ELSEVIER

Microglia phagocytic mechanisms: Development

informing disease

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Neurobiology

Check for
Updates

Rebecca M. Beiter', Patrick W. Sheehan' and

Dorothy P. Schafer

Abstract

Microglia are tissue-resident macrophages and professional
phagocytes of the central nervous system (CNS). In develop-
ment, microglia-mediated phagocytosis is important for
sculpting the cellular architecture. This includes the engulfment
of dead/dying cells, pruning extranumerary synapses and
axons, and phagocytosing fragments of myelin sheaths.
Intriguingly, these developmental phagocytic mechanisms by
which microglia sculpt the CNS are now appreciated as
important for eliminating synapses, myelin, and proteins during
neurodegeneration. Here, we discuss parallels between
neurodevelopment and neurodegeneration, which highlights
how development is informing disease. We further discuss
recent advances and challenges towards therapeutically
targeting these phagocytic pathways and how we can leverage
development to overcome these challenges.
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Introduction

Microglia are macrophages and the professional phago-
cytes of the central nervous system (CNS). As such,
microglial phagocytosis of cellular and protein substrates
is now appreciated to have a significant impact on mul-
tiple aspects of CNS development. This includes the
engulfment of dead or dying neurons during normal
programmed cell death, as well as the engulfment of

synaptic and myelin membranes as these structures are
sculpted into mature neural circuits. Intriguingly, in
recent years, it appears that these developmental
mechanisms are reactivated in neurological disease to
drive or exacerbate loss of cells, synapses, and myelin. In
addition, microglial phagocytic mechanisms are emerging
as regulators of pathological protein aggregate accumu-
lation, such as tau and amyloid B, during neuro-
degeneration. Here, we review the developmental
mechanisms in which microglial phagocytosis of cellular
substrates is now appreciated to be important, and we
expand on how these mechanisms are informing neuro-
logical disease. While we recognize that there are
numerous neurodevelopmental and neuropsychiatric
disorders where microglial phagocytic mechanisms are
relevant, this review will focus on these mechanisms in
the context of neurodegenerative diseases (Alzheimer’s
disease, multiple sclerosis, etc.). We further appreciate
the contribution of microglia to phagocytosis of protein
aggregates, but we will focus on phagocytosis of cellular
membranes in neurodegenerative disease contexts.

Microglial phagocytic mechanisms shaping
the developing central nervous system

As the nervous system develops, new cells and synaptic
connections are first generated in excess. Over time,
some of these newborn cells and synapses are lost to
allow for the remaining cells and synapses to strengthen
and elaborate in the circuit. In the process, an abun-
dance of cellular membranes must be cleared. Microglia
are appreciated as major contributors to these clearance
mechanisms (Figure 1). As a first step, microglia must be
recruited to sites of dead or dying cells. Among these
recruitment or ‘find me’ signals in the developing brain
shown to regulate the clearance of dead and dying
cells are the chemokine fractalkine (CX3CIL1) signaling
to its receptor CX3CR1 on microglia [1] and the
microglial purinergic receptor P2RY12, presumably
signaling through adenosine triphosphate (ATP) release
from dead/dying cells [2]. After recruitment, cell surface
phagocytic receptors on microglia mediate the clearance
of these cell bodies, such as the Tyro3, Axl and
MerTK(TAM) receptors MerTK and Axl [3], comple-
ment receptor 3 (CR3) [4,5], and DNAX activating
protein 12 (DAP12) [6]. TAM receptors are a family of
receptor tyrosine kinases that typically bind exposed
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Receptors and ligands are known to play a role in the clearance of synapses, myelin, and cell bodies during development. Cell Bodies: Microglia
phagocytose apoptotic cells during development and can even initiate apoptosis in otherwise viable cells. A number of different receptors have been

