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Abstract 

The past decade has witnessed increasing evidence for a crucial role played by glial cells, notably astrocytes, in Alz‑
heimer’s disease (AD). To provide novel insights into the roles of astrocytes in the pathophysiology of AD, we per‑
formed a quantitative ultrastructural characterization of their intracellular contents and parenchymal interactions in 
an aged mouse model of AD pathology, as aging is considered the main risk factor for developing AD. We compared 
20-month-old APP-PS1 and age-matched C57BL/6J male mice, among the ventral hippocampus CA1 strata lacuno-
sum-moleculare and radiatum, two hippocampal layers severely affected by AD pathology. Astrocytes in both layers 
interacted more with synaptic elements and displayed more ultrastructural markers of increased phagolysosomal 
activity in APP-PS1 versus C57BL6/J mice. In addition, we investigated the ultrastructural heterogeneity of astrocytes, 
describing in the two examined layers a dark astrocytic state that we characterized in terms of distribution, interac‑
tions with AD hallmarks, and intracellular contents. This electron-dense astrocytic state, termed dark astrocytes, was 
observed throughout the hippocampal parenchyma, closely associated with the vasculature, and possessed several 
ultrastructural markers of cellular stress. A case study exploring the hippocampal head of an aged human post-
mortem brain sample also revealed the presence of a similar electron-dense, dark astrocytic state. Overall, our study 
provides the first ultrastructural quantitative analysis of astrocytes among the hippocampus in aged AD pathology, as 
well as a thorough characterization of a dark astrocytic state conserved from mouse to human.
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Introduction
Alzheimer’s disease (AD), the most common type of 
dementia, in which aging is a predominant risk factor 
[1], is associated clinically with progressive brain atro-
phy, as well as neuronal and synaptic loss, leading over 
the years to cognitive decline [2–6]. Notable pathologi-
cal hallmarks of AD include the build-up of intracellular 
hyperphosphorylated tau forming neurofibrillary tangles 
(NFTs) and the extracellular accumulation of amyloid 
beta (Aß) compacting into fibrillar Aß plaques [2]. AD is 
now considered a brain manifestation of metabolic disor-
der: signs of AD that start early on during its progression 
include reduced brain energy metabolism, resulting from 
alterations in lipid [7–10] and glucose [11] metabolism, 
as well as amino acids, and other tricarboxylic acid cycle 
(TCA) metabolites [9, 12], all of which are important to 
maintain adequate brain energy levels.

A particular feature of AD is the brain region-depend-
ent vulnerability to pathology, starting to affect early 
on key regions such as the entorhinal cortex and hip-
pocampus [13, 14]; the latter being mainly involved in the 
regulation of emotions (ventral hippocampus) as well as 
learning and memory processes (dorsal hippocampus) 
[15, 16]. The hippocampus, and in particular its cornu 
ammonis (CA)1, have been extensively investigated in the 
context of AD, due to the drastic atrophy observed [3–5], 
along with the functional impairment associated with 
this region throughout the pathogenesis of AD [17, 18]. 
The CA1 can be further separated into various layers, 
each defined by distinct functional, structural, and ultra-
structural characteristics. For instance, the CA1 pyrami-
dal neurons project their apical dendrites to the stratum 
radiatum, which contains their proximal branches while 
the stratum lacunosum-moleculare contains their dis-
tal branches [17]. The stratum lacunosum-moleculare 
also presents numerous large blood vessels [17], the lat-
ter being highly vulnerable to AD-related damage most 
likely due to a reduced blood flow at baseline compared 
to other brain regions [19].

Astrocytes, representing roughly 20–40% of all glial 
cells in the cerebral gray matter [20, 21], first originate 
during embryonic development from progenitor cells or 
radial glia which then mature throughout early postnatal 
development into astrocytes [22]. Defined morphologi-
cally by their star-like appearance given their numerous 
and complex processes [23], astrocytes are character-
ized, at the ultrastructural level, by their angular and thin 
processes often interacting with synaptic elements, their 
intermediate filaments, and the accumulation of gly-
cogen granules [24]. Astrocytes can help protect brain 
homeostasis through the clearance of parenchymal meta-
bolic waste through the glymphatic system [25–28], the 
regulation of cerebral blood flow, the maintenance of the 

blood–brain barrier [29–32], and are highly involved in 
synaptic activity and plasticity (synaptogenesis, mainte-
nance, maturation, and elimination) [33–37]. Known for 
their key role in neuronal metabolic support, astrocytes 
can help maintain brain functions in numerous ways; for 
instance, by transforming the exocytotoxic glutamate 
released by post-synaptic dendritic spines into glutamine, 
which can be recycled back by synaptic elements [38, 39]. 
In addition, astrocytic glycogen plays a crucial role in the 
metabolic neuronal support as the current hypothesis 
suggests that astrocytes can break down this carbohy-
drate storage into lactate, which can be shuttled to neu-
rons for their energetic needs [40, 41].

The last decades have provided increasing evidence 
that glial cells, including astrocytes, are critical players 
in the pathogenesis of AD. This emerging role of astro-
cytes in AD is corroborated notably by genome-wide 
association studies highlighting several astrocytic gene 
variants connected with a higher risk of developing late-
onset AD in humans [42, 43]. While the functions of 
astrocytes in the pathogenesis of AD remain to be fully 
demystified, studies depleting astrocytes (using trans-
genic or pharmacological strategies) to investigate their 
role in AD pathogenesis are pointing toward beneficial 
outcomes [44]. In particular, increased Aß levels were 
measured upon astrocytic ablation in two models of AD 
pathology: organotypic brain cultures from postnatal day 
7 5xFAD mice and hippocampal sections from 9-month-
old APP23/glial fibrillary acidic protein (GFAP)-thymi-
dine kinase mice [45, 46], highlighting a potential role 
of astrocytes in the clearance of Aß. Astrocytes near Aß 
plaques were also shown to release neprilysin, an enzyme 
capable of degrading Aß [47], via protein kinase A and 
C [48], as well as insulin [49], a hormone crucial for the 
regulation of glucose metabolism [50]. At the ultrastruc-
tural level, astrocytic processes were shown to penetrate 
inside the Aß plaque core [51], suggested to be associated 
with plaque fragmentation to help with its degradation in 
human post-mortem brain samples of patients with AD 
[52]. Astrocytes were also confirmed to engulf dystrophic 
neurites, often found accumulated nearby Aß plaques 
in 6- and 12-month-old APP-PS1 mice, a model of AD 
pathology [53]. A more recent ultrastructural investiga-
tion in aged human post-mortem brain samples of indi-
viduals with AD further demonstrated that the astrocytic 
density near Aß plaques did not correlate to plaque size, 
and hypothesized that their close interaction with the 
plaque microenvironment could be due to neuritic dam-
age rather than the Aß plaque itself [54].

Studies using single-cell and -nucleus RNA sequencing 
further demonstrated the highly heterogeneous nature 
of astrocytes in response to AD pathology, with a myr-
iad of transcriptomic signatures reported such as the 
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disease-associated astrocytes [55–57]. This signature was 
uncovered in 1.5–2, 4–5, 7–8, 10, 13–14 and 20-month-
old male and female 5xFAD mice and presented an 
upregulation of specific genes such as apoe and clu, both 
involved in Aß clearance [55]. However, the phenotypic 
alterations and heterogeneity of astrocytes in AD have 
not been examined yet at the ultrastructural level using 
electron microscopy, an approach which provides in-
depth knowledge at the nanoscale on the structure of 
organelles and the cellular interactions among the paren-
chyma [56]. Understanding the structural alterations of 
astrocytic organelles, their intracellular contents (notably 
the nature and quantity of phagosomes), as well as their 
interaction with AD hallmarks will aid in our under-
standing of their roles in AD pathology. In addition, as 
morphological and transcriptomic studies have reported 
a plethora of astrocytic signatures with varying functions, 
investigating the heterogeneity of astrocytes on an ultras-
tructural level will complement previous studies and help 
mend the gap in unraveling in situ the diverse responses 
of astrocytes to AD pathology.

This study aimed to provide quantitative data on the 
ultrastructure of astrocytes and assess qualitatively their 
heterogeneity among the ventral hippocampus CA1 
strata lacunosum-moleculare and radiatum, layers highly 
affected by AD pathology [17, 58]. APP-PS1 and control 
C57BL/6J male mice were examined at 20 months of age 
to focus on aged AD pathology specifically. Astrocytes 
from the two examined layers showed increased interac-
tions with synaptic elements (dendritic spines and axon 
terminals), along with an increased phagolysosomal 
pathway activity (more phagosomes and/or mature lys-
osomes within their cytoplasm). In addition, we uncov-
ered electron-dense, dark astrocytic cells for the first 
time in aging and AD pathology, possessing ultrastruc-
tural features of astrocytes and markers of cellular stress, 
similar to the dark microglia [59, 60] and similar to dark 
astrocytic states observed in human post-mortem brain 
samples of brain injury [61–63] and brain tumors [62, 64] 
resected following surgery, in rat models of brain injuries 
(concussive and compressive head injuries [65] and elec-
troshock [66], as well as in spinal cord cultures of embry-
onic mice [67]. These dark glial cells were positive for the 
‘reactive’ astrocytic marker GFAP [68] and were observed 
throughout the parenchyma often in juxtaposition with 
large blood capillaries. Moreover, our observations high-
light the presence of dark astrocytes in the hippocam-
pal head of an aged human post-mortem brain sample, 
examined as a case study, similarly to the dark astrocytes 
previously observed in the parietal cortex of patients with 
traumatic brain injury and brain tumors [62, 63]. These 
findings confirmed the conservation across species of 
dark astrocytes as these cells were encountered in human 

post-mortem brain samples, thus showcasing similarities 
in the astrocytic ultrastructural features observed upon 
aging between mouse and human.

Methods
Animal housing, euthanasia, and perfusion with aldehydes
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 Ani-
mal Care Committee of Université Laval. C57BL/6J and 
age-matched APPSwe-PS1Δe9 male mice on a C57BL/6J 
background [69] (No. 34832-JAX, Jackson Laboratory, 
Maine, USA) at 3–4, and 20  months of age (n = 3–4), 
were housed under a 12  h light–dark cycle at 22–25  °C 
with free access to food and water. All experiments were 
performed on males, for this first study on the topic, con-
sidering that previous studies investigated glial heteroge-
neity in 14- and 20-month-old C57BL/6J and APP-PS1 
mice used males [70, 71]. Mice were injected with 10 g/
kg Methoxy-X04 (Tocris Biosciences, cat# 4920, Bristol, 
United Kingdom) 24 h prior to their euthanasia to visual-
ize fibrillar Aß plaques at the light microscopy level [72]. 
Mice were injected intraperitoneally with sodium pento-
barbital (80  mg/kg), then perfused transcardially with 
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], fol-
lowed by a 2-h post-fixation in 4% PFA. Coronal brain 
sections were cut using a vibratome (Leica VT1000S) at 
50 µm of thickness and kept in a cryoprotectant solution 
[20% glycerol (v/v), 20% (v/v) ethylene glycol in PBS] at 
− 20 °C until further processing.

