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Abstract
The brain presents various structural and functional sex differences, for which multiple factors are attributed: 
genetic, epigenetic, metabolic, and hormonal. While biological sex is determined by both sex chromosomes and 
sex hormones, little is known about how these two factors interact to establish this dimorphism. Sex differences in 
the brain also affect its resident immune cells, microglia, which actively survey the brain parenchyma and interact 
with sex hormones throughout life. However, microglial differences in density and distribution, morphology and 
ultrastructural patterns in physiological conditions during adulthood are largely unknown. Here, we investigated 
these aforementioned properties of microglia using the Four Core Genotypes (FCG) model, which allows for an 
independent assessment of gonadal hormones and sex chromosomal effects in four conditions: FCG XX and Tg 
XY− (both ovaries); Tg XXSry and Tg XYSry (both testes). We also compared the FCG results with XX and XY wild-type 
(WT) mice. In adult mice, we focused our investigation on the ventral hippocampus across different layers: CA1 
stratum radiatum (Rad) and CA1 stratum lacunosum-moleculare (LMol), as well as the dentate gyrus polymorphic 
layer (PoDG). Double immunostaining for Iba1 and TMEM119 revealed that microglial density is influenced by 
both sex chromosomes and sex hormones. We show in the Rad and LMol that microglia are denser in FCG XX 
compared to Tg XYSry mice, however, microglia were densest in WT XX mice. In the PoDG, ovarian animals had 
increased microglial density compared to testes animals. Additionally, microglial morphology was modulated by 
a complex interaction between hormones and chromosomes, affecting both their cellular soma and arborization 
across the hippocampal layers. Moreover, ultrastructural analysis showed that microglia in WT animals make overall 
more contacts with pre- and post-synaptic elements than in FCG animals. Lastly, microglial markers of cellular 
stress, including mitochondrion elongation, and dilation of the endoplasmic reticulum and Golgi apparatus, were 
mostly chromosomally driven. Overall, we characterized different aspects of microglial properties during normal 
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Introduction
The brain exhibits clear structural and functional differ-
ences based on sex [1–3]. It is widely acknowledged that 
various factors, such as genetics, epigenetics, and hor-
monal influences, contribute to these sex differences [4]. 
In addition, a large number of central nervous system 
(CNS)-related diseases exhibit sexual dimorphism. How-
ever, little is known about the factors that shape these 
differences and how to address them in developing novel 
treatments [5–7].

Biological sex is determined by sex chromosomes and 
sex hormones [8, 9]. This process is led by genes located 
on the sex chromosomes and the release of sex hor-
mones, especially androgens and estrogens, coming pri-
marily from the gonads and exerting effects on the body, 
brain, and behavior [10–13]. Sex differences also extend 
to individual cells within the brain parenchyma, includ-
ing microglia [3, 14, 15].

Microglia, which are the resident innate immune cells 
of the CNS, are highly affected by sex hormones [14, 16–
20]. These cells are essential for brain development and 
play a crucial role in preserving the health of the CNS, 
maintaining its homeostatic balance when challenged by 
infectious or inflammatory cues [21, 22]. Microglia pro-
mote and assist with various processes within the CNS, 
closely interacting with neurons, other glial cells, the 
neurovascular unit and the extracellular matrix. These 
cells not only regulate axonal myelination, but also con-
tribute to synaptic pruning, vasculature repair, and 
clearance of debris and toxic substances, among other 
important physiological roles [23–28].

Originating from the embryonic yolk sac, microglia 
migrate and colonize the brain during early develop-
ment, around embryonic day (E)9.5 in mice. This pre-
cedes a hormonal surge in the brain, with androgens and 
estrogens peaking at around E17.5–18 [29–34]. Notably, 
microglia can express receptors for ovarian hormones 
such as estradiol, and for testicular hormones like testos-
terone [35–37]. Dysregulation of microglial functions is 
associated with several health concerns that often show 
sex prevalences, not only affecting Alzheimer’s disease, 
which shows more prevalence among females, and Par-
kinson’s disease, more male-prevalent, but also including 
various other neurodevelopmental, neuropsychiatric and 
neurodegenerative disorders [38–43]. As microglia are 
important immune sentinels during life, it is important 
to study sex differences in their properties during normal 

physiological conditions to provide insights into their 
possible alterations in disease.

During normal physiological conditions, it has been 
shown that adult male mice tend to exhibit denser 
microglia in the hippocampus, cortex, and amygdala, 
whereas female rats typically display longer and more 
extensively branched microglial processes in the pre-
frontal cortex around adolescence, indicating possible 
differences in microglial surveillance between sexes, 
brain regions and time points [44–46]. Additionally, 
gene expression of microglia differs between males and 
females [44, 45]. In adult mice, bulk-RNA sequencing 
from the hippocampus of purified Cd11b-positive (+) 
microglia showed that males had higher levels of genes 
associated with regulation of the defense response to 
bacteria, insulin receptor pathway, glial differentiation, 
and ATP binding. In contrast, females had higher differ-
ently expressed genes that were associated with GABA 
and glutamate receptor activity, ubiquitin protein activ-
ity, and magnesium ion transport [44]. Nevertheless, 
the precise mechanisms underlying these differences in 
microglial density and morphology between sexes remain 
unclear, particularly the influence of sex hormones and 
chromosomal factors, and whether there is a singular 
determinant or a combination of factors driving these 
differences. Overall, limited research has been conducted 
examining microglial sex differences during normal 
physiological conditions, specifically addressing possible 
variations in their density, distribution, morphology, and 
ultrastructure across sexes during adulthood. This evalu-
ation could aid the establishment of a baseline, in terms 
of various microglial properties (e.g.,  density, distribu-
tion, morphology, ultrastructure), which can become 
altered in disease or with exposure to various challenges 
(e.g., stress, diet, infection) across life.

To investigate closely the roles of sex chromosomes 
and gonadal hormones in driving differences in microg-
lial properties between sexes during normal physiologi-
cal conditions, we used the Four Core Genotypes (FCG) 
mouse model, which allows for an independent assess-
ment of gonadal hormones and sex chromosomal effects 
[47–49]. While the sex determining region Y (Sry) gene is 
required for male testes formation, in this mouse model, 
this gene is excised from the Y chromosome and inserted 
into an autosome, creating four sex chromosome-gonad 
combinations: XX with ovaries (FCG XX), XY with ova-
ries (Transgenic (Tg) XY−), XX with testes (Tg XXSry), or 
XY with testes (Tg XYSry) [48]. As microglia are highly 

physiological conditions that were found to be shaped by sex chromosomes and sex hormones, shading more 
light onto how sex differences affect the brain immunity at steady-state.
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affected by hormonal and transcriptional changes, female 
and male wild-type mice (WT XX and WT XY) were also 
used for validation [10, 13, 18, 44, 50].