shown to affect the developmental phagocytosis of cell bodies, such as TAM receptors, Trem2, and complement proteins. Synapses: Microglia are critical
for pruning excess synapses in development. GPCR’s Cx3cr1 and P2ry12 have been shown to play roles in attracting microglia towards synapses that will
be engulfed. Other receptor-ligand pairs have been shown to directly mediate developmental synaptic pruning. Myelin: Myelin debris accumulates in the
developing brain and is cleared by phagocytic microglia. Trem2 and TAM MertK have been shown to play roles in this process. Orange, purple, and green
cells indicate microglia, neurons, and oligodendrocyte progenitor cells, respectively. Note that a question mark indicates that the role for Gas6, ProS, and
C3 has not been clearly defined in the indicated contexts yet. PtdSer: phosphatidylserine; Trem2: triggering receptor expressed on myeloid cells 2; CR3:
complement receptor 3; C3aR: complement C3a receptor 1; Axl: AXL receptor tyrosine kinase; MerTK: MER proto-oncogene, tyrosine kinase; Gaseé:

growth arrest-specific protein 6; ProS: protein S; GPR56: adhesion G protein-coupled receptor G1; ATP: adenosine triphosphate; Sirpa.: signal-regulatory
protein alpha; P2ry12: purinergic receptor P2Y, G-protein coupled 12; Cx3cl1: C-X3-C motif chemokine ligand 1; Cx3cr1: C-X3-C motif chemokine re-

ceptor 1; DAP12: DNAX activating protein 12 (DAP12).

phosphatidyl serine (PtdSer) to initiate phagocytosis,
while DAP12 serves as an adaptor protein for triggering
receptor expressed by myeloid cells 2 (TREM2) to bind
PtdSer and regulate engulfment [7,8]. In contrast, CR3
is a complement cascade receptor that recognizes a va-
riety of ligands but most notably binds a cleaved form of
complement component C3, an opsin termed C3b [9].
Besides clearance of cell corpses, microglia can also play
a role in initiating the cell death program prior to
engulfment—a process termed “phagoptosis” (Reviewed
in Ref. [10]). For example, early work showed that
microglia engulf live neurons in the developing cere-
bellum, and when microglia are ablated, these neurons
persist [11]. This same group showed that microglia are
responsible for executing the death program through the
release of superoxide during respiratory bursts. Very
recently, it was shown that a subset of type I interferon
(IFN-1)-responsive microglia exist in the developing
cortex and are responsible for clearing whole neurons in
the barrel cortex in response to whisker removal in
neonate mice [12]. In IFN-1-deficient mice, there were

excess neurons in the developing cortex, suggesting a
role for microglial IFN-1 signaling in initiating the cell
death program prior to the engulfment of neurons [12].

Similar to newborn cells, synaptic compartments also
form in excess during development. In a process termed
developmental synaptic pruning, a subset of these syn-
apses must then be eliminated while the remaining
synapses are maintained, strengthened, and elaborated.
Microglia are known to regulate this synaptic pruning
program in the developing brain through engulfment
mechanisms. Like phagocytosis of dead/dying cells
during development, molecules that modulate micro-
glial proximity to synapses, including P2RY12 and
CX3CR1, are involved [13—15]. An additional parallel to
phagocytosis of dead/dying cells is complement-
mediated synapse engulfment by microglia, in which
the complement cascade components C1q and C3 bind
synaptic membranes, followed by microglia-mediated
engulfment via CR3 [16,17]. Since this initial work, it
has now been demonstrated that complement
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component Clq initially localizes to synapses upstream
of their elimination by binding exposed phosphatidyl
serine (PtdSer) on synaptic membranes, followed by
microglial phagocytosis [18]. Additional molecules,
including Trem2 and G protein-coupled receptor 56
(GPCR56), also bind PtdSer at synaptic membranes,
leading to their elimination in the developing brain
[19,20]. Suggesting a broader mechanism by which
PtdSer modulates microglial engulfment function in
development, exposure of PtdSer on myelin and sub-
sequent engulfment of myelin via TAM receptors have
also been observed in developing zebrafish [21].

The data described above demonstrates positive regu-
lators of phagocytosis. However, it is also important to
consider the negative regulators of phagocytosis as a
mechanism to limit the excess removal of cellular ma-
terial by microglia in the developing brain. One example
of this is through the “don’t eat me” signal CD47 on
neurons binding to its receptor, SIRPa, on microglia.
Deletion of either CD47 or SIRPa leads to an upregu-
lation of developmental synaptic pruning by microglia in
the retinogeniculate circuit, the same circuit where
complement has been implicated [22]. Interestingly, it
appears that the cellular source of SIRPa is a key
determinant of its ultimate effects on microglial prun-
ing. That i1s, when CD47 binds microglial SIRPa,
pruning of retinogeniculate synapses is inhibited in the
lateral geniculate nucleus [22]. However, in the retina,
if neuronal SIRPa binds CD47, this is permissive to

Figure 2
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retinal synapse pruning [23]. Additional work identified
SRPX?Z as a novel negative regulator of microglia-
mediated synapse engulfment and pruning by binding
Cl1qand preventing downstream complement activation
and subsequent removal of developing synapses [24].

