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Abstract

human post-mortem brain is further revealed.

Dystrophic neurites, Amyloid-beta

A diverse heterogeneity of microglial cells was previously described in Alzheimer’s disease (AD) pathology, including
dark microglia, a state characterized by ultrastructural markers of cellular stress. To provide novel insights into the roles
of dark microglia during aging in the context of AD pathology, we performed a quantitative density and ultrastruc-
tural analysis of these cells using high-throughput scanning electron microscopy in the ventral hippocampus CA1
stratum lacunosum-moleculare of 20-month-old APP-PS1 vs C57BL/6J male mice. The density of dark microglia was
significantly higher in APP-PS1 vs C57BL/6J mice, with these cells accounting for nearly half of all microglia observed
near amyloid-beta (AB) plaques. This dark microglial state interacted more with dystrophic neurites compared to
other APP-PST microglia and possessed glycogen granules, associated with a metabolic shift toward glycolysis, which
provides the first ultrastructural evidence of their presence in microglia. Dark microglia were further observed in aging
human post-mortem brain samples showing similar ultrastructural features as in mouse. Overall, our results provide

a quantitative ultrastructural characterization of a microglial state associated with cellular stress (i.e., dark microglia)
that is primarily restricted near AP plaques and dystrophic neurites. The presence of this microglial state in the aging
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease
associated with aging, which is characterized by the accu-
mulation of intracellular neurofibrillary tangles (NFT)
consisting of hyperphosphorylated tau and extracellular
amyloid-beta (A), which can form fibrillar Ap plaques
[1]. These pathological signs are associated with neuronal
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and synaptic loss, the latter representing one of the best
correlates for cognitive decline across several brain
regions, including the hippocampus, notably important
for learning and memory as well as emotional regulation
[1, 2]. Hippocampal atrophy is a common feature of AD
that can be observed in other dementias (e.g., vascular,
frontotemporal lobar) and during normal aging [3, 4].
The hippocampus is composed of several subregions, one
of which, the CA1l, is the first hippocampal area affected
by pathological signs of AD, including the appearance
of NFTs and AP plaques [5], as well as sustained (neuro)
inflammation [6-9].
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Recent genome-wide association studies (GWAS)
have shown that numerous gene variants linked with a
higher risk of developing late-onset AD (LOAD) [i.e.,
triggering receptor expressed on myeloid cells 2 (trem2),
bridging integrator 1 (binl), myeloid cell surface antigen
CD33 (cd33), apoliprotein E (apoe)] affect the function of
microglia [10-12], the resident immune cells of the cen-
tral nervous system (CNS). Microglia have been shown
to participate in the development of tau pathology [13],
notably through synaptic spreading [14] and early on
during disease progression in the compaction, forma-
tion and elimination of A plaques across mouse models
of AD pathology [15-17]. This evidence strongly suggest
that this brain immune cell plays a crucial role in driving
the pathogenesis of this neurodegenerative disease.

Microglia first originate from the yolk sac to colonize
the CNS in mouse starting around embryonic day (E)
9.5 [18] corresponding to the 4—5th week of gestation
in humans [19-21], after which they proliferate, migrate
to their respective territory, and perform various physi-
ological functions crucial for the development and main-
tenance of CNS homeostasis [22—-26]. These cells possess
highly dynamic processes that survey the parenchyma for
insults and cues, both of endo- and exogenous natures
[27, 28]. Beside their surveying functions, microglia are
key players in synaptic plasticity, where they can release
brain-derived neurotrophic factor promoting synapse
formation [29], nibble (trogocytosis) [30] or phagocytose
partially or entirely weaker synapses, and dissociate pre-
and post-synaptic elements to modify synaptic connec-
tivity (synaptic stripping) [31-33].

In pathological conditions, such as AD, microglial fea-
tures and functions are altered, a change observed dur-
ing the onset and progression of the disease. Various
microglial states, a term defining microglial groups with
distinct characteristics [34], were investigated in mouse
models of AD pathology, including dystrophic microglia
(also termed senescent microglia in the literature) which
are positive for L-ferritin, possess lipofuscin deposits and
distinct morphological features (i.e., spherical swellings
in their tortuous processes) [35-39]. In addition, both
in human samples [40-42] and mouse models of AD
pathology [43], microglia agglomerate near AP plaques
and accumulated dystrophic neurites, while in mouse
models of AD pathology, they were shown to restrict
plaque growth and reduce the overall amyloid load via
their phagocytosis of extracellular AB [16, 17, 44—48].
However, later in the disease process, microglia become
unable to perform their critical phagocytic functions
properly, thereby resulting in increased pathology [12,
49-53].

While still under debate, plaque-associated micro-
glia were shown to shift their metabolism to anaerobic
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glycolysis rather than oxidative phosphorylation, allow-
ing these cells to quickly but less efficiently, generate the
adenosine triphosphate (ATP) required for their func-
tions [54—56]. This results in an increased production
of reactive oxygen species (ROS) [57], which can struc-
turally and functionally alter cellular organelles such as
mitochondria and/or the endoplasmic reticulum (ER)
[58-60]. In addition, previous work in 5xFAD mice, a
model of AD pathology, and following AP exposure in
cultured primary microglia from neonatal mice, identi-
fied that this metabolic switch in microglia was accompa-
nied by a pro-inflammatory signature [54]. Minhas et al.
further revealed that inhibiting this metabolic shift, asso-
ciated with pro-inflammatory responses in the periphery
and CNS, could reverse age-related cognitive decline in
mice [61].

Beyond this metabolic alteration, a wide array of
microglial states were recently uncovered in mouse
models of AD pathology. The AP plaque-associated
microglial signature was characterized by an increased
expression of genes associated with LOAD (e.g., inpp5d,
trem2, apoe, tyrobp) [11, 12]. These microglia, located
near AP plaques, further exhibited a unique signature
[e.g., disease-associated microglia (DAM) [62], neurode-
generative phenotype (MgND) [63], activated-response
microglia (ARM) [11]], as well as diverse ultrastructural
alterations [64, 65] that corroborate the incredibly varied
nature of microglia described in AD pathology [43, 66].
The numerous microglial states observed in mouse mod-
els of AD pathology, which recreate either and/or the Ap
deposition and NFTs [67], also exhibit a similarly reduced
expression of homeostatic genes (e.g., tmem119, p2ry12,
cx3crl). In line with these findings, previous studies from
our group identified a microglial state, the dark micro-
glia, which are found nearby fibrillar Ap in middle-age,
14-month-old APP-PS1 mice [mouse model of AD with
a Swedish mutation in the APP and a humanized preseni-
lin (PSEN1)] [64, 65].

Dark microglia, which are immunonegative for the
homeostatic microglial marker P2RY12 and weakly posi-
tive for CX3CR1 and Ibal, were identified based on their
ultrastructural markers of cellular stress (e.g., condensed
cyto- and nucleoplasm, dilated ER, altered mitochondria)
distinguishing them from other microglia (refered here-
after as typical microglia). Dark microglia were found to
interact extensively with blood vessels, synaptic elements
(axon terminals and dendritic spines showing dystro-
phy) and display a strong immunoreactivity for cluster
of differentiation molecule 11B (CD11b) and TREM2
[64], a receptor which appears crucial for the appearance
of several disease-associated microglial states (DAM,
MgND) [62, 63]. A previous study by Bisht et al. revealed
that dark microglia can reach a density up to 34 cells per
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mm? in the hippocampus CA1 of middle-age 14 month-
old APP-PS1 male mice, compared to 11 cells per mm?
in age-matched controls and 3 cell per mm? found in
younger 3-month-old controls [64]. Their frequent inter-
actions with dystrophic synaptic elements and the vas-
culature have suggested key roles in their remodeling,
which are particularly exacerbated in AD pathology,
hence resulting in synaptic loss and blood—brain barrier
disruption [68, 69].