We focused our investigation on different hippocampal 
strata: cornu ammonis  (CA)1 stratum radiatum (Rad) 
and CA1 stratum lacunosum-moleculare (LMol), as well 
as the dentate gyrus polymorphic layer (PoDG), which 
are some of the well-established sexually dimorphic 
regions, in which microglia display sex-specific differ-
ences in various properties [51–53]. The hippocampus is 
an important brain region involved in the consolidation 
and storage of long-term memories, cognition and emo-
tional processing [54, 55]. This area is also rich in estra-
diol receptors where neurons locally synthesize estrogen 
and testosterone during adulthood, particularly the pyra-
midal neurons of the CA1 and the granule cells of the DG 
[51–53]. Few other studies have shown sex-specific dif-
ferences in microglia between regions and layers of the 
hippocampus [16, 56–58], with previous research typi-
cally examining the CA1 and/or DG as a whole consider-
ing their roles in learning and memory [44, 59] or looking 
at other brain regions important for emotional/fear pro-
cessing and sexual behavior, such as the amygdala or the 
preoptic area (POA) [18, 60, 61].

Hence, we hypothesized that both sex hormones and 
sex chromosomes would play a major role in modifying 
microglial density, distribution, morphology and ultra-
structure during physiological conditions. We aimed 
to deliver thorough qualitative analyses of microglial 
properties in the FCG model, using WT as a baseline to 
validate the model’s robustness and reliability, and pro-
vide useful information for future studies across other 
conditions.

By analysing the ventral hippocampus CA1 Rad, CA1 
LMol and the PoDG, we demonstrate, in adult mice, 
that microglial density, distribution and morphology are 
strongly influenced by both sex hormones and chromo-
somes. In the Rad and LMol we observed an interaction 
between sex hormones and chromosomes, whereas in 
the PoDG, the effects were predominantly driven by sex 
hormones. Additionally, we found that microglial ultra-
structure – particularly markers of cellular stress, such 
as mitochondrial elongation and dystrophy, endoplasmic 
reticulum (ER) and Golgi apparatus dilation, and extra-
cellular digestion – was primarily influenced by chromo-
somal factors.

Methods
Animals
All studies and procedures were approved by the Uni-
versité Laval (2021-830 and 2023-1372) and the Univer-
sity of Victoria (AUP 2020-013) animal care committees, 
strictly following the recommendations from the Cana-
dian Council on Animal Care.

The FCG mice were generated at Université Laval using 
B6.Cg-Tg(Sry)2Ei Srydl1Rlb/ArnoJ mice purchased from 
The Jackson Laboratory (Stock#010905; RRID:IMSR_
Jax:010905). The FCG mice harbor two mutations. The 
first one is Y− (dl1Rlb allele), an 11 kb deletion of the tes-
tes determining region gene (Sry) on the Y chromosome 
[48]. Mice carrying the Y− allele possess a Y chromosome, 
however, as the Sry was deleted, they undergo develop-
ment as gonadal females, exhibiting ovaries rather than 
testes [62]. The second mutation involves the inser-
tion of the Tg(Sry)2Ei transgene (a clone of the deleted 
Sry), onto an autosome – specifically on chromosome 
3, wherein this sequence does not disrupt any identified 
genes [47]. The combined mutations transfer the testes 
determination from the Y chromosome to an autosome, 
so that the determination of testes development occurs 
independently from the complement of X or Y chromo-
somes [48, 63]. Breeding these mice with WT C57BL/6J 
XX females produce the FCG. In this study, we utilized: 
FCG XX females that possess neither mutant allele and 
develop ovaries (but were generated through the breed-
ing of the Tg(Sry)2Ei transgene); Tg XYSry – chromosom-
ally and hormonally male mice expressing the Sry allele; 
Tg XXSry – originally XX mice but expressing the Sry 
allele, thus developing as gonadal males with testes; Tg 
XY− – originally XY mice, but lacking the Sry gene, thus 
developing ovaries; lastly, as a control, we used C57BL/6J 
female and male WT mice (WT XX and WT XY). Mice 
at the Université Laval and at the University of Victoria 
were housed under a 12-hour light – dark cycle with both 
light onsets at 7 a.m. and ad libitum access to food and 
water.

Intracardiac perfusion and fixation
For each genotype, four to five adult mice – obtained 
from three different litters and five generations of breed-
ing – at postnatal day (P)110 were anesthetized with a 
mix of ketamine (100  mg/kg)/xylazine (10  mg/kg) and 
intracardially perfused – infusion pump speed of 24 mL/
min for 10  min. The blood was flushed using ice-cold 
phosphate-buffered saline (PBS; 50 mM, pH 7.4), fol-
lowed by 4% paraformaldehyde/0.6% glutaraldehyde 
between 8 a.m. and 10 a.m. After skull removal, brains 
were post-fixed with 4% paraformaldehyde for 2 h at 4 °C, 
and subsequently, PBS washes were performed. Coronal 
brain sections at a 50-µm thickness were cut in ice-cold 
PBS using a vibratome (VT1200S, Leica Biosystems) and 
stored at -20 °C in cryoprotectant (30% (v/v) glycerol and 
30% (v/v) ethylene glycol in PBS) until further processing.

Immunofluorescent staining and imaging
Immunofluorescence staining against ionized calcium-
binding adapter molecule 1 (Iba1) and transmembrane 
protein 119 (TMEM119), common markers for microglial 
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visualization, was performed as previously described 
[64]. While Iba1, a cytoplasmatic protein responsible for 
cytoskeletal reorganization, is also expressed by periph-
eral macrophages; TMEM119 is an important regulator 
of the Wnt/β-catenin pathway, being, so far, selectively 
expressed by yolk sac-derived cells in the adult CNS dur-
ing normal physiological conditions [65–67].

Sections containing the ventral portion of the hip-
pocampus (VH; Bregma − 2.79  mm to -3.63  mm) were 
selected based on the stereotaxic atlas of Paxinos and 
Franklin [68]. For each condition, five brain sections 
from each of four or five mice per group were processed. 
For fluorescent microscopy, sections were washed with 
fresh PBS and quenched with sodium citrate buffer (10 
mM with 0.5% Tween 80, pH 6.0) at 70 °C. After cool-
ing down, sections were washed with PBS and incu-
bated with freshly made 1% NaBH4 for 30 min. After PBS 
washing, the sections were incubated with 0.3% H2O2 
for 30  min. A blocking solution containing 10% normal 
donkey serum, 0.5% fish gelatin and 0.01% Triton X-100 
was applied to the sections for 60 min at room tempera-
ture (RT). Sections were then incubated with a cocktail 
of primary antibodies: mouse anti-Iba1 antibody (1:150 
in blocking buffer, cat# MABN92, Sigma-Aldrich) and 
rabbit anti-TMEM119 (1:300, in blocking buffer, cat# 
ab209064, Abcam) at 4 °C overnight. After the overnight 
incubation period, the sections were rinsed with 0.01% 
Triton X-100 in PBS (PBS[T]) before incubating with a 
cocktail of secondary fluorescent antibodies: donkey anti-
mouse Alexa Fluor® 555-conjugated (1:300 in blocking 
buffer, cat# A-31570, Invitrogen) and donkey anti-rabbit 
Alexa Fluor® 647-conjugated (1:300 in blocking buffer, 
cat# A-31573, Invitrogen) for 90 min at RT. Finally, after 
PBS[T] rinse, sections were counter-stained with DAPI 
(4′,6-diamidino-2-phenylindole; 1:20000, Thermo-scien-
tific) and mounted onto glass slides, followed by cover-
slipping with Fluoromount-G, an anti-fading mounting 
medium (cat# 00-4958-02, Invitrogen).