Out of all this work, it is clear that microglia are key
regulators, shaping the cellular architecture of the
developing brain through phagocytic mechanisms.
When these mechanisms are inhibited, there are sus-
tained increases in structurally intact cells, synapses,
and myelin. Importantly, defects in these clearance
functions can result in functional deficits that ultimately
impact behavior. For example, loss of TREM2, CD47,
and CX3CR1 has been shown to result in repetitive
behavior and/or social deficits [19,25,26]. Most relevant
to this review, this developmental work has laid the
important mechanistic groundwork for understanding
how microglial phagocytic mechanisms contribute to
neurological disease, including neurodegenerative dis-
eases. We expand on these parallels with neurodegen-
erative diseases in the following sections.

Developmental mechanisms reactivated to
clear synapses and cell bodies during
neurodegeneration

Similar to the developing brain, a large amount of
neuronal material needs to be cleared during neuro-
degeneration (Figure 2). Also, many neurodegenerative
disease risk genes regulate microglial phagocytosis [27].
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Receptors and ligands are known to play a role in the clearance of synapses and myelin during disease. Synapses: Microglia have been shown to
phagocytose synapses during multiple diseases, including Alzheimer’s disease, tauopathies, frontotemporal dementia (FTD), West Nile viral infection,
glaucoma, and multiple sclerosis (MS). In some cases, such as Alzheimer’s disease and West Nile infection, both the receptor and ligand driving phago-
cytosis are known. In other cases, only the ligand driving synapse engulfment has been determined. Myelin: Microglia are important regulators of myelin
debris clearance. Myelin clearance by microglia is a necessary step to facilitate remyelination and repair. A myriad of receptors have been shown to regulate
this clearance, including Axl, MerTK (along with their obligate ligands Gas6 and ProS), Trem2, CR3, and SRAV/Il. Note that a question mark indicates that the
role for Gas6, ProS, and C3 has not been clearly defined in the indicated contexts yet. FTD: frontotemporal dementia; MS: multiple sclerosis; PtdSer:
phosphatidylserine; Trem2: triggering receptor expressed on myeloid cells 2; CR3: complement receptor 3; C3aR: complement C3a receptor 1; Axl: AXL
receptor tyrosine kinase; MerTK: MER proto-oncogene, tyrosine kinase; SRAI/Il: scavenger receptor class A type I/ll; Gas6: growth arrest-specific protein 6;
ProS: protein S.
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This has led to the hypothesis that the same develop-
mental programs are reactivated to lead to phagocytic
clearance by microglia in the context of neurological
disease. Mechanisms of microglia-mediated clearance of
synapses in neurodegenerative disease have been among
the most widely studied and are discussed below.