While dark microglia were previously observed near
AP plaques and dystrophic neurites among the ventral
hippocampus CA1 of APP-PS1 mice [64, 65], their rela-
tionship to AD hallmarks (AB plaques, dystrophic neur-
ites), other elements of the CNS parenchyma, and their
ultrastructural markers [i.e., dilated ER, altered mito-
chondria] remained to be quantitively analyzed. As aging
is the main risk factor for developing LOAD [3], we stud-
ied microglial heterogeneity in 20-month-old male mice,
a timepoint corresponding to an age range between 56
and 69 years in human individuals, a timeframe where
most cases are diagnosed [3, 70]. In this study, we aimed
to quantify the density, distribution and features of dark
vs typical microglia based on their distance to A} plaques
and dystrophic neurites in 20-month-old APP-PS1 male
mice compared to age-matched C57BL/6] male mice.
We compared aged APP-PS1 to age-matched C57BL/6]
mice to determine the selective outcome of AD pathol-
ogy on microglial ultrastructural heterogeneity, by
excluding the effects that aging can have on the cellu-
lar state (e.g., cellular stress ultrastructurally shown by
dilated ER and altered mitochondria). Our observations
were conducted in the ventral hippocampus CA1 stra-
tum lacunosum-moleculare, where we previously identi-
fied dark microglia [64], using high-resolution scanning
electron microscopy (SEM). Dark microglia were almost
exclusively localized nearby A plaques and dystrophic
neurites in aged APP-PS1 mice contrary to age-matched
C57BL/6] controls. Moreover, we found that the dark
microglia interacted more frequently with dystrophic vs
non-dystrophic axon terminals. While dark microglia
often displayed altered mitochondria and dilated ER/
Golgi apparatus, both the cells’ distribution and mouse
genotype accounted for their prevalence of these ultra-
structural markers of cellular stress. Glycogen granules,
previously not identified in microglia [71, 72], were fur-
ther observed in the cytoplasm of both typical and dark
microglia located nearby AP plaques and dystrophic
neurites, with a higher prevalence encountered in dark
microglia. Finally, we confirmed for the first time the
presence of dark microglia displaying similar features as
their mouse counterparts in the parahippocampal gyrus
and hippocampal head of middle-aged and aged human
post-mortem brain samples.
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Methods

Animals and mouse brain tissue cutting

All experiments were performed according to the guide-
lines of the Institutional Animal Ethics Committees,
the Canadian Council on Animal Care, as well as the
Animal Care Committee of Université Laval. Four, 8
and 20-month-old C57BL/6] and APPS“¢-PS1Ae9 male
mice (No. 34832-JAX, Jackson Laboratory, Maine, USA)
(n=4) on a C57BL/6] background [73] were housed
under a 12 h light—dark cycle at 22-25 °C with ad libitum
access to food and water. While AD affects both males
and females (with females being at higher risk notably
due to their increased longevity [74]), we performed the
experiments on males as this sex was previously used to
investigate the presence of dark microglia in 14-month-
old APP-PS1 and C57BL/6] mice [64]. The experimental
mice were injected with 10 g/kg Methoxy-X04 (Tocris
Bioscience, cat# 4920, Bristol, United Kingdom), allowing
for the screening of fibrillar A with fluorescence micros-
copy [75]. For electron microscopy experiments, mice
were anesthetized 24 h later by i.p. injection of sodium
pentobarbital (80 mg/kg), followed by transcardial per-
fusion using 3.5% acrolein [diluted in phosphate buffer
(PB): 100 mM at pH 7.4] and 4% paraformaldehyde [PFA,
diluted in phosphate-buffered saline (PBS): 50 mM at pH
7.4]. Fifty-micrometer thick coronal brain sections were
then generated in ice-cold PBS using a vibratome (Leica
VT1000S) and kept at -20°C in cryoprotectant solution
[20% (v/v) glycerol and 20% (v/v) ethylene glycol in PBS]
until further experimentation [76].

Human brain tissue cutting and immunostaining

Coronal hippocampal sections containing the entorhi-
nal cortex, hippocampal head, CA1l, CA2 and parahip-
pocampal gyrus from middle-aged and aged individuals
(male, 45 years old, cause of death—acute pulmonary
edema; female, 81 years old, cause of death—asphyxia;
both 18 h post-mortem interval) were obtained from the
brain bank located at the CERVO Brain Research Center
(QC, Canada). The brain bank and handling of the post-
mortem human tissues were approved by the Ethics
Committee of the Institut Universitaire en Santé Mentale
de Québec and Université Laval. Written consent was
obtained for the use of post-mortem tissues and all analy-
ses were performed in line with the Code of Ethics of the
World Medical Association. Brains were sectioned along
the midline and hemibrains were cut coronally into 2-cm
thick samples. The latter were incubated 3 days at 4 °C in
4% PFA and stored at 4 °C in PBS with 15% sucrose and
0.1% sodium azide. Regions of interest were subsequently
cut into 50 um-thick sections using a vibratome and
stored at -20°C in cryoprotectant solution until immu-
nostaining [65].
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For immunostaining, human brain sections contain-
ing the regions of interest (CA1, CA2, parahippocampal
gyrus, enthorinal cortex, hippocampal head) were first
washed in PBS and quenched for 5 min in 0.3% H,O,
diluted in PBS. Following the quenching step, sections
were washed 3 times 10 min in PBS and incubated for
30 min in 0.1% NaBH, diluted in PBS. After washing 3
times 10 min in PBS, the sections were blocked in a solu-
tion containing 10% fetal bovine serum, 3% bovine serum
albumin and 0.01% Triton X-100 [in Tris-buffered saline
(TBS), 50 mM, pH 7.4] for 1 h. The sections were then
incubated overnight at 4 °C in primary rabbit antibody
against ionized calcium binding adaptor molecule 1 (Ibal,
FUJIFILM Wako Chemical Virginia, USA, cat# 019-
19741) diluted 1/1000 in the blocking buffer. The follow-
ing day, the sections were washed 3 times 10 min in TBS
and incubated in biotinylated goat anti-rabbit secondary
antibody (1/300 in TBS, Jackson Immunoresearch, Phila-
delphia, USA, cat# 111-066-046). After 3 times 10 min
washes in TBS, the sections were incubated for 1 h in an
avidin—biotin solution (1/100 in TBS; VECTASTAIN®,
Vector Labs, California, USA, cat# VECTPK6100) and
washed 3 times 10 min in TBS. The staining was then
revealed in a solution containing 0.05% 3-3’-diaminoben-
zidine (DAB, Millipore Sigma, MA, USA, D5905-50TAB)
and 0.015% H,0, in 100 mM Tris—HCl.

Mouse and human sample preparation for electron
microscopy and imaging

Brain sections containing the ventral hippocampus
(Bregma -2.92 to 3.64 mm) from 4, 8 and 20-month-old
APP-PS1 and age-matched C57BL/6] mice (n=3-4), as
well as immunostained post-mortem human samples
containing the regions of interest (CAl, CA2, parahip-
pocampal gyrus, entorhinal cortex, hippocampal head)
were processed for SEM. The protocol for the sample
preparation was recently detailed in St-Pierre et al. [77].
Briefly, the sections were washed in PB and incubated
1 h in a solution containing equal volume of 4% osmium
tetroxide (EMS, Pensylvannia, USA, cat# 19190) and
3% potassium ferrocyanide (Sigma-Aldrich, Ontario,
Canada, cat# P9387) in PB. After washing in PB, the sec-
tions were incubated 20 min in a filtered 1% thiocarbohy-
drazide solution (diluted in MilliQ water; Sigma-Aldrich,
Ontario, Canada, cat# 223220) followed by a second
30 min incubation with 2% aqueous osmium tetroxide
(diluted in MilliQ water). Once the sections were post-
fixed, they were dehydrated in ascending concentrations
of ethanol for 10 min each (2 x 35%, 50%, 70%, 80%, 90%,
3 x 100%) and washed 3 times for 10 min with propylene
oxide (Sigma-Aldrich, #cat 110205-18L-C). The tissues
were then embedded in Durcupan resin (20 g compo-
nent A, 20 g component B, 0.6 g component C, 04 g
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component D; Sigma Canada, Toronto, cat# 44610) for
24 h. The following day, for flat-embedding, the resin-
infiltrated brain sections were placed onto fluoropolymer
films (ACLAR®, Pennsylvania, USA, Electron Micros-
copy Sciences, cat# 50425-25) painted with resin and
kept at 55 °C in a convection oven for 3 days to allow for
resin polymerization.