Processing of human post‑mortem brain samples
As a case study, sections from a human brain (female, 
81  years old; 18  h post-mortem delay, cause of death: 
asphyxia) were obtained from the CERVO Brain 
Research Center (QC, Canada). Collecting, storage and 
handling procedures were approved by the Ethics Com-
mittee of the Institut Universitaire en Santé Mentale 
de Québec and Université Laval. Written and informed 
consent was obtained for the use of human post-mortem 
brain tissues and all the experiments were performed in 
line with the Code of Ethics of the World Medical Asso-
ciation. The brain was first separated in halves trough 
the midline and hemibrains were cut coronally in 2-cm-
thick blocks. They were then fixed in 4% PFA for 3 days at 
4 °C before being stored in 15% sucrose and 0.1% sodium 
azide at 4  °C until further processing. The hippocampal 
head region of the right hemibrain was then cut using 
a vibratome (VT1000s) to obtain 50-µm-thick coronal 
sections which were kept at − 20 °C in a cryoprotectant 
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solution until further processing, in preparation for scan-
ning electron microscopy (SEM) experiments.

Processing of mouse samples for anti‑GFAP 
immunohistochemistry
Brain sections containing the ventral hippocampus CA1 
from 20-month-old APP-PS1 male mice (Bregma 2.92 
to 3.64  mm [73]) were selected for further processing. 
Selected sections were quenched with 0.3% H2O2 (Fisher 
Scientific, Ottawa, lot# 202762) in PBS for 5 min. After-
ward, the sections were incubated in 0.1% NaBH4 in PBS 
for 30 min followed by 3 washes of 10 min in PBS. Brain 
sections were then incubated in a blocking buffer solu-
tion containing 5% normal goat serum (Jackson Immu-
noResearch Labs, Baltimore, USA cat# 005-000-121), 
5% bovine albumin serum (Sigma-Aldrich, Oakville, 
cat# 9048-46-8,), and 0.01% Triton X-100 in PBS for 1 h 
at room temperature (RT). They were then incubated 
overnight in a blocking buffer solution with the primary 
rabbit polyclonal anti-GFAP antibody (1:5000; Abcam, 
Cambridge, MA, USA, Ab7260) at 4  °C. The follow-
ing day, the sections were washed in 0.01% PBS-Triton 
(PBS-T) and incubated with a biotinylated goat anti-
rabbit polyclonal secondary antibody (1:300; Jackson 
ImmunoResearch, Baltimore, USA, cat# 111-066-046) 
in Tris-buffered saline (TBS; 50 mM, pH 7.4) for 2 h at 
RT. Afterward, the sections were washed in PBS-T and 
incubated for 1 h at RT in an avidin–biotin complex solu-
tion (ABC; 1:100; Vector Laboratories, Newark, USA, 
cat# PK-6100) in TBS. The staining was revealed with a 
solution containing 0.05% 3,3′-diaminobenzidine (DAB; 
Millipore Sigma, Oakville, USA, cat# D5905-50TAB) and 
0.015% H2O2 diluted in Tris buffer (TB; 0.05 M, pH 8.0). 
The samples were washed 3 times in PBS and then fur-
ther processed with unstained sections for SEM.

Preparation of mouse and human samples for SEM
Mouse brain sections containing the ventral hippocam-
pus CA1 (Bregma 2.92 to 3.64 mm [73]) from 3–4- and 
20-month-old C57BL/6J mice and age-matched APP-PS1 
mice, both unstained for quantitative analysis and stained 
for GFAP to confirm the astrocytic identity, were selected 
for SEM processing. As a case study, post-mortem 
human brain samples containing the hippocampal head 
from an aged individual were also processed for SEM. 
Selected sections were first washed with PB, then incu-
bated for 1 h in a PB solution containing equal volumes 
of 3% potassium ferrocyanide (Sigma-Aldrich, Ontario, 
Canada, cat# P9387) and 4% osmium tetroxide (EMS, 
Pennsylvania, USA, cat# 19190). The brain tissues were 
next incubated for 20  min in a filtered and heated 1% 
thiocarbohydrazide solution (diluted in double-distilled 
water; Sigma-Aldrich, Ontario, Canada, cat# 223220) and 

for 30 min in 2% aqueous osmium tetroxide. The samples 
were dehydrated in increasing concentrations of etha-
nol for 10 min each (2 × 35%, 1 × 50%, 1 × 70%, 1 × 80%, 
1 × 90% 3 × 100%) followed by 3 washes of 10  min in 
propylene oxide (Sigma-Aldrich, Ontario, Canada, #cat 
110205-18L-C). The dehydrated tissues were embedded 
overnight in Durcupan resin (20  g component A, 20  g 
component B, 0.6  g component C, 0.4  g component D; 
Sigma Canada, Toronto, cat# 44,610) and flat-embedded 
between fluoropolymer films (ACLAR®, Pennsylvania, 
USA, Electron Microscopy Sciences, cat# 50425–25). 
Resin-embedded sections between films were kept in the 
oven for 5 days at 55 °C to allow the resin to polymerize.

Regions of interest (containing the hippocampal head 
for post-mortem human brain and the ventral hip-
pocampus CA1 strata lacunosum-moleculare and radi-
atum for mouse brain samples) were excised from the 
resin-embedded sections and glued onto resin blocks 
for ultramicrotomy. Using a Leica ARTOS 3D ultrami-
crotome, 73-nm-thick sections were cut with multiple 
levels obtained from each block (2–6 levels, ~ 6 µm apart) 
to obtain sufficient images of astrocytes for quantita-
tive ultrastructural analysis. The ultrathin sections were 
placed on silicon wafers for SEM imaging, performed 
using a Zeiss Crossbeam 540 microscope. Images from 
mouse samples were first acquired at 25  nm per pixel 
for the density and distribution analysis of astrocytes 
[70]. All samples were imaged at a resolution of 5  nm 
per pixel for the ultrastructural analysis of typical astro-
cytes and characterization of dark astrocytes. GFAP-
positive (+) typical astrocytes and dark astrocytes were 
further imaged with a Zeiss Crossbeam 350 scanning 
electron microscope using SmartSEM software (Fibics). 
GFAP + dark and typical astrocytic cell bodies were 
imaged at a resolution of 5 nm and 1 nm per pixel and 
exported as TIFF files using the Zeiss ATLAS Engine 5 
software (Fibics).

Density and distribution analysis of astrocytic states 
in mouse samples
Parenchymal images (2–6 levels, ~ 6 µm apart) from the 
ventral hippocampus CA1 stratum lacunosum-molecu-
lare from 4 animals per group were blinded to the geno-
type and age, then analyzed to investigate the density and 
distribution of astrocytic states. A distinction was made 
between dark and non-dark astrocytes (referred to as 
typical astrocytes in this manuscript) based on our ultra-
structural observations. The density of typical and dark 
astrocytes in APP-PS1 vs C57BL/6J mice was determined, 
together with the ratio of dark astrocytes over all astro-
cytes imaged in each genotype using the 25 nm per pixel 
resolution images. In addition, we investigated the distri-
bution of astrocytes based on their association with the 
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vasculature or parenchyma (with or without any direct 
contact with the basement membrane of blood vessels, 
respectively). Typical astrocytes were positively identified 
based on their electron-lucent cyto- and nucleoplasm, 
granular nuclear pattern, angular processes interact-
ing with parenchymal elements, as well as the presence 
of intermediate filaments [24, 60, 74]. A dark astrocytic 
state, termed dark astrocytes, was also identified based 
on the similar ultrastructural defining features of typical 
astrocytes, such as the angular processes and granular 
pattern of the nucleus, as well as presence of intermedi-
ate filaments, and previous EM observations made in 
organotypic cultures of spinal cord from embryonic mice 
[67], rat models of brain injury (compressive head injury, 
concussive head injury), pentylenetetrazole and kainic 
acid treatment [65], as well as electroshock [66]. The dark 
astrocytes that we observed often possessed a high accu-
mulation of glycogen granules, ultrastructural markers 
of cellular stress such as the dilation of the endoplasmic 
reticulum (ER) and Golgi apparatus cisternae, a partial to 
total loss of their nuclear heterochromatin pattern, and 
an electron-dense cyto- and nucleoplasm [65–67]. Simi-
lar ultrastructural features were previously described in 
dark neurons [75–79] and dark microglia [59, 60, 70, 80], 
particularly the loss of nuclear heterochromatin pattern, 
electron-dense cytoplasm and nucleoplasm, and markers 
of cellular stress [60, 71, 72, 80, 81]. The ultrastructural 
density analysis protocol we performed for typical and 
dark astrocytes is based on previously published ultras-
tructural work examining microglia [60, 70].

Ultrastructural analysis of typical astrocytes in mouse 
samples
For the ultrastructural analysis of typical and dark astro-
cytes, quantitative and qualitative, respectively, SEM 
images captured with a resolution of 5 nm per pixel were 
used. This analysis was conducted in the ventral hip-
pocampus CA1 strata lacunosum-moleculare and radia-
tum from 20-month-old C57BL/6J and APP-PS1 mice. 
In each genotype (n = 3 animals/group) and localization 
(near vs far Aß plaques/dystrophic neurites in the case of 
the stratum lacunosum-moleculare), pictures of 31–38 
astrocytes were acquired. Of note, in the stratum radia-
tum, we investigated astrocytes far from Aß plaques/
dystrophic neurites only as little to no plaques were 
observed in this layer in our ultrathin samples. All the 
images were blinded to the experimental conditions. In 
the stratum lacunosum-moleculare, we analyzed a total 
of 102 astrocytic cell bodies per group, a sample size suf-
ficient to obtain statistical power based on the software 
G*Power V3.1 (effect size of 0.4; power of 0.95 estimated 
at 102 astrocytes). In the stratum radiatum, we analyzed 
a total of 59 astrocytic cell bodies per genotype to obtain 

sufficient statistical power (effect size of 0.9; power of 0.9 
estimated at 60 astrocytes) [70]. These effect sizes were 
previously used to assess the ultrastructural heterogene-
ity of other glial cells, such as microglia [70, 82]. As we 
wanted to examine possible glycogen granules within 
the astrocytic cytoplasm as well as the electron density 
of their nucleoplasm and cytoplasm in our analysis of 
their ultrastructure, we did not perform immunostaining 
which could have masked these features. While no quan-
titative ultrastructural analysis of astrocytes had been 
performed yet, the identification and analysis of micro-
glial intracellular contents and parenchymal interactions 
were previously described in detail [24, 60, 80, 83]. In the 
current study, the parenchymal interactions of astrocytes 
with myelinated axons, axon terminals, dendritic spines, 
and both elements of excitatory synapses were assessed. 
Myelinated axons were characterized by electron-dense 
sheaths surrounding the axonal cytoplasm [84]. Axon 
terminals contained several synaptic vesicles and some-
times juxtaposed dendritic spines recognized by their 
post-synaptic density [24, 74, 83]. Axon terminals that 
were or were not in direct contact with one or more den-
dritic spines were analyzed. Direct contacts with axon 
terminals, dendritic spines, and both elements of the 
same excitatory synapse were counted.

Immature (primary, secondary) and mature (tertiary) 
lysosomes were identified by their homogenous or heter-
ogeneous appearance, respectively [60, 71, 74]. The pres-
ence of phagosomes, both fully and partially digested, 
was often recognized among tertiary lysosomes, along-
side large lipid droplets [60, 71]. The latter possessed a 
homogenous interior (either electron-lucent or dense) 
and an electron-dense outline [24, 60, 74, 80]. Fully or 
partially digested phagosomes were characterized by a 
defined membrane delineating a circular or oval shape, 
electron-lucent interior with (partially digested) or with-
out (fully digested) cellular content [60, 70]. Likewise, 
autophagosomes possessed a circular double membrane, 
with an electron-lucent appearance in between the latter, 
and an interior with the same electron density as the cell’s 
cytoplasm [24, 60, 74].