Earlier work has demonstrated that complement pro-
teins Clq and C3 mediate synapse loss in neuro-
degeneration in the context of glaucoma [17]. Like in
development, these studies showed that complement
proteins C1q and C3 localized to retinal synapses, and
later work showed that this complement deposition
leads to synapse elimination [17,28]. Another study
showed that inhibiting C3 in the retina with an Adeno-
Associated Virus(AAV)-based delivery approach was
sufficient to protect against retinal ganglion cell death
and axon degeneration [29], suggesting a more global
mechanism by which complement leads to neuro-
degeneration in glaucoma. There has now been a flurry
of studies demonstrating that complement-mediated
phagocytic clearance of synaptic material by microglia
contributes to neurodegeneration in aging [30], mouse
models relevant to Alzheimer’s disease (AD) [31—34],
amyotrophic lateral sclerosis (ALS)/frontotemporal de-
mentia (FTD) [35,36], West Nile virus (WNV)
infection-induced neurodegeneration [37], Hunting-
ton’s disease [38], and multiple sclerosis (MS) [39—42].
Importantly, inhibiting complement-mediated phago-
cytic signaling in these contexts preserves not only
synapses but also circuit function and cognitive perfor-
mance. In many cases, it appears that this mirrors the
development whereby complement Clq and C3 are
localizing to synapses, leading to their removal by
phagocytic microglia. However, in other contexts, the
mechanism by which complement regulates synapse
engulfment differs (Figure 2). For example, in the
Tau"3018 tauopathy mouse model, astrocytes, as well as
microglia, engulf and eliminate synapses through a Cl1qg-
mediated mechanism [43]. In MS-relevant animal
models, it was shown that complement Clq was not
localized to retinogeniculate synapses [40]. Instead,
complement C3 was at synapses, and C3 blockade was
sufficient to prevent microglia-mediated synapse
removal. In WNV-induced synapse loss, Clq and a
cleavage product of C3 called C3d localize to hippo-
campal synapses, concomitant with microglia-mediated
synapse engulfment via complement C3a receptor 1 or
C3aR [37]. In addition, there are very recent studies
that have identified factors upstream of complement
components that function to regulate microglial
phagocytosis during neurodegeneration. This includes
recent work that showed the release of secreted phos-
phoprotein 1 (SPP1) by perivascular macrophages or
fibroblasts drives microglial synapse engulfment in the
APPNE"F model of AD by inducing C1q deposition [44].
Another study identified neuronal pentraxin NPTX2 as
a novel binding partner of Clq, which reduces Clqg-

mediated synapse removal by microglia in the Tau3018

tauopathy mouse model [45]. Further, TREM2, which is
a well-known genetic risk factor in AD, can induce a
transcriptional program that induces complement gene
expression [46,47]. Interestingly, Trem2 can also pre-
vent Clq deposition by acting as a binding partner,
thereby reducing microglial engulfment of synapses
[48]. Other molecules that are upstream of microglial
engulfment and possibly transcriptional regulation of
complement are type I interferon, progranulin, TDP43,
and CY9orf72 [35,36,49—51]. Ablation of these genes
enhances microglial engulfment of synaptic material,
and the latter three molecules confer genetic risk for
ALS and FTD.

The large number of accumulating studies demon-
strates an intriguing connection between develop-
mental microglia-mediated synapse pruning and
synapse loss in disease. In many cases, complement
proteins play a central role in directly regulating syn-
apse loss by phagocytic microglia in disease. While less
investigated in the context of neurodegeneration,
‘phagoptosis’ and/or the phagocytic clearance of dead or
dying cells by microglia can also contribute to neuro-
degeneration. For example, microglia can regulate the
cell death program in neurons in inflammatory condi-
tions through Uridine 5’ diphosphate(UDP)-depen-
dent activation of the microglial purinergic receptor
P2Y6 [52]. If P2Y6 is blocked, neurons remain intact
for days after the insult. Intriguingly, many of these
studies have suggested that this process of phao-
goptosis promotes neurodegeneration. This disease-
promoting role for microglial phagocytosis in neuro-
degeneration has also been supported in iPSC-derived
human microglia, where the engulfment of apoptotic
neurons, as well as other substrates, appears to drive a
disease-associated microglial trajectory [53].

It is also important to consider the potential relationship
between microglial phaogoptosis of stressed neurons and
engulfment of synapses. In some cases, neurons may be
dying first leading to downstream degeneration of
neuronal processes and their synapses. In other cases,
synapse loss may be happening first, such as in the case
of complement-mediated synapse loss in multiple scle-
rosis discussed above [40]. Also, many studies investi-
gating microglia-mediated neuronal and synapse
engulfment in disease operate under the assumption
that this is a detrimental process. However, there is
growing evidence that engulfment of these substrates
can have beneficial effects (Figure 3). Indeed, in models
of excitotoxicity, microglia are involved in the phag-
optosis of hyperactive cells to limit excitotoxicity
through purinergic and CX3CL1 signaling [54,55]. Also,
in an MS-relevant animal model, microglia and invading
macrophages engulf components of dendritic spines that
show elevated calcium activity [56]. Similarly, a recent
study showed that exposure of hippocampal neurons to
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Beneficial and detrimental roles for microglia-mediated phagocytosis of neurons and synapses. Left, in some cases, microglial removal of
dysfunctional (e.g. hyperexcited) neurons or synapses is beneficial to protect surrounding neurons from, for example, excitotoxicity. Right, in other cases,
this removal of dysfunctional neurons and synapses could render microglia in a state that promotes the removal of healthy neurons and synapses. This

ultimately leads to the destruction of the entire circuit.