After resin polymerization, areas containing the
regions of interest from the mouse and human samples
were excised and glued onto resin blocks for ultrami-
crotomy sectioning. Using a Leica ARTOS 3D ultrami-
crotome, 70-nm thick sections from these areas were
cut (2-6 levels, ~5—6 um apart) and collected on silicon
wafers for imaging by SEM or on copper mesh grids for
transmission electron microscopy imaging. With SEM,
pictures were acquired at a resolution of 25 nm for the
density analysis and 5 nm of resolution for the ultrastruc-
tural analysis of microglia using a Zeiss Crossbeam 540
SEM, operating at a 1.4 kV voltage and 1.2 nA current.
The software Zeiss Atlas 5 (Fibics, Ottawa) was used to
stitch and export the images in.tif format. Sections from
4-month-old APP-PS1 and C57BL/6] male mice were
additionally screened for dark microglia’s presence using
a JOEL JEM-1400 transmission electron microscope
operated at 80 kV and microglia were imaged with a
Gatan SC-1000 digital camera at 6000x magnification.

Quantitative analysis of typical vs dark microglia

in APP-PS1 and C57BL/6J mice

For the density analysis in mouse samples, images from
4 animals per group captured in the CA1l stratum lacu-
nosum-moleculare were blinded to the experimental
condition to avoid introducing bias. In each animal, 2-6
levels (~5-6 pum apart) were analyzed to determine the
average density of different microglial states. Typical and
dark microglia, identified by their ultrastructural features
detailed below, were further categorized based on their
distance to fibrillar AP plaques and dystrophic neurites.
Microglia were determined to be near an AP plaque if
the most proximal point of their cell body was less than
25 um away from the plaque core. The density of typical
and dark microglia, as well as the ratio of dark microglia
over all microglia imaged, based on their distance from
AD hallmarks, was calculated in 25 nm resolution pic-
tures. Dark microglia were differentiated from typical
microglia by their electron-dense cyto- and nucleoplasm
and a distinctive loss of the nuclear heterochromatin pat-
tern [64, 65, 76, 78]. Intermediate microglia were identi-
fied by the presence of a less-defined heterochromatin
pattern and dark cytoplasm similar to the dark microglia,
and their markers of cellular stress, such as ER dilation
and altered mitochondria [65, 77]. Intermediate and dark
microglia were pooled for the density and ultrastructural
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analyses of dark microglia as both cell states present a
condensation of their nucleo- and cytoplasm as well as
ultrastructural markers of cellular stress [65].

For the ultrastructural analysis, 9-12 microglia per
animal per localization to plaques (far or near), state
(typical or dark) and genotype (C57BL/6] vs APP-PS1)
were imaged at 5 nm of resolution within the CA1 stra-
tum lacunosum-moleculare, where dark microglia were
previously found [64, 65]. The images were blinded to
the experimental condition to prevent bias. To quantify
ultrastructural changes, we analyzed 111 microglial cell
bodies in total (27-29 microglia per condition), a sample
size which was considered sufficient to obtain statistical
power based on the G*Power software V3.1 (effect size of
0.4 and power of 0.95 estimated to 112 individual cells).
A similar effect size was previously used to quantitatively
assess microglial ultrastructure [79]. To compare dark vs
typical microglia’s interactions with AD hallmarks (dys-
trophic neurites, AP plaques), we analyzed 55 microglial
cell bodies (27-28 microglia per condition) in the stra-
tum lacunosum-moleculare, which was considered suf-
fient to obtain a large effect size of 0.9 using G*Power
software V3.1 (power of 0.9) [80]. No immunostaining
was performed to allow the experimenter to observe
the electron density of the cytoplasm/nucleoplasm and
examine the presence or absence of glycogen granules.
The identification of microglia and their cytoplasmic
content was previously described in detail [81]. Typical
microglia were identified by their heterochromatin pat-
tern and differentiated from oligodendrocytes by their
long and narrow ER stretches, and presence of diverse
inclusions (e.g., lysosomes, lipofuscin granules) dispersed
heterogeneously in their cytoplasm [81]. In addition to
the ultrastructural characteristics examined at 25 nm of
resolution, the presence of oxidative stress markers (e.g.,
altered mitochondria, dilated ER) were further used to
identify dark and intermediate microglia at 5 nm of reso-
lution [64, 76].

Lysosomes were identified by their circular and homog-
enous (primary) or heterogenous (secondary, tertiary)
content. Secondary lysosomes were larger than primary
lysosomes and often contained empty phagosomes. Ter-
tiary lysosomes were the largest and possessed large lipid
bodies in addition to phagosomes [65, 82]. Lipid bodies,
either contained in a lysosome or within the cytoplasm,
were characterized by their electron-dense circular out-
line with a homogenous and electron-dense interior.
Lipofuscin granules were identified by their electron-
dense content with a unique fingerprint-like pattern. Fully
digested (electron-lucent) or partially digested (electron-
lucent with cellular content) phagosomes were identified
by their defined circular shape and electron-lucent inte-
rior. Autophagosomes presented as double-membrane
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endosomes with a circular shape and an interior with a
similar appearance to the cell’s cytoplasm [76, 77, 81, 83].

Fibrillar contents, which were previously described in
[64, 65], are characterized by their elongated shape and
fibrils, with electron-dense patches [84, 85]. Dystrophic
neurites (axon terminals, dendrites and dendritic spines)
contacted by the microglial cell bodies were character-
ized by an accumulation of electron-dense autophagic
vacuoles and mitochondria, together with a swollen
appearance. Fibrillar AP plaques associated with micro-
glial cell bodies were identified by their heterogenous
fibrils forming a tree-like shape [75, 77]. Myelinated
axons were identified by their electron-dense sheaths and
granular cytoplasm often containing mitochondria [86].
Extracellular digestion and extracellular space consisted
of electron-lucent space devoid of a membrane deline-
ation located next to a microglia and containing (diges-
tion) or not (space) partially-digested cellular elements
[87]. Axon terminals were defined by their numerous
synaptic vesicles, while dendritic spines were recognized
by their postsynaptic density [83, 88]. Microglial contacts
with synaptic elements were categorized as axon termi-
nals, dendritic spines or both (when the two elements
and synaptic cleft were contacted simultaneously) [77].
Microglia were considered to be associated with the vas-
culature if the distance between their cell body plasma
membrane and the vascular basement membrane was
under 150 nm (justavascular microglial cell soma were
previously considered to be associated with the vascula-
ture when closer to 10 pm using in vivo 2-photon micros-
copy [89]).

Endoplasmic reticulum cisternae were characterized by
their long and narrow stretches found in the microglial
cytoplasm [81]. Dilated ER and Golgi apparatus were
identified by the swollen electron-lucent appearance of
these organelles (determined as dilated if the cisternae
diameter was over 100 nm) [77]. Mitochondria were
identified by their electron-dense appearance, double
membrane, numerous cristae, and circular shape. Altered
mitochondria were characterized by a deterioration of
the outer membrane, degradation of the cristae (elec-
tron-lucent pockets) or “holy” shape (i.e., mitochondria
forming a donut shape) [76]. Mitochondria were defined
as elongated if their length was over 1000 nm [90]. Gly-
cogen granules were identified by their electron-dense,
small and rounded shape with a diameter of 22-40 nm.
This is in line with the reported literature which identi-
fied B-granules in the brain (glycogen granules comprise
several y-granules which are termed [-granules) at a
maximum size of 42 nm, while the average size is approx-
imately 20-30 nm [91]. Microglia containing more than 5
of these granules were determined to be positive to pre-
vent a false-positive identification.
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To assess microglial area, perimeter and morphology,
the outline of each microglial cell body was traced using
the freehand tool in Image J and the shape descriptors
i.e., aspect ratio, area, perimeter, solidity, and circularity
were assessed. Aspect ratio (AR) refers to the ratio of the
height over the width of the microglial cell body. Solid-
ity is calculated by dividing the area of the cell over the
convex area and is an indicator of irregular shapes. The
closer the value of the solidity is to 1, the less irregular
shape the microglial cell body possesses [86, 92]. Circu-
larity is calculated as 41t times the area over the perim-
eter squared. Circularity is an indicator of the cell’s shape,
where a value closer to 1 indicates a rounder shape and a
value near 0O reflects a more elongated shape [65, 86, 93].