Ultrastructural markers of cellular stress were assessed 
including the presence of altered mitochondria, as well 
as dilated ER and Golgi apparatus cisternae. The width of 
ER and Golgi cisternae, together with the length of mito-
chondria were measured using ImageJ. ER were identi-
fied by their long and narrow stretches, while dilation 
of their cisternae was positively confirmed when swol-
len electron-lucent pockets measured at least 100 nm in 
diameter [59, 60, 71, 85]. Similarly, Golgi apparatuses, 
characterized by their beehive shape, were considered to 
have dilated cisternae when displaying swollen electron-
lucent pockets larger than 100 nm [60, 70]. Mitochondria 
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were defined as electron-dense double-membraned orga-
nelles possessing several cristae [60]. Mitochondria were 
considered to be ultrastructurally altered when their 
outer and/or inner membranes were degraded, if their 
cristae were deteriorated resulting in electron-lucent 
space, or if they had a “holy shape” indicative of mito-
chondria wrapping around themselves, a feature associ-
ated with impaired mitochondrial membrane potential 
and structural alterations thought to be associated with 
oxidative stress [60, 80, 86]. Mitochondria were also 
defined as elongated if their length measured over 1 µm 
[85]. The mitochondrial network, defined by the cyto-
plasmic area occupied by the mitochondrial area, was 
assessed [87]. Each mitochondrion was traced using 
the “freehand tool” in Image J, and the sum of all mito-
chondrial area was divided by the area of the cytoplasm 
to obtain the mitochondrial network [87]. The presence 
of glycogen granules, recognized as 22–40 nm electron-
dense puncta contained within the astrocytic cyto-
plasm, was identified [88]. Lastly, nuclear indentations, 
a phenomenon associated with cell morphology remod-
eling [89] and observed as hollowed-out portions of the 
nucleus [90] were noted.

Shape descriptors of astrocytes, i.e., area, perimeter, 
solidity, aspect ratio (AR), and circularity, were further 
measured using the software Image J. AR and circularity 
provide information on the elongation of the cells (AR is 
the ratio of height over width; circularity is 4π times the 
area over the perimeter squared) [84, 91]. The closer the 
value of the circularity to 0, the more elongated the cell 
body is [70, 71, 84, 92]. Solidity, a measurement of irregu-
larity, is defined by the area of the cell body over the con-
vex area (the closer the value to 0, the more irregular the 
shape is) [84, 91].

Qualitative analysis of typical and dark astrocytes 
in human samples
The presence of typical and dark astrocytes in the hip-
pocampal head of human post-mortem brain samples 
from an aged individual (female; post-mortem delay of 
18 h; cause of death: asphyxia) was investigated as a case 
study, using similar identifying features for mouse astro-
cytes, and others described for astrocytes in the pari-
etal and frontal cortical regions of human post-mortem 
samples resected following surgery of brain injury inves-
tigating qualitatively their ultrastructure [61]. In brief, 
astrocytes were positively identified by their angular pro-
cesses protruding from the cell body, granular nucleus, 
and presence of intermediate filaments [24, 60–62, 
74]. Dark astrocytes possessed similar ultrastructural 
characteristics alongside an electron-dense cytoplasm 
and nucleoplasm, as well as markers of cellular stress 
(e.g., dilated ER and altered mitochondria). Previous 

studies investigating human post-mortem cerebral cor-
tex samples with brain injuries or cerebellar samples with 
hemangioblastoma resected following surgery identi-
fied similar dark astrocytes, which were termed “dark 
hypertrophic astrocytes” [61–63] and “dark astrocytes”, 
respectively [64]. These dark astrocytes were previously 
described as electron-dense cells with swollen mito-
chondria, abundant glycogen granules, and dilated ER 
cisternae [61–64]. The intracellular contents (e.g., mito-
chondria, fully and partially digested phagosomes, dilated 
ER, lysosomes) and parenchymal interactions (e.g., axon 
terminals, dendritic spines, myelinated axons) of these 
dark astrocytes were identified for the first time during 
aging among the hippocampal head based on similar cri-
teria as in the mouse samples and those described in the 
aforementioned studies [61, 62, 64, 65, 67].

Statistical analysis
Statistical analysis was performed using the software 
Prism 9 (v.9.2.0 GraphPad). For all quantitative data 
obtained (ultrastructure and cellular density in mice), 
the normality of the data distribution was first assessed 
using a Shapiro–Wilk test. The ultrastructural data of 
typical astrocytes in the stratum radiatum of C57BL/6J 
vs APP-PS1 mice were compared with a Mann–Whitney 
non-parametric test. The ultrastructural data of typical 
astrocytes in the stratum lacunosum of C57BL/6J vs APP-
PS1 mice (far vs near Aß plaques/dystrophic neurites) 
were analyzed with a Kruskal–Wallis one-way ANOVA 
followed by a Dunn’s post hoc test. The density data of 
dark and typical astrocytes in the stratum lacunosum-
moleculare of APP-PS1 mice vs C57BL/6J mice passed 
normality and were analyzed with a Welsh t-test. Data 
are expressed as mean ± standard error of mean (SEM). 
The sample size (n) refers to individual animals for the 
density analysis and individual astrocytes for ultrastruc-
tural analysis as performed in previous EM studies study-
ing other glial cell types such as microglia to account 
for the ultrastructural heterogeneity between individual 
cells [70, 71, 84, 93–97]. Statistically significant differ-
ences are reported as *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.

Results
Typical astrocytes in the hippocampal CA1 stratum 
radiatum of aged APP‑PS1 vs age‑matched C57BL/6J mice 
exhibit altered parenchymal interactions and intracellular 
contents
The ventral (or anterior) hippocampus CA1 displays 
severe atrophy [3, 5, 98–101], as well as astrocytic mor-
phological and molecular alterations [39, 102, 103], 
in samples from mouse models of AD pathology and 
patients with AD. We thus analyzed the ultrastructural 
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features of astrocytes in these two layers of the ventral 
hippocampus CA1. This region is of particular interest 
as previous studies which were conducted in middle-
aged and aged APP-PS1 mice revealed ultrastructural 
alterations together with an increased heterogeneity of 
microglia, another glial cell type highly affected by AD 
pathology and known to play a role in its pathogenesis 
[59, 70]. Across the study, 20-month-old APP-PS1 were 
compared with age-matched C57BL/6J male mice. We 
first started our ultrastructural investigation with the 
analysis of typical astrocytes in the stratum radiatum. We 
focused on areas located far from Aß plaques/dystrophic 

neurites (designated as ‘Far AD’) to have a sufficient 
sample size for this analysis, as little to no plaques were 
observed in this hippocampal layer among our samples.

In the stratum radiatum (Fig.  1A, B), we observed a 
significant increase in the direct contacts between typi-
cal astrocytes and all synaptic elements in the APP-PS1 
mice compared to age-matched C57BL/6J controls 
(Control 20.68 ± 2.244 contacts per astrocyte vs Far 
AD 29.06 ± 2.587 contacts per astrocyte, p = 0.0250) 
(Fig.  1C). When we further investigated which part of 
the synapses was contacted by astrocytes, we found 
increased interactions of astrocytes from APP-PS1 

Fig. 1  Parenchymal interactions of typical astrocytes in the stratum radiatum. Representative 5 nm per pixel of resolution scanning electron 
microscopy images acquired in the ventral hippocampus CA1 stratum radiatum of 20-month-old APP-PS1 (far from Aß plaques/dystrophic neurites) 
and age-matched C57BL/6J male mice (A, B). Quantitative graphs represent the number of direct contacts with C all synaptic elements, D axon 
terminals, E dendritic spines, and F both elements of the same synapse (axon terminals and dendritic spines). In G and H, the graphs represent, 
respectively, the area and perimeter of the astrocytic cell body. Data are shown as individual dots and are expressed as mean ± S.E.M. *p < 0.05, 
using a non-parametric Mann–Whitney test. Statistical tests were performed on n = 8–11 astrocytes per animal in N = 3 mice/group, for a total of 
59 cell bodies analyzed. red outline = plasma membrane, yellow outline = nuclear membrane, orange pseudo-coloring = dendritic spine, blue 
pseudo-coloring = axon terminals
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mice with axon terminals (Control 16.25 ± 1.729 con-
tacts per astrocyte vs Far AD 22.29 ± 2.089 contacts 
per astrocyte, p = 0.0447) and dendritic spines (Con-
trol 1.429 ± 0.2020 contacts per astrocyte vs Far AD 
2.194 ± 0.2384 contacts per astrocyte, p = 0.0243), and 
a tendency for both elements of a same excitatory syn-
apse to be contacted (Control 3.357 ± 0.5400 contacts per 
astrocyte vs Far AD 4.581 ± 0.5344 contacts per astro-
cyte, p = 0.0931) (Fig.  1D–F). We confirmed that this 
increased structural relationship with synaptic elements 

was not due to a change in either the astrocytic area 
(Control 57.65 ± 3.380 µm2 vs Far AD 64.01 ± 5.421 µm2, 
p = 0.7574) or perimeter (Control 62.65 ± 3.603  µm vs 
Far AD 66.83 ± 3.841 µm, p = 0.4196) (Fig. 1G–H). These 
results highlight the preferential contacts with synapses 
made by astrocytes in the stratum radiatum of APP-PS1 
mice compared to age-matched C57BL/6J controls.

Moreover, in the stratum radiatum (Fig. 2A, B), intra-
cellular investigation of astrocytes further revealed a ten-
dency for a decreased presence of primary lysosomes in 