amyloid-beta (AB) iz vitro and in vivo induces both syn-
aptic hyperactivity, exposure of the “eat me” signal
PtdSer, and microglial engulfment of these synapses via
TREM2 [57]. This work is further supported by another
study showing that dysfunctional TREM2 results in
elevated synapse numbers and hyperactivity in mice
[58]. Together, these data suggest that, in some cases,
microglial phagoptosis of neurons or engulfment of syn-
apses during neurodegeneration can be protective to
eliminate hyperactive, dysfunctional cells and synapses.
In parallel, it also seems that these processes can become
exuberant in disease to promote neurodegeneration and
subsequently cognitive decline (Figure 3).

Myelin degradation and clearance by
microglia in neurodegenerative disease

Like synapses and cell bodies, myelin also goes through
extensive remodeling in development and disease. In
the disease context, microglial phagocytosis of myelin
following a demyelinating insult has been shown to be
beneficial for recovery by removing excess myelin debris
to promote remyelination (reviewed in Ref. [59]). Just
as with synapse engulfment, the mechanisms used to
clear myelin debris and subsequently permit remyeli-
nation and repair parallel those used in development.
This includes involvement of the complement system,
whereby microglia upregulate complement components
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in mouse models relevant to MS. While complement
underlies synapse loss in this context [39,40], it can also
play beneficial roles in tagging myelin debris for removal
by microglia [60]. The latter process of debris removal is
critical to promote remyelination [61]. Still, compo-
nents of the complement cascade can also contribute to
demyelination. For example, increased amounts of C3 or
C5 cleavage production, C3a or C5a, result in more
significant myelin loss in cuprizone-mediated demye-
lination, pointing to the role of these complement
components in exacerbating demyelination [62,63].
Other developmental mechanisms that regulate myelin
debris clearance during disease include MerTK and
TREM2 [64,65]. For example, in the cuprizone model of
demyelination, mice lacking TREMZ2 have more myelin
debris present and decreased remyelination [65,66].
Antibody-mediated activation of TREM2 improves both
myelin clearance and remyelination. Further investiga-
tion into this TREM2 mechanism revealed that TREM2
is involved in microglial processing of cholesterol from
myelin debris, which is essential for creating an envi-
ronment permissible for remyelination [67].

While previous work indicates that microglial clearance
of myelin debris facilitates recovery and repair, recent
new evidence has suggested this can also be unexpect-
edly detrimental. For example, one recent study showed
that when an animal model of age-related myelin de-
fects (Cnp™'~;PIp™ mice) was crossed to the 5XFAD AD-
relevant mouse model, there was a higher plaque burden
and reduced microglial clustering around amyloid
plaques [68]. The authors further showed i vitro that
when microglia phagocytose myelin, they are less able to
engulf AB. This has led to an intriguing hypothesis that
microglia preferentially clear myelin over other cellular
substrates, and myelin phagocytosis may ‘distract’
microglia from clearing other proteins and cellular ma-
terial. Additionally, studies indicate that the over-
burdening of microglia with myelin debris results in

lipid droplet accumulation, elevated lipofuscin,
increased  proinflammatory  cytokine  production,
increased reactive oxygen species, and defective

phagocytosis [69—72]. This is particularly pronounced
in lipid-droplet laden microglia, which are enriched in
the white matter of the aged brain [69]. As develop-
mental phagocytosis of synapses and myelin has also
been observed, it may be interesting for future studies
to consider preferential phagocytosis of substrates
during development as well [16,18,20—24,73—75].
Taken together, data indicate that microglial phagocy-
tosis may not always be beneficial, and continuous
clearance of myelin debris, such as that seen in the aging
brain, may result in microglial dysfunction. It will be
important to further understand how the myelin sheath
changes during aging-related neurodegenerative dis-
eases, such as AD, and how this can contribute to
dysfunction in microglial clearance mechanisms.

Summary and future directions

Microglial phagocytic mechanisms regulate many as-
pects of CNS development, from the clearance of excess
synapses and cells to the sculpting of the developing
myelin sheath. Strikingly, many of the same signaling
mechanisms that regulate developmental phagocytosis
of these cellular substrates appear to be involved in
neurodegeneration to clear synapses, cell bodies, and
myelin. While not the focus of this review, many of these
phagocytic mechanisms also appear to play key roles in
clearing toxic protein aggregates such as A, tau, and a-
synuclein (reviewed in Refs. [27,76]). Also, these
mechanisms are likely involved in many other disease
and injury contexts, including neurodevelopmental
disorders and neuropsychiatric conditions.

An important consideration is the mechanism by which
engulfment of cellular membranes by microglia occurs,
which may not be mutually exclusive. In the case of
synapses, this could be a result of phagocytosing an
intact synapse, similar to how a microglia engulfs dead
or dying cells. Alternatively, microglia could be weak-
ening synapses through other mechanisms and clearing
debris shed from a synapse. For example, studies have
shown that molecules such as reactive oxygen species
(ROS) secreted by microglia induce loss of dendritic
spines in an AD-relevant mouse model [77]. Another
possibility is trogocytosis, or the ‘nibbling’ of intact
membranes, as suggested by recent live imaging
studies in the developing Xenopus visual system and in
mouse hippocampal slices [78,79]. This idea of
engulfing intact membranes is further supported in the
context of microglia-mediated myelin remodeling
during development. By live-cell imaging in zebrafish,
microglia were shown to directly consume myelin
components from intact myelin sheaths versus engulf-
ing shed myelin debris [75]. Also, microglia do not
engulf substrates in a vacuum, and other cell types,
such as astrocytes and Oligodendrocyte Precursor
Cells(OPCs), are clearly important for either instruct-
ing microglia or clearing cellular substrates. While not
discussed in this review, gaining a better understanding
of this intercellular crosstalk in development will likely
have important disease implications.

Another important consideration is that microglial
phagocytosis can be either beneficial or detrimental,
depending on the age, cellular or protein substrate, and
disease context. On one hand, engulfment of synapses
allows for the proper establishment and refinement of
neural circuits in development, and engulfment of
synapses and/or cell bodies in neurodegeneration may
prevent hyperexcitability (Figure 3, left). Moreover, the
removal of myelin accommodates the formation of new
myelin sheaths in development and demyelinating dis-
ease. On the other hand, phagoptosis of cell bodies or
synaptic engulfment by microglia could ultimately lead
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to aberrant engulfment of nearby healthy neurons and
synapses (Figure 3, right) and, ultimately, cognitive
decline. Also, excessive myelin engulfment can cause
impairment in long-term microglial phagocytic function.
This is similarly the case when microglia phagocytose
toxic protein aggregates, such as A, tau, and @-synu-
clein. This can be beneficial to clear toxic proteins, but
it can also be detrimental by inducing the release and
spread of these protein aggregates throughout the CNS
by microglia (reviewed in Ref. [80]). Thus, it remains a
key open question whether therapies geared towards
microglial phagocytic clearance mechanisms should
target the enhancement or reduction of these phago-
cytic functions. Another complication for designing
therapeutics is that a single pathway can regulate the
clearance of different cellular substrates (e.g. myelin,
synapses, etc.), but with opposing effects. Also, the
timing may be key. For example, targeting clearance of
dysfunctional synapses at early stages of disease may be
beneficial, but this may become detrimental at later
stages of disease when this becomes excessive and leads
to the removal of otherwise healthy synapses. This be-
comes particularly important to disentangle when
considering new disease modifying therapies. It also
emphasizes the importance of developmental studies,
which can then inform disease. In general, these
developmental studies are faster and more amenable to
genetic manipulation, with fewer factors that compli-
cate the interpretation of outcomes. Developmental
contexts are also conducive to invertebrate and zebrafish
screens, which have largely informed the initial work on
glia-mediated phagocytic clearance that is now appre-
ciated to be important in disease [81—83]. Together,
there is a high precedent for common microglial
phagocytic mechanisms governing development and
neurodegeneration. To move toward therapy, we must
leverage development to inform disease but also better
define how the timing and cellular substrate in disease
dictate outcomes of phagocytic clearance by microglia.
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