates from AD and non-demented control

brains identified a nonlinear (Y=13.91+-5.414*X+0.7059*X?; r>=0.2094) and highly significant inverse relationship between PNNs and
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plague count in human prefrontal cortex GM (Spearman’s r=-0.49, p<0.0001; n=80). (H-l) Representative 63X images of AD patient
cortical GM displays colocalization of ACAN+ signal (clone 7D4) within Thio-S+ plaques and IBA1+ microglia, suggesting the presence
of PNN material. As in 5xFAD mice, PAM processes were seen in contact with proximal PNNs, occasionally with morphology
resembling phagocytic cups (arrow). Statistical significance is denoted by * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns = not

significant. Error bars indicate SEM.

We found that AD patient brains exhibited significantly fewer PNNs (p<0.01; Fig. 2.7E)
and more Thio-S+ dense core plaques (p<0.001; Fig. 2.7F) compared to non-demented
control brains, such that a highly significant negative correlation between ACAN+ PNNs
and Thio-S+ plaques was observed across unaffected and diseased tissue samples
(Spearman’s r=-0.49, p<0.0001; Fig. 2.7G). Interestingly, these data were best described
by a nonlinear quadratic model (Y=13.91+-5.414*X+0.7059*X?; r’=0.2094), as paralleled
by the distribution of WFA+ PNN area vs. Thio-S+ plaque number in the murine cortex
but not subiculum (Fig. 2.2B, A), providing additional cross-species corroboration on the
brain-region dependent relationship between PNNs and plaques. PAM were readily
evident around dense-core plaques (Fig. 2.7D, arrows), and closer examination revealed
the ubiquitous presence of aggrecan within both the plaque core and surrounding
microglia (Fig. 2.7H), the processes of which could be seen in close spatial association
with nearby intact PNNs (Fig. 2.71).

Microglia facilitate plaque-dependent loss of PNNs

Given the relationships between plaques, microglia, and PNNs, the physical associations
between NPAMs/PAMs and PNNs, and the observation that LPS also induces microglial
activation and PNN degradation, we set out to directly test the involvement of microglia-
mediated PNN loss in two AD mouse models. Microglia express and are critically
dependent upon signaling through the myeloid CSF1/IL-34 receptor CSF1R for survival

(Elmore et al., 2014). In recent years, we have developed microglial depletion paradigms
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based on oral delivery of CSF1R inhibitors in chow at concentrations that cross the blood-
brain barrier, inducing scalable microglial death and sustained depletion from the brain
(Elmore et al., 2014; Najafi et al., 2018), including in mouse models of AD (Dagher et al.,
2015; Spangenberg et al., 2019; Spangenberg et al., 2016). Thus, to elucidate the role of
microglia in plaque-induced PNN degradation, we treated WT and 5xFAD mice with the
selective CSF1R inhibitor PLX5622 (1200ppm in chow) or vehicle from 1.5 — 4 months of
age, encompassing the period in which plaques begin to form and cause PNN loss. Brain
sections collected from 4mo mice at the end of the experiment were stained with Thio-S,
IBA1, and WFA, and the relationships between plaques, microglia, and PNNs were

explored (Fig. 2.8A, B).
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Figure 2.8. Microglia mediate plaque-driven PNN loss in AD. (A-B) Representative 20X images of subiculum and visual cortex in
4mo 5xFAD and WT mice treated prior to and during plaque development (1.5-4mo) with sustained delivery of CSF1R inhibitor
PLX5622 (1200ppm in chow) demonstrate complete prevention of WFA+ PNN loss with microglial depletion in 5xFAD subiculum and
cortex, even despite the persistence of Thio-S+ plaques in the former. (C-D) Quantification of WFA+ area in vehicle-treated mice
revealed a significant decrease in 4mo 5xFAD subiculum (p<0.01) and visual cortex in this cohort (p<0.01), both of which were
prevented with PLX5622 treatment (Subiculum: 5xFAD vs. 5xFAD+PLX5622, p<0.05; WT vs. 5xFAD+PLX5622, p=0.884. Visual
cortex: 5xFAD vs. 5xFAD+PLX5622, p<0.001; WT vs 5xFAD+PLX5622, p=0.827; all 2-way ANOVAs with Tukey’s post-hoc test; n=4-
5 WT and 5-9 5xFAD/group). (E) Representative scaled 20X images and (F) quantification of IBA1+ microglia in vehicle- and PLX5622-

treated 5xFAD subiculum confirm significant microglial depletion with treatment in diseased mice (p<0.0001) with predominantly PAM
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remaining, whereas microglia were elevated in vehicle-treated 5xFAD subiculum compared to control (p<0.0001; 2-way ANOVA with
Tukey’s post-hoc test; n=4-5 WT and 6-8 5xFAD/group). (G) Visual cortex microglia were significantly elevated at 4mo in vehicle-
treated 5xFAD compared to WT (p<0.05) but were virtually absent following PLX5622 (p<0.0001; 2-way ANOVA with Tukey’s post-
hoc test; n=4-5 WT and 6-8 5xFAD/group). (H) PLX5622 significantly reduced Thio-S+ plague numbers in the visual cortex (p<0.001)
but not subiculum (p=0.0749; two-tailed unpaired t-tests; n=6-9/group), together suggesting that microglial depletion can prevent PNN
loss even without significant changes in plaque load. (I-J) Representative 20X images of aged 18mo 3xTg-AD subiculum and visual
cortex following 1mo treatment with PLX5622 (1200ppm in chow) display beneficial effects of post-pathological IBA1+ microglial
depletion on WFA+ PNNs independent of Thio-S+ plaque burden. (K-L) Quantification of WFA+ area reveals significant increases in
subiculum and visual cortex PNNs (p=0.0567, p<0.05) following 1-month PLX5622, which (M-N) significantly reduced microglia in the
respective regions (p<0.05, p<0.01) but (O) had no effect on plague number (subiculum p=0.917; two-tailed unpaired t-tests; n=4-
5/group). No plaques were detected in any 3xTg-AD visual cortex images examined regardless of treatment. Statistical significance

is denoted by * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns = not significant. Error bars indicate SEM.

Significant reductions in PNN area were evident in vehicle-treated 5xFAD subiculum
compared to vehicle-treated WT at 4 months (p<0.01), as previously observed. However,
PLX5622 completely prevented the loss of 5xFAD PNNs (p<0.05), which were
consequently no different from vehicle-treated WT levels (p=0.884; Fig. 2.8C). In this
cohort, we detected a significant reduction in 5xFAD visual cortex WFA+ coverage at 4mo
compared to vehicle-treated WT (p<0.01), which was also prevented in 5xFAD+PLX5622
tissue (p<0.001) where PNN abundance was indistinguishable from WT controls
(p=0.827; Fig. 2.8D). Importantly, the preservation of PNNs in the 5xFAD brain with
PLX5622 coincided with extensive microglial depletion in both the subiculum (p<0.0001)
and visual cortex (p<0.0001) compared to respective vehicle-treated 5xFAD regions (Fig.
2.8F, G). However, only Thio-S+ plaques in the visual cortex (p<0.001) were significantly
reduced with treatment (Fig. 2.8H), consistent with prior data (Spangenberg et al., 2019).
A small population of mostly PAM remained in the subiculum, a region of high pathology,
at 4mo following sustained CSF1R inhibition, but the reduction in overall microglial

densities with PLX5622 fully preserved subiculum PNNs despite partial contact with

87



surviving PAM (Fig. 2.8E). Significant microgliosis occurred alongside disease-related
PNN loss in vehicle-treated 5xFAD subiculum (p<0.0001) and cortex (p<0.05) compared
to vehicle-treated WT (Fig. 2.8F, G). PLX5622 treatment in WT mice also enhanced basal
PNN levels in subiculum (p<0.01) and cortex (p<0.05) compared to vehicle treatment (Fig.
2.8C, D), consistent with our prior reports of homeostatic PNN regulation by microglia in
the healthy adult brain (Crapser et al., 2019).

To expand upon this data and to determine if microglial-mediated PNN loss could be
ameliorated in late stages of disease, we treated 17mo 3xTg-AD mice, an AD line that
develops clinically-relevant neurofibrillary tangles of hyperphosphorylated tau in addition
to AB plaques (Oddo et al., 2004), for 1mo with PLX5622 (1200ppm in chow). PLX5622
treatment in 3xTg-AD mice induced extensive IBA1+ microglial depletion (subiculum
p<0.05; visual cortex p<0.01) but no changes in Thio-S+ plaques (subiculum p=0.917;
visual cortex had no detectable plaques). Nonetheless treatment was accompanied by
significant WFA+ PNN upregulation (subiculum p=0.0567; visual cortex p<0.05; Fig. 2.8I-
O). Together, this data collectively suggests that the deleterious effects of AD-associated
plaques on PNNs are mediated by microglia, the pre- or post-pathological depletion of
which mitigates perineuronal net loss even in the absence of significant changes in plaque

load.

Discussion

In conclusion, our data show that microglia are critical homeostatic regulators of PNNs in
the healthy adult brain, and that their phenotypic changes in response to plaques
mediates extensive PNN loss in AD. We observed PNN components within microglia in

both mice and humans, suggesting that microglia directly phagocytose these ECM
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structures or debris resulting from their degradation, as well as within human dense core
plaques. The inversely correlative relationship between plaques and PNNs in the human
cortex suggests that degraded PNN components may accumulate in plaques following
PNN loss as AD progresses. As PNNs are implicated in neuronal health and function,
protecting cells against neurotoxins such as AB142 (Miyata et al., 2007) and oxidative
stress (Cabungcal et al., 2013) in addition to modulating neuronal activity (Balmer, 2016;
Tewari et al., 2018), the microglial-mediated loss of these structures in disease likely
plays an important role in AD pathogenesis.

For instance, synaptic loss is a key feature of AD pathogenesis mediated, at least in part,
by microglia (Hong et al., 2016; Spangenberg et al., 2016). This may be due in part to the
degradation of the PNNs in which synapses are embedded, as the genetic ablation of
one or more PNN structural components and consequent loss of neuronal PNN integrity
can induce in the loss of synapses (Geissler et al., 2013; Gottschling et al., 2019) and
impaired synaptic colocalization/expression of neurotransmitter receptor subunits
(Favuzzi et al., 2017), potentially manifesting as deficits in synaptic plasticity (e.g. LTP)
(Brakebusch et al., 2002; Bukalo et al., 2001; Evers et al., 2002). We previously reported
that neuronal and synaptic genes (e.g. DIk2, Kcnq3, Nrg3, Scn1b) and related functional
pathways (e.g. synaptic vesicles, glutamate receptors, neuronal membranes) were
extensively and uniquely downregulated in the 7mo 5xFAD hippocampus compared to
WT hippocampus and other 5xFAD brain regions (Spangenberg et al., 2019),
respectively, in addition to a loss of subiculum neurons and dendritic spines in 10-month-
old 5xFAD mice (Spangenberg et al., 2016). We now know that these transcriptional and

cellular alterations indicative of impaired plasticity occur alongside contemporaneous
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PNN loss in the subiculum, and as microglial depletion was able to prevent or rescue the
regional deficits in neuronal form and function in both prior studies, we are inclined to
speculate that microglial-mediated PNN loss underlies at least aspects of impaired
neuronal plasticity in 5xFAD mice.

Of further relevance to AD, the enzymatic degradation of auditory cortex PNNs with
chondroitinase ABC (chABC) disrupts consolidation of auditory fear learning (Banerjee et
al., 2017), which is restored upon PNN recovery, whereas PNN digestion in the amygdala
or visual cortex disrupts the recall of contextual fear memories (Gogolla et al., 2009) and
remote visual fear memories (Thompson et al., 2018), respectively. Similarly, PNN
formation in the hippocampus is required for the consolidation and reconsolidation of
recent and remote fear memories (Shi et al., 2019a). In light of such data, PNNs have
been proposed as the molecular substrate underpinning long-term memory storage, by
serving as a scaffold that retains synapse position and strength (Tsien, 2013). Although
contrasting effects of PNN ablation on certain (specifically object recognition) memory
tasks and measures of plasticity suggest this is not the case for all types of memory
(Favuzzi et al., 2017; Fawcett et al., 2019; Romberg et al., 2013), but such differences
may also be at least partly attributable to the PNN ablation method utilized (e.g. enzymatic
digestion or genetic deletion of PNN components) which can produce differential effects
on the same measures of plasticity (Bukalo et al., 2001). On the other hand, enhanced
plasticity and learning can impair the storage and recall of remote memories due to
interference from new memory traces (Reichelt et al., 2019), and so the enhancement of
these factors following PNN loss would still be consistent with the consequently impaired

reconsolidation and recall of remote, long-term memories reported by others (Shi et al.,
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2019a; Thompson et al., 2018). Supporting this, a recent study found that while PNN
digestion enhanced learning rate, it ultimately impaired memory retention, due in part to
the extensive synaptic remodeling induced by PNN loss (Carulli et al., 2020).

It is interesting to note that we identified here and elsewhere (Crapser et al., 2019) a
homeostatic role for microglia in the maintenance of PNNs, such that basal PNN levels in
the healthy adult brain are elevated following microglial depletion. Recent work in mice
shows that microglial clearance of ECM in response to neuronal IL-33 promotes synaptic
remodeling and plasticity (Nguyen et al., 2020). Importantly, inhibiting this pathway results
in reduced microglial phagocytosis and engulfment of ECM components (e.g. aggrecan)
and conversely enhanced deposition of ECM at synapses (Nguyen et al., 2020), and
therefore the consequences of this loss of microglial function resemble the enhanced
accumulation of ECM-composed PNNs that we have shown occurs in healthy adult mice
following the pharmacological depletion of microglia (Crapser et al., 2019). Microglial
depletion also enhances performance in certain memory tasks (Elmore et al., 2014; Rice
et al., 2015; Spangenberg et al., 2019) and prevents the forgetting of remote memories
and, in association, the dissociation of memory engram cells in healthy adult mice (Wang
et al., 2020). While further research is necessary to unweave the complexities and
mechanisms of PNN modulation by microglia and specifically how this relates to changes
in synapses and memory, the occurrence of microglia-mediated PNN loss, which we first
reported in the Huntington’'s disease brain even in the absence of overt microglial
activation (Crapser et al., 2019), and now extended to the AD brain, suggests that ECM