Fig. 2  Intracellular contents of typical astrocytes in the stratum radiatum. Representative 5 nm per pixel of resolution scanning electron microscopy 
images acquired in the ventral hippocampus CA1 stratum radiatum of 20-month-old APP-PS1 (far from Aß plaques/dystrophic neurites) and 
age-matched C57BL/6J male mice (A, B). Quantitative graphs representing the number of primary lysosomes (C), tertiary lysosomes (E), and lipid 
bodies (G) are provided. Quantitative graphs represent the relative proportion of cells positive for primary lysosomes (D), tertiary lysosomes (F), 
and lipid bodies (H). Data are shown as individual dots and are expressed as mean ± S.E.M. *p < 0.05, ***p < 0.001, using a non-parametric Mann–
Whitney test. Statistical tests were performed on n = 8–11 astrocytes per animal in N = 3 mice/group, for a total of 59 cell bodies analyzed. Red 
outline = plasma membrane, yellow outline = nuclear membrane, blue arrow = primary lysosomes, green arrow = secondary lysosomes, orange 
arrow = tertiary lysosomes, orange pseudo-coloring = lipid bodies
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APP-PS1 mice compared to C57BL/6J controls (Control 
1.179 ± 0.2523 primary lysosomes per astrocyte vs Far 
AD 0.6129 ± 0.1950 primary lysosomes per astrocyte, 
p = 0.0508) (Fig.  2C), while the APP-PS1 mice exhib-
ited an increased number of tertiary lysosomes (Con-
trol 1.464 ± 0.3313 tertiary lysosomes per astrocyte vs 
Far AD 2.742 ± 0.3934 tertiary lysosomes per astrocyte, 
p = 0.0163) (Fig. 2E). This finding suggests a shift in the 
phagolysosomal pathway, more precisely an increased 
maturation of lysosomes resulting in more tertiary lys-
osomes and less primary lysosomes in the APP-PS1 mice. 
We observed similar tendencies in the relative percent-
age of astrocytes (cells positive for the presence of the 
organelle analyzed) for both primary lysosomes (Control 
57.14 ± 9.524% of astrocytes vs Far AD 32.36 ± 8.535% of 
astrocytes, p = 0.0695) in the C57BL/6J control mice and 
tertiary lysosomes (Control 53.57 ± 9.598% of astrocytes 
vs Far AD 77.42 ± 7.634% of astrocytes, p = 0.0616) in 
the APP-PS1 mice (Fig. 2D, F). Therefore, differences in 
the number of lysosomes per astrocyte could result from 
more cells possessing at least one of these organelles, 
rather than an increased number of lysosomes per astro-
cytic cell. In addition, we observed an increased number 
of lipid bodies (Control 1.429 ± 4.161 lipids per astrocyte 
vs Far AD 4.161 ± 0.7706 lipids per astrocyte, p = 0.0009), 
and percentage of astrocytes containing at least one lipid 
body (Control 57.14 ± 9.524% of astrocytes vs Far AD 
83.87 ± 6.715% of astrocytes, p = 0.0424) in the APP-PS1 
mice compared to C57BL/6J control mice (Fig.  2G–H). 
Overall, these findings indicate that astrocytes in the 
stratum radiatum of 20-month-old APP-PS1 male mice 
exhibit more mature lysosomes, accumulated lipid bod-
ies, and increased interactions with synaptic elements 
compared to age-matched C57BL/6J mice  (see Tables  1 
and 2).

Typical astrocytes in the hippocampal CA1 stratum 
lacunosum‑moleculare of aged APP‑PS1 vs age‑matched 
C57BL/6J mice present increased synaptic contacts 
and phagolysosomal activity
We next pursued our ultrastructural investigation of 
typical astrocytes in the stratum lacunosum-moleculare 
(Fig. 3A–C). As in the stratum radiatum, we observed an 
increased prevalence of direct contacts between astro-
cytes and dendritic spines in the APP-PS1 mice com-
pared to C57BL/6J control mice (Control 1.342 ± 0.2394 
contacts per astrocyte vs AD 2.529 ± 0.3829 contacts 
per astrocyte, p = 0.0055) (Fig.  3D). When discriminat-
ing further the astrocytes based on their proximity to Aß 
plaques/dystrophic neurites [far (Far AD) vs near (Near 
AD) Aß plaques/dystrophic neurites], astrocytes near 
Aß plaques/dystrophic neurites were found to be mainly 
responsible for these increased contacts with dendritic 

spines (Control 1.342 ± 0.2394 contacts per astrocyte 
vs Near AD 2.5821 ± 0.4219 contacts per astrocyte, 
p = 0.0240) (Fig. 3E). In addition, we observed an overall 
reduction in the direct contacts with synapses for astro-
cytes located far versus near Aß plaques/dystrophic neur-
ites (Far AD 13.45 ± 1.261 contacts per astrocyte vs Near 
AD 19.35 ± 2.071 contacts per astrocyte, p = 0.0340) 
(Fig. 3E).

However, unlike the astrocytes analyzed in the stra-
tum radiatum, we measured in the current layer an 
increase in the area and perimeter of both the cyto-
plasm and nucleus for astrocytes located near versus far 
from Aß plaques/dystrophic neurites, which could at 
least partly explain their increased prevalence of synap-
tic interactions (cytoplasmic area without nucleus—Far 
AD 18.02 ± 1.731  µm2 vs Near AD 29.91 ± 3.601  µm2, 
p = 0.0083; nuclear area—Far AD 18.64 ± 1.822  µm2 
vs Near AD 26.23 ± 2.486  µm2, p = 0.0289; cytoplas-
mic perimeter—Far AD 42.30 ± 2.750  µm vs Near AD 
62.73 ± 6.112  µm, p = 0.0057; nucleus perimeter—Far 
AD 17.72 ± 0.9569  µm vs Near AD 23.07 ± 1.685  µm, 
p = 0.0135) (Fig. 3G–J). These differences are in line with 
the findings from previous studies that highlight an atro-
phy of astrocytes observed far from Aß plaques com-
pared to their hypertrophy near Aß plaques in mouse 
models of AD pathology [104–106], a morphological 
shift suggested to be associated with the appearance of 
Aß plaques within their microenvironment [104].

In terms of intracellular contents, our analysis of typical 
astrocytes located in the stratum lacunosum-moleculare 
(Fig. 4A–C) further revealed a tendency for an increase in 
all phagosomes (fully and partially digested phagosomes) 
in the APP-PS1 mice compared to C57BL/6J control mice 
(Control 5.368 ± 0.6191 phagosomes per astrocyte vs AD 
8.5588 ± 1.364 phagosomes per astrocyte, p = 0.0590) 
(Fig. 4D). When we investigated the driving force behind 
this tendency (i.e., near vs far from Aß plaques/dys-
trophic neurites), we found a significant increase in all 
phagosomes (fully and partially digested phagosomes) 
only in astrocytes near Aß plaques/dystrophic neur-
ites, compared to both astrocytes far from Aß plaques/
dystrophic neurites in APP-PS1 mice and astrocytes in 
C57BL/6J control mice (Control 5.368 ± 0.6191 phago-
somes per astrocyte vs Near AD 10.74 ± 1.573 phago-
somes per astrocyte, p = 0.0019; Far AD 5.970 ± 0.7010 
phagosomes per astrocyte vs Near AD 10.74 ± 1.573 
phagosomes per astrocyte, p = 0.0160) (Fig.  4E). This 
increased number of phagosomes per astrocyte located 
near Aß plaques/dystrophic neurites was identified 
specifically for the fully digested phagosomes (Control 
2.842 ± 0.3781 phagosomes per astrocyte vs Near AD 
6.258 ± 1.017 phagosomes per astrocyte, p = 0.0016; Far 
AD 3.061 ± 0.4766 phagosomes per astrocyte vs Near 
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Table 1  Absolute ultrastructural analysis of typical astrocytes 
far from Aß plaques/dystrophic neurites and in aged APP-PS1 
mice compared to age-matched C57BL/6 mice in the stratum 
radiatum of the ventral hippocampus CA1

n number, a.u. arbitrary unit, ER endoplasmic reticulum, and p-values of 
statistically significant tests are highlighted with an asterisk symbol

Data reported are shown as number per cell and expressed as means ± SEM in 
addition to the minimum and maximum value obtained

Control 
Mean ± SEM
(Min–Max)

AD 
Mean ± SEM
(Min–Max)

Primary lysosomes (n) 1.179 ± 0.2523
(0.000–5.000)

0.6129 ± 0.1950
(0.000–4.000)

Secondary lysosomes (n) 1.607 ± 0.4435
(0.000–10.00)

1.032 ± 0.2475
(0.000–5.000)

Tertiary lysosomes (n) 1.464 ± 0.3313
(0.000–6.000)

2.742 ± 0.3934 *
(0.000–8.000)

All lysosomes (n) 4.179 ± 0.6384
(0.000–12.00)

4.032 ± 0.5893
(0.000–12.00)

Lipid bodies (n) 1.429 ± 0.4224
(0.000–11.00)

4.161 ± 0.7706 ***
(0.000–19.00)

Altered mitochondria (n) 2.356 ± 0.2780
(0.000–6.000)

2.387 ± 0.2847
(0.000–6.000)

Elongated mitochondria (n) 3.286 ± 0.4903
(0.000–10.00)

3.419 ± 0.5283
(0.000–11.00)

Partially digested phagosomes 
(n)

2.857 ± 0.5213
(0.000–12.00)

3.710 ± 0.5230
(0.000–11.00)

Fully digested phagosomes (n) 2.929 ± 0.4482
(0.000–7.000)

4.258 ± 0.7139
(0.000–14.00)

All phagosomes (n) 5.786 ± 0.7226
(0.000–15.00)

7.968 ± 1.160
(0.000–24.00)

Association with myelinated 
axons (n)

1.464 ± 0.4755
(0.000–9.000)

1.065 ± 0.3437
(0.000–9.000)

Axon terminals (n) 16.25 ± 1.729
(4.000–42.00)

22.29 ± 2.089 *
(6.000–43.00)

Dendritic spines (n) 1.429 ± 0.2020
(0.000–4.000)

2.194 ± 0.2384 *
(0.000–4.000)

All synaptic contacts (n) 20.68 ± 2.244
(0.000–54.00)

29.06 ± 2.587 *
(8.000–54.00)

Dilated ER (n) 4.143 ± 0.5767
(1.000–13.00)

5.129 ± 0.6255
(0.000–16.00)

Autophagosomes (n) 0.5000 ± 0.1585
(0.000–3.000)

0.7742 ± 0.1518
(0.000–3.000)

Cell area (µm2) 57.65 ± 3.380
(35.58–107.1)

64.01 ± 5.421
(26.18–160.1)

Cytoplasm area (µm2) 31.31 ± 3.143
(12.81–84.33)

38.54 ± 4.795
(9.553–142.5)

Nucleus area (µm2) 26.34 ± 1.598
(10.05–41.75)

25.47 ± 1.973
(8.942–53.39)

Cell perimeter (µm) 62.65 ± 3.603
(33.26–111.6)

66.83 ± 3.841
(27.89–104.0)

Nucleus perimeter (µm) 21.80 ± 1.036
(12.30–36.71)

20.65 ± 0.9511
(12.01–28.53)

Circularity (a.u.) 0.2114 ± 0.01728
(0.08100–0.4420)

0.1977 ± 0.01601
(0.08200–0.4680)

AR (a.u.) 2.178 ± 0.1097
(1.163–3.610)

2.467 ± 0.1657
(1.206–4.273)

Solidity (a.u.) 0.6219 ± 0.02208
(0.4170–0.8290)

0.6157 ± 0.02169
(0.3600–0.8690)

Table 1   (continued)
*p < 0.05, ***p < 0.001 using a non-parametric Mann–Whitney test. Statistical 
tests were performed on n = 8–11 astrocytes per animal in N = 3 mice/group, for 
a total of 59 cell bodies analyzed

AD 6.258 ± 1.017 phagosomes per astrocyte, p = 0.0046) 
(Fig.  4F). In short, both the strata lacunosum-molecu-
lare and radiatum showed an increased activity of the 
phagolysosomal pathway in aged 20-month-old APP-PS1 
male mice compared to age-matched C57BL/6J controls, 
resulting in an increased prevalence of mature lysosomes 
and fully digested phagosomes, respectively.

In our analysis, we also examined glycogen granules, a 
carbohydrate storage that can be broken down to glucose 
through glycolysis, and which was shown to be crucial in 
astrocytes for learning and memory [107, 108], and asso-
ciated with aging in human brain samples [109]. Glycogen 
granules were shown to be located within astrocytic pro-
cesses, notably those in proximity to dendritic spines and 
axon terminals in the hippocampus and sensorimotor cor-
tex of rodents [110–112]. In the current study, while there 
were no differences detected in the stratum radiatum, more 
astrocytes in the stratum lacunosum-moleculare were found 
to contain glycogen granules in the APP-PS1 mice com-
pared to C57BL/6J control mice (Control 7.895 ± 4.433% of 
astrocytes vs AD 47.06 ± 8.689% of astrocytes, p = 0.0002). 
Indeed, close to half of all astrocytes in APP-PS1 mice were 
positive for glycogen granules compared to nearly 8% in 
C57BL/6J control mice (Fig. 4G). When astrocytes were spa-
tially separated between locations near vs far Aß plaques/
dystrophic neurites, the majority of astrocytes with glyco-
gen granules were found near versus far from Aß plaques/
dystrophic neurites (Control 7.895 ± 4.433% of astrocytes 
vs Near AD 64.52 ± 8.736% of astrocytes, p < 0.0001; Far AD 
12.12 ± 5.770% of astrocytes vs Near AD 64.52 ± 8.736% of 
astrocytes, p < 0.0001) (see Tables 3 and 4).

Dark astrocytes in the hippocampal CA1 stratum 
lacunosum‑moleculare of aged APP‑PS1 vs age‑matched 
C57BL/6J mice present similar densities and interactions 
with the vasculature
While imaging in aged APP-PS1 and C57BL/6J mice, we 
identified an electron-dense astrocytic state based on 
their distinct ultrastructural features and located often 
near the vasculature. We confirmed that the dark astro-
cytes in the ventral hippocampus CA1 were also immu-
nopositive for GFAP, a marker generally associated with 
astrocytes termed ‘reactive’ (Fig.  5A–C). Dark astro-
cytes were previously observed both in rodents (e.g., rat 
models of brain injury, kainic and pentylenetetrazole 
treatments, electroshock; mouse embryonic spinal cord 
culture) [65–67] and human post-mortem brain samples 
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Table 2  Relative ultrastructural analysis of typical astrocytes 
far from Aß plaques/dystrophic neurites in aged APP-PS1 
mice compared to age-matched C57BL/6 mice in the stratum 
radiatum of the ventral hippocampus CA1

% percent, a.u. arbitrary unit, ER endoplasmic reticulum

Data reported are shown as % of cells positive for at least one of the elements 
analyzed for each category and expressed as means ± SEM. The statistical test 
performed was a non-parametric Mann–Whitney test with *p < 0.05 . Statistical 
tests were performed on n = 8–11 astrocytes per animal in N = 3 mice/group, for 
a total of 59 cell bodies analyzed

Control
Mean ± SEM

Far AD
Mean ± SEM

Primary lysosomes (%) 57.14 ± 9.524 32.36 ± 8.535

Secondary lysosomes (%) 46.43 ± 9.598 51.61 ± 9.124

Tertiary lysosomes (%) 53.57 ± 9.598 77.42 ± 7.634

Lipid bodies (%) 57.14 ± 9.524 83.87 ± 6.715*

Altered mitochondria (%) 85.71 ± 6.734 90.32 ± 5.398

Elongated mitochondria (%) 96.43 ± 3.571 90.32 ± 5.398

Glycogen granules (%) 75.00 ± 8.333 87.10 ± 6.121

Dilated ER (%) 100.0 ± 0.000 96.77 ± 3.226

Nuclear indentation (%) 10.71 ± 5.952 16.13 ± 6.715

(e.g., brain tumors, brain injury) [61–64]. These cells 
were described as having hypertrophic electron-dense 
cell bodies and processes often containing altered mito-
chondria and glycogen granules [61, 62, 65]. While their 
roles have remained largely elusive, we further confirmed 
the presence of a similar electron-dense astrocytic state 
in the ventral hippocampus CA1 of 20-month-old APP-
PS1 and C57BL/6J male mice. We then performed quan-
titative analysis of their distribution (Fig.  6A–C), and 
examined whether dark astrocytes interacted more or 
less often with blood vessels in the stratum lacunosum-
moleculare of APP-PS1 vs C57BL/6J mice, as vascular 
dysfunction was previously noted in the hippocampus 
during aging and AD pathology, using human and mouse 
samples [113–117].

Dark astrocytes were not found exclusively in aged 
APP-PS1 mice, as they were also observed in age-
matched C57BL/6J controls (Control 5.518 ± 1.546 cells 
per mm2 vs AD 14.190 ± 4.861 cells per mm2, p = 0.1721) 
(Fig.  6D). Typical astrocytes also did not display sig-
nificant differences in their density between the two 
genotypes (Control 207.1 ± 12.89 cells per mm2 vs AD 
229.6 ± 8.802 cells per mm2, p = 0.2056). In addition, 
most of the dark astrocytes observed in both condi-
tions were in direct contact with blood vessels (Control 
4.265 ± 1.976 cells per mm2 vs AD 7.666 ± 2.528 cells per 
mm2, p = 0.3323) while the density of dark astrocytes not 
touching a blood vessel in the plane of view was lower 
(Control 1.757 ± 1.230 cells per mm2 vs AD 3.795 ± 1.550 
cells per mm2, p = 0.3448) (Fig. 6E–F). Typical astrocytes 

contacting the basement membrane of a blood vessel 
were similarly abundant in APP-PS1 mice and C57BL/6J 
controls (Control 50.02 ± 6.584 cells per mm2 vs AD 
51.26 ± 7.142 cells per mm2, p = 0.9028), and the same 
finding was obtained for typical astrocytes that did not 
contact a blood vessel in the plane of view (Control 
157.0 ± 7.386 cells per mm2 vs AD 176.0 ± 12.92 cells per 
mm2, p = 0.2614).

When we looked at the ratio of dark astrocytes over all 
astrocytes in direct contact with a blood vessel, this dark 
state presented equivalent ratios in APP-PS1 mice and 
C57BL/6J controls (Control 6.309 ± 3.415% of dark astro-
cytes vs AD 12.28 ± 4.489% of dark astrocytes, p = 0.3332). 
Similar results were obtained for dark astrocytes that 
were not directly contacting a blood vessel (Control 
0.9455 ± 0.5998% of dark astrocytes vs AD 2.690 ± 1.278% 
of dark astrocytes, p = 0.2802) (Fig. 6G–H). Overall, there 
were no significant differences in the density and ratio 
of dark astrocytes interacting vs non-interacting with a 
blood vessel between aged APP-PS1 and age-matched 
C57BL/6J mice, indicating that the distribution of these 
cells at the vasculature and throughout the parenchyma 
is shared between aging and AD pathology. Moreover, 
we also observed dark astrocytes in 3- to 4-month-old 
C57BL/6J mice within the same region, the ventral hip-
pocampus CA1 stratum lacunosum-moleculare (Fig. 7D). 
While the abundance of these dark astrocytes remains 
to be quantified over time to determine whether they 
become more abundant during aging, our results sug-
gest that these cells are not exclusive to aging while their 
appearance is not driven by AD pathology.

Dark astrocytes in the strata lacunosum‑moleculare 
and radiatum of 3‑ to 4‑month‑old C57BL/6J 
and 20‑month‑old APP‑PS1 male mice exhibit 
similar ultrastructural features as typical astrocytes 
while displaying distinct characteristics
We next performed an ultrastructural characterization 
of the dark astrocytes among the ventral hippocampus 
CA1 strata lacunosum-moleculare and radiatum. We 
examined the ultrastructural features of dark and typical 
astrocytes in young (3- to 4-month-old) C57BL/6J male 
mice and aged (20-month-old) APP-PS1 mice (Fig.  7). 
This qualitative analysis revealed numerous similarities 
between the two astrocytic states, which also displayed 
distinct characteristics, in homeostatic and pathological 
conditions. Typical astrocytes possessed angular pro-
cesses [24, 74, 118], often interacting with synaptic ele-
ments, and where a dark interface could be observed 
between two astrocytic end-feet (electron-dense due 
to being filled with gap junctions) [119–122] (Fig.  7A, 
B). We observed similar features in the dark astrocytes 
associated with blood vessels and other parenchymal 
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elements, both for locations near and far from Aß 
plaques/dystrophic neurites. Indeed, dark astrocytes dis-
played the same angular processes, which often inserted 
themselves between pre- and post-synaptic elements 
of the same synapse (Fig.  7C, D). In addition, we found 
the same electron-dense interface between the end-feet 
of two dark perivascular astrocytes, together with a high 

accumulation of glycogen granules dispersed throughout 
their cytoplasm (Fig. 7C, D). Dark astrocytes, similar to 
dark microglia, were further characterized by their elec-
tron-dense cytoplasm and nucleoplasm, alongside a par-
tial to total loss of their chromatin pattern, both in 3- to 
4-month-old C57BL/6J (Fig. 7C) and 20-month-old APP-
PS1 mice (Fig. 7D).

Fig. 3  Parenchymal interactions of typical astrocytes and shape descriptors in the stratum lacunosum-moleculare. Representative 5 nm per pixel 
of resolution scanning electron microscopy images acquired in the ventral hippocampus CA1 stratum lacunosum-moleculare of 20-month-old 
C57BL/6J male mice (A) and APP-PS1 male mice far (B) and near (C) Aß plaques/dystrophic neurites. Quantitative graphs represent the number of 
direct contacts with dendritic spines (D) per genotype (APP-PS1 vs C57BL/6J), and contacts with dendritic spines (E) and with synaptic elements 
(F) when spatially separating astrocytes between locations near vs far Aß plaques/dystrophic neurites. Quantitative graphs represent the shape 
descriptors of the astrocytic cell bodies, including G cytoplasmic area, H nucleus area, I cytoplasmic perimeter, and J nucleus perimeter. Data are 
shown as individual dots and are expressed as means ± S.E.M. *p < 0.05, **p < 0.01, using a non-parametric Mann–Whitney test for the comparison 
of dendritic spines in D, and a Kruskal–Wallis test with a Dunn’s post hoc for all other graphs shown. Statistical tests were performed on n = 8–12 
astrocytes per animal in N = 3 mice/group, for a total of 102 cell bodies analyzed. red outline = plasma membrane, yellow outline = nuclear 
membrane, blue pseudo-coloring = axon terminals, orange pseudo-coloring = dendritic spines
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In the parenchyma of aged APP-PS1 mice, dark astro-
cytes, much like their typical counterparts, were seen 
interacting extensively with axon terminals, dystrophic 
neurites, and dendritic spines (Fig.  7E–G). These dark 
cells were also seen internalizing dystrophic neurites, a 
feature that was previously observed in typical astrocytes 
near Aß plaques/dystrophic neurites in 6- and 12-month-
old APP-PS1 mice [53]. In addition, several phagosomes, 
mostly containing axon terminals and dendritic spines, 
were observed within the dark astrocytic cytoplasm, 
alongside tertiary lysosomes and lipid bodies (Fig.  7E–
G). In our imaging, we captured a single dark astrocyte 
associated with a blood vessel in the stratum lacunosum-
moleculare of an aged APP-PS1 mouse at multiple levels, 
with each image acquired at a distance of 5–6 µm (Addi-
tional file  1: Fig. S1). We identified several phagosomes 
in the dark astrocytic cytoplasm, most of which were 

dendritic spines and axon terminals, a feature we previ-
ously observed in the dark astrocytes found within the 
parenchyma. Extensive interactions between the dark 
astrocyte and synaptic elements were observed in the 
serial images, a feature attributed in part to their thin 
and angular processes extending among the parenchyma. 
Like all dark astrocytes imaged, the presence of glycogen 
granules was observed throughout the images taken of 
this particular dark astrocytic cell.