Qualitative analysis of typical vs dark microglia

in the human brain samples

Similar to microglia in mouse brains, typical microglial
cell bodies in human post-mortem brain samples were
identified based on their heterochromatin pattern, pres-
ence of lipofuscin deposits and a positive immunoreactiv-
ity to Ibal. Dark microglia were further identified based
on their electron-dense cyto- and nucleoplasm, while
they possessed in these samples an heterochromatin pat-
tern similar to typical microglia. Their cellular content
(e.g., phagosomes, mitochondria, lysosomes, lipofus-
cin granules, ER, Golgi apparatus) and interactions with
the CNS parenchyma (axon terminals, dendritic spines,
myelinated axons, blood vasculature) were assessed and
found to be similar to those in mouse microglia.

Statistical analysis

Prism 9 (v.9.2.0, GraphPad software) was used for statis-
tical analysis in mice. All density and ultrastructure data
obtained were tested for their normality using the Sha-
piro—Wilk test. The quantitative ultrastructural and den-
sity comparison of typical microglia in C57BL/6] mice,
typical microglia far from plaques in APP-PS1 mice, as
well as typical and dark microglia near plaques of APP-
PS1 mice was performed with a Kruskal-Wallis One-
Way ANOVA followed by a Dunn’s multiple comparison
post-hoc test. The interactions of typical and dark micro-
glia with AD pathology hallmarks was compared with a
Mann—Whitney non-parametric test. Data are expressed
as mean = standard error of the mean (SEM). The sample
size (n) refers to individual animals for density analysis
and individual microglia for ultrastructural analyses as
previously performed in ultrastructural studies of micro-
glia [65, 82, 86, 89, 90, 94, 95]. Statistically significant dif-
ferences are reported as *p<0.05, *p<0.01, ***p<0.001
and, ***p <0.0001.
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Results

Dark microglia are highly prevalent in aged APP-PS1 mice
compared to age-matched C57BL/6J mice

Dark microglia were previously observed in the ven-
tral CA1 stratum lacunosum-moleculare of middle-age
14-month-old APP-PS1 mice, where they were local-
ized nearby AP plaques and dystrophic neurites [64,
65, 78]. These cells were ultrastructurally defined by
their condensed electron-dense cyto- and nucleoplasm,
accompanied by several markers of oxidative stress (e.g.,
ultrastructurally altered mitochondria, dilated ER cister-
nae) [64, 76]. To investigate and characterize dark micro-
glia during aging, the main risk factor for AD [96], we
first determined their distribution using high magnifica-
tion SEM chip mapping, within the ventral CA1 stratum
lacunosum-moleculare, which exhibits considerable atro-
phy in APP-PS1 mice and patients with AD [4, 97], and
where dark microglia were previously shown to be abun-
dant in 14-month-old C57BL/6] and APP-PS1 mice [64].
In particular, the density of dark vs typical microglia was
determined among areas associated with AP plaques and
dystrophic neurites. Typical microglia were previously
shown to exhibit ultrastructural diversity based on their
proximity to dystrophic neurites [65]. Previous studies
have also shown the association of various microglial
states (dark microglia, DAM, MGnD) with AP plaques
and dystrophic neurites [62—-64].

In the stratum lacunosum-moleculare, the density
of typical microglia near AP plaques and dystrophic
neurites (NTM) was significantly reduced compared
to control C57BL/6] typical microglia (CTM) (NTM
18914+6.555 mm? vs CTM 59.13+£9.170 mm?
p=0.0427), while no difference was observed for typi-
cal microglia located far from AP plaques and dystrophic
neurites (FTM) (Fig. 1A). Conversely, the density of dark
microglia was significantly greater near AP plaques and
dystrophic neurites (NDM) than far from A plaques
and dystrophic neurites (FDM) (NDM 13.2443.827
mm? vs FDM 0.7747+0.7747 mm? p=0.0417). A
similar trend was observed for dark microglia in age-
matched C57BL/6] mice (CDM) (NDM 13.2443.827
mm? vs CDM 0.8559 +0.8559 mm?, p=0.0733) (Fig. 1B).
When comparing the density of typical and dark micro-
glia in the APP-PS1 mice based on their distribution
near AP plaques and dystrophic neurites, we observed
significantly more typical microglia compared to dark
microglia far from AP plaques and dystrophic neurites
(FTM 45.04+8.654 mm* vs FDM 0.7747 +0.7747 mm?,
p=0.0045), while no difference was observed for dark
and typical microglia near these two AD pathology hall-
marks (Fig. 1C). Dark microglia represented nearly 43%
of all microglia found near AP plaques and dystrophic
neurites (Fig. 1D), while the percentages were reduced
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Fig. 1 Distribution and density of dark vs typical microglia. Density analysis based on ultrastructural characteristics of dark (DM) and typical
microglia (TM) in the ventral hippocampus CA1 stratum lacunosum-moleculare of 20-month-old and age-matched C57BL/6J male mice. The density
of TM (A) and DM (B) is shown. The density of microglia based on their proximity to plaques (far or near) as well as their state (TM or DM) is provided
(C). The percentage of DM over all the microglia far from plagues or near plaques is represented in D. Data shown are expressed as means =+ S.E.M.
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to 1.4% and 1.2%, respectively, for dark microglia located
far from AP plaques and dystrophic neurites and those
observed in age-matched C57BL/6] mice.

Dark microglia interact more with dystrophic neurites
compared to their typical counterpart in aged APP-PS1
mice

Our results indicate that dark microglia preferen-
tially associate with hallmarks of neurodegeneration
in the ventral CAl stratum lacunosum-moleculare of
20-month-old APP-PS1 mice. This specific localiza-
tion is corroborated by our previous studies where dark
microglia were often localized near AP plaques in the
ventral CA1 strata lacunosum-moleculare and radia-
tum of 14-month-old APP-PS1 mice [64, 65]. In the cur-
rent study, we found in the ultrathin sections imaged by
SEM that 52.5% of AP plaques were associated with at
least one dark microglia within a perimeter of 25 ym. It
is likely that the proportion of dark microglia juxtapos-
ing plaques could be higher but was underestimated due
to the thinness of the samples(70 nm). To provide further
insights into the interactions between Af plaques, dys-
trophic neurites and dark microglia, we examined two
earlier timepoints, i.e., 4 months of age when plaques
have started to develop and are yet few in numbers [98,
99] and 8 months of age when plaques have appeared in
this model. In these mice, we confirmed the presence of
AP plaques by systemically injecting Methoxy-X04, a flu-
orescent derivative of congo red that stains AP [75], 24 h
prior to the euthanasia, as well as their distinct ultras-
tructure in SEM [77]. We did not identify dark microglia
in the 4-month-old APP-PS1 mice devoid of AP plaques
and dystrophic neurites, confirming that a significant
presence of pathological signs related to AB deposition
is crucial for the appearance and accumulation of these

cells. By contrast, in the 8-month-old APP-PS1 mice,
we observed a similar pattern as in 20-month-old mice,
where dark microglia were localized near Af plaques and
dystrophic neurites (Additional file 1: Fig. S1).

Having shown the necessity of AP plaques and dys-
trophic neurites for the appearance of dark microglia
in the APP-PS1 mice, we decided to further explore
the direct interaction of dark vs typical microglia with
AP plaques and dystrophic neurites. Dark microglia
interacted more with dystrophic neurites than typi-
cal microglia (NDM 2.036£0.2931 contact per micro-
glia vs NTM 1.407+0.4929 contact per microglia,
p=0.0045) (Fig. 2C). More dark microglia compared to
typical microglia also directly interacted with at least
one dystrophic neurite (NDM 82.144+7.371% vs NTM
55.56 +9.745%, p=0.0080) (Fig. 2C, E). Dark microglia
and typical microglia made similar numbers of direct
contacts with AP plaques (Fig. 2D, F). However, both
typical and dark microglia directly touching an AP plaque
contained fibrillar Af in their cytoplasm, suggesting that
the two microglial states actively cooperate in contribut-
ing to reducing the AP load.

Dark microglia interact less with parenchymal elements
and the vasculature than typical microglia in aged APP-PS1
mice

Dark microglia contacted significantly more dystrophic
neurites than typical microglia in 20-month-old APP-PS1
mice. To provide insights into the relationship between
dark microglia and the CNS parenchyma, we next inves-
tigated their direct interactions with apparently healthy,
or not, exhibiting ultrastructural signs of dystrophy, syn-
aptic elements (axon terminals, dendritic spines), myeli-
nated axons and the vasculature of APP-PS1 mice.
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Fig. 2 Dark vs typical microglia’s interactions with dystrophic neurites and AR plagques. Representative 5 nm resolution scanning electron
microscopy images captured in the ventral hippocampus CA1 stratum lacunosum-moleculare of 20-month-old APP-PS1 male mice. A Typical
microglia (TM) observed near extracellular fibrillar AR (pseudocolored in purple) and dystrophic neurites (pseudocolored in pink). B Dark microglia
(DM) interacting with several dystrophic neurites along with fibrillar AR. C-F Quantitative graphs representing the numbers of contacts with
dystrophic neurites (C) and AB plaques (D) as well as the proportion of microglial cells contacting dystrophic neurites (E) or AR plaques (F). Data are
shown as individual dots of either 0 or 100 values and are expressed as means+S.EM. * p <0.05, ** p<0.01, using a non-parametric Mann-Whitney
test. Statistical tests were performed on n=9-12 microglia per animal with N =3 mice/group, for a total of 111 microglial cell bodies analyzed.
Purple pseudo-coloring =fibrillar AR, pink pseudo-coloring =dystrophic neurites, red outline = plasma membrane, yellow outline =nuclear
membrane, orange asterisk=mitochondria, green asterisk=altered mitochondria, blue asterisk =endoplasmic reticulum, purple asterisk=dilated
endoplasmic reticulum, red arrow = Golgi apparatus, 2nd = secondary lysosome, A=axon terminal
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In terms of synaptic relationships, dark micro-
glia located near AP plaques and dystrophic neurites
contacted significantly less non-dystrophic elements
(axon terminals, dendritic spines, both elements of
the same excitatory synapse) than typical microglia
located far from AP plaques and dystrophic neurites
(NDM 5.42940.4945 contact per microglia vs FTM
8.448 £0.6250 contact per microglia, p=0.0064). Spe-
cifically, this change was associated with reduced interac-
tions with axon terminals of dark microglia located near
AP plaques and dystrophic neurites compared to typical
microglia located far from AP plaques and dystrophic
neurites (NDM 4.107 +0.4581 contact per microglia vs
FTM 6.207£0.5490 contact per microglia, p=0.0303)
(Fig. 3E, F). However, this difference was not observed
between dark microglia near AP plaques and dystrophic
neurites, typical microglia near AD pathology hallmarks,
and typical microglia in C57BL/6] mice (Tables 1, 2).
This change could be due to dark microglia preferentially
interacting more with dystrophic neurites vs non-dys-
trophic synaptic elements, highlighting a key difference
in functional interventions based on the microglial state.

In terms of interactions with axonal myelination,
which was shown to be affected in AD [100], we found
that dark microglia located near AP plaques and dys-
trophic neurites contacted less myelinated axons com-
pared to typical microglia far from AP plaques and
dystrophic neurites and typical microglia in control
C57BL/6] mice (NDM 0.000 £ 0.000 contact per micro-
glia vs FTM 0.6207£0.1818 contact per microglia,
p=0.0035; NDM 0.000+0.000 contact per micro-
glia vs CTM 0.5556+0.1716 contact per microglia,
p=0.0152). Similarly, dark microglia located near Ap
plaques and dystrophic neurites juxtaposing at least
one myelinated axon were significantly reduced in
number compared to typical microglia far from the two
AD hallmarks and to C57BL/6] typical microglia (NDM
0.000+0.000% vs CTM 33.33£9.245%, p=0.0144;
NDM 0.000£0.000% vs FTM 37.93£9.170%,
p=0.0026) (Fig. 3H, I). However, these interactions
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were similar between dark and typical microglia located
near AP plaques and dystrophic neurites, suggesting
that this difference in contact with myelinated axons is
not due to the proximity to AD pathology hallmarks.
Moreover, we confirmed that these changes in paren-
chymal interactions were not associated with a change
in the size of these cells (i.e., increased perimeter or
area of the cell body’s nucleoplasm and cytoplasm).
Indeed, we did not observe any differences in the area,
perimeter, and aspect ratio of the dark microglia located
near AP plaques and dystrophic neurites compared to
all the typical microglia groups (Fig. 4E, F). Neverthe-
less, we found a significant reduction in the circularity
(NDM 0.4417 £0.03181 a.u. vs NTM 0.5820 4 0.03226
a.u.,, p=0.0082; NDM 0.4417+0.03181 a.u. vs FTM
0.5993+0.02212 a.u., p=0.0043) and solidity (NDM
0.8038£0.02264 a.u. vs NTM 0.8620£0.02245
a.u., p=0.0324; NDM 0.8038 £0.02264 a.u. vs FTM
0.8891 £0.01269 a.u., p=0.0164) of the dark microglia
observed near Af plaques and dystrophic neurites com-
pared to typical microglia both localized near and far
from AP plaques and dystrophic neurites in APP-PS1
mice. This finding suggests an increased irregularity of
their cell body shape (Fig. 4), previously associated with
membrane ruffling [101] and the presence of minute
pseudopodia [102].

While our previous studies identified dark micro-
glia near the vasculature (e.g., mouse models of chronic
stress, CX3CR1 knockout, middle-aged C57BL/6] and
APP/PS1 mice), we rarely observed this association in the
aged APP-PS1 mice. This change may be attributed to the
genotype rather than the cellular state, as all microglia
(both typical and dark) observed in the APP-PS1 mice
interacted significantly less with the vasculature com-
pared to C57BL/6] typical microglia, regardless of their
distance to AP plaques and dystrophic neurites (NDM
3.571+3.571% vs CTM 33.33 £9.245%, p =0.0038; NTM
3.704+3.704% vs CTM 33.33 +9.245%, p =0.0045; FTM
6.897£4.789% vs CTM 33.331+9.245%, p=0.0133)
(Fig. 3G). This drastic difference in dark microglial

(See figure on next page.)

Fig. 3 Dark vs typical microglia’s interactions with parenchymal elements. Representative 5 nm resolution scanning electron microscopy images
taken in the ventral hippocampus CA1 stratum lacunosum-moleculare of 20-month-old APP-PS1 and C57BL/6J male mice. A Typical microglia (TM)
in C57BL/6J mice contacting a blood vessel (labeled BV) and myelinated axons (labeled ma) as well as axon terminals (labeled A), B TM far from a
plaque interacting with axon terminals and dendritic spines (labeled S), CTM near a plaque interacting with a few axon terminals, D dark microglia
(DM) near a plaque is contacting axon terminals. Graphs representing the number of axon terminals (E), all synaptic interactions (F), percentage
of cells associating with the vasculature (G), myelinated axons (F), as well as the percentage of cells touching a myelinated axon (J). Data shown
are expressed as means £+ S.EM. * p<0.05, ** p<0.01, using a Kruskal-Wallis test with a Dunn’'s multiple comparisons post hoc test. Statistical tests
were performed on n=9-12 microglia per animal with N =3 mice/group, for a total of 111 microglial cell bodies analyzed. Red outline = plasma
membrane, yellow outline =nuclear membrane, blue outline =basement membrane, ma=myelinated axons, A=axon terminals, S=dendritic
spines, orange asterisk=mitochondria, green asterisk =altered mitochondria, blue asterisk =endoplasmic reticulum, red arrow = Golgi apparatus,
Ib=lipid body, 3" =tertiary lysosome, 2nd = secondary lysosome, Lg = lipofuscin granules, pink pseudo-coloring = dystrophic neurites
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Fig. 3 (See legend on previous page.)
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vascular interactions found in the aged APP-PS1 mice
compared to the controls could be associated with a pre-
viously observed reduced volume of cerebral vasculature
near AP plaques, a phenomenon suggested to be caused
by non-productive angiogenesis resulting in vascular
scars near Af plaques [103].

Overall, in parallel with an increased interaction with
dystrophic neurites, dark microglia also interacted less
with non-dystrophic axon terminals and myelinated
axons, as well as blood vessels, highlighting their prefer-
ential interactions with dystrophic neurites during aging
and AP pathology.

Dark microglia possess more ultrastructural markers

of cellular stress compared to typical microglia in aged
C57BL6/J mice

Considering that dark microglia were previously
described as phagocytic cells with several ultrastructural
markers of cellular stress (e.g., altered mitochondria,
dilated ER, electron-dense cyto- and nucleoplasm) [64,
65, 76], we next investigated the cellular content of these
cells in the context of aging and AP pathology. Although
we noticed a main effect due to the genotype (C57BL/6]
vs APP-PS1) (p=0.0331) at 20 months of age, we did not
find significant differences in the number of phagosomes
(partially and fully digested) and number of cells contain-
ing at least one phagosome between all the microglial
groups examined (C57BL/6] typical microglia, APP-PS1
typical microglia far vs near AP plaques and dystrophic
neurites, APP-PS1 dark microglia near AP plaques and
dystrophic neurites). All the APP-PS1 microglia, both
typical and dark, showed a significant increase in their
number of altered mitochondria compared to C57BL/6]
typical microglia (NDM 3.464+0.6289 per microglia vs
CTM 0.3704+£0.1087 per microglia, p<0.0001; NTM
1.889 4 0.4347 per microglia vs CTM 0.37044-0.1087 per
microglia, p=0.0072; FTM 1.207 +0.1815 per microglia
vs CTM 0.3704 4+ 0.1087 per microglia, p =0.0362). Addi-
tionally, more APP-PS1 dark and typical microglia con-
tained ultrastructurally-altered mitochondria compared
to C57BL/6] typical microglia (NDM 78.57 +7.897% vs
CTM 33.33+9.245%, p=0.0030; NTM 70.37 £ 8.955% vs
CTM 33.33£9.245%, p=0.0287; FTM 72.41+-8.447% vs
CTM 33.334+9.245%, p=0.0147) (Fig. 5F, I).

In addition, dark and typical microglia near AP plaques
and dystrophic neurites showed a significant increase
in the number of dilated ER compared to the C57BL/6]
typical microglia (NDM 2.07140.4740 per microglia vs
CTM 0.22224+0.1111 per microglia, p=0.0010; NTM
1.593+£0.3968 per microglia vs CTM 0.2222+0.1111
per microglia, p=0.0081). Similarly, we found an
increased number of microglia near AB plaques and
dystrophic neurites containing at least one dilated ER
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cisternae compared to C57BL/6] typical microglia (NDM
60.7149.399% vs CTM 14.81 £ 6.967%, p =0.0036; NTM
55.56+9.745% vs CTM 14.811+6.967%, p=0.0154).
Since both dark and typical microglia near A} plaques
and dystrophic neurites contained more dilated ER cis-
ternae, the distribution of these cells (i.e., association
with AP plaques and dystrophic neurites) was likely
underlying this increased prevalence. While dark micro-
glia near AP plaques and dystrophic neurites possess
numerous markers of cellular stress, there were no quan-
titative differences between typical microglia located
near vs far from AP plaques and dystrophic neurites. In
short, both dark and typical microglia in APP-PS1 mice
can possess signs of cellular stress, denoting the impact
of AD pathology on the two microglial states.

Dark and typical microglia located near A plaques

and dystrophic neurites contain glycogen granules in aged
APP-PS1 mice

While normally absent in microglia or observed at very
low levels [72, 104], we found ultrastructural evidence
of glycogen granules in the cytoplasm of dark and typi-
cal microglia located near AP plaques and dystrophic
neurites. Sequestered glycogen, along with the pre-
dominant metabolic shift to glucose metabolism, was
previously associated in myeloid cells with a pro-inflam-
matory response [61]. The percentage of dark microglia
containing glycogen granules was significantly higher
compared to typical microglia located far from AP
plaques and dystrophic neurites and typical microglia in
C57BL/6] control mice (NDM 60.71+9.399% vs CTM
0.000+0.000%, p <0.0001; NDM 60.71+9.399% vs FTM
3.448 4-3.488%, p <0.0001). These glycogen granules were
distributed throughout the cytoplasm of microglial cells
located near AP plaques and dystrophic neurites (Fig. 6).
An accumulation of glycogen granules was observed
in~60% of all dark microglia observed in the stratum
lacunosum-moleculare of APP-PS1 mice, while ~30% of
typical microglia near AB plaques and dystrophic neu-
rites contained a minimum of five glycogen granules
within their cytoplasm (NDM 60.71+£9.399% vs NTM
29.63 £ 8.955%, p=0.0405). We observed a very low per-
centage (~3%) of typical microglia located far from A
plaques and dystrophic neurites containing cytoplasmic
glycogen granules, while the latter were not found in any
typical microglia in the C57BL/6] mice (Fig. 6). These
findings indicate that glycogen granule accumulation is
largely associated with hallmarks of AD pathology and
neurodegeneration. This ultrastructural finding suggests
that microglia located near AP plaques and dystrophic
neurites possess a feature traditionally associated with
glycolysis, which is further exacerbated by the cellular
state (dark vs typical microglia).
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Table 2 Relative ultrastructural analysis of dark microglia near AB plaques and dystrophic neurites compared to typical microglia near
vs far AR plaques and dystrophic neurites in the ventral hippocampus CA1 stratum lacunosum-moleculare of aged-matched APP-PST vs

C57BL/6J male mice

C57BL/6) APP-PS1

CT™M FTM NTM NDM

Mean +SEM Mean £+ SEM Mean +SEM Mean +SEM
Associations with myelinated axons (%) ~ ~~ 33.33+£9.245 3793+9.170 11.11£6.163 0.000 £ 0.0004##!
Extracellular space (%) ~ 2593+859% 517249443 14.81+£6.967 21.43+7.897%
Extracellular digestion (%) 2593+859%4 17.244+7.139 14.81+6.967 7.143£4.956
Primary lysosomes (%) 0.000 £ 0.000 344843448 74074+5.136 7.1434+£4.956
Secondary lysosomes (%) 3.704+3.704 10.34+5.755 185947611 2143+7.897
Tertiary lysosomes (%) 4444 £9.745 20.69+7.655 14.81+£6.967 2500+£8.333
All lysosomes (%) 4444 £9.745 344848983 37.04+£9471 50.00+£9.623
Lipid bodies (%) 55.56+£9.745 34.48+£8983 29.63£8955 32.14£8988
Lipofuscin granules (%) 444449745 37.93£9.170 29.63 +£8.955 50.00+9.623
Partially digested endosomes (%) 37.04+9471 482849443 55.56+9.745 57.14+9524
Fully digested endosomes (%) 1852+£7.618 51.72+£9.443 33.33+£9.245 50.00£9.623
All endosomes (%) 40.74+9.636 724148447 59.26 £9.636 67.86+8988
Autophagosomes (%) 1852+£7.618 6.897 £4.789 14.81£6.967 28.57 £8.694
Altered mitochondria (%) ~~ 33.33+£9.245 7241 +£8447 70.37 £8.955 7857 +£7.897*
Elongated mitochondria (%) 2593+8594 31.034+8.743 2222+8.153 321448988
Dilated ER/Golgi apparatus (%) ~~ 14.81£6.967 37.93+£9.170 55.56+£9.745 60.714£9.399*
Glycogen granules (%) ~ ~~~ 0.000=0.000 3448+3.448 29.63+8955 60.71+£9.399*
Associations with vasculature (%) ~~ 33.334+9.245 6.897 +£4.789 3.70443.704 3571+3571*

CTM control typical microglia, FTM typical microglia far from amyloid beta plaque and dystrophic neurite, NTM typical microglia near amyloid beta plaque and
dystrophic neurite, NDM dark micorglia near amyloid beta plaque and dystrophic neurite, % percentage, a.u. arbritary unit, ER endoplasmic reticulum

p-values of statistically significant tests are highlighted with various symbols (* #,&,!,%). Data reported is shown as % of cells positive for at least one of the elements
analyzed for each category. Data shown are expressed as means & SEM.~p <0.05,~ ~p <0.01,~ ~ ~ ~p<0.001 using a Kruskal-Wallis test with a post hoc Dunn’s
multiple comparisons test.~ p-value summary, * NDM vs NTM, # NDM vs FTM, ! NDM vs CTM, & NTM vs CTM, % FTM vs CTM. Statistical tests were performed on
n=9-12 microglia per animal with N =3 mice/group, for a total of 111 microglial cell bodies analyzed (effect size of 0.4, power of 0.95 determined by G*Power

Software V3.1)

Dark microglia are found in human post-mortem brain
samples from middle-aged and aged individuals

While dark microglia were previously reported at adult-
hood in several mouse models of pathology (e.g., prenatal
and maternal immune activation, middle-aged APP-PS1,
chronic stress, CX3CR1 knockout, R6/2 model of Hun-
tington’s disease; [64, 78, 94, 105, 106]), their presence
in the human brain had yet to be reported. We observed
dark cells possessing ultrastructural features of dark
microglia in the hippocampal head of post-mortem
brain samples from a 49-year-old man and in the para-
hippocampal gyrus from an 81-year-old woman (both
with a post-mortem interval of 18 h). To the authors’ best
knowledge, this case report is the first instance of dark
microglia shown in the CNS of human post-mortem
samples. Further studies using a sample size necessary
to reach statistical power would be required to quanti-
tatively investigate the intracellular contents and inter-
cellular relationships of human dark microglia. Similar
to dark microglia described in mice, dark microglia in

these human brains were characterized by their elec-
tron-dense cyto- and nucleoplasm, however, still pos-
sessing in this case a relatively well-defined eu- and
heterochromatin pattern. In addition, similar to the dark
microglia described in mice, numerous altered mito-
chondria, identified by the electron-lucent space within
the organelle and deterioration of the outer and inner
membranes, were observed in the human dark micro-
glia (Fig. 7D-F). Several lipofuscin granules, which are
considered a marker of cellular senescence [107], were
observed in the cytoplasm of the human dark microglia
(Fig. 7A—C). Moreover, dark microglia were seen mak-
ing direct contacts with axon terminals. We further did
observe a positive Ibal immunostaining on the human
dark microglia, compared to the low to no immunoreac-
tivity to Ibal observed in the dark microglia from mice
[64], suggesting, along with the still-visible chromatin
pattern, that these microglia are an intermediate dark
state (Fig. 7A-C).
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Discussion

Microglial heterogeneity has become a topic of high
interest with the discovery of numerous microglial
states in mouse models of AD pathology, such as the
DAM [62], MGnD [63] and plaque-associated microglia
(PAM) [41, 44, 108-110]. The features distinguishing
these states from typical microglia include an absent or
reduced gene expression or immunoreactivity for micro-
glial homeostatic markers (e.g., P2RY12, TMEM119),
a unique molecular signature (e.g., Ipl, clec7a, cd9) [34],
as well as diverse proposed roles which can be beneficial

or detrimental depending on the context (e.g., clearance
of AP, propagation of tau) [12, 108]. The dark microglia,
a state previously identified in adult mouse models of
pathology, including AD, was characterized by its dis-
tinctive ultrastructural appearance (i.e., electron-dense
cyto- and nucleoplasm, altered mitochondria, dilated ER
cisternae, loss of heterochromatin pattern). Our previous
work has identified the preferential location of these cells
near AP plaques and dystrophic neurites, and their exten-
sive interactions with synaptic elements (axon terminals,
dendritic spines, both elements of a same synapse) [64,

(See figure on next page.)

reticulum, purple asterisk = dilated endoplasmic reticulum

Fig. 5 Ultrastructural signs of cellular stress in dark vs typical microglia. Representative 5 nm resolution scanning electron microscopy images
taken in the ventral hippocampus CA1 stratum lacunosum-moleculare of 20-month-old APP-PS1 and C57BL/6J male mice. A Typical microglia (TM)
in C57BL/6J mice without visible ultrastructural signs of cellular stress, B TM far from a plaque with altered mitochondria (green asterisk) (C) TM
near a plaque with healthy endoplasmic reticulum cisternae (blue asterisk), (D) dark microglia (DM) near a plaque with altered mitochondria (green
asterisk), healthy and dilated endoplasmic reticulum cisternae (blue and purple asterisks respectively) in APP-PST mice. Graphs representing the
number and proportion of microglial cells with dilated endoplasmic reticulum and/or Golgi apparatus cisternae (E, H), altered mitochondria (F, 1)
and elongated mitochondria (G, J) are presented. Data shown are expressed as means £+ S.EM. * p<0.05, ** p <0.01, **** p<0.001 using a Kruskal-
Wallis test with a Dunn’s multiple comparisons post hoc test. Statistical tests were performed on n=9-12 microglia per animal with N=3 mice/
group, for a total of 111 microglial cell bodies analyzed. Red outline = plasma membrane, yellow outline = nuclear membrane, ma = myelinated
axons, A=axon terminals, S=dendritic spines, orange asterisk =mitochondria, green asterisk =altered mitochondria, blue asterisk =endoplasmic
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65], suggesting a key role in the synaptic dysfunction
observed in AD [1].