remodeling by glia is a common feature of neurodegenerative disorders. Identifying
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therapeutic avenues that inhibit microglial-mediated PNN loss without requiring their

cellular ablation will be critical going forward.
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DISSERTATION CONCLUDING REMARKS

Microglia exert top-down influence on all major components of the modernly
conceptualized tetrapartite synapse (Dityatev and Schachner, 2003; Dityatev et al.,
2010), namely pre- and post-synaptic compartments (Schafer et al., 2012; Tremblay et
al., 2010), glia (Hagemeyer et al., 2017; Liddelow et al., 2017), and, as evidenced within
this thesis and by recent work from other groups, the extracellular matrix (ECM) (Crapser
et al., 2019; Crapser et al., 2020; Liu et al., 2021; Nguyen et al., 2020). Previous studies
have postulated that microglia may drive PNN loss in certain disease contexts due to their
ability to secrete matrix-degrading enzymes (e.g. matrix metalloproteinases; MMPs)
and/or their molecular activators or inhibitors (Belichenko et al., 1997; Bitanihirwe and
Woo, 2014; Franklin et al., 2008; Gray et al., 2008a). Indeed, the experiments in this
thesis show that CSF1R inhibitor-based microglial depletion prevents disease-associated
PNN reductions in models of Huntington’s (Crapser et al., 2019) and Alzheimer's
diseases (AD) (Crapser et al., 2020). PNN components were evident in microglia in both
AD mice as well as human brain tissue, where they were also colocalized with canonical
dense-core plaques (Crapser et al., 2020). That we observed similar effects on PNN
abundance in the relative absence of microglia across these models is striking, both due
to their differential etiologies — intracellular vs. extracellular protein accumulation in the
R6/2 HD (Mangiarini et al., 1996) and 5xFAD model of AD (Oakley et al., 2006),
respectively — and the variable microglial phenotypes we observed, which resembled
“classical activation” in 5xFAD but not R6/2 brains, where they instead were associated

with an interferon signature.
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In a similar vein, we have extended these findings to CSF1R*- mice, a neurodegenerative
model of adult-onset leukoencephalopathy with axonal spheroids and pigmented glia
(ALSP) (Biundo et al., 2021; Chitu et al., 2015), where early disease stage microglia that
displayed homeostatic marker loss, but not pro-inflammatory gene upregulation, induced
decreases in PNNs and presynaptic puncta (Arreola et al., in revision). In the same study,
we confirmed these changes with inducible microglia-specific Csf1r haploinsufficiency
(CXBCR1+/CreERT2:Csf1r*M mice) and their normalization following CSF1R inhibitor-based
depletion, validating the microglial origin of ALSP PNN and synaptic deficits. Therefore,
it appears that microglia drive PNN loss in disease, as has been suggested based on
temporal analysis of microglial activation and their accumulation of net material in prion
disease (Belichenko et al., 1999; Borner et al., 2011; Franklin et al., 2008) and following
infection with human or simian immunodeficiency virus (HIV or SIV), which preferentially
infects microglia and causes PNN degradation (Belichenko et al., 1997; Bozzelli et al.,
2020; Medina-Flores et al., 2004).

The loss of protective PNNs leaves PV+ and other enwrapped neurons susceptible to
injury (Cabungcal et al., 2013; Miyata et al., 2007; Reichelt et al., 2019), and accordingly
we found that PNN reductions preceded decreases in PV+ neurons in AD (Crapser et al.,
2020), where PV+ cells are particularly relevant to disease (Ali et al., 2019; Hijazi et al.,
2019; laccarino et al., 2016; Verret et al., 2012). Indeed, PNN loss is associated with
neuronal death and/or degeneration in a number of disease contexts (Belichenko et al.,
1999; Cattaud et al., 2018; Gray et al., 2008a; Guentchev et al., 1998; Hobohm et al.,
2005; Reichelt et al., 2021; Tewari et al., 2018). It should be noted that several studies

failed to detect differences in PNN abundance in clinical AD (Bruckner et al., 1999;
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Lendvai et al., 2013; Morawski et al., 2010a; Morawski et al., 2012), and this may be
partly attributable to the brain region under investigation or the method of PNN labeling
used. While changes with non-diseased aging are less clear (Brewton et al., 2016;
Cattaud et al., 2018; Crapser et al., 2020; Hilbig et al., 2002; Mafi et al., 2020; Ueno et
al., 2019), we and others have found age-related reductions in PNN density in older
animals (Brewton et al., 2016; Cattaud et al., 2018; Crapser et al., 2020; Hilbig et al.,
2002), and discrepancies across studies may depend on the inclusion of both sexes and
the brain region(s), mouse strain, and/or model organism being studied.

Even more striking, however, is the observation that PNN abundance is dramatically
upregulated throughout the healthy adult brain following microglial depletion (Crapser et
al., 2019; Crapser et al., 2020; Liu et al., 2021). While neurons and glia may both express
components that contribute to PNNs (Fawcett et al., 2019), neurons can express the core
components of nets themselves and are capable of forming PNNs in vitro in the absence
of glia (Miyata et al., 2005). For instance, neurons produce aggrecan (Lander et al., 1998),
the inducible neuron-specific removal of which results in PNN ablation (Rowlands et al.,
2018), as well as hyaluronan (Fowke et al., 2017), which is continuously secreted and
serves as a backbone by tethering associated CSPGs into PNNs with the aid of link
proteins (Carulli et al., 2010; Jager et al., 2013; Kwok et al., 2010)). Therefore, our findings
suggest that microglia basally regulate PNN density in the homeostatic brain, whether via
direct or indirect enzymatic degradation and/or phagocytosis, such that their absence
allows PNN components to accumulate. PNN enhancements induced by microglial
depletion are also associated with increased excitatory and inhibitory synaptic

connections to excitatory cortical neurons, as well as augmented neural activity in both
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cortical excitatory neurons and PV+ interneurons as assessed by in vivo calcium imaging
(Liu et al., 2021). Importantly, no overt changes in astrocytes were found in this study, as
reported previously following pharmacological depletion with either CSF1R inhibitor
utilized (Crapser et al., 2019; Elmore et al., 2014; Spangenberg et al., 2019). Synaptic
connectivity and neural activity are both normalized following microglial repopulation (Liu
et al., 2021), and this is consistent with the normalization of PNN densities we observe
under similar conditions of inhibitor cessation following microglial elimination (Hohsfield
et al., 2021). Loss of PNNs with disease then likely reflect a toxic gain-of-function in
microglia of this newly identified homeostatic role, whereby augmented or complementary
PNN-degradative processes are activated, either via enhanced or alternative secretion of
ECM-cleaving proteases or their modulators, and/or increased phagocytosis.

Suggesting a direct role for microglia in the regulation of perisynaptic matrix-controlled
synaptic plasticity, a recent study by Nguyen et al. determined that, in response to
neuronal IL-33, microglia in the adult brain phagocytose and clear perisynaptic ECM
components to promote dendritic spine formation, synaptic plasticity, and fear memory
precision (Nguyen et al., 2020). Importantly, they found that inhibition of this pathway
decreased microglial engulfment of aggrecan and consequently enhanced aggrecan
puncta density and deposition at the synapse, in addition to increasing total intact
brevican while reducing levels of proteolyzed brevican. Thus, as in our work, loss of
microglial function results in enhanced ECM deposition in the homeostatic brain. The
occurrence of this phenomenon across multiple ECM compartments (i.e. the perisynaptic
matrix (Nguyen et al., 2020) and perineuronal nets (Crapser et al., 2019; Crapser et al.,

2020)) together suggest a fundamental homeostatic role for microglia in ECM degradation
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and remodeling, which may be required for subsequent remodeling of synapses
surrounded and stabilized by such ECM. Interestingly, we also found elevated interstitial
CSPG deposition in the brain parenchyma of both AD (Crapser et al., 2020) and HD
(Crapser et al., 2019) mice, which may at least partially account for some of the beneficial
effects of ChABC injections in related disease models that may be acting on the
perisynaptic ECM (Howell et al., 2015; Stoyanov et al., 2021; Végh et al., 2014). It should
be noted that microglia may also act as a source of CSPGs and other ECM molecules in
the interstitial matrix under certain conditions (Jones and Tuszynski, 2002; Lau et al.,
2012), but this appears a less prominent role compared to the negative regulatory
influence they exert across ECM compartments.

Into the Matrix: Potential mechanisms of microglial ECM regulation

Although microglia are linked to ECM remodeling in disease (i.e. PNN loss (Belichenko
et al., 1997; Bitanihirwe and Woo, 2014; Crapser et al., 2019; Crapser et al., 2020;
Franklin et al., 2008; Gray et al., 2008a; Hobohm et al., 2005; Reichelt et al., 2021)), and
now also in the healthy homeostatic brain (Crapser et al., 2019; Crapser et al., 2020; Liu
et al., 2021; Nguyen et al., 2020), the molecular mechanism(s) by which this occurs are
unclear. As observed with synapses during developmental pruning (Paolicelli et al., 2011;
Schafer et al., 2012), microglia may directly engulf and phagocytose ECM components.
Indeed, aggrecan colocalizes with lysosomal CD68 in microglia, a marker of
phagocytosis, and disrupting IL-33-based ECM engulfment by microglia reduces CD68*
lysosome number (Nguyen et al., 2020). Furthermore, proteoglycans and PNN material
can accumulate within disease-associated microglia/macrophages (Belichenko et al.,

1999; Crapser et al., 2020; Sobel and Ahmed, 2001), and phagocytic genes (e.g. ltgax,
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Clec7a, Trem2) are upregulated in 5xFAD mice (Spangenberg et al., 2019; Spangenberg
et al., 2016), particularly in plaque-associated microglia (Yin et al., 2017), where we
observed widespread PNN loss (Crapser et al., 2020). However, it is likely that microglial
release of degradative enzymes is also involved in ECM turnover processes, especially
as it applies to the remodeling of PNNs, in which CSPGs, tenascins, hyaluronan, and link
proteins are more tightly woven together as compared to the diffuse matrix (Deepa et al.,
2006).

Several proteases are immediately apparent candidates based on the capability of
microglia to produce them and their ability, in turn, to degrade ECM components and core
PNN molecules. These proteases primarily include MMPs, ADAMTS, and cathepsins.
Microglia may also shape PNNs indirectly via modulators of protease activity, as in tissue
inhibitors of metalloproteinases (TIMPs) (Cross and Woodroofe, 1999; Welser-Alves et
al., 2011; Yong et al., 2001), or by regulating protease or TIMP expression by other cells.
For instance, it has been suggested (Gray et al., 2008a) that glutamate release by
activated microglia (Takeuchi et al., 2006) could bind neuronal glutamate receptors and
induce neuronal MMP expression (Szklarczyk et al., 2002). While these are important and
plausible mechanisms, for the purpose of conciseness this review will focus on the direct
action of microglia-sourced protease candidates.

MMPs are expressed at low to undetectable levels under homeostatic conditions in the
adult brain and are upregulated in injury and disease; taken together, they have the
capacity to degrade the entire gamut of ECM constituents (Yong et al., 2001). Although
not exclusively, MMP-2 and MMP-9 are secreted by microglia (Konnecke and Bechmann,

2013; Nakanishi, 2003) and act on a wide range of oftentimes overlapping substrates,
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such as link proteins and aggrecan (Yong et al., 2001). Substrate-specificity is also
evident in certain cases, as in the digestion of tenascin-C (Siri et al., 1995) and brevican
(Nakamura et al., 2000) by MMP-2 but not MMP-9. MMP-2 and/or MMP-9 are upregulated
by microglia in disorders where PNN breakdown occurs, such as stroke (Planas et al.,
2001; Rosell et al., 2006), multiple sclerosis (Maeda and Sobel, 1996; Milner et al., 2007),
and glioma (Hu et al., 2014; Markovic et al., 2005), and pharmacological MMP blockade
in glioma ameliorates enhanced MMP-2/9 activity and associated PNN loss (Tewari et
al., 2018). While baseline PNNs are largely unchanged in MMP-97- mice, developmental
monocular deprivation-induced PNN degradation is prevented and ocular dominance
(OD) plasticity attenuated (Kelly et al., 2015), findings mirrored in adult mice in the context
of light reintroduction-induced plasticity following dark exposure (Murase et al., 2017).
Additionally, genetic reduction (e.g. haploinsufficiency) (Wen et al., 2018a) of MMP-9 as
well as MMP-2/9 inhibitor treatment (Pirbhoy et al., 2020) restores developmental PNN
impairments in Fmr1 knockout mice, a model of Fragile X Syndrome; interestingly, MMP-
2/9 inhibitor treatment also enhances WT PNN formation in the developing auditory cortex
(Pirbhoy et al., 2020). Of course, other MMPs may also play a role in brain ECM
remodeling, as suggested by microglial Mmp 14 upregulation following treatment with IL-
33, which endogenously promotes ECM clearance and dendritic spine formation (Nguyen
et al., 2020). Corroborating this, we also independently identified Mmp 14 upregulation in
CSF1R+/- mice, a model of leukoencephalopathy and microglial dyshomeostasis, and
confirmed its capacity to degrade PNNs via in vivo injection of recombinant MMP-14

(Arreola et al., in revision).

99



In addition to MMPs, microglia can also express ADAMTS-4 (Hamel et al., 2005;
Lemarchant et al., 2013; Nguyen et al., 2020), which cleaves aggrecan (Tortorella et al.,
1999) and brevican (Nakamura et al., 2000) at sites distinct from MMPs and also, unlike
MMPs, degrades CSPGs without affecting laminin (Cua et al., 2013). Furthermore, the
effects of MMP-2 and ADAMTS-4 are additive in degrading brevican (Nakamura et al.,
2000), which may offer one plausible explanation for the ability of exogenous ADAMTS-
4 to degrade PNNs in amyotrophic lateral sclerosis model SOD1¢%A mice, where PNN
breakdown had already occurred, but not WT mice (Fang et al., 2010; Lemarchant et al.,
2016). Microglial cathepsins also represent prime candidates in brain ECM turnover.
Canonically localized to and functioning within the endolysosomal pathway to degrade
proteins in bulk, several secreted cathepsins exist, including cathepsins S (CTSS) and B
(CTSB) (Nakanishi, 2003, 2020). CTSB is secreted by microglia following LPS activation
(Ryan et al., 1995) as is CTSS, which is also upregulated by brain lesion injury
(Petanceska et al., 1996) and in bulk tissue of 5xFAD mice where we have reported PNN
deficits (hippocampus, cortex) (Crapser et al., 2020; Spangenberg et al., 2019); it should
be noted in the latter case that we did not observe significant upregulation of any Mmp
genes in any regions examined (Spangenberg et al., 2019). We find that Ctss expression
in the brain most closely follows the kinetics of microglial elimination and repopulation
(Najafi et al., 2018), which increases (Crapser et al., 2019; Crapser et al., 2020; Liu et al.,
2021) and normalizes (Hohsfield et al., 2021) PNN density respectively, and indeed its
transcripts are consistently absent in microglia-depleted brains across our studies
(Crapser et al., 2019; Hohsfield et al., 2021; Najafi et al., 2018; Spangenberg et al., 2019).

CTSS is functionally stable at the neutral pH of the extracellular space, and in such
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conditions can efficiently degrade CSPGs neurocan and phosphacan where CTSB at
several-fold greater concentrations could not (Petanceska et al., 1996). Further
supporting the plausibility of CTSS-based ECM remodeling in particular, CTSS”- mice
display ameliorated tenascin-R reduction following facial nerve axotomy (Hao et al.,
2007), which induces CTSS (but not CTSB) upregulation at the protein and mRNA levels,
and incubation of mouse brain sections with CTSS eliminates WFA®™ PNNs
(Pantazopoulos et al., 2020).

These proteases are implicated in remodeling of not only the ECM, but synapses as well
(Gottschall and Howell, 2015; Huntley, 2012; Nakanishi, 2020). This may underscore the
functional relationship between the two structures — to sculpt synapses, an increasingly
salient role of microglia, presumably the matrix in which they are embedded would also
have to be restructured. Ongoing research continues to elucidate the bidirectional
interactions between ECM and synapses, but the involvement of microglia in this process
has just begun to be examined (Nguyen et al., 2020). The thorough monitoring of the
CNS parenchyma by microglia (Nimmerjahn et al., 2005) aptly positions these cells to
respond rapidly to changes in the synaptic microenvironment. In the healthy brain, they
interact with pre- and post-synaptic compartments, perisynaptic astrocytes, and the local
extracellular milieu (Schafer et al., 2013; Tremblay et al., 2010; Tremblay et al., 2012;
Wake et al., 2009). This has so far been best studied during development when microglia
prune excess synapses (Paolicelli et al., 2011; Schafer et al., 2012) to promote the
removal of extra-numerous or weak synapses in the refinement of neuronal networks
(Frost and Schafer, 2016; Schafer and Stevens, 2015). Accumulating evidence has

implicated traditionally immune-associated molecules as critical elements in synaptic
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refinement. For example, complement cascade elements (e.g. C1q and C3) localize to
synaptic compartments to tag synapses for elimination (Bialas and Stevens, 2013;
Linnartz et al., 2012; Stevens et al., 2007) inducing phagocytosis by complement receptor
3 (CR3)-expressing microglia in a neural activity-dependent manner (Schafer et al.,
2012). On the other hand, genetic loss of CX3CR1, a receptor primarily expressed by
microglia in the brain, is also associated with synaptic pruning deficits, resulting in an
excess of dendritic spines, immature synapses, and immature brain circuity in
development (Basilico et al., 2019; Hoshiko et al., 2012; Paolicelli et al., 2011) that
persists as impaired synaptic transmission and functional brain connectivity in the adult
(Zhan et al., 2014).