Dark astrocytes were further characterized by their 
markers of cellular stress. Notably, they contained altered 
mitochondria with swollen cristae that were identified 
ultrastructurally by an electron-lucent enlargement, 
mitochondria with a degraded outer membrane, as well 
as dilated ER and Golgi apparatus cisternae (Fig. 7E–G). 
The increased electron density within microglial cells was 
previously hypothesized to be due to the condensation of 

Fig. 4  Intracellular contents of typical astrocytes in the stratum lacunosum-moleculare. Representative 5 nm per pixel of resolution scanning 
electron microscopy images acquired in the ventral hippocampus CA1 stratum lacunosum-moleculare of 20-month-old C57BL/6J male mice 
(A) and APP-PS1 male mice far (B) and near (C) Aß plaques/dystrophic neurites. Quantitative graphs representing the number of phagosomes 
D per genotype (APP-PS1 vs C57BL/6J) and E per proximity to Aß plaques/dystrophic neurites. The number of fully digested phagosomes per 
astrocytic cell body based on the proximity to Aß plaques/dystrophic neurites is shown in F. Quantitative graphs represent the number of cells 
positive for glycogen granules per genotype (G) and per proximity to Aß plaques/dystrophic neurites (H). Data are shown as individual dots and 
are expressed as mean ± S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <  0.0001 using a non-parametric Mann–Whitney test for the comparison 
of phagosomes (D) and glycogen granules (H), and a Kruskal–Wallis test with a Dunn’s post hoc for all other graphs shown. Statistical tests were 
performed on n = 8–12 astrocytes per animal in N = 3 mice/group, for a total of 102 cell bodies analyzed. Red outline = plasma membrane, yellow 
outline = nuclear membrane, red arrow = glycogen granules, yellow pseudo-coloring = fully digested phagosomes
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Table 3  Absolute ultrastructural analysis of typical astrocytes near vs far from Aß plaques/dystrophic neurites in aged APP-PS1 mice 
compared to age-matched C57BL/6 mice in the stratum lacunosum-moleculare of the ventral hippocampus CA1

C57BL/6J APP-PS1

Control 
Mean ± SEM
(Min–Max)

Far AD 
Mean ± SEM
(Min–Max)

Near AD 
Mean ± SEM
(Min–Max)

Primary lysosomes (n) 0.6316 ± 0.1432
(0.000–3.000)

0.6061 ± 0.1737
(0.000–4.000)

0.5484 ± 0.1379
(0.000–3.000)

Secondary lysosomes (n) 1.211 ± 0.2776
(0.000–7.000)

0.6364 ± 0.1837
(0.000–4.000)

0.8065 ± 0.2384
(0.000–6.000)

Tertiary lysosomes (n) 0.4737 ± 0.1398
(0.000–4.000)

0.6061 ± 0.1737
(0.000–3.000)

0.6774 ± 0.2194
(0.000–4.000)

All lysosomes (n) 2.316 ± 0.3580
(0.000–9.000)

1.848 ± 0.3202
(0.000–6.000)

2.032 ± 0.3724
(0.000–9.000)

Lipid bodies (n) 2.184 ± 0.4663
(0.000–11.00)

2.909 ± 0.7049
(0.000–14.00)

3.839 ± 0.9860
(0.000–22.00)

Altered mitochondria (n) 0.8947 ± 0.1545
(0.000–3.000)

0.6061 ± 0.1625
(0.000–4.000)

1.065 ± 0.2172
(0.000–4.000)

Elongated mitochondria (n) 2.579 ± 0.4869
(0.000–17.00)

1.939 ± 0.2818
(0.000–6.000)

3.129 ± 0.6077
(0.000–13.00)

All mitochondria (n) * 13.39 ± 1.095
(1.000–40.00)

12.79 ± 1.004
(2.000–26.00) 

19.55 ± 2.270
(1.000–57.00)

Partially digested phagosomes (n) 2.526 ± 0.3533
(0.000–10.00)

2.909 ± 0.4091
(0.000 ± 8.000)

4.484 ± 0.7212
(0.000–17.000)

Fully digested phagosomes (n)*** 2.842 ± 0.3781
(0.000–9.000)

3.061 ± 0.4766
(0.000–10.00)

6.258 ± 1.017 &&!!
(0.000–27.00)

All phagosomes (n)** 5.368 ± 0.6191
(0.000–19.00)

5.970 ± 0.7010
(1.000–15.00)

10.74 ± 1.573 &&!
(1.000–44.00)

Association with myelinated axons (n) 1.763 ± 0.4953
(0.000–14.00)

1.576 ± 0.4013
(0.000–9.000)

1.258 ± 0.4121
(0.000–10.00)

Axon terminals (n) 9.579 ± 0.8614
(2.000–31.00)

8.727 ± 1.026
(1.000–31.00)

12.26 ± 1.392
(2.000–33.00)

Dendritic spines (n) * 1.342 ± 0.2394
(0.000–6.000)

1.848 ± 0.2579
(0.000–6.000)

2.581 ± 0.4219 &
(0.000–10.00)

All synaptic contacts (n)* 14.50 ± 1.245
(4.000–46.00)

13.45 ± 1.261
(3.000–38.00)

19.35 ± 2.071!
(4.000–51.00)

Dilated ER (n) 2.368 ± 0.4967
(0.000–16.00)

1.303 ± 0.2769
(0.000–7.000)

3.129 ± 0.9120
(0.000–20.00)

Non-dilated ER (n) 16.82 ± 1.976
(2.000–73.00)

12.30 ± 1.253
(4.000–29.00)

18.06 ± 2.313
(2.000–48.00)

Dilated Golgi apparatus (n)* 1.000 ± 0.2444
(0.000–8.000)

0.2727 ± 0.007873
(0.000–1.000)

0.7097 ± 0.1552
(0.000–3.000)

Non-dilated Golgi apparatus (n) 2.184 ± 0.4265
(0.000–13.00)

1.636 ± 0.2254 #
(0.000–4.000)

2.968 ± 0.4436
(0.000–9.000)

Autophagosomes (n) 0.2105 ± 0.09359
(0.000–3.000)

0.5758 ± 0.1742
(0.000–4.000)

0.2903 ± 0.09497
(0.000–2.000)

Cell area (µm2)** 42.53 ± 2.774
(20.19–120.0)

36.66 ± 2.803
(14.73 ± 73.60)

56.15 ± 4.641!!!
(16.77–130.2)

Cytoplasmic area (µm2) ** 20.32 ± 2.584
(8.028–106.5)

18.02 ± 1.731
(5.983–51.94)

29.91 ± 3.601 !!
(5.633–89.16)

Nucleus area (µm2)* 22.21 ± 1.290
(10.12–41.16)

18.64 ± 1.822
(4.045–46.22)

26.23 ± 2.486!
(4.264–61.13)

Cell perimeter (µm)** 49.50 ± 2.905
(24.79–130.6)

42.30 ± 2.750
(21.78–83.58)

62.73 ± 6.112!!
(22.71–184.5)

Nucleus perimeter (µm)** 21.35 ± 0.6547
(13.53–28.32)

17.72 ± 0.9569
(7.461–30.47)

23.07 ± 1.685
(7.796–44.02)

AR (a.u.) 2.270 ± 0.1555
(1.051–5.068)

2.217 ± 0.1752 #
(1.087–5.509)

2.295 ± 0.1771!
(1.204–5.750)
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their cytoplasm related to cellular stress [123]. In addi-
tion, Tòth et  al. hypothesized that the electron density 
begins at a specific point in the dark astrocytes where 
it propagates thereafter throughout the cell [65]. Our 
observations could support this idea as we found that 
some astrocytic compartments in direct contact with an 
Aß plaque and containing fibrillar Aß possessed a more 
electron-dense appearance (Fig.  8A, B). Therefore, this 
data could support the view that the electron density of 
dark astrocytes starts at a specific point which could then 
spread to the rest of the cell.

Intriguingly, we often identified dark astrocytes next to 
a blood vessel interacting with other dark astrocytic cell 
bodies (Fig.  7C), typical astrocytic bodies (Fig.  7A), in 
addition to microglial cell bodies (Fig. 9A). While it is still 

unknown why dark astrocytes often come in close con-
tact with microglial and astrocytic cell bodies, occupying 
satellite positions, typical astrocytes are known to inter-
act with juxtavascular microglia [95, 124], in addition 
to contacting neighboring astrocytes notably through 
their complex and branched processes [119]. Overall, 
we examined the dark astrocytic state for the first time 
in adulthood, as well as in aged AD pathology, and found 
that it is characterized by the presence of glycogen gran-
ules, several markers of cellular stress, increased phago-
cytic capabilities (e.g., abundance of mature lysosomes 
and numerous phagosomes), a unique electron-dense 
cytoplasm and nucleoplasm, and a partial to total loss of 
the nuclear chromatin pattern.

n number, a.u. arbitrary unit, ER endoplasmic reticulum, and p-values of statistically significant tests are highlighted with various symbols (!, #, &)

Data reported are shown as number per cell and expressed as means ± SEM in addition to the minimum and maximum value obtained

*p < 0.05, **p < 0.01, ***p < 0.001 using a Kruskal–Wallis test with a Dunn’s multiple comparisons post hoc test. * p value summary, ! Near vs Far AD, & Far AD vs 
C57BL/6J, # Far AD vs C57BL/6J. Statistical tests were performed on n = 8–12 astrocytes per animal in N = 3 mice/group, for a total of 102 cell bodies analyzed

Table 3  (continued)

C57BL/6J APP-PS1

Control 
Mean ± SEM
(Min–Max)

Far AD 
Mean ± SEM
(Min–Max)

Near AD 
Mean ± SEM
(Min–Max)

Circularity (a.u.) 0.2468 ± 0.01565
(0.08800–0.4980)

0.2940 ± 0.02280
(0.1090–0.6330)

0.2483–0.02722
(0.04800–0.5960)

Solidity (a.u.) 0.6741 ± 0.02028
(0.3550–0.8990)

0.7146 ± 0.02278
(0.4140–0.8980)

0.6930 ± 0.02512
(0.4070–0.9560)

Table 4  Relative ultrastructural analysis of typical astrocytes near vs far from Aß plaques/dystrophic neurites in aged APP-PS1 mice 
compared to age-matched C57BL/6 mice in the stratum lacunosum-moleculare of the ventral hippocampus CA1

% percent, a.u. arbitrary unit, ER endoplasmic reticulum, p-values of statistically significant tests are highlighted with various symbols (!, &) with * indicating p value 
summary

Data reported are shown as % of cells positive for at least one of the elements analyzed for each category and expressed as means ± SEM

****p < 0.0001 using a Kruskal–Wallis test with Dunn’s multiple comparisons post hoc test. *p value summary, ! Near vs Far AD, & Far AD vs C57BL/6J. Statistical tests 
were performed on n = 8–12 astrocytes per animal in N = 3 mice/group, for a total of 102 cell bodies analyzed

C57BL/6J APP-PS1

Control
Mean ± SEM

Far AD
Mean ± SEM

Near AD
Mean ± SEM

Primary lysosomes (%) 39.47 ± 8.036 33.33 ± 8.333 41.94 ± 9.009

Secondary lysosomes (%) 50.00 ± 8.220 36.36 ± 8.504 45.16 ± 9.086

Tertiary lysosomes (%) 31.58 ± 7.642 30.30 ± 8.124 29.03 ± 8.287

Lipid bodies (%) 55.26 ± 8.174 51.52 ± 8.835 61.29 ± 8.893

Altered mitochondria (%) 55.26 ± 8.174 42.42 ± 8.737 61.29 ± 8.893

Elongated mitochondria (%) 84.21 ± 5.995 81.82 ± 6.818 77.42 ± 7.634

Glycogen granules (%) **** 7.895 ± 4.433 12.12 ± 5.770 64.52 ± 8.736 &&&& !!!!

Dilated ER (%) 71.05 ± 7.456 63.64 ± 8.504 80.65 ± 7.213

Nuclear indentation (%) 13.16 ± 5.557 3.030 ± 3.030 19.35 ± 7.213
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Fig. 5  Immunostaining for GFAP in typical and dark astrocytes of the stratum lacunosum-moleculare. Representative 5 nm per pixel and 1 nm 
per pixel of resolution scanning electron microscopy images showing a typical (A) and dark astrocyte (B, C) immunostained with glial fibrillary 
acidic protein (GFAP) in the ventral hippocampus CA1 stratum lacunosum-moleculare of 20-month-old APP-PS1 male mice. In A a typical astrocyte, 
denoted by its electron-lucent cyto- and nucleoplasm, is immunopositive for GFAP. In B an electron-dense dark astrocyte with hyper-ramifications 
and several tertiary lysosomes is immunostained for GFAP. In C a close-up of the dark astrocyte where the GFAP staining is indicated with an 
orange arrow. Yellow outline = nuclear membrane, purple outline = dark astrocytic cytoplasm, red outline = typical astrocytic cytoplasm, orange 
arrow = GFAP immunostaining in dark astrocyte, pink pseudo-coloring = dystrophic neurites, purple pseudo-coloring = amyloid beta plaques, 
3rd = tertiary lysosomes

(See figure on next page.)
Fig. 6  Density of dark and typical astrocytes in the stratum lacunosum-moleculare. Representative 25 nm per pixel (A) and 5 nm per pixel (B, 
C) of resolution scanning electron microscopy images of dark astrocytes associated with blood vessels (B) and with the parenchyma (C) from 
a 20-month-old APP-PS1 male mouse. Quantitative graphs represent the astrocytic density defined ultrastructurally (e.g., via their intermediate 
filaments, angular processes) and their electron-dense ultrastructure (dark) or electron-lucent (typical) appearance (D) in 20-month-old C57BL/6J 
vs APP-PS1 male mice. Typical and dark astrocytes in these mice were further categorized based on their association (E) or lack of association (F) 
with blood vessels in the plane of view. The ratio of dark astrocytic cells associated with a blood vessel and overall astrocytes (typical and dark) 
associated with the vasculature is represented (G), while the ratio of all dark astrocytes not associated with blood vessels over all astrocytes not 
associated with blood vessels (typical and dark) is provided (H). Data are shown as individual dots and are expressed as mean ± S.E.M using a Welsh 
test. Statistical tests were performed on n = 4 mice/group (2–6 levels per animal). Green pseudo-coloring = dark astrocyte associated with blood 
vessels, purple pseudo-coloring = dark astrocyte not associated with blood vessels

Dark astrocytes are observed in the hippocampal head 
of an aged human post‑mortem brain sample
Previous studies revealed in the human post-mortem 
brain following brain injury and brain tumors the pres-
ence of a dark astrocytic state [61–64], much like the 
cells described in the spinal cord cultures of embry-
onic mice [67] and rat models of electroshock [66], 
kainic and pentylenetetrazole injection, as well as 
brain injury [65]. As we observed dark astrocytes in 
3- to 4-month-old and 20-month-old C57BL/6J mice 
and APP-PS1 mice, we further investigated their con-
servation across species by examining an aged human 
post-mortem brain sample (female, 81 years old, post-
mortem delay 18 h) in the hippocampal head, a region 
shown to have significant age-related atrophy [98, 100, 
101]. Similar to what we uncovered in the mouse brain, 
we denoted the presence of dark astrocytes that pos-
sessed an electron-dense cytoplasm and nucleoplasm 
in this sample. To the best of our knowledge, this is the 

first case report that identifies and characterizes this 
dark astrocytic state among the human hippocam-
pal head in the context of aging. The dark astrocytic 
cell bodies were seen contacting axon terminals, and 
their processes were interacting with numerous syn-
apses (both axon terminals and dendritic spines at the 
same excitatory synapse). Much like typical astrocytes 
(Fig.  10A), the dark astrocytic cell bodies (Fig.  10B) 
and their processes (Fig.  10C) also possessed angular 
protuberances contacting the parenchymal elements 
and the vasculature. In addition, human dark astro-
cytes contained several altered mitochondria and 
dilated ER cisternae, ultrastructural markers of cel-
lular stress which were also previously identified in 
non-dark astrocytes from human post-mortem pari-
etal cortex samples of patients with AD [125] and in 
dark astrocytes from human post-mortem samples of 
brain injury and brain tumors [61–63]. Moreover, in 
the human dark astrocytes we have examined, several 
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Fig. 6  (See legend on previous page.)
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Fig. 7  Ultrastructural characterization of dark and typical astrocytes. Representative 5 nm per pixel of resolution scanning electron microscopy 
images of dark and typical astrocytes acquired in the ventral hippocampus CA1 stratum lacunosum-moleculare of 3- to 4-month-old C57BL/6J male 
mice (A and C) and stratum lacunosum-moleculare of aged APP-PS1 20-month-old male mice (B–G). In A′, red arrows identify the electron-dense 
interface between two typical astrocytic elements filled with gap junctions. In A″, black arrow identifies intermediate filaments. In B′, a typical 
astrocyte makes direct contact with dendritic spines and axon terminals. An angular protuberance is identified with a yellow arrow. In B″, the 
red arrows identify the electron-dense interface. In C′, the electron-dense interface between two dark astrocytic elements is highlighted with 
a red arrow. In C″, direct contact of dark astrocytes with a dendritic spine is shown with a blue arrow, comparable to the interaction of synaptic 
elements and typical astrocytes in B″. In D′, the electron-dense interface between two dark astrocytic end-feet is shown with the red arrows. In 
D″, glycogen granules identified by white arrows, as well as several contacts with dendritic spines and axon terminals. In E and F, G typical and 
dark astrocytes, respectively, are located near amyloid beta plaques and dystrophic neurites. Dilated Golgi apparatus cisternae identified by a blue 
arrow are observed. Several lysosomes identified with an asterisk and internalized dystrophic neurites and dendritic spines are shown. Yellow 
outline = nuclear membrane, purple outline = dark astrocytic cytoplasm, red outline = typical astrocytic cytoplasm, green outline = basement 
membrane, red arrow = interface between two astrocytic elements, black arrow = intermediate filaments, white arrow = glycogen granules, blue 
arrow = dilated Golgi apparatus, yellow arrow = angular processes, white asterisk = lysosomes, orange pseudo-coloring = dendritic spines, pink 
pseudo-coloring = dystrophic neurites, blue pseudo-coloring = axon terminals, purple pseudo-coloring = amyloid beta plaques
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fully digested phagosomes were identified inside the 
cell body and processes.

Discussion
Astrocytes which are notably involved in impaired glu-
tamine synthesis, but beneficial for their ability to clear 
and degrade Aß, and phagocytose dystrophic neurites, 
were shown to be key players in AD pathology [38, 45, 
46, 53, 55, 104, 126, 127]. While investigations of astro-
cytes in the pathogenesis of AD have gained traction in 

the last decade, few studies investigated their ultrastruc-
ture and to the best of the authors’ knowledge, this is the 
first quantification of astrocytic intracellular contents 
and parenchymal interactions by electron microscopy in 
an aged mouse model of AD pathology. As aging is the 
most predominant risk factor to developing AD [1], it is 
crucial to further explore the astrocytic ultrastructure in 
this context. In addition, as previous studies identified 
morphological and molecular heterogeneity of astrocytes 
based on their proximity to Aß plaques and dystrophic 

Fig. 8  Dark astrocytes are associated with AD hallmarks. Representative 5 nm per pixel of resolution scanning electron microscopy images of a 
dark astrocyte (A, B) in the ventral CA1 hippocampus stratum lacunosum-moleculare of 20-month-old APP-PS1 male mice. In A and B the  astrocyte 
is directly interacting with an Aß plaque where a specific segment (shown in B with a green bar) is becoming electron-dense compared to the 
rest of the cell. Yellow outline = nuclear membrane, purple outline = dark astrocytic cytoplasm, red outline = typical astrocytic cytoplasm, pink 
pseudo-coloring = dystrophic neurites, purple pseudo-coloring = amyloid beta plaques, green bar = electron-dense area

Fig. 9  Blood vessel-associated dark astrocyte in the stratum lacunosum-moleculare. Representative 5 nm per pixel of resolution scanning electron 
microscopy images of dark astrocytes acquired in the ventral hippocampus CA1 stratum lacunosum-moleculare of 20-month-old APP-PS1 male 
mice. In A–A″, a dark astrocyte associated with the vasculature (pseudo-colored in red) is directly interacting with a typical microglial cell body. 
The red arrows in A″ further indicate the close interaction between the two glial cells. Dark blue outline = dark astrocytic cytoplasm, light blue 
outline = microglial cytoplasm, yellow = nuclear membrane, red pseudo-coloring = blood vessel, red arrow = direct interaction between a 
microglial cell body and a dark astrocyte
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neurites [104–106], it is also important to take into 
account their location to AD hallmarks.

In the current study, we first performed an in situ ultra-
structural investigation of typical astrocytes, notably 
based on their distance to Aß plaques/dystrophic neur-
ites, in the ventral hippocampus CA1 strata lacunosum-
moleculare and radiatum of 20-month-old APP-PS1 
and age-matched C57BL/6J male mice. In a previous 
study, Sanchez-Mico et al. observed a decrease in phago-
lysosomal digestion of dystrophic neurites by astrocytes 
near Aß plaques in the hippocampus of 12-month-old 
APP751sl mice, which was suggested to result from a 
reduced astrocytic expression of proteins associated with 
phagocytosis (Megf10, MerTK) [128]. In our aged mouse 
model of AD pathology, in the stratum radiatum, typi-
cal astrocytes contained more mature tertiary lysosomes 
but fewer primary lysosomes far from Aß plaques, indi-
cating a shift in maturation of their lysosomal pathway. 
Yet, while the lysosomes shifted from an immature to a 
mature appearance, the numbers of fully and partially 
digested phagosomes within the astrocytic cytoplasm 
were relatively unchanged between groups.

Interestingly, typical astrocytes in the APP-PS1 pos-
sessed far more lipid bodies, a feature previously shown 
to protect neurons against neurotoxicity [129–132]. 
Indeed, several studies have demonstrated that neurons 

accumulate unstable lipotoxic elements in the presence 
of elevated levels of reactive oxygen species (ROS) and 
altered mitochondria, which are then shuttled to nearby 
glial cells. This was notably shown in primary mixed glial 
cells from the olfactory bulb of Apoe−/− male mice, a 
model used to investigate the function of APOE, followed 
by an injection of rotenone to increase ROS levels, and 
in primary astrocytic cultures from ApoE knockout (KO) 
mice [129, 132]. In inflammatory conditions such as the 
chronic exposition to noradrenaline or hypoxic stress, 
primary astrocytic cultures from the neocortex of rats as 
well as organotypic brain slices from 2- to 4-month-old 
rats also presented a similar accumulation of lipid drop-
lets, which was suggested to be associated with the pro-
tection of neurons from lipotoxicity [133].

We also found that typical astrocytes located in the 
stratum radiatum of APP-PS1 mice vs C57BL/6J mice 
interacted more with dendritic spines and axon termi-
nals. Similarly, typical astrocytes near Aß plaques/dys-
trophic neurites in the stratum lacunosum-moleculare 
of aged APP-PS1 mice vs C57BL/6J mice contacted more 
synaptic elements, specifically dendritic spines. In AD 
pathology, astrocytes were previously reported to nega-
tively influence synaptic numbers, notably via mecha-
nisms that include complement-mediated phagocytosis 
of synaptic elements [134]. In 6-month-old 5XFAD mice 

Fig. 10  Typical and dark astrocytes in human post-mortem brain samples. Representative 5 nm per pixel of resolution scanning electron 
microscopy images of a typical (in A) and dark astrocytes (B, C) in the hippocampal head of an aged female (81-year-old, cause of death—
asphyxia, post-mortem delay of 18 h). In A, a typical astrocyte interacts with several axon terminals (pseudo-colored in orange) and myelinated 
axons (pseudo-colored in yellow). The astrocyte possesses several fully digested phagosomes (pseudo-colored in pink) and altered mitochondria 
(pseudo-colored in blue). In B a dark astrocyte with several angular processes is making direct contacts with axon terminals (pseudo-colored 
in orange) and displaying several signs of cellular stress such as altered mitochondria (pseudo-colored in blue) and dilated endoplasmic 
reticulum (pseudo-colored in purple). In C a dark astrocytic process interacts with axon terminals (pseudo-colored in orange) and dendritic 
spine (pseudo-colored in green). The dark process contains several fully digested phagosomes (pseudo-colored in pink), altered mitochondria 
(pseudo-colored in blue), and healthy mitochondria (pseudo-colored in red). Yellow outline = nuclear membrane, green outline = typical astrocytic 
cytoplasm, purple outline = dark astrocytic cytoplasm, yellow pseudo-coloring = myelinated axons, orange pseudo-coloring = axon terminals, 
green pseudo-coloring = dendritic spines, blue pseudo-coloring = altered mitochondria, red pseudo-coloring = non-altered mitochondria, pink 
pseudo-coloring = fully digested phagosomes, purple pseudo-coloring = dilated endoplasmic reticulum
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which were exposed to contextual fear conditioning, 
astrocytes in the dentate gyrus showed a reduced colocal-
ization between PSD95, a marker of post-synaptic den-
sity, and GFAP [135], which labels a subset of astrocytes, 
including ‘reactive’ ones [136, 137]. Synaptic loss near Aß 
plaques was also reduced in 7- to 13-month-old PS2APP 
mice, a model of AD pathology, crossed with mice KO for 
complement 3 (C3) [138], a molecule largely expressed 
by astrocytes [139]. Similarly, in the hippocampus of 
16-month-old APP-PS1 C3 KO mice, levels of synaptic 
proteins (synapsin-1, synaptophysin, GluR1, PSD95 and 
Homer1) and pre- and post-synaptic puncta density (in 
the CA3 specifically, measured using staining for VGlut2 
and GluR1, respectively) increased compared to APP-PS1 
mice [140], highlighting the astrocytic impact on synap-
tic loss in AD pathology. As we observed an increase in 
phagosomes within astrocytes near Aß and dystrophic 
neurites in the stratum lacunosum-moleculare, it is a 
possibility that these astrocytes interact more with syn-
aptic elements to phagocytose them. Future studies will 
be required to confirm this hypothesis, as well as investi-
gate the impact of aging on astrocytic phagocytosis over 
the course of AD pathology. Another possible explana-
tion for the increase in astrocyte–synapse interactions 
that we measured in the stratum lacunosum-moleculare 
of APP-PS1 mice could be the increase in the cytoplas-
mic perimeter of astrocytes near Aß plaques/dystrophic 
neurites compared to the ones far from these hallmarks, 
a morphological difference that was previously reported 
in the hippocampus of 6- compared to 18-month-old 
TgF344-AD rats as well as in the dentate gyrus and CA1 
of 18-month-old 3xTg mice, both models of AD pathol-
ogy [105, 106]. Indeed, morphological atrophy (observed 
far from Aß plaques) vs hypertrophy (in proximity to Aß 
plaques) was denoted in various brain regions (e.g., hip-
pocampus, cerebral cortex) [104–106]. Future studies will 
be required, however, to determine the functional impli-
cations of these morphological changes.

Another interesting feature of typical astrocytes that 
we found near Aß plaques/dystrophic neurites is their 
accumulation of glycogen granules. Preferentially located 
in the astrocytic processes nearby synapses [110], glyco-
gen granules were shown to be involved in learning and 
memory processes in 3-month-old C57Bl/6N male mice 
injected in the hippocampus with 1,4-dideoxy-1,4-imino-
d-arabinitol, a glycogen phosphorylase inhibitor which 
blocks glycogenolysis [107, 108]. Both in humans and 
primates, glycogen accumulation was seen following rep-
erfusion in ischemic stroke, where it was associated with 
a dysfunctional glycogenolytic pathway, the latter being 
responsible for the breaking down of glycogen [141]. This 
increase in glycogen granules was previously associated 

with the presence of intracellular Aß in astrocytes from 
post-mortem brain samples of AD patients [142]. This is 
in line with our observations which identified a high pres-
ence of glycogen granules specifically near fibrillar Aß 
plaques and dystrophic neurites. Astrocytic lactate was 
shown to be reduced in 6- to 7-month-old female 3xTg 
mice compared to age-matched controls and was associ-
ated with synaptic deficits [143]. A decrease in astrocytic 
TCA metabolites coupled with functional neuronal excit-
atory signaling alterations was also previously noted in 
slices from the hippocampus CA1 of 2- and 4-month-old 
5xFAD male mice [144]. Therefore, investigating the gly-
colytic metabolism disturbances in astrocytes could help 
better understand their impact on the synaptic dysfunc-
tion observed across AD pathology.

The concept of glial heterogeneity, notably in neuro-
pathological conditions such as AD, has gained momen-
tum in recent years [55, 56, 145–156, 156–162]. An 
exponential number of studies using single-cell/nucleus 
RNA sequencing which aimed to identify unique molec-
ular signatures of glial cells have come out, all pointing 
toward various clusters of glial cells up- and down-reg-
ulating specific gene signatures. Similar techniques were 
applied to elucidate the transcriptomic heterogeneity of 
astrocytes in AD pathology, both in mouse models and 
human post-mortem brain samples, notably identifying 
the disease-associated astrocytes in mouse models of 
AD pathology and the reactive astrocytic state in human 
post-mortem brain samples of patients with AD [55, 56, 
159]. These studies have investigated the heterogeneity in 
astrocytic transcriptomic signatures, leaving an impor-
tant gap in knowledge pertaining to their ultrastructural 
heterogeneity in AD pathology.

In our in  situ investigation of astrocytic heterogene-
ity, we have identified a unique astrocytic state, the dark 
astrocytes, combining astrocytic identification criteria 
with similar ultrastructural features as the dark micro-
glia previously identified in middle-aged and aged APP-
PS1 male mice [59, 70]. Dark astrocytes were previously 
observed in rat models of electroshock [66], compres-
sive and concussive head injury, pentylenetetrazole or 
kainic acid treatment [65], and spinal cord culture from 
embryonic mice [67]. Interestingly, unlike the findings 
of Gallyas et  al. [66] and Tóth et  al. [65] which did not 
observe dark astrocytes in control animals, we observed 
these electron-dense cells in young and aged C57BL/6J 
mice (3–4 and 20-month-old) as well as in aged APP-PS1 
mice (20-month-old). However, future studies are war-
ranted to quantify these cells over time and determine 
whether they become more abundant with aging and 
pathology. Interestingly, these cells have been observed 
in conditions associated with (neuro)inflammation, 
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such as in AD pathology, as well as following kainic acid 
intraperitoneal injections and brain injury [65]. In-depth 
investigation analyzing the effect of the brain’s microen-
vironment on the appearance of dark astrocytes will be 
important to perform. Much like the previous observa-
tions of dark astrocytes in rodents [65–67] as well as dark 
microglia, a microglial state associated with an electron-
dense cytoplasm and nucleoplasm [59, 60, 81, 163], we 
observed several signs of oxidative stress such as altered 
mitochondria, dilated ER and Golgi apparatus, in dark 
astrocytes.

Dark astrocytes were shown to internalize dystrophic 
neurites, highlighting a potential role for these cells in 
the pathogenesis of AD. This feature was also identified 
in typical astrocytes from 6- and 12-month-old APP-
PS1 mice [53], alongside several pre- and post-synaptic 
elements and fibrillar Aß. A full quantification of their 
intracellular content will help determine if these cells 
phagocytose more or less of these elements compared 
to their typical counterparts. Indeed, Sanchez-Mico 
et al. demonstrated that Aß impaired the ability of astro-
cytes to phagocytose dystrophic synapses in the hip-
pocampus of 12-month-old APP751sl mice, a model of 
AD pathology [128]. It remains to be determined if dark 
astrocytes’ ability to phagocytose dystrophic neurites is 
also impaired in aged APP-PS1 mice and if this dysfunc-
tional ability is conserved in human post-mortem brain 
samples.

We further observed the presence of dark astrocytes in 
the hippocampal head of an aged individual, similar to 
dark astrocytes in the cerebral cortex of male and female 
post-mortem samples of brain injury and brain tumors 
[61–63], as well as in brain samples of male and female 
patients with hemangioblastoma [64]. These dark astro-
cytes, much like the ones uncovered in mice, possessed 
signs of cellular stress (altered mitochondria and dilated 
ER). This conservation, of both the electron-dense state 
and the oxidative stress markers, across species, denotes 
similarities between mice and humans: uncovering the 
mechanism behind the appearance of the dark astrocytes 
and their function would be key to better understand the 
diverse, contextually dependent astrocytic response to 
aging and AD pathology.

Conclusion
We investigated in  situ using nanoscale-resolution SEM 
the ultrastructural alterations in cellular contents and 
parenchymal interactions of typical astrocytes in aged 
APP-PS1 and age-matched C57BL/6J male mice. In 
both examined layers of the hippocampus, we observed 
increased interactions with synaptic elements along with 
increased signs of phagolysosomal activity, identify-
ing astrocytic changes linked to AD pathology and their 

proximity to Aß plaques. Moreover, this ultrastructural 
study examining astrocytic heterogeneity in aging and 
AD pathology further characterized a unique astrocytic 
state, the dark astrocytes, in mice and human post-
mortem brain samples. The dark astrocytes displayed 
markers of cellular stress (e.g., dilated ER and Golgi appa-
ratus), internalized dystrophic neurites (in aged APP-PS1 
mice), accumulated glycogen granules within their cyto-
plasm, and were often located near the vasculature. In 
addition, we confirmed the conservation of this state in 
aged human post-mortem brain samples, more specifi-
cally among the hippocampal head, highlighting key sim-
ilarities between species. In short, this study underlines 
novel ultrastructural alterations of astrocytes in the hip-
pocampus of aged AD pathology, while identifying a dark 
astrocytic state both in mice and humans.
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