The current study investigated the distribution and
ultrastructure of dark vs typical microglia based on their
distance to AP plaques and dystrophic neurites in the
ventral hippocampus CA1l stratum lacunosum-molec-
ulare, where dark microglia were previously observed
in high numbers [64, 65], within 20-month-old APP-
PS1 and C57BL/6] male mice. We found that while dark
microglia were barely present in aged 20-month-old
C57BL/6] male mice, their density increased drastically
with AP plaques and dystrophic neurites, reaching 43%
of all the microglia found nearby AP plaques and dys-
trophic neurites in the stratum lacunosum-moleculare
of age-matched APP-PS1 mice. The exact role of dark
microglia in the pathogenesis of AD remains unclear.
The importance of dark microglia’s interventions near
AP plaques and dystrophic neurites is supported by the
finding that more than half of all the fibrillar AB plaques
observed had at least one dark microglia present within
its micro-environment. This presence of dark micro-
glia near AP plaques was likely underestimated as the
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ultrathin sections examined do not provide a 3D view of
the plaques, therefore there were likely many additional
cells located above and below the 70 nm plane imaged.
Whether dark microglia are a result of their proximity to
AP plaques and dystrophic neurites, for instance arising
from typical microglia that switch their metabolism to
glycolysis which results in cellular stress, remains to be
investigated. Of note, we do observe several markers of
cellular stress (e.g., dilated ER, altered mitochondria) in
dark microglia which possess glycogen granules; all signs
pointing towards a shift in their metabolism to the less
effective glycolysis. In addition, the dark microglia pref-
erentially interacted with dystrophic neurites compared
to typical microglia observed near AB plaques and dys-
trophic neurites, a feature that we previously reported
without performing yet quantification [64]. The inter-
nalization of dystrophic neurites was previously attrib-
uted to reactive astrocytes in the hippocampus of 6 and
12-month-old APP-PS1 male mice [111]. While we did
not observe dark microglia internalizing dystrophic ele-
ments, a previous study has identified dystrophic neurites
inside of dark microglial cells [64]. Therefore, it remains
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Fig. 6 Glycogen granules in the cytoplasm of dark vs typical microglia. Representative 5 nm resolution scanning electron microscopy images
captured in the ventral hippocampus CA1 stratum lacunosum-moleculare of 20-month-old APP-PS1 male mice. A Typical microglia (TM) near
extracellular fibrillar AB (NTM) and (C) dark microglia (DM) near AB (NDM), both presenting glycogen granules in their cytoplasm (white arrow).
B-D represent the insets of A and C, respectively. E Graph representing the proportion of microglia positive for glycogen granules. Data shown are
expressed as means £ S.EM. *p <0.05, ****p <0.001 using a Kruskal-Wallis test with a post hoc Dunn’s multiple comparisons test. Statistical tests
were performed on n=9-12 microglia per animal with N =3 mice/group, for a total of 111 microglial cell bodies analyzed. Red outline =plasma
membrane, yellow outline = nuclear membrane, while arrow = glycogen granules
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inconclusive how dark microglia interact with dystrophic
neurites over the course of AD pathology and whether
this state results from and/or contributes to the appear-
ance of dystrophic neurites. In addition to our findings
in regards to dystrophic neurites and dark microglia, in
the current study we showed an increased abundance of
ultrastructural markers of cellular stress (altered mito-
chondria, dilated ER) in the microglia located near Af
plaques and dystrophic neurites, together with altered
parenchymal interactions (reduced contacts with the vas-
culature) compared to typical microglia in age-matched
C57BL/6] mice. This is in line with our previous find-
ings identifying dilated ER in microglia located near Ap
plaques and dystrophic neurites in the ventral hippocam-
pus CA1 of 14-month-old APP-PS1 male mice [65].

A distinct feature of plaque-associated microglia is
their metabolic shift from a primarily oxidative phos-
phorylation to glycolysis, known in cancer cells as the
Warburg effect [54—57]. This shift in plaque-associated
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microglia was shown to result from the presence of Ap
[54, 55] and elevated levels of iron [55, 57], an electron-
dense metal that can trigger the production of ROS,
chemicals known to be associated with cellular stress
(e.g., dysfunctional mitochondria) [112]. Iron accumula-
tion in plaque-associated microglia was reported both
in mouse models of AD pathology and human post-
mortem brain samples [54, 57, 57, 113]. The accumula-
tion of iron within microglial states will be interesting to
investigate in future studies, as it could account for the
electron-dense nature of the dark microglia, the presence
of several signs of cellular stress (that can be attributed
to oxidative stress, and therefore the presence of ROS) as
well as the occurrence of glycogen granules. Glycogen,
which is broken down during glycolysis, can be used as
an energy source by CNS cells such as astrocytes, and
has been shown to be crucial for memory and learning
processes [91, 104]. Glycogen accumulation in myeloid
cells was observed in 20-24-month old C57BL/6] mice,

Fig. 7 Dark vs typical microglia in aging human post-mortem brain samples. Representative 5 nm resolution scanning electron microscopy
images in human post-mortem hippocampal head (post-mortem delay of 18 h) of (A) a 45-year old man and (B) a 81-year old woman. A Typical
microglia (TM) positive for the myeloid cell marker Iba1l with healthy and altered mitochondria located next to a dark microglia (DM). The insets
provide a zoom in view of the (B) TM and (C) DM. D TM with lipofuscin (labeled Lg) and mitochondria (orange asterisk) next to a DM displaying
altered mitochondria (green asterisk), empty phagosomes (pseudocolored in cyan) and phagosomes with cellular contents (pseudocolored in
pink). The insets provide a higher magnification of the (E) TM and (F) DM. Red outline = plasma membrane, yellow outline =nuclear membrane,
ma =myelinated axons, A=axon terminals, orange asterisk = mitochondria, green asterisk =altered mitochondria, Ib = lipid body, 3" =tertiary
lysosome, Lg = lipofuscin granules, pink pseudo-coloring = partially digested phagosome, cyan pseudo-coloring =fully digested phagosome
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which was attributed to the prostaglandin E, (PGE2)-
protaglandin E2 receptor 2 (EP2) signaling pathway [61].
Inhibition of this pathway in the periphery restored long-
term potentiation to youthful levels in the hippocam-
pus CAl, suggesting that this metabolic switch toward
glycolysis has detrimental effects on cognitive functions
during aging in mice [61]. Moreover, microglia observed
near AP deposition in 19-20 month-old APP-PS1 male
and female mice were found to accumulate iron while
expressing  6-phosphofructo-2-kinase/fructose-2,6-bi-
phosphate 3 (PFKFB-3), a regulator of glycolysis [55]. In
our study, the accumulation of glycogen granules was
restricted to microglia (both typical and dark states, but
especially dark ones) found nearby AP plaques, suggest-
ing that fibrillar AB could also be a key player in driv-
ing this metabolic shift. To the authors’ knowledge, this
is the first ultrastructural evidence of glycogen granule
accumulation in microglia. Glycogen granules were not
observed in the human post-mortem brain samples that
we examined, probably due to the rapid depletion of gly-
cogen over post-mortem time [104], which prevented
their investigation in human dark microglia.

In addition to our quantitative analysis in mice, we
report for the first time the presence of dark microglia
as a case report in post-mortem human brain samples,
among the parahippocampal gyrus and hippocampal
head of a 45-year-old man and an 81-year-old woman,
respectively. Microglia appearing ultrastructurally more
electron-dense than typical microglia were previously
shown nearby oligodendrocytes in prefrontal white mat-
ter post-mortem samples from a patient with schizophre-
nia [114]. However, these microglial cells were described
as “dystrophic’, while ultrastructural signs of oxidative
stress, a feature of dark microglia, were not investigated
in this study. To the best of our knowledge, this is the
first time that dark microglia (i.e., microglia with a dense
cyto- and- nucleoplasm and ultrastructural signs of oxi-
dative stress) are reported in human post-mortem brain
samples. The conservation of key features associated with
dark microglia across mouse and human species, includ-
ing an electron dense cyto- and nucleoplasm, altered
mitochondria and dilated ER cisternae, along with sev-
eral partially to fully-digested phagosomes, emphasizes
the need to elucidate the mechanisms behind the appear-
ance of this state and its role in AD.

Conclusion

Our ultrastructural investigation of microglial states in
AD pathology revealed that dark microglia are prefer-
entially distributed near AP and dystrophic neurites,
appearing after these hallmarks emerge in the ventral
hippocampus CA1l stratum lacunosum-moleculare of
20-month-old APP-PS1 and C57BL/6] male mice. The
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dark microglia interacted more with dystrophic neurites
compared to typical microglia located near AP plaques
and dystrophic neurites, and less with non-dystrophic
axon terminals than typical microglia located far from
AP plaques and dystrophic neurites. In addition, glyco-
gen granules which are associated with a metabolic shift
toward glycolysis were observed inside the cytoplasm of
the typical and especially dark microglia located near A
plaques and dystrophic neurites, highlighting the major
impact these AD hallmarks have on the metabolism and
intracellular content of these cells. It will be important
in future studies to determine the functional outcome
of this metabolic shift in dark microglia. Lastly, the dark
microglia were observed in middle-aged and aged indi-
viduals, among post-mortem samples of the parahip-
pocampal gyrus and hippocampal head, respectively,
further identifying microglial ultrastructural silimarities
between mice and humans, and supporting the transla-
tional relevance of this investigation.
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