Microglia can also induce synapse formation, as shown by the addition of developing
microglia to cultured hippocampal neurons in vitro, which increases dendritic spines and
excitatory and inhibitory synapses via microglial IL-10 (Lim et al., 2013). While this
process did not require direct microglial contact, a recent study utilizing in vivo two-photon
imaging of early postnatal (P8-P10) mouse brains observed microglial contact-induced
filopodia formation on dendrites, which was reduced following minocycline treatment
(Miyamoto et al., 2016). Decreased dendritic spine densities were observed in the same
study following microglial depletion (Miyamoto et al., 2016) that resembled the reduced
spine formation reported by another group under similar circumstances (Parkhurst et al.,
2013). However, caution must be taken regarding the interpretation of this result, as both
studies utilized diphtheria toxin-based models of microglial ablation, which are associated
with inflammation (e.g. upregulation of TNF-aq, IL-13 (Bruttger et al., 2015) or an interferon

response (Rubino et al., 2018)) that is not seen with genetic- or inhibitor-based models
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due to the manner in which microglial death is achieved (Green et al., 2020). Accordingly,
IL-1B attenuates synaptic formation induced by IL-10 (Lim et al., 2013) and postnatal
CSF1R inhibitor-based microglial depletion instead results in excess synapses
(Milinkeviciute et al.,, 2019) that are normalized following microglial repopulation
(Milinkeviciute et al., 2021). Interestingly, loss of CSPG-5 (neuroglycan C), which
normally localizes to the perisynaptic space (Pintér et al., 2020), results in impaired
presynaptic maturation as well as synaptic elimination that occurs earlier than normal in
cerebellar Purkinje cells (Juttner et al., 2013), which microglia survey and regulate (Kana
et al., 2019; Marin-Teva et al., 2004; Nakayama et al., 2018; Stowell et al., 2018). As
early developmental synaptic deficits are observed in other brain regions with CSPG-5
deficiency (Ju'ttner et al., 2005), together this suggests a role for perisynaptic matrix
remodeling during synaptic pruning and maturation.

It is perhaps no coincidence that PNNs begin forming in development soon after synaptic
pruning is completed by microglia (Paolicelli et al., 2011; Schafer et al., 2012; Stevens et
al., 2007), ~P14 in mouse cortex (finished by P40) and earlier in subcortical regions
(Bruckner et al., 2000; Carulli et al., 2010), which would place them in ideal positions to
guide PNN formation around newly refined synapses e.g. through phagocytosis and/or
controlled enzymatic degradation. MMP-2/9 inhibitor treatment enhances basal PNN
density in postnatal mice, indicating that protease activity is indeed a limiting factor in their
developmental construction (Pirbhoy et al., 2020). Furthermore, formation of adult levels
of PNNs around visual cortical neurons by the end of the critical period restricts OD
plasticity (Pizzorusso et al., 2002), such that their ablation in the adult restores OD

plasticity (Carulli et al., 2010; Lensjg et al., 2017b; Pizzorusso et al., 2002; Rowlands et
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al., 2018), and the loss of microglial P2RY12 (Sipe et al., 2016) (but not CX3CR1
(Schecter et al., 2017)) or microglia themselves with CSF1R inhibition (Ma et al., 2020)
prevents normal OD plasticity altogether. Therefore, we postulate that the absence of OD
plasticity following such microglial loss-of-function may be due to their consequent failure
to sculpt PNNs, which may form prematurely in these instances. Interestingly, synaptic
elimination in the barrel cortex following developmental whisker trimming — which also
specifically reduces barrel cortex PNNs (McRae et al., 2007) — requires CX3CR1 (Gunner
et al., 2019), while neither CX3CR1 (Schecter et al., 2017) nor C1q (Welsh et al., 2020)
appear necessary for monocular deprivation-induced OD plasticity or related visual cortex
synaptic remodeling. Thus, microglial mechanisms of synaptic sculpting are context-
dependent, and this may also be the case for the regulation of nearby ECM.

Future studies should investigate to what extent microglia and the microglial proteome
are involved in regulating PNN formation during critical period closure, and how this may
relate to synaptic pruning. This could be done via developmental or critical period CSF1R
inhibition to determine whether PNNs appear earlier and further delineated with a more
specific approach (e.g. protease inhibitors) to determine exactly how microglia influence
this process. Similar experimental paradigms may be applied to study interactions
between microglia, PNNs, and synapses in the homeostatic adult brain and in disease,
which could also be extended to include alterations in perisynaptic ECM, so that we may
begin to define and better understand the general relationship between microglia and

synaptic changes as they relate to the interfacing brain ECM.
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