Immunofluorescent images of the VH CA1 Rad and 
LMol and of the PoDG were acquired from all the pro-
cessed sections. For microglial cellular density and distri-
bution analysis, imaging at 20× was performed with an 
Axio Imager M2 epifluorescence microscope equipped 
with an AxioCamMR3 camera (Zeiss, Oberkochen, 
Germany). For microglial morphology analysis, a Zeiss 
LSM-880 confocal microscope (Zeiss, Oberkochen, Ger-
many) was used to acquire z-stacks with a 63× objective 
(numerical aperture of 1.4) in Airyscan mode. An interval 
of 0.19  μm was used between images within each stack 
(~ 50 slices), while focus stacking was performed using 
the Zen 3.1 software (Blue edition, Zeiss).

Immunoperoxidase staining and electron microscopy
For scanning electron microscopy (SEM) imaging and 
ultrastructural analyses, brain sections were immunos-
tained against Iba1. Sections containing the VH (Bregma 
− 2.79 mm to -3.63 mm) were selected based on the ste-
reotaxic atlas of Paxinos and Franklin [68]. For each 
condition, two to three brain sections from each of four 
mice per group were processed. First, the sections were 
washed with fresh PBS and quenched with 0.3% H2O2 
for 5  min at RT. After a quick wash with PBS, the sec-
tions were incubated with NaBH4 0.1% for 30  min to 
reduce aldehydes from the perfusion. The sections were 
next immersed in a blocking solution containing 10% 
fetal bovine serum, 3% bovine serum albumin and 0.01% 
Triton X-100 in Tris-buffered saline (TBS: 0.05  M, pH 
8.0) for 60 min at RT. Shortly after, they were incubated 
in primary antibody, rabbit anti-Iba1 (1:1000 in block-
ing buffer, cat# 019-19741, FUJIFILM Wako Chemical) at 
4  °C overnight. The following day, after acclimating, the 
antibody was washed out followed by the goat anti-rabbit 
secondary biotinylated polyclonal antibody incubation 
(1:300, in TBS, cat# 111-066-046, Jackson ImmunoRe-
search) at RT for 2 h. Lastly, the sections were incubated 
with avidin-biotin complex solution (1:1000 in TBS; cat# 
PK-6100, Vector Laboratories) for 60  min at RT. Stain-
ing was revealed in Tris buffer (TB: 0.05  M, pH 8.0) 
containing 0.05% diaminobenzidine (DAB; cat# D5905-
50TAB, Merck KGaA Darmstadt) and 0.015% hydrogen 
peroxide. Following the immunostaining, the sections 
were incubated in osmium-thiocarbohydrazide-osmium. 
They underwent a sequential treatment: incubation in a 
mixture of 3% ferrocyanide (cat# PFC232.250, BioShop) 
diluted in double-distilled water (1:1) with 4% aqueous 
osmium tetroxide (cat#19170, Electron Microscopy Sci-
ences) for 60  min, followed by immersion in 1% thio-
carbohydrazide diluted in double-distilled water (cat# 
2231-57-4, Electron Microscopy Sciences) for 20  min, 
and then in 2% osmium tetroxide diluted in double-dis-
tilled water for 30  min. Subsequently, they underwent 
dehydration in progressively increasing concentrations of 
ethanol (35 – 100%), followed by three 5-minute propyl-
ene oxide washes. Following post-fixation, brain sections 
were immersed overnight in Durcupan ACM resin (cat# 
44611–44614, Merck KGaA Darmstadt). The next day, 
these sections were sandwiched between two fluoropoly-
mer sheets (ACLAR®; cat# 50425-25, Electron Micros-
copy Sciences), coated with a thin layer of resin, and left 
to polymerize at 55 °C for 72  h. The region of interest 
(ROI), only CA1 Rad, located in the VH, were excised 
from the flat-embedded sections on ACLAR® sheets and 
affixed to the tops of resin blocks. Ultrathin sections 
(~ 75 nm) were then produced using an ultramicrotome 
(Ultracut UC7 ultramicrotome, Leica Biosystems), col-
lected on a silicon nitride chip, and attached to specimen 
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mounts for SEM. A Crossbeam 540 field emission SEM 
with a Gemini column (Zeiss) was operated at a 1.4 kV 
voltage and 1.2 nA current. Finally, we randomly imaged 
at 5  nm of resolution a total of 10 to 12 microglial cell 
bodies (Iba1+ or negative (−)) per animal.

Density and morphology analyses
The images were blinded to the experimental groups and 
analysed using Fiji (NIH; v.1.53), as previously reported 
[56, 64]. For this analysis, five sections from each of five 
mice per group were used. The CA1 Rad, CA1 LMol and 
PoDG regions were initially outlined utilizing the Free-
hand selection tool, with reference to the Paxinos and 
Franklin stereotaxic atlas [68]. Subsequently, the area of 
the ROI was measured in pixels followed by its conver-
sion into mm2. The evaluation of microglial density and 
distribution was carried out on all the processed and 
imaged sections. In this analysis, Iba1+/TMEM119+ cells 
were identified as microglia, and the counts of microglial 
cells were performed manually. The microglial density 
value was determined as the total number of cells divided 
by the total area (in cells/mm2). The distribution of Iba1+/
TMEM119+ cells was determined by measuring the aver-
age distance of each positive cell to its closest neighbor. 
In particular, the nearest neighbor distance was obtained 
using the Nearest Neighbor Distance Plugin developed 
by Yuxiong Mao. Typically, the nearest neighbor distance 
is inversely correlated with density, making it a comple-
mentary measure to both density and the spacing index. 
Moreover, the spacing Index (measured in arbitrary units, 
a.u.) was determined by multiplying microglial density 
(cells/mm2) by the square average of the nearest neighbor 
distance for each ROI, and it reflects how evenly spaced 
the cells are, further complementing the density analysis. 
The same density and distribution analysis protocol was 
performed for the Iba1+/TMEM119− cells (identified as 
peripheral myeloid infiltrating macrophages/monocytes) 
and Iba1+/TMEM119+/ − cells (total microglia and infil-
trating macrophages/monocytes) [64, 69].

For the microglial morphology analyses, 15 Iba1+/
TMEM119+ cells/animal/condition were randomly 
imaged across at least three different brain sections per 
animal in each of the CA1 Rad, CA1 LMol and PoDG 
(totalizing 1,350 analysed cells). Imaging of the brain 
regions was performed with reference to the Paxinos and 
Franklin stereotaxic atlas [68] and subsequently blinded 
to the experimental groups before analyses. Manually, 
each cell soma and arborization were traced using the 
Freehand and Polygon tools in Fiji. Area (in µm2) and 
perimeter (in µm) as well as shape descriptors (e.g., cir-
cularity and solidity, in a.u.) were obtained. Specifically, 
the arbor circularity was calculated through 4π × (area/
perimeter2), where a value of 1.0 represents a perfect cir-
cle and a value of 0.0 corresponds to an elongated shape. 

Solidity was obtained by dividing the cell area by the 
convex cell area, with a value of 0.0 indicating a porous/
rugous shape and 1.0 a convex shape [16]. These param-
eters have been widely utilized and illustrated in previous 
research [70]. Our final sample size for both density and 
morphology analysis are reported in averaged values per 
animal/group.

Ultrastructural analyses
The microglial ultrastructural analyses was performed 
using QuPath (v.0.4.4) [71] on images blinded to both 
animal and group, following an adaptation from our pre-
vious work [56, 64]. For this analysis, two to three brain 
sections from each of four mice per group were used. In 
total, we analysed 271 microglia, with 10 to 12 cells per 
animal/group. Identification of microglial cell bodies 
relied on positive staining for Iba1 and/or their unique 
heterochromatin pattern and distinctive ultrastructural 
features, including smaller cell bodies and nuclei com-
pared to adjacent astrocytes and neurons, long stretches 
of ER, and, the presence of diverse inclusions (e.g., lyso-
somes) dispersed heterogeneously in their cytoplasm 
[72]. Quantification involved assessing microglial con-
tacts with other cell types (astrocytes and neuronal cell 
bodies), myelinated axons, blood vessels, and synaptic 
elements (pre-synaptic axon terminals and post-synaptic 
dendritic spines).

Neuronal cell bodies were distinguished by their pale 
cytoplasm and nuclei, with the presence of one or more 
electron-dense nucleoli as well as small patches of het-
erochromatin. They frequently made direct contacts with 
pre-synaptic axon terminals. Astrocytic cell bodies were 
identified by their pale nuclei with a thin rim of hetero-
chromatin and pale irregular cytoplasm [16, 28, 73]. Pre-
synaptic axon terminals were identified by their synaptic 
vesicles (with a minimum of five vesicles for recogni-
tion), while post-synaptic dendritic spines were in direct 
contact with a pre-synaptic axon terminal and displayed 
a visible post-synaptic density. Myelinated axons were 
identified by their electron-dense sheaths and granular 
cytoplasm, while extracellular space pockets were char-
acterized by clear spaces around microglial cell bod-
ies and/or processes without delineating membranes. 
Microglia are known to interact with dendrites and peri-
neuronal nets in the brain parenchyma, playing a role in 
synaptic modulation and extracellular matrix remodeling 
[23, 65]. These cells can also release lysosomal enzymes 
to degrade extracellular components, a process known as 
digestive exophagy [74, 75]. Hence, extracellular diges-
tion was identified by extracellular pockets containing 
debris directly adjacent to a microglial cell body [16, 28, 
73].

In microglial cell bodies, the health status or func-
tional state of the ER/Golgi apparatus, lysosomes, 
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mitochondria, and phagosomes were assessed. Cri-
teria included the identification of ER/Golgi dilation 
(when the cisternae had an electron-lucent appearance 
and the intracisternal distance was 100  nm or more), 
elongated mitochondria (when the length was above 
1000  nm) and dystrophic mitochondria (swollen mito-
chondria with abnormal cristae structure or vacuoles) 
[28, 38, 76]. Additionally, we identified primary, second-
ary and tertiary lysosomes [28, 57]. Primary lysosomes 
were recognized by their small size, with a round shape 
and single-membrane enclosure, dense and uniform “salt 
and pepper” texture. Secondary lysosomes were distin-
guished by their frequent endosomes, the presence of 
small lipid droplets, and uneven texture. Tertiary lyso-
somes were identified by their bigger size and associa-
tion with lipofuscin granules and lipid droplets [28, 57]. 
Immature lysosomes comprised both primary and sec-
ondary lysosomes. Phagosomes were identified by their 
single-membrane enclosure and discriminated between 
empty and with content states. The presence of content 
was defined as electron-dense material contained in the 
phagosome. Autophagosomes were identified by their 
double-membrane enclosure [28, 27, 57].

To analyse the nuclear and cytoplasmic area, perim-
eter, and shape of the microglial cell body, the outline of 
each microglial cytoplasmic and nuclear membrane was 
traced using the Freehand selection tool in ImageJ. Sub-
sequently, shape descriptors (area, perimeter, solidity, 
and circularity) were evaluated [77, 78].

The ultrastructure analysis involved absolute (e.g., the 
number of a specific feature per microglial cell body) and 
relative values (e.g., the percentage of microglial cell bod-
ies presenting a particular feature). Our final sample size 
is reported in absolute values per cell/group.

Statistical analyses
Statistical analyses were performed on GraphPad Prism 
software (Massachusetts, USA; v.10.3.1) and figures 
were created with BioRender.com. Data normality was 
assessed with a Shapiro-Wilk test. All microglial density 
and distribution, morphology and ultrastructure data 
were analysed using an ordinary two-way analysis of 
variance (ANOVA) to compare sex hormones (ovaries 
versus testes) and genotype (FCG XX versus FCG XY ver-
sus WT). Significant two-way ANOVA tests with a main 
effect of sex hormones or sex chromosomes or an inter-
action between them were reported. Hashtags (#) were 
used to represent results related to a main effect of sex 
chromosomes while ampersands (&) were used to rep-
resent results related to a main effect of sex hormones. 
In cases of sex chromosome versus sex hormone interac-
tion (only described in-text in the results section), Tukey 
post-hoc multiple comparisons test (*) was used to iden-
tify significant differences between relevant groups: FCG 

XX versus Tg XY−, Tg XYSryversus Tg XXSry, FCG XX 
versus Tg XXSry, Tg XYSryversus Tg XY−, FCG XX versus 
Tg XYSry, WT XX versus WT XY, WT XX versus FCG 
XX, WT XY versus Tg XYSry. Of note, some of the data 
sets were not normally distributed, but in the absence of 
a non-parametric version, we still conducted the ordi-
nary two-way ANOVA tests. No statistical outliers were 
removed, and no data transformations were performed.

Data is expressed as mean ± standard error of the mean 
(S.E.M.). Population (N) refers to the number of animals 
analysed (N = 5 for immunofluorescence, and N = 4 for 
SEM). Sample size (n) refers to the number of imaged 
cells for confocal microscopy throughout the hippocam-
pal layers per animal/condition (n = 15) or analysed cells 
for ultrastructural analysis (n = 10–12) to take into con-
sideration the heterogeneity between individual cells [56, 
57]. Levels of significance were set to: *p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001.

Results
Microglial density and distribution are chromosomally 
and hormonally affected in the hippocampus CA1 Rad and 
CA1 LMol and mostly hormonally influenced in the PoDG
To better understand possible microglial variations in 
density and distribution due to sex chromosomes and/
or sex hormones throughout the hippocampal CA1 Rad, 
CA1  LMol, and PoDG, we conducted immunofluores-
cent staining for Iba1, combined with TMEM119 and 
DAPI, in adulthood (P110) across the different geno-
types: FCG XX (ovaries), Tg XY− (ovaries), Tg XXSry 
(testes), Tg XYSry (testes), WT XX (ovaries), and WT XY 
(testes) (Fig. 1A–G’’).

We first analysed Iba1+/TMEM119+/− cell density to 
provide insights into microglial changes at the popu-
lation level. We observed a main significant chromo-
somal effect on total microglial density in both the Rad 
and LMol (Fig.  1I and J) (F(2, 24) = 7.157, **p = 0.0037 
and F(2, 24) = 7.788, **p = 0.0025, respectively). We also 
detected an interaction of chromosome versus hormone 
on microglial density in these two aforementioned hip-
pocampal layers (Rad: F(2, 24) = 6.213, **p = 0.0067 and 
LMol: F(2, 24) = 15.89, ****p < 0.0001). Additionally, in 
the Rad we found that microglia in FCG XX mice are 
less numerous than in WT XX mice (XX 95.8 ± 4.5 versus 
WT XX 190.7 ± 12.3, ***p = 0.0004) while microglia in Tg 
XYSry mice are denser than in FCG XX mice (Tg XYSry 
163.7 ± 6.3 versus XX 95.8 ± 4.5, *p = 0.0145). Similar 
results were obtained in the LMol, where FCG XX mice 
again displayed less numerous microglia than WT XX 
mice (FCG XX 141.6 ± 7.2 versus WT XX 259.6 ± 16.8, 
****p < 0.0001) and WT XX mice also had denser microg-
lial cells than WT XY mice (WT XX 259.6 ± 16.8 versus 
WT XY 173.9 ± 6.8, **p = 0.0024). In contrast, the PoDG 
(Fig.  1K) showed a strong main effect of hormone (F(1, 



Page 7 of 21Bobotis et al. Journal of Neuroinflammation           (2025) 22:18 

Fig. 1 Microglial density and distribution as well as peripheral cell infiltration are hormonally and chromosomally driven. Epifluorescence images of Iba1+ 
(in red) cells at 20x of magnification in the ventral hippocampus, illustrating the examined layers: CA1 stratum radiatum (Rad), CA1 stratum lacunosum-
moleculare (LMol) and dentate gyrus polymorphic layer (PoDG). Panels A–F show representative images from FCG XX, Tg XY−, Tg XXSry, Tg XYSry, WT XX, 
and WT XY genotypes, respectively. Panel G’ features a magnified area from panel E with zoomed-in TMEM119+/DAPI + cells (in yellow and blue). Panel 
G’’ highlights a magnified area from panel E, showing Iba1+/TMEM119+ colocalization (in red and yellow), along with a delineation of the hippocampal 
layers (Rad, LMol with a few blood vessels (BV) and PoDG). Panels I, J, and K display the total density of Iba1+/TMEM119+/− cells in the Rad, LMol and PoDG, 
respectively. Panels L, M, and N show the nearest neighbor distance results while panels O, P, and Q depict the spacing index findings. Panels R, S, and T 
represent the percentage of infiltration of Iba1+/TMEM119− cells. Main sex chromosomal effects are represented by hashtags (#) while main sex hormone 
effects are represented by ampersands (&). Data is expressed as mean ± S.E.M., with dots representing averaged values from a single mouse (n = 5 mice 
per group). Ordinary two-way ANOVA was used to assess the interaction between sex hormones (ovaries versus testes) and genotype (FCG XX versus FCG 
XY versus WT), followed by Tukey’s post-hoc tests for multiple comparisons in cases of significance. a.u.: arbitrary units *p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001. Scale (A–F and magnifications): 500 μm and 200 μm. Created in BioRender
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24) = 131.4, ****p < 0.0001) as well as an interaction 
between chromosome and hormone (F(2, 24) = 5.780, 
**p = 0.0089) on microglial density. Specifically, we found 
that microglia in FCG XX mice were denser than in Tg 
XXSry and Tg XYSry mice (FCG XX 358.7 ± 21.9 versus Tg 
XXSry 205.9 ± 18.6, **p = 0.0059 and Tg XYSry 175.6 ± 9.1, 
***p = 0.0008). Additionally, microglia in Tg XY− mice 
were denser than in Tg XYSry mice (Tg XY− 444.5 ± 29.5 
versus Tg XYSry 175.6 ± 9.1, **** p < 0.0001) and microg-
lia in WT XX mice were denser than in WT XY mice 
(WT XX 455.5 ± 23.5 versus WT XY 122.4 ± 6.9, **** 
p < 0.0001).

To examine microglial distribution across the hippo-
campal layers, the nearest neighbor distance (NND) was 
measured. The NND identifies and measures the dis-
tance between a microglial cell and its closest microg-
lia neighbor. In regions with higher cell density, the 
NND is typically reduced, as the cells are more closely 
packed together [64, 69]. In the Rad (Fig. 1L), we found 
main effects of both chromosomes (F(2, 24) = 13.67, 
***p = 0.0001 and hormones (F(1, 24) = 6.422, *p = 0.0182) 
on microglial NDD, with a significant interaction between 
them (F(2, 24) = 12.96, ***p = 0.0002). The WT XX mice, 
which presented the densest microglia of the groups, had 
a significant reduction of the NND, demonstrating closer 
cells than in FCG XX mice, where microglia were less 
dense and displayed a bigger distance among cells (FCG 
XX 66.8 ± 1.6 versus WT XX 47.8 ± 1.4, **** p < 0.0001; 
Tg XXSry 53.8 ± 1.1, ***p = 0.0006 and Tg XYSry 54.3 ± 1.1, 
***p = 0.0010). In the LMol (Fig.  1M), we found a main 
effect of chromosomes (F(2, 24) = 6.886, **p = 0.0043) and 
a significant sex chromosome versus hormone interaction 
(F(2, 24) = 9.607, ***p = 0.0009) on the NDD. While the 
WT XX mice presented the greatest microglial density, 
they also had a lower NND, indicating more packed cells, 
compared to the FCG XX and WT XY mice groups (WT 
XX 40.8 ± 1.8 versus FCG XX 53.9 ± 1.1, ***p = 0.0004 
and WT XY 50.1 ± 0.9, *p = 0.0164). Lastly, in the PoDG 
(Fig. 1N), we obtained a strong main hormone effect (F(1, 
24) = 123.5, ****p < 0.0001) with a sex chromosome versus 
hormone interaction (F (2, 24) = 5.131, *p = 0.0140) on 
the NDD. Hormonally female animals showed an overall 
greater microglial density than hormonally male animals, 
and consequently, they displayed a reduction of the NND. 
Specifically, FCG XX mice had a significant reduction of 
the NND compared to Tg XXSry and Tg XYSry mice (FCG 
XX 39.4 ± 1.1 versus Tg XXSry 52.5 ± 2.3, **p = 0.0092 and 
Tg XYSry 57.3 ± 1.7, ***p = 0.0003). Also, Tg XY− had a 
reduction of the NND compared to Tg XYSry mice (Tg 
XY− 32.1 ± 1.2 versus Tg XYSry 57.3 ± 1.7, ****p < 0.0001) 
and WT XX mice compared to WT XY mice (WT XX 
35.7 ± 1.2 versus WT XY 64.4 ± 2.4, ****p < 0.0001).

The spacing index (SI), which takes into consideration 
the density and the NND, was also compiled to reveal the 

spatial organization and distribution of microglia across 
the hippocampal layers. In the Rad (Fig.  1O), we found 
a main effect of both chromosome (F(2, 24) = 4.300, 
*p = 0.0254) and hormone (F(1, 24) = 7.316, *p = 0.0124) 
on the SI, similarly to what has been previously found for 
the NND in the same region. Microglia in the FCG XX 
genotype tended to have less uniform spacing than Tg 
XYSry mice (FCG XX 0.4 ± 0.0 versus Tg XYSry 0.5 ± 0.0, 
*p = 0.0352). In the LMol (Fig.  1P), we obtained a main 
hormone effect (F(1, 24) = 8.894, **p = 0.0065) on the SI, 
where overall, ovary animals tended to have less uniform 
spacing among cells than testes animals. Lastly, in the 
PoDG (Fig. 1Q), we identified a sex chromosome versus 
hormone interaction (F(2, 24) = 12.84, ***p = 0.0002) on 
microglial spacing, specifically in Tg XYSry mice, which 
displayed more evenly spaced cells than Tg XY− and 
WT XY mice (Tg XYSry 0.6 ± 0.0 versus Tg XY− 0.4 ± 0.0, 
**p = 0.0028 and WT XY 0.5 ± 0.0, *p = 0.0296).

Together, this data indicates that the microglial popu-
lation is distinctively organized among the hippocampal 
CA1 Rad, CA1  LMol and PoDG in a sex-specific man-
ner. Both sex chromosomes and sex hormones appear to 
influence microglial density and distribution in the Rad 
and LMol, whereas PoDG has stronger sex hormone 
effects. Classically, denser microglial populations might 
indicate a higher level of surveillance of the brain paren-
chyma, although this feature has also been reported to 
precede a reactive state [79]. It remains undetermined 
what are the implications during normal physiological 
conditions.

Peripheral myeloid cell infiltration is overall increased in 
the hippocampal CA1 LMol of ovary animals
While microglia are resident immune cells of the CNS 
coming from the embryonic yolk sac, peripheral myeloid 
cells from the bone marrow, such as monocytes and mac-
rophages, may infiltrate the brain through the vasculature 
and differentiate into microglia-like cells [80]. To account 
for this infiltration, we sought to assess the percentage 
of Iba1+/TMEM119− (classified as peripheral infiltrat-
ing cells) in the aforementioned hippocampal regions 
of the FCG and WT adult mice (P110). In the CA1 Rad 
and PoDG (Fig.  1R and T), infiltration was not statisti-
cally significant. In the CA1 LMol (Fig. 1S), in contrast, 
a main effect of hormone was found (F(1, 24) = 6.491, 
*p = 0.0177) and a chromosome versus hormone interac-
tion (F(2, 24) = 4.170, *p = 0.0279). Specifically, FCG XX 
mice had more infiltrated cells than WT XX, Tg XXSry 
and Tg XYSry mice (FCG XX 2.8 ± 0.6 versus WT XX 
0.4 ± 0.1, *p = 0.0270; Tg XXSry 0.3 ± 0.1, *p = 0.0218 and 
Tg XYSry 0.4 ± 0.1, *p = 0.0241). Peripheral monocytes 
and macrophages were recently shown to infiltrate the 
brain during normal physiological conditions, in the first 
postnatal weeks, but their roles in the healthy adult brain 
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have remained undetermined [66]. Similarly, sex differ-
ences are yet to be uncovered.

Microglial morphology is shaped by a complex interaction 
between sex hormones and chromosomes in the 
hippocampal CA1 Rad and CA1 LMol, and in the PoDG
Following our microglial density and distribution inves-
tigation, we delved into microglial complex morphology 
in the CA1 Rad, CA1 LMol and PoDG of the adult mice 
(P110). The immunofluorescent staining for Iba1, DAPI 
and TMEM119 was examined by confocal imaging across 
the following genotypes: FCG XX (ovaries), Tg XY− (ova-
ries), Tg XXSry (testes), Tg XYSry (testes), WT XX (ova-
ries) and WT XY (testes) mice (Fig.  2A–f ’’). Then, each 
microglial soma and arborization was manually analysed 
in Fiji, yielding automatic measurements for their shape: 
area, circularity, and solidity.

We first investigated the cellular soma of Iba1+/
TMEM119+ microglia, where changes in shape are asso-
ciated with the production of various mediators and dif-
ferent states [65]. An increase in soma area is commonly 
associated with reactive states of microglia, while a more 
circular soma typically reflects a surveillant state, and 
elongated somas suggest migration and changes in activ-
ity notably upon challenges [81]. Solidity is a measure of 
soma irregularity – higher solidity indicates a more con-
vex, filled structure, while lower solidity suggests greater 
irregularity or rugosity [16]. Soma elongation and irreg-
ularity (reduced solidity) may correlate with enhanced 
phagocytic activity and increased cytokine production, 
showing a shift towards a more reactive microglial state 
[81].

In the Rad (Fig.  2G), we observed both chromo-
somal (F(2, 24) = 12.37, ***p = 0.0002) and hormonal 
main effects on microglial soma area (F(1, 24) = 14.66, 
***p = 0.0008), with a significant interaction between 
them (F(2, 24) = 7.845, **p = 0.0024). Specifically, Tg XY− 
mice displayed a bigger soma area than Tg XYSry mice (Tg 
XY− 52.8 ± 1.4 versus Tg XYSry 44.0 ± 1.3, ***p = 0.0002). 
In addition, in the LMol (Fig.  2H), there was a main 
chromosomal effect (F(2, 24) = 10.20, ***p = 0.0006) and 
a sex chromosome versus hormone interaction (F(2, 
24) = 3.836, *p = 0.0358). Interestingly, WT XX mice 
showed the smallest microglial soma area (WT XX 
36.1 ± 0.9 versus FCG XX 44.0 ± 1.8, *p = 0.0213). In con-
trast, in the PoDG (Fig. 2I), all groups displayed similar 
microglial soma area.

Next, we computed the circularity and solidity of the 
cellular soma, as these metrics can provide insights into 
the activity level and morphological changes of microglia 
[65]. In the Rad and PoDG (Fig. 2J and L), we obtained 
strong sex hormone effects (respectively, F(1, 24) = 37.78, 
****p < 0.0001 and F(1, 24) = 36.92, ****p < 0.0001) in the 
circularity of the soma, where, overall, hormonally male 

animals had a more circular soma, and hormonally 
female animals a more elongated soma. Similarly in the 
LMol (Fig.  2K), for soma circularity, we found a strong 
hormone effect (F(1, 24) = 27.24, ****p < 0.0001) and 
lighter chromosomal effect for the soma circularity (F(2, 
24) = 6.898, **p = 0.0043), with an interaction between 
them (F(2, 24) = 4.379, *p = 0.0239), whereby overall tes-
tes animals tended to display more circular somas then 
ovary animals. More specifically, FCG XX showed a more 
elongated soma than WT XX and Tg XXSry (FCG XX 
0.7 ± 0.0 versus WT XX 0.8 ± 0.0, *p = 0.0142 and Tg XXSry 
0.8 ± 0.0, ***p = 0.0004).

In regard to microglial soma solidity, again, in the 
Rad and PoDG (Fig.  2M and O), we observed a strong 
main hormone effect (respectively, F(1, 24) = 39.60, 
****p < 0.0001 and F(1, 24) = 24.66, ****p < 0.0001), where 
animals with ovaries exhibited a more rugous soma, 
while animals with testes generally displayed a more 
convex soma. Similarly, in the LMol (Fig.  2N), we also 
found a main hormone effect for microglial soma solid-
ity (F(1, 24) = 17.24, ***p = 0.0004) with the addition of a 
chromosome effect (F(2, 24) = 5.396, *p = 0.0116) with 
a significant interaction (F(2, 24) = 3.677, *p = 0.0404). 
Specifically, FCG XX mice demonstrated a more rugous 
microglial soma shape than Tg XXSry mice, which dis-
played a more convex microglial soma morphology (FCG 
XX 0.9 ± 0.0 versus Tg XXSry 1.0 ± 0.0, **p = 0.0071).

Secondly, we investigated possible changes in the arbo-
rization of microglia, notably linked to their surveillance 
of the parenchyma and their other physiological roles 
[65, 82]. Typically, surveillant microglia portrait longer, 
circular and ramified branching – characterized by more 
circularity and reduced solidity. Reactive microglia often 
suffer a loss of ramification, becoming more amoeboid 
– hence portraying more solidity, as they fill more area 
in space. Elongated shapes, known as rod microglia, rep-
resent a state often seen in injuries/pathology, as well as 
during aging [81].

To begin with, the Rad (Fig.  2P) was the only region 
to exhibit a primary main chromosomal effect (F(2, 
24) = 4.832, *p = 0.0172) in microglial arborization area. 
Specifically, microglia had a significantly smaller arbori-
zation area in FCG XX mice than Tg XYSry mice (FCG XX 
1979.9 ± 94.7 versus Tg XYSry 2796.8 ± 92.9, *p = 0.0475). 
In turn, LMol (Fig.  2Q) demonstrated a main hormone 
effect (F(1, 24) = 4.418, *p = 0.0462) with ovary-carrier 
animals displaying an overall decrease in microglial arbo-
rization area compared to testes animals. In the PoDG 
(Fig. 2R), microglia had a similar arborization area across 
genotypes.

Next, microglial arborization circularity was found to 
present a sex chromosome by hormone interaction in 
all the examined hippocampal layers. In the Rad (F (2, 
24) = 7.847, **p = 0.0024) a stronger difference was found 
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between Tg XXSry and Tg XYSry mice (Fig.  2S), where 
the first presented a more circular morphology than 
the second (Tg XXSry 0.5 ± 0.0 versus Tg XYSry 0.4 ± 0.0, 
*p = 0.0406). In addition to presenting a sex chromo-
some versus hormone interaction (F (2, 24) = 11.26, 
***p = 0.0004), the LMol (Fig.  2T) also displayed a main 

hormone effect (F (1, 24) = 6.710, *p = 0.0160). Specifi-
cally, the Tg XYSry genotype presented microglia with 
a more elongated arborization than Tg XXSry and Tg 
XY− mice (Tg XYSry 0.4 ± 0.0 versus Tg XXSry 0.5 ± 0.0, 
*p = 0.0107, and Tg XY− 0.5 ± 0.0, *p = 0.0408). Addi-
tionally, microglia in WT XX mice had a significantly 

Fig. 2 Microglial morphology is affected by a complex interaction between sex hormones and sex chromosomes. Confocal images of Iba1+/DAPI+ (in 
red and blue; A–e’’) or TMEM119+/DAPI+ (in yellow and blue; F–f’’) cells at 63x of magnification from the CA1 stratum radiatum (Rad; A–F), CA1 stratum 
lacunosum-moleculare (LMol; a’–f’) and dentate gyrus polymorphic layer (PoDG; a’’–f’’). Genotypes (FCG XX, Tg XY−, Tg XXSry, Tg XYSry, WT XX and WT XY 
mice) are shown across the examined layers in A–a’’, B–b’’, C–c’’, D–d’’, E–e’’, F–f’’, respectively. Panels G, H, and I display the soma area; panels J, K, and L 
represent the soma circularity index and, panels M, N, and O present the cell soma solidity in the Rad, LMol and PoDG, respectively. Panels P, Q and R 
display the cellular arborization area; panels S, T and U show the cellular arborization circularity index and, panels V, W and X depict the arborization 
solidity results in the Rad, LMol and PoDG, respectively. Main sex chromosomal effects are represented by hashtags (#) while main sex hormone effects 
are represented by ampersands (&). Data is expressed as mean ± S.E.M., with dots representing averaged values from a single mouse (n = 15 cells in N = 5 
mice per group). Ordinary two-way ANOVA was used to assess the interaction between sex hormones (ovaries versus testes) and genotype (FCG XX versus 
FCG XY versus WT), followed by Tukey’s post-hoc test for multiple comparisons. a.u.: arbitrary units *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 
Scale (A–f’’): 10 μm. Created in BioRender
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more circular arborization than in WT XY mice (WT 
XX 0.5 ± 0.0 versus WT XY 0.4 ± 0.0, *p = 0.0136). In the 
PoDG (Fig. 2U), there was a sex chromosome versus hor-
mone interaction (F(2, 24) = 7.168, **p = 0.0036), where 
again the Tg XYSry genotype showed a more elongated 
microglial arborization shape, while the Tg XXSry geno-
type displayed an increase in circular morphology (Tg 
XYSry 0.4 ± 0.0 versus Tg XXSry 0.5 ± 0.0, *p = 0.0240, and 
XX 0.4 ± 0.1, *p = 0.0306).

We lastly assessed the arborization solidity, which 
revealed a significant sex chromosome versus hormone 
interaction in the Rad, LMol and PoDG (Fig. 2V, W and 
X, and respectively F(2, 24) = 3.492, *p = 0.0466; F(2, 
24) = 7.465, **p = 0.0030 and F(2, 24) = 7.166, **p = 0.0036). 
Of note, in the Rad and LMol, none of the relevant 
groups were pointed out by the post-hoc test. However, in 
the PoDG, FCG XX mice showed a decreased solidity in 
comparison to Tg XXSry mice (FCG XX 0.7 ± 0.0 Tg XXSry 
0.8 ± 0.0, *p = 0.0320).

Together, this data suggests that microglial morphol-
ogy is influenced by a complex interaction between sex 
hormones and chromosomes across the hippocampal 
CA1 Rad, CA1 LMol and PoDG. Cells portraying smaller 
cellular somas in addition to extensive and well-branched 
processes are usually linked to a surveillant state of 
microglia, whereas the shrinkage of processes and big-
ger somas are usually linked to reactive states [83–86]. It 
remains to be discovered what these features mean dur-
ing normal physiological conditions.

Microglial ultrastructural markers of cellular stress 
are primarily influenced by sex chromosomes in the 
hippocampus CA1 Rad
To investigate the hormonal and chromosomal effects 
on microglial ultrastructure, we conducted SEM in the 
CA1 Rad of adult mice (P110), where we observed strong 
main effects of sex chromosomes in mice from the dif-
ferent genotypes: FCG XX (ovaries), Tg XY− (ovaries), Tg 
XXSry (testes), Tg XYSry (testes), WT XX (ovaries), and 
WT XY (testes) (Fig.  3A–f ’). We examined microglial 
cell bodies, identifying them based on their Iba1 staining 
and/or classical ultrastructural microglial features.

Our analysis revealed that microglial cell bodies in WT 
mice make overall more contacts with pre- and post-syn-
aptic elements than in FCG mice. The number of microg-
lial contacts with pre-synaptic terminals (Fig. 3G) showed 
a strong main effect of chromosome (F(2, 266) = 7.893, 
***p = 0.0005). Specifically, the WT XY mice had almost 
double counts of microglial contacts with these elements 
than the Tg XYSry mice (WT XY 5.2 ± 0.4 versus Tg XYSry 
3.0 ± 0.3, ***p = 0.0008). However, microglial contacts 
with post-synaptic elements (Fig. 3H) seemed to rely on a 
main sex hormone effect (F(1, 266) = 6.397, **p = 0.0120), 
with a weak interaction between sex hormones and 

chromosomes (F(2, 266) = 3.246, *p = 0.0405). Interest-
ingly, microglia in the WT XY mice made more contacts 
with post-synaptic elements than the WT XX mice (WT 
XY 1.8 ± 0.2 versus WT XX 0.95 ± 0.1, *p = 0.0196).

Our analysis of microglial cell bodies further revealed 
that multiple ultrastructural markers of cellular stress 
are primarily influenced by sex chromosomes. When 
analysing the numbers of healthy ER/Golgi cister-
nae (Fig.  3I), we found a main chromosome effect (F(2, 
266) = 20.04, ****p < 0.0001) and a sex chromosome ver-
sus hormone interaction (F(2, 266) = 4.482, *p = 0.0122). 
Specifically, the Tg XY− mice had more microglial ER/
Golgi counts than FCG XX mice (Tg XY− 22.5 ± 2.3 ver-
sus FCG XX 12.3 ± 1.3, ***p = 0.0002). After measuring 
the intracisternal distance of these ER/Golgi (Fig.  3J; 
dilatation > 100 nm), we found that this feature was also 
primarily affected by sex chromosomes (F(2, 266) = 3.826, 
*p = 0.0230) and was especially higher in FCG XX mice 
than in WT XX mice (FCG XX 0.8 ± 0.2 versus WT XX 
0.1 ± 0.0, *p = 0.0166). Similarly, microglial extracellu-
lar digestion (Fig.  3K) was affected by hormones (F(1, 
264) = 4.420, *p = 0.0365), but mainly by chromosomes 
(F(2, 264) = 12.27, ****p < 0.0001). Interestingly, this 
feature was higher in the Tg XYSry genotype than the 
FCG XX and Tg XXSry groups (Tg XYSry 0.9 ± 0.1 versus 
FCG XX 0.3 ± 0.0, **p = 0.0039, and Tg XXSry 0.3 ± 0.1, 
*p = 0.0153).

The abundance of dystrophic mitochondria (Fig.  3L; 
presenting abnormal cristae structure or vacuoles) in 
microglial cell bodies also showed a main effect of chro-
mosomes (F(2, 266) = 3.087, *p = 0.0473) and sex hor-
mones (F(1, 266) = 6.911, **p = 0.0091), with microglia 
from testes animals having overall higher counts of 
this altered organelle. Similarly, differences in microg-
lial elongated mitochondria (Fig.  3M; elongation in 
length > 1000  nm) were mostly chromosomally driven 
(F(2, 266) = 3.060, *p = 0.0486). The abundance of microg-
lial immature lysosomes (Fig.  3N; both primary and 
secondary lysosomes) also presented only a main sex 
chromosome effect (F(2, 266) = 4.823, **p = 0.0088).

While microglial empty phagosomes (Fig.  3O) dis-
played a main hormone effect (F(1, 262) = 4.619, 
*p = 0.0325) with ovary animals having higher counts, 
filled phagosomes (Fig. 3P) showed a main chromosome 
effect (F(2, 266) = 4.690, **p = 0.0100). Lastly, microg-
lial tertiary lysosomes (Fig.  3Q) showed a sex chromo-
some versus hormone interaction (F(2, 266) = 4.844, 
**p = 0.0086), where interestingly, WT XX mice had more 
microglial tertiary lysosomes build up than WT XY mice 
(WT XY 0.1 ± 0.0 versus WT XX 0.6 ± 0.1, *p = 0.0125).

Together, the data show a sex chromosomal depen-
dency in order to shape markers of cellular stress in 
microglial cells. Increased contacts with pre- and post-
synaptic elements in the WT group might indicate 
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enhanced synapse plasticity and maintenance, as microg-
lia are known to constantly modulate synapses during 
normal physiological conditions [14, 24, 87].

Microglial ultrastructural nuclear and cytoplasmic 
membrane circularity as well as solidity are sex 
chromosomally affected in the hippocampus CA1 Rad
We lastly investigated microglial nuclear and cytoplasmic 
morphology at the ultrastructural level using SEM imag-
ing in the hippocampus CA1 Rad of adult mice (P110). 

All genotypes were analysed, but the differences were 
more pronounced between the Tg XYSry (testes) and WT 
XY (testes) mice (Fig. 4A and B).

Our analysis showed that microglial nuclear membrane 
circularity (Fig.  4C) is influenced by a main chromo-
some effect (F(2, 267) = 5.514, **p = 0.0045). Specifically, 
microglia in the Tg XYSry genotype had their nuclear 
membrane circularity reduced in comparison to WT 
XY mice (Tg XYSry 0.7 ± 0.0 versus WT XY 0.8 ± 0.0, 
*p = 0.0222).

Fig. 3 Microglial ultrastructural markers of cellular stress are mostly chromosomally driven. Scanning electron microscopy images of microglial cell bod-
ies featuring Iba1+ staining (A, B, C, and E) and non-stained microglial cell bodies (D and F) in the CA1 stratum radiatum (Rad). Genotypes (FCG XX, Tg 
XY−, Tg XXSry, Tg XYSry, WT XX, and WT XY mice) are shown in panels A–F, respectively. Panels b’ and b’’ show a magnified view of the areas in B (dilated 
endoplasmic reticulum (ER)/Golgi apparatus and an elongated mitochondrion). Panels d’ and d’’ show a magnified view of the areas in D (elongated and 
dystrophic mitochondrion, and pre- and post-synaptic elements). Panel e’ shows a magnified view of the area in E (healthy mitochondria). Panel f’ shows 
a magnified view of the area in F (extracellular digestion). