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Foreword

“Before you know, you must imagine.”

Richard Axel, Nobel Laureate

Glial cells are the support and sentinels of the central nervous system (CNS). If the
neurotrophin field has been dominated by the neurocentric view that the primary target of
these molecules must be neurons, the ever increasing evidence that glial cells are integral
part of neuronal computation calls for a closer introspection as to whether glial cells

themselves are capable of responding directly to neurotrophins.

A first part of my PhD has been spent studying, in vitro, the effect of the historically
oldest neurotrophin, the Nerve Growth Factor (NGF), on one of the newest interests in
neuroscience, glia. In particular, in the lab of Antonino Cattaneo and Simona Capsoni, we
were interested in two very different glial cells of the CNS: the only immune cell of the

brain parenchyma, the microglia, and the support cell by definition, the astrocyte.

Some interest in the effects of neurotrophins on glia had already arisen in the
scientific landscape — and this was particularly true for the most intensively studied of
them all, the brain derived neurotrophic factor (BDNF). First astrocytes, and most recently
microglia, have found themselves in the middle of new relevant circuits, in which BDNF
acts on or through glial cells to change how neurons respond and, ultimately, behavior

(Parkhurst et al., 2013; Rose et al., 2003; Vignoli et al., 2016).

Our work — culminated in a co-first authorship paper along with Caterina Rizzi
(Rizzi et al., 2018) — was though the first, to our knowledge, to address a relationship
between the Levi-Montalcini Neurotrophin, NGF, and the CNS very own myeloid cell,

microglia.



It was then in the lab of Dr. Wenbiao Gan (NYU Langone Medical Center), a world
leader of 2-photon microscopy, that | continued my research, delving into the issues of
translating our in vitro data into in vivo analyses of the effect of neurotrophins on glial
cells. With the wider horizon of the complex system that is the awake behaving animal, |
tried my best to explore the different sides of the matter of glial physiology — now both
microglia and astrocytes — in response to different neurotrophins — NGF and BDNF.
Finally, | also had the chance to evaluate neuronal responses by imaging pyramidal

neurons and interneurons under the activity of neurotrophins.

My PhD at Scuola Normale Superiore has been a cradle for conciliation of the old
and the new, one where advanced techniques were used to answer old questions, a brushing

anew of the neurotrophin field.

I cannot help but feel bewildered by having had the chance to see a seemingly
impossible link getting formed. | will always remember the first time that | have seen an
astrocyte respond with calcium transients to my treatments. That is the magic of glia, a

brand new world waiting to be uncovered.



Introduction

The Central Nervous System (CNS) is home to a myriad of cell types, different in
ontogenesis, form and function. If the defining feature of a neuron is that of its electrogenic
properties, for glia it was precisely the lack of an action potential that first brought scientist

to categorize them as “glue”.

Figure 1. One of the first
representation of glia in the
brain of the cat cortex from
Pio del Rio Hortega in 1922.
(A) Fibrous astrocyte; (B)
Oligodendrocyte type 1; (C)
Oligodendrocyte type 2; (D)
Microglia; (E) Blood
- vessels.
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Neuroglia was first labeled by Rudolf Virchow in 1856, who described it as
connective tissue containing cell bodies. However, before the concept of neuroglia, Robert
Remak had already described in 1838 the cells surrounding nerve fibers, later on called
Schwann Cells. Though important work in the glia field continued through the rest of the
19th century (like the historic literature by Heinrich Mdller, Otto Deiters, Friedrich
Merkel), it was then Pio del Rio Hortega, a student of Cajal, that finally succeeded in

defining and characterizing the three glial cell types in the CNS. In a series of seminal



papers from 1919-1928, he was able to properly distinguish microglial cells and
oligodendrocytes from astrocytes (Fig. 1). The late glial neuroscience luminary, Ben
Barres, in a splendid perspective back in 2008 published in Neuron, starts by noting that
after a hundred years of glial biology we are still trying to answer the same fundamental
questions posed since their discovery (Barres, 2008). And indeed many are the still open
debates when it comes to glia, as there is still no definitive answer as to their function in

physiology and disease.

What is particularly striking is that the more we find out about these supporting cells
and their role in connections to neurons, the more the barrier that had always characterized
the distinction between glia and neurons thins away. Thanks to the development of
techniques that enable the monitoring of the activity of glial cells and glia specific genetic
manipulations, if behavior has always been associated with neuronal firing and activity in
general, now evidence is surfacing on how also glia can participate in complex plasticity
paradigms and learning. Moreover, molecules once thought to be mostly neurotropic and
neurotrophic are now emerging as important factors for glial physiology as well as for that

of the neuron.

Since during my PhD | had the pleasure of working mostly on microglia and
astrocytes, this introductory analysis of the existing literature will focus entirely on these
two so different yet similar glial cells, throwing in there neurotrophins now and then to lay

the groundwork of the rationale for a glial function of neurotrophins.

MICROGLIA

Microglia are the sentinels of the brain: they are the only immune cell population
present in the brain parenchyma. This vantage position in the CNS enables these myeloid

cells to perform the most disparate of tasks: from the classical immune functions of



fighting infections and surveilling the extracellular space for pathogens and damage, to
sculpting the neuronal circuitry by pruning unnecessary synapses, to assist neurons in
spine formation, aiding in the maintenance of brain homeostasis. As foreigners for
ontogenesis from their surrounding neighboring cells, microglia constitute a wonder of
neuroscience: a cell without possibility of electrogenesis taking part in processes of

development, learning and memory in our fascinating brain.

Last to be properly identified in the glia family — by Pio del Rio Hortega in 1919 —,
microglia stayed for decades at the fringes of neuroscience until Georg Kreutzberg’s group
rekindled interest in these cells in 1968. Their seminal work identified a peculiar activity
carried out by activated microglia after facial nerve injury, the displacement of synaptic

terminals from regenerating motor neurons (Blinzinger, K; Kreutzberg, 1968).

Microglia are surprisingly very heterogeneous cells: several papers of
transcriptomic characterization came out last year, 2019, shedding light on the “various
shades of gray, which mirror different topological locations, developmental stages, and
possibly, divergent function” of microglia (Béttcher et al., 2019; Brioschi, Peng, &

Colonna, 2019; Hammond et al., 2019; Q. Li et al., 2019).

If the molecular signatures of microglia are now resolved and defined in space and
time, the functional consequence of such different expression profiles is not yet
understood, though, one could certainly pose that the existence of these different
subgroups indicates that microglia can differentially be involved, depending on brain
region and state, in matrix remodeling, synaptic turnover, neurogenesis, removal of myelin

debris, or maintenance of vessels integrity.
Origins

The true origin of microglia has remained uncertain until very recently. The

controversy started with Del Rio Hortega himself. On one hand, he reported that microglial



progenitors invaded the brain very early during brain development — arising from
mesodermal cells in the pia mater. On the other hand, he also simultaneously proposed
that “microglia may eventually arise from other related elements, chiefly the blood
mononuclears,” due to the functional and morphological similarities that microglia and
their peripheral cousins share (Rio-Hortega, 1939). It has now been conclusively proved
that microglia arise from the yolk sac (YS) — an extraembryonic mesoderm site of
hematopoiesis — and enter the brain as amoeboid primitive macrophages prenatally,
persisting and proliferating in the CNS into adulthood (Fig. 2) (Davalos et al., 2005;
Ginhoux et al., 2010; Ginhoux & Prinz, 2015; Nimmerjahn, Kirchhoff, & Helmchen,
2005). In the YS, the earliest primitive wave of hematopoiesis occurs at embryonic day
(E) 7.5 in mice, and this generates nucleated red blood cells and macrophages that go on
to colonize the whole organism. These myeloid cells start invading the neuroectoderm at
E9 before the closure of the blood brain barrier (BBB) that will restrict any further access
to the brain parenchyma. At these early stages of development, in the brain, neural
progenitors are giving rise to the first neuronal cells, and only later on they will generate
oligodendrocyte and astrocytes, making microglia the main glial population during a good
part of the life of the embryo. Outside of the CNS, YS-derived macrophages are gradually
replaced by circulating monocytes coming from the later fetal and definitive bone-marrow
hematopoiesis (Q. Li & Barres, 2018; Morgane S. Thion, Ginhoux, & Garel, 2018).

Conversely, microglia, which are closed off from the circulation by the BBB, will act as a
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Figure 2. Brain development and microglial ontogeny. Primitive macrophages generated in the
yolk sac (Y'S) blood islands around E8.0 spread into the embryos at the onset of blood circulation
established around E8.5 and colonize the neuroepithelium from E9.0/E9.5, giving rise to
embryonic microglia. In parallel, definitive hematopoiesis arises in the aorta-gonad
mesonephros and gives rise to progenitors that colonize the fetal liver (FL) from E10.5. The
blood- brain barrier (BBB) starts to form from E13.5 and may isolate the developing brain from
the contribution of FL and, later, of bone marrow (BM) hematopoiesis. Embryonic microglial
cells expand, colonize the whole CNS, and will maintain themselves until adulthood via local
proliferation during late gestation and postnatal development, as well as in the injured adult brain
in reaction to inflammation. Nevertheless, under certain inflammatory conditions found, for
example, after BM transplantation, the recruitment of BM-derived progenitors can supplement
the microglial population to some extent. Modified from Ginhoux & Prinz, 2015.

standalone population, and will only grow in numbers by self-renewal, at least under

steady-state conditions.
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Because of their peculiar mesodermal origin, microglia are known to share many of
the features of tissue-resident macrophages: they express a similar molecular profile,
including the myeloid marker colony-stimulating factor -1 receptor (CSF-1R), the integrin
CD11b, the surface glycoproteins F4/80, the inhibitory immune receptor CD200R, the
surface enzyme tyrosine-protein phosphatase nonreceptor type substrate or CD172a, the
fractalkine receptor CX3CR1, and the calcium-binding protein Iba-1 (Prinz & Mildner,
2011). There are, however, some markers, which are specific to microglia and help us set
these two populations apart. Transcriptome-wise, microglia have a unique signature,
which distinguishes them from other CNS cells and peripheral macrophages or monocytes
(Gautier et al., 2012; Keren-Shaul et al., 2017), and express a unique cluster of transcripts
encoding proteins for sensing endogenous ligands and microbes, referred to as the

“sensome” (Hickman et al., 2013).

It is indeed remarkable to notice that early embryonic brain colonization by
microglia is highly conserved across vertebrate species, suggesting that this process is
essential for early brain development (Herbomel, Thisse, & Thisse, 2001; Swinnen et al.,
2013; Verney, Monier, Fallet-Bianco, & Gressens, 2010). This has been yet again
confirmed in 2019 with the publication of two papers reporting 9 human cases of
homozygous mutation of the CSFR1: patients where microglia fails to develop and are
thus completely devoid of these myeloid cells in the brain (Guo et al., 2019; Oosterhof et
al., 2019). In the particular case of an infant, he was born with multiple congenital brain
abnormalities, including complete absence of a corpus callosum, enlarged ventricles, and
a cerebellar defect called a Dandy-Walker malformation, in which parts of the cerebellum
fail to develop. He had low blood calcium and dense bones, a condition the researchers
diagnosed as osteopetrosis. During his short life, he had trouble breathing, was unable to
eat properly, and had epilepsy. He died from a bacterial infection at 10 months of age. The

aftermath of living without microglia is indeed severe for the brain and, undoubtedly,
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microglia can no longer be considered passive bystanders in the CNS, only acting as
immunity when needed, but have to be viewed as instructive players when it comes to

brain development.

The question of the origins of microglia, their fate in adulthood in homeostatic
conditions or disease, and the contribution to this brain myeloid population from peripheral
macrophages rather than cells proliferated in loco, is vast and complex and I refer to the
proper literature for a comprehensive explanation of such multifaceted matter, which is
not of primary interest in my thesis (Ginhoux & Prinz, 2015; Q. Li & Barres, 2018;

Morgane S. Thion et al., 2018).

Functions in the CNS

Two are the key functional features that define microglia and they mirror their
duplicitous nature as immune cells and as cells of the CNS: immune defense and
maintenance of CNS homeostasis. As for their immunological functions, microglia
constantly sample their environment, scanning and surveying for signals of external
danger (Davalos et al., 2005; Nimmerjahn et al., 2005), such as those from invading
pathogens, or of internal danger generated locally by damaged or dying cells (Hanisch &
Kettenmann, 2007). Detection of such signals initiates a program of microglial responses
that aim to resolve the injury, protect the CNS from the effects of the inflammation, and

support tissue repair and remodeling (Minghetti & Levi, 1998).

On the other hand, microglia are also molded and shaped by the CNS environment

and behave as crucial contributors to brain homeostasis (Blank & Prinz, 2013).
Microglia during Development

After the engraftment in the brain parenchyma, microglial cells progressively

acquire a more ramified morphology and reach the adult pattern of homogeneous tiling
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during the second postnatal week (Q. Li & Barres, 2018). During this maturation process,
microglia undergo different phases of differentiation (Amit, Winter, & Jung, 2016;
Matcovitch-Natan et al., 2016; Morgane Sonia Thion et al., 2017) that rely on signals
derived from the maturing CNS, the gut microbiome, sexual identity and inflammatory

molecules.

Transcriptomic studies have highlighted different signatures for microglia from
female and male mice, a sexual dimorphism that appears to be a long lasting
reprogramming, conserved after grafting (Hanamsagar et al., 2017; Morgane Sonia Thion

etal.,, 2017; Villa et al., 2018).

In the sequential waves that characterize microglial invasion of the CNS, these cells
undergo heterogeneous and stereotypical patterns of localization: for instance, as they
invade the deep layers of the neocortex, they associate with specific axonal tracts and
populate definite regions of the developing brain containing neuronal progenitors where
they control the size of the precursor cell pool (Cunningham, Martinez-Cerdeno, & Noctor,
2013; Swinnen et al., 2013). For example, tampering with such developmental processes
affects the outgrowth of dopaminergic axons in the forebrain and the laminar positioning

of subsets of neocortical interneurons (Squarzoni et al., 2014).

Microglial cells are the professional phagocytes of the brain and as such, they are
capable of eliminating entire cells or cellular substructures, in particular synapses (Hong
& Stevens, 2016). During development, there is a high level of turnover, where neurons
and glial cells such as oligodendrocytes are first generated and subsequently eliminated,
shaping the neuronal circuitry as we know it. As immune cells, microglia not only retain
the ability to recognize programmed cell death and engulf dying or dead cells (Bessis,
Béchade, Bernard, & Roumier, 2007; Ferrer, Bernet, Soriano, Del Rio, & Fonseca, 1990),

but there is multiple evidence that they can themselves actively initiate a cell death
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program. Some of the most direct evidence for a more active role came from in vitro
studies in chick retina where microglia were proved to induce retinal cell death via
microglial-derived nerve growth factor (NGF) (Frade & Barde, 1998). Moreover, in
cerebellar slices, microglia induce apoptosis in Purkinje neurons by releasing superoxide
ions (Marin-Teva et al., 2004). Another signaling cascade by which microglial cells
interact with neurons to induce cell death is mediated by tumor necrosis factor alpha (TNF-
a) (Neniskyte, Vilalta, & Brown, 2014). On the other hand, microglial cells can also
positively influence development by promoting neural precursor cell proliferation and
survival (Choi, Cho, Hoyt, Naegele, & Obrietan, 2008; Vukovic, Colditz, Blackmore,

Ruitenberg, & Bartlett, 2012).

Another well-known process during development is synaptic pruning, a term that

indicates the elimination of excess synaptic connections.

A first evidence that microglia might be involved in such activity comes from a
study done in the mouse hippocampus during postnatal development. Paolicelli et al.
indeed shows that microglia actively engulf synaptic material via the interaction of the

fractalkine receptor Cx3CR1 with the chemokine fractalkine expressed in neurons.

In the visual system, microglia eliminate the presynaptic inputs from the retinal
ganglion cells into the dorsal lateral geniculate nucleus (Schafer et al., 2012). The “eat me”
signals proposed by the authors of the paper that supposedly tag the synapses to be
engulfed are the complement proteins C1q and C3, which possess similar opsonizing
properties in the peripheral immune system. Conversely, CD47 has been identified as one
of the “don’t eat me” signals, protecting synapses from excess microglia mediated pruning

(Lehrman et al., 2018).

If microglia are then involved in spine elimination, recently, it was also shown that

in the somatosensory cortex of a P8 mouse, microglia contact onto dendrites can induce
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filopodia formation (Miyamoto et al., 2016). This facilitatory role of microglia in synaptic
circuit remodeling and maturation was further confirmed in organotypic hippocampal
cultures, where dynamic microglia-synapse interactions induced presynaptic partial
phagocytosis (trogocytosis) and formation of post synaptic spine head filopodia by
microglial contact (Weinhard et al., 2018). One mediator of such activity of microglia on
spine formation has been found in interleukin 10 (IL-10). Apparently, neutralizing
antibodies of interleukin 10 receptors attenuated the induction of the synaptic formation
by microglia. Moreover, pretreatment with lipopolysaccharide inhibited microglia from
inducing synaptic formation, and IL 1P antagonized the induction of synaptic formation

by IL-10 (S. H. Lim et al., 2013).

An additional mechanism mediating the communication between neurons and
microglia during development is the duo composed by fractalkine (CX3CL1) — a
chemokine produced by neurons — and its receptor CX3CR1 — specifically expressed in
microglia in the CNS. In a paper from the Gross lab (Zhan et al., 2014), the authors show
that, though microglia deficient in CX3CRL1 still eliminated apoptotic neurons, they did
not offer neurotrophic support to surrounding neurons. CX3CR1-deficient mice showed a
reduced connectivity between cortex and hippocampus, which also had an impact on

mouse behavior.
Microglia-Synapse Interaction in the Adult Brain

If the involvement of microglia in synaptic pruning during development is now an
established fact, there is also increasing evidence that these cells have a deep connection
to synapses in the adult healthy brain in the framework of neuronal plasticity. Microglia
are highly motile cells and continuously scan the environment with their ever moving
processes (Davalos et al., 2005; Nimmerjahn et al., 2005). By using in vivo two-photon

imaging, it was shown that microglial processes make direct contact with synapses at a
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frequency of about once per hour. Contacts were activity-dependent and decreased in
frequency upon reductions of neuronal activity (Wake, Moorhouse, Jinno, Kohsaka, &
Nabekura, 2009). In the visual cortex, it was demonstrated that microglia interact with
axonal terminals and dendritic spines, and this interaction depends on changes in neuronal
activity (Tremblay, Lowery, & Majewska, 2010). Light deprivation induced microglia to
become less motile and changed their preference of localization to the vicinity of a subset
of larger dendritic spines that persistently shrank, while light re-exposure reversed these
behaviors. Moreover, it was shown that microglia contact on spines increases synaptic
activity, thus enhancing the synchronization of neuronal populations (Ono et al., 2018).
Another report shows how microglia are necessary for ocular dominance plasticity in the
visual cortex and individuate P2Y12R as the key molecule for the neuroimmune

communication during this paradigm (Sipe et al., 2016).

Interestingly, adenosine triphosphate (ATP), a known important purinergic signal
molecule for peripheral immune cells, is released during high neuronal activity to promote
enhanced surveillance by microglial processes in an NMDA dependent manner (Dissing-
Olesen et al., 2014). In the zebrafish larvae, neuronal activity was reduced by microglia
contact while conversely, preventing microglial processes from contacting spontaneously

active neurons significantly enhanced neuronal activity (Y. Li, Du, Liu, Wen, & Du, 2012).

These observations imply an active rather than passive form of surveillance and
suggest that neuronal activity itself can be altered by microglial contact. This is further
supported by the observation that preventing ATP-mediated microglial process outgrowth
exacerbated evoked-seizure activity and mortality (Eyo et al., 2014). Taken together, ATP-
mediated communication between highly active neurons and the resident immune cells of
the brain might provide an important but still to be defined feedback to regulate neuronal

activity.
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Recently, two new studies demonstrated that microglial dynamics are deeply
influenced by norepinergic signaling: noradrenergic tone seems to be suppressing
microglia process surveillance during wakeful state (Liu et al., 2019; Stowell et al., 2019).
A major question for future studies is whether or how this form of microglia surveillance

impacts synaptic function and plasticity.

The activity-dependent modulation of synaptic strength in the adult brain is thought
to underlie memory, learning, and widespread aspects of adaptive behavior. Both
strengthening and weakening of synapses can result from changes in neuronal activity.
Emerging research demonstrate changes in synaptic strength and behavior can arise from

signaling in immune- related pathways, particularly those governed by microglia.

The interaction between the microglia chemokine receptor CX3CR1 and its CNS
ligand, neuronal CX3CL1, allows for precise communication between neurons and
microglia and can result in changes in neuronal activity. Application of CX3CL1 to acutely
stimulate microglia in brain slices caused a dose-dependent depression of synaptic
transmission that was not observed in the CX3CR1-deficient mouse (Ragozzino et al.,
2006). This synaptic depression was mediated by the adenosine A3 receptor, as the
depression was blocked by A3 (but not ALl or A2) receptor antagonists and was not
observed in A3-deficient mice. Thus, a chemokine expressed by neurons acts on microglia
to reduce the activity of neurons via a feedback pathway. The mechanisms underlying this

feedback loop still remain to be uncovered.

In addition to the acute action of CX3CL1-CX3CR1 signaling, chronic reduction
of this signaling pathway by permanent deletion or reduction of CX3CR1 leads to elevated
levels of the inflammatory cytokine interleukin (IL)-1p, leading to a reduction of long-
term potentiation (LTP) in the brain. Ventricular infusion of an IL-1f receptor antagonist

for 4 weeks via osmotic mini pumps reversed the impaired LTP, while infusion of an
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inactivated antagonist did not (Rogers et al., 2011). Intact chemokine signaling between
neurons and microglia and appropriate levels of CNS cytokines are therefore crucial for

maintenance of normal plasticity mechanisms.

Interestingly, not all neural-immune pathways implicated in neuronal plasticity
involve canonical immune molecules. Recent work has identified a potential role for
microglial brain-derived neurotrophic factor (BDNF): selective deletion of microglia or
genetic removal of microglial-derived BDNF in mice at postnatal day 30 (P30) caused
deficits in multiple learning tasks and a significant reduction in motor-learning-dependent

synapse formation (Parkhurst et al., 2013).
Microglia, Friend or foe?

Microglial activation has always been considered a negative event. Ramified
microglia retract their fine processes, and acquire a morphology which resembles that of
phagocytic macrophages, a transition originally described by Rio-Hortega. This
morphological reaction often is correlated with a migratory behavior and/or proliferation
of the cells and profound changes in the catalogue of surface markers, such as CD14, major
histocompatibility complex (MHC) molecules, chemokine receptors (Block, Zecca, &
Hong, 2007). This stereotypic response, though, hides a wide complexity in the response
spectrum of these cells: “resting” microglia are by no means inactive, and activation can
underlie a manifold of different phenotypes that do not necessarily lead to neurotoxicity.
The first evidence of a nefarious activity of activated microglia was reported ~ 30 years
ago, when researchers found that microglia stimulated with high concentrations of
proinflammatory cytokines (or LPS) (or their resulting supernatant) were highly toxic to
neurons in co-culture (Boje & Arora, 1992). More recent data, however, indicate that
microglial cells can also exhibit important neuroprotective activity even in an activated

state (Biber, Owens, & Boddeke, 2014; Z. Chen & Trapp, 2016). For example, microglial
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cells can remove inhibitory axosomatic synaptic inputs that are no longer functional in the

facial nucleus in a processes termed synaptic stripping (Blinzinger, K; Kreutzberg, 1968).

Since these immune cells possess a variety of neurotransmitter receptors - including
those for GABA and glutamate — it is safe to assume that these cells can sense changes in
circuitry activity and thereby modulate their behavior in response to it (H. Kettenmann,
Hanisch, Noda, & Verkhratsky, 2011). There is increasing evidence that microglial cells
can suppress neuroinflammation and thereby protect nerve tissue by the release of anti-
inflammatory mediators. In experimental meningitis, microglial cells initially produce
proinflammatory IL-18, but subsequently, they produce anti-inflammatory IL-10 as a
negative feedback loop (Henry, Huang, Wynne, & Godbout, 2009). Another factor

mediating anti-inflammatory behavior in microglia is TGF-B (Qin et al., 2018).

Microglia in Neurodegeneration

As | have highlighted in the previous chapters, the neuroimmune system is
profoundly involved in development and normal functioning of the Central Nervous
System. Such a primary role in the homeostatic capacity of the brain entails that any
perturbation to microglia has the ability to lead to grave consequences for the CNS, due
both to the disruption of their sentinel and housekeeping activities and the gain of
neuroinflammatory properties of these immune cells. Initiation or exacerbation of
neurodegeneration might arise from an imbalance between these microglial functions and
correcting such imbalance may be a potential approach for therapy (Ardura-Fabregat et

al., 2017).

Neurodegenerative disorders are usually characterized by an age-related deposition
of debris, aggregated and misfolded proteins, and neuronal death. In these conditions,
microglia react to these misfolded proteins, aggregates, and cellular debris via a dedicated

and specific set of receptors: the pattern recognition receptors (PPRs) that sense con