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Abstract

Microglia, the resident immune cells of the central nervous system, are not a homogeneous population; their morphology,
molecular profile, and even their ultrastructure greatly vary from one cell to another. Recent advances in the field of
neuroimmunology have helped to demystify the enigma that currently surrounds microglial heterogeneity. Indeed, numerous
microglial subtypes have been discovered such as the disease-associated microglia, neurodegenerative phenotype, and
CdI I c-positive developmental population. Another subtype is the dark microglia (DM), a population defined by its ultra-
structural changes associated with cellular stress. Since their first characterization using transmission electron microscopy,
they have been identified in numerous disease conditions, from mouse models of Alzheimer’s disease, schizophrenia,
fractalkine signaling deficiency to chronic stress, just to name a few. A recent study also identified the presence of cells
with a similar ultrastructure to the DM in postmortem brain samples from schizophrenic patients, underlining the importance
of understanding the function of these cells. In this minireview, we aim to summarize the current knowledge on the DM,
from their initial ultrastructural characterization to their documentation in various pathological contexts across multiple
species. We will also highlight the current limitations surrounding the study of these cells and the future that awaits the DM.
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Since the first description of microglia by Pio del Rio
Hortega, major advances in understanding their origin,
morphological, functional, and genetic aspects were
uncovered by pioneering research (Sierra et al., 2019).
Stemming from the predominant focus of the past two
decades on the role of microglia in pathological condi-
tions, a passionate debate began to revolve around their
function in the homeostatic maintenance of the healthy
brain and their phenotypic diversity (Salter and Stevens,
2017; Stratoulias et al., 2019).

In spite of comprising approximately only 10% of the
total central nervous system (CNS) cell population,
microglia are found to be extensively, albeit unevenly,
distributed throughout the white and gray matter
(Lawson et al., 1990) and are essential for the regulation
of complex developmental, homeostatic, and pathologi-
cal processes (Salter and Stevens, 2017). Aside from

acting as the CNS innate immune defense system in
response to environmental stressors, microglia are
known to regulate neuronal development and synaptic
plasticity most notably during learning and the adapta-
tion to the environment (Tremblay et al., 2010; Schafer
et al., 2012; Parkhurst et al., 2013). Not only are they
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able to facilitate genesis and maturation of new synapses
(Parkhurst et al., 2013), considerable data have highlight-
ed several pathways by which microglia mediate synaptic
pruning, that is, the elimination of exuberant or
dysfunctional synapses. Microglia are able to affect
synaptic plasticity through phagocytosis of whole
synaptic connections (Tremblay et al., 2010; Paolicelli
et al., 2011), synaptic “nibbling” (trogocytosis;
Weinhard et al., 2018), or physical separation of pre-
and postsynaptic elements with the help of their
dynamic processes known as synaptic stripping (Moran
and Graeber, 2004).

Efficient remodeling and refinement of synaptic
connections are imperative for adequate brain wiring
(Schafer et al., 2012; Kettenmann et al., 2013).
Abnormal microglial activity resulting from aging or
pathological insults was associated with connectivity
issues underlying cognitive impairments and behavioral
deviations across models of numerous neurodevelopmen-
tal disorders, such as schizophrenia (Sellgren et al., 2019)
and autistic spectrum disorders (Zhan et al., 2014;
Kleinhans et al., 2016), as well as neurodegenerative dis-
eases such as Alzheimer’s disease (AD; Hong et al., 2016)
and Parkinson’s disease (PD; Lecours et al., 2018).

Expanding literature strongly supports the notion that
microglia comprise a heterogenous population with
region- and state-specific differences in distribution, mor-
phology, molecular signature, and function across the
lifespan (Hammond et al., 2019; Stratoulias et al.,
2019). Moreover, in response to specific stimuli and
local microenvironment cues, multiple adaptive morpho-
logical phenotypes have been described— from steady-
state ramified microglia to amoeboid, hypertrophic, rod-
like, and dystrophic/senescent microglia (Savage et al.,
2019a). The concept of microglial heterogeneity has
grown over the past years, and several distinctive subpo-
pulations/phenotypes were brought to light by means of
state-of-the-art imaging techniques, genetic approaches,
or transcriptomic single-cell/bulk RNA analyses. A tran-
sient surge of a CDI11c+ microglial subpopulation was
detected in early postnatal development, supporting neu-
rogenesis and myelination primarily in white matter
regions (Wlodarczyk et al., 2017). Comparable on spa-
tiotemporal and functional levels, the proliferative-
region-associated microglia subset was described as
amoeboid-like shaped and possessing high phagocytic
and metabolic activity (Hagemeyer et al., 2017; Li
et al., 2019; Staszewski and Hagemeyer, 2019). It was
also shown transcriptionally that proliferative-region-
associated microglia significantly overlap with the
disease-associated microglia (DAM) subpopulation
(Keren-Shaul et al., 2017), whose putative neuroprotec-
tive function has been suggested in the early stages of AD
(Deczkowska et al., 2018). Microglia are no longer
considered a homogenous population, and a greater

understanding of the mechanisms behind the genesis of
their subpopulations and susceptibility toward different
phenotypes could hold the key to improve the treatment
of neurological disorders.

Discovering the Dark Microglia

Microglial heterogeneity is currently experiencing an
intellectual boom as novel microglial subpopulations/
phenotypes (subtypes) are emerging. One of these are
the dark microglia (DM), whose identification, using
high-spatial resolution transmission electron microscopy,
was based on their unique dark appearance and distinc-
tive ultrastructural features (Bisht et al.,, 2016b).
Although DM research has markedly progressed since
their initial discovery (see Table 1 for overview), a veil
of mystery still covers several key features of these cells,
for example, cell-specific markers, origin, and their func-
tionality across disease contexts. For this reason, ultra-
structural analysis is presently the most appropriate tool
to characterize and study the DM.

At first glance, the most obvious ultrastructural fea-
ture distinguishing DM from typical microglia is their
altered heterochromatin pattern (Bisht et al., 2016b).
Compared with typical microglia, whose nucleoplasm
consists of a lighter, electron-lucent euchromatin, accom-
panied by a dark, electron-dense heterochromatin lining
the inner part of the nuclear membrane and small dark
patches randomly distributed throughout the nucleo-
plasm (Peters et al., 1991), DM display a condensed
and electron-dense nucleoplasm resulting in a near loss
of the classical microglial pattern (Bisht et al., 2016b).
Previous studies have suggested that considerable chro-
matin remodeling is associated with active phenotypic
changes driven by altered gene expression (Lardenoije
et al., 2015). This association, however, has not yet
been investigated in the DM. It was also suggested that
the DM appearance emanates from well-preserved pro-
teins exhibiting high affinity toward osmium tetroxide, a
fixative used for the preparation of electron microscopy
samples to contrast lipids (Bisht et al., 2016a; for a more
detailed explanation of electron microscopy sample prep-
aration for DM analyses, see St-Pierre et al., 2019).
Furthermore, DM display several oxidative and metabol-
ic stress-induced alterations including disrupted mito-
chondria, dilation of the Golgi apparatus and
endoplasmic reticulum, as well as cell shrinkage (Bisht
et al., 2016b). It is important to note that while DM
show ultrastructural alterations, evidence from electron
microscopy analyses suggests that DM are not undergo-
ing apoptosis or necrosis considering their lack of various
nuclear alterations associated with these modes of cell
death (e.g., blebbing, rounding, fragmentation; Bisht
et al., 2016a) (Figure 1). However, thorough molecular
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Figure I. Electron micrographs of typical (A), intermediate (B) and dark microglia (C) in the hippocampus CAl, strata radiatum and
lacunosum-moleculare, of mice given a high fat diet, taken at a resolution of 5 nm using a scanning electron microscope. A: Typical microglia
are shown with an electron-lucent cytoplasm and a clear heterochromatin pattern. B and C: Intermediate and dark microglia display an
electron-dense cyto- and nucleoplasm that possesses either a chromatin pattern similar to typical microglia (intermediate microglia, B) or a
complete loss of chromatin pattern (dark microglia, C). Signs of oxidative stress (dilation of the endoplasmic reticulum, elongated
mitochondria) as well as phagocytic inclusions are shown in B and C. Yellow contour = nucleus, red contour = cytoplasm and nucleus,
green = mitochondrion, pink = postsynaptic element, light purple = presynaptic element, orange = phagocytic inclusion, * = dilation of
endoplasmic reticulum, and blue = elongated mitochondrion. Scale bars =5 um.

analyses would be required to confirm that these cells are
not dying.

DM also possess numerous thin and long processes
forming acute angles in contrast to the typical microglia
that display thicker and shorter processes with more
obtuse angles (Bisht et al., 2016b; Figure 1). Previous
transmission electron microscopy observations have
shown that DM extensively interact with their microen-
vironment, making contacts with neurons, other glial
cells, and components of the neuropil (axon terminals,
dendritic spines, synapses, and other cellular elements).
Their abundant endosomes also suggested their highly
phagocytic nature (Bisht et al., 2016b). DM tend to
form clusters and are found in close proximity to
capillaries. Indeed, around two thirds of the DM
observed by transmission electron  microscopy
ensheathed the brain vasculature, with approximately
one eighth of them contacting two blood vessels (Bisht
et al., 2016D).

Reports from recently published studies point toward
a microglial role in the formation of the blood—brain
barrier and maintenance of blood vessels (Dudvarski
Stankovic et al., 2016; Halder and Milner, 2019;
Koizumi et al., 2019). In this context, the decline of vas-
cular integrity and microvascular density (Xu et al., 2017)
accompanied by elevated permeability of blood—brain
barrier seen over the course of aging and during patho-
logical conditions such as chronic inflammation (da
Fonseca et al., 2014; Haruwaka et al., 2019) hints
toward a possible vascular-related role for the DM.

DM are not always found: their near-total absence in
normal adult brain (Bisht et al., 2016b) but prevalence in
pathology suggests that their appearance is either a cause
or consequence (e.g., functional need for the DM) of

parenchymal changes. Mouse models of long-term
stress exposure (model of social defeat or chronic unpre-
dictable stress), aging (14-month-old mice), AD patholo-
gy (amyloid precursor protein-presenilin 1 [APP-PS1]
mouse model where APP possesses a double Swedish
mutation and PSENI has an exon-9-deleted mutation;
Jankowsky et al., 2004), and fractalkine signaling defi-
ciency (CX3CR1 knockout mice) were all reported to
possess an increased number of DM in several brain
areas such as the hippocampal CAl region (strata lacu-
nosum-moleculare and radiatum), subgranular layers of
cerebral cortex, basolateral nucleus of the amygdala,
and hypothalamic median eminence (Bisht et al.,
2016b). Because neuronal circuit remodeling is a shared
feature of various pathological conditions, it is likely that
DM play a crucial role in the plasticity of synapses seen
in these contexts. This role, however, has yet to be fully
uncovered.

A difference in immunoreactivity to various proteins
associated with myeloid cells can be observed between
the DM and the typical microglia. Contrary to the
latter, DM display a low immunoreactivity for homeo-
static myeloid cell markers such as ionized calcium-
binding protein (IBA1) and green fluorescent protein
(GFP) in the case of CX3CRI1-GFP reporter mice
(Bisht et al., 2016b). Their ramified processes encircling
various elements of the synaptic neuropil strongly express
phagocytic microglia-specific 4D4 (Bisht et al., 2016b)
and the integrin alpha M subunit (CDI11b), a comple-
ment receptor 3 element involved in microglia-
dependent synaptic pruning (Schafer et al., 2012). In
addition, in specific conditions such as AD pathology,
the DM were found to express triggering receptor
expressed on myeloid cells 2 (TREM2), particularly
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when associated with amyloid B plaques (Bisht et al.,
2016b). These cells also displayed increased phagocytosis
of amyloid f§ as well as interactions with dystrophic syn-
aptic elements (Bisht et al., 2016b). Further immunohis-
tochemical analyses revealed negative reactivity of DM
toward other cell type markers such as ALDHILI
(astrocytes), OLIG2 (oligodendrocytes), or CDllc
(dendritic cells; expressed also by the DAM and neuro-
degenerative phenotype [MGnD]; Keren-Shaul et al.,
2017; Krasemann et al., 2017) or major histocompatibil-
ity complex (MHC)II (antigen-presenting cells; Bisht
et al., 2016b). No sensitivity was detected also for some
markers of cells with a myeloid origin such as CD206
(perivascular macrophages) and 4C12 (inflammatory
monocytes), or the microglial homeostatic marker
P2RY12 (purinergic receptor; Bisht et al., 2016b).
Although their origin remains unclear with the evidence
currently available, their immunoreactivity to the phago-
cytic microglial marker 4D4 and lack of immunoreactiv-
ity to 4C12 suggest an origin from the embryonic yolk
sac, similar to the typical microglia. Supporting this
hypothesis, their presence was observed in the absence
of C-C chemokine receptor type 2 (Bisht et al., 2016b),
using a knockout mouse model where infiltrating mono-
cytes do not migrate in the CNS (Mildner et al., 2007;
Goémez-Nicola et al., 2014).

Advances in the Dark Microglial Field

Development

Although much remains to be discovered, a strong foun-
dation was built with the ultrastructural description of
the DM, therefore stimulating further studies to eluci-
date the role of DM in various species and models.
Indeed, since the initial description of the DM by Bisht
et al., numerous studies have provided insightful findings
in regard to this microglial subtype. Because one hypoth-
esis is that DM might contribute to excessive remodeling
of synaptic connections leading to abnormal neuronal
circuitry formation, it is crucial to focus on early
periods of brain development where extensive and
dynamic microglia-dependent synaptic remodeling
occurs (Paolicelli et al., 2011; Schafer et al., 2012).
Interestingly, a recent study hinted to the presence
of DM during development (postnatal day 14), a
period undergoing pronounced synaptic plasticity
(Chandrasekaran et al., 2015), in the rat somatosensory
cortex (Cali et al., 2019). This elegant study recon-
structed in three-dimensions numerous cell types, includ-
ing microglia, with the help of serial block-face scanning
electron microscopy. From their reconstruction, the
authors discovered that approximately one third of
microglia imaged in Layer VI had a dark cytosol, a char-
acteristic of the intermediate state (i.e., microglia

showing both typical and DM features) and the fully
formed DM defined by Bisht et al. (2016b). It is unclear,
however, if these cells possess other ultrastructural char-
acteristics commonly seen in DM, such as dilation of the
endoplasmic reticulum/Golgi apparatus and altered
mitochondria. The presence of DM in the postnatal
developmental stage could be somehow related to the
overabundance of cellular debris and active pruning pro-
cesses resulting from dynamic tissue remodeling.

Psychiatric Disorders

The presence of the DM was also characterized in a
mouse model of maternal immune activation, with the
help of transmission electron microscopy (Hui et al.,
2018). This environmental stressor was previously asso-
ciated with microglial priming, which causes their exac-
erbated inflammatory and nonphysiological response to
secondary challenges, thus promoting a wide range of
psychiatric disorder-like behaviors (Mattei et al., 2017;
Tay et al., 2017). Prenatal administration (at embryonic
day 9.5) of polyinosinic:polycytidylic acid (poly I:C), a
molecule mimicking viral double-stranded RNA infec-
tion (Smith et al., 2007), resulted in a significant increase
of DM density in the hippocampal dentate gyrus (DG)
polymorphic layer of male offspring, without significant
differences seen in females at adulthood (Hui et al.,
2018). Combined with the noticeable schizophrenia-like
phenotype of male offspring, this finding hints to possible
sex-related differences in the pathophysiological mecha-
nisms that would affect the genesis of DM or vice versa.
The DG plays a key role in learning, memory formation,
and spatial orientation functioning as a niche of neuro-
genesis throughout life (Spalding et al., 2013; Gongalves
et al., 2016). A possibility exists that extensive interac-
tions between the DM and synapses in the DG could
contribute to abnormal functional connectivity, though
additional insights are necessary.

Moreover, a recent postmortem study has shown
microglial cells that are ultrastructurally similar to the
DM subtype in the prefrontal cortex of schizophrenia
patients (Uranova et al., 2018). Indeed, these microglia,
described as “dystrophic,” possessed an electron-dense
nucleus and cytoplasm filled with vacuoles (Uranova
et al., 2018). Interestingly, these cells were located in
the white matter, in close proximity to oligodendrocytes.
Considering that these DM were found in the white
matter next to oligodendrocytes (Uranova et al., 2018),
it is likely that they could have a direct or indirect effect
on oligodendrocytic functions such as myelin formation.

Neurodegenerative Diseases and Neuroinflammation

Consistent with results of the first article describing DM
in AD pathology (Bisht et al., 2016b), plaque-associated
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DM-like cells were distinguished in the hippocampus
CA1 of adult APP-PS1 mice using correlative light,
transmission and scanning electron microscopy (El Hajj
et al., 2019). AD is a progressive neurodegenerative dis-
ease that is characterized by the extracellular accumula-
tion of plaques containing fibrillar amyloid B and
intracellular accumulation of hyperphosphorylated tau
protein into the shape of neurofibrillary tangles (Spires-
Jones and Hyman, 2014). Resulting neuronal and synap-
tic loss strongly correlate with the cognitive impairment
and dementia described in AD patients (Spires-Jones and
Hyman, 2014). In the APP-PS] mouse model, El Hajj
et al. (2019) also observed microglia with a preserved,
distinct heterochromatin pattern and a less-dark appear-
ance that suggested the existence of an intermediate phe-
notype between the typical and DM (El Hajj et al., 2019),
thus further supporting the idea that DM might be part
of a heterogenous microglial spectrum.

DM were seen for the first time in PD pathology by
examining the substantia nigra of male albino rats that
received subcutaneous injections of rotenone, a broad-
spectrum insecticide, piscicide, and pesticide that inhibits
the Complex I of the mitochondrial electron transport
chain (Elgayar et al., 2018). PD is a neurodegenerative
pathology characterized by, but not limited to, synaptop-
athy, presence of misfolded o-synuclein aggregates
(Lewy bodies), and loss of dopaminergic neurons in the
substantia nigra pars compacta that result in cognitive
and motor deficits (Schirinzi et al., 2016; Lecours et al.,
2018). In this study, Elgayar et al. (2018) found, using
transmission electron microscopy, the presence of DM
near the vasculature, a feature similar to what was seen
previously (Bisht et al., 2016b). The authors identified
ultrastructural features normally associated with the
DM such as condensation of the cyto- and nucleoplasm,
highly phagocytic processes and altered mitochondria
(Bisht et al., 2016b). However, the study also revealed
some apparent divergences from the DM characterized
by Bisht et al. Indeed, the DM described in this study
possessed a heterochromatin pattern similar to what can
be seen in typical microglia (Elgayar et al., 2018).
Therefore, the DM in the rotenone rat model could rep-
resent an intermediate stage, an analogous phenomenon
to what was identified in an AD mouse model (El Hajj
et al., 2019). Although their function has not been inves-
tigated, the intermediate and dark microglia could play a
role in the synaptic loss seen in AD and PD, as these cells
were previously shown to interact extensively with syn-
aptic elements.

Following up on these findings, the presence of
DM was investigated in the same brain area as El Hajj
et al., in a lipopolysaccharide (LPS)-induced mouse
model of sickness behavior (Savage et al., 2019b). The
connection between systemic inflammation and micro-
glial response in sickness behavior has been extensively

covered (Dantzer et al., 2008; Hoogland et al., 2015).
While the acute systemic injection of LPS (1 mg/kg)
was able to generate profound alterations of the inflam-
matory profile and microglial ultrastructure, no cell har-
boring ultrastructural features of DM was recognized at
a 24-hour time point. Another condition, a mouse model
of Niemann-Pick type C, where neurodegeneration and
inflammation are found, revealed the presence of the
DM. Indeed, Kavetsky et al. (2019) investigated
NPC"™16% mice given for 5 weeks either a Western diet
or a regular diet. Niemann-Pick type C is a genetic
condition with mutations in the NPC genes (Npcl/2),
which most notably lead to dysfunctional lysosomes
(Wheeler and Sillence, 2019). While looking at microglia
in the molecular layer of the cerebellum of both males
and females with transmission electron microscopy, the
authors identified DM processes interacting with synap-
ses, a phenomenon especially seen in the mice given a
Western diet (Kavetsky et al., 2019). This finding indi-
cates that Western diet exacerbates the inflammation
found in this mouse model and causes alterations suffi-
cient to generate DM. Although DM are frequently
found in an inflammatory brain parenchyma like that
of NPC"™1%* mice, it is not always the case (e.g., in
acute inflammation induced by LPS injection), suggesting
that the genesis of the DM might depend on a specific
mechanism or pathway related to inflammation, or
require chronic challenges.

Beyond Electron Microscopy

Electron microscopy is not the only tool that was used to
characterize the DM. Indeed, Pedicone et al. (2020) per-
formed flow cytometry experiments, gating with CD11b
and TREM2, to determine if DM were present in the
cerebral cortex of 4-month-old C56BL/6 mice injected
biweekly for 3 weeks with a pan-SH-2 containing
inositol 5° polyphosphatase (SHIP)1/2 inhibitor, K161.
The protein SHIP-1 is able to bind to the adaptor protein
DAPI2 resulting in the inhibition of the TREM?2 signal-
ing pathway (Nizami et al., 2019). Therefore, modulating
SHIP1/2 pathway to prevent this inhibition could be
useful for the treatment of neurodegenerative diseases
where TREM2 was shown to have a beneficial effect
(Melchior et al., 2010; Wang et al., 2015). TREM2 was
previously identified as a key protein for the genesis of
various microglial subtypes including the DAM and
MGnD (Keren-Shaul et al., 2017; Krasemann et al.,
2017). CD1l1b, an essential component of the comple-
ment receptor 3 involved in synaptic pruning, is a protein
expressed by both dark and typical microglial cells (Bisht
et al., 2016b; Hopperton et al., 2018). The study showed
no difference of CD11b and TREM?2 mean fluorescence
intensity between controls and K161-treated animals and
therefore concludes that DM do not emerge as a result of
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the K161 treatment (Pedicone et al., 2020). However, in
this case, the interpretation of these results does not nec-
essarily take into account all information concerning the
DM. TREM2 and CD11b are not exclusively expressed
by the DM and therefore cannot be used as specific
markers for this subtype (Bisht et al., 2016b).
Moreover, while it is possible to determine the immuno-
reactivity of a cell for a particular protein with electron
microscopy, it is difficult, albeit close to impossible, to
quantify with exactitude immunoreactivity levels.
Therefore, the levels of proteins such as CDI11b and
TREM2 that are expressed by the DM versus the typical
microglia or other subtypes are yet unknown, and their
varying expression cannot be currently used as a tool to
distinguish other populations from the DM. The expres-
sion of TREM2 by the DM was identified in an APP-PS1
model but not characterized yet in other models. It would
be crucial to determine, using electron microscopy, if this
subtype expresses CD11b and TREM2 in the K161-
treated mice for a full interpretation of the results as
well as assess the specificity of the protein to DM (see
Table 1 for a full summary of the published dark micro-
glial studies to the authors knowledge).

Conclusion

Microglial heterogeneity has been a topic of interest in
the past few years, and one of these subtypes, the DM,
has been no exception. These unique microglial cells first
described using transmission electron microscopy are
found in numerous pathological conditions where synap-
tic plasticity is heightened, such as in mouse models of
AD, chronic stress, fractalkine signaling deficiency, and
aging (Bisht et al., 2016b). Recently, they have also been
identified in rats and humans (Elgayar et al., 2018;
Uranova et al., 2018; Cali et al., 2019), suggesting that
this subtype is conserved across species. Studying these
cells and learning more about their function could, in the
future, be applied to the human condition. Indeed, these
cells that are associated with ultrastructural features of
oxidative stress seem to interact excessively with synaptic
elements, suggesting that their presence could exacerbate
the synaptic loss seen in pathology. Modulating these
cells could hence be a potential new therapeutic target
for neurodegenerative disease such as AD and PD.
While electron microscopy allows to provide an in-
depth ultrastructural analysis of the DM, many questions
remain to be answered due to technical limitation.
Indeed, their unique ultrastructural feature, most notably
their dark cyto- and nucleoplasm as well as the lack of
chromatin pattern, is the only way to properly identify
these cells currently. Therefore, electron microscopy is
the only tool that can be used to characterize these cells.
Fortunately, new electron microscopy techniques,
such as serial-block face and focused ion beam scanning

electron microscopy, that can reconstruct taken images in
three dimensions, have been developed and can help
answer some of the remaining questions regarding the
DM. Identifying a specific marker for this subtype,
which could be used to perform high-throughput molec-
ular analyses and create transgenic models, will be crucial
for the future of the DM field. With these transgenic
models, it would be possible for researchers to isolate
these cells and further process them using state-of-the-
art RNA sequencing for instance to learn more about
their function, especially in regard to inflammation, the
vasculature and synapses, and their altered transcriptome
compared with the typical microglia (e.g., determine if
they possess a more pro- or anti-inflammatory profile).
Moreover, although some clues have already been pro-
vided regarding the DM origin (e.g., immunopositivity
for 4D4 and immunonegativity for 4C12, as well as pres-
ence in C-C chemokine receptor type 2 knockout mice),
determining their gene expression could provide more
certitude as to whether they come from the periphery
or the embryonic yolk sac. In addition, dynamic analysis
of DM process motility using in vivo two-photon micros-
copy could be useful to determine how their hyperrami-
fications seen in electron microscopy interact with
neurons and synapses.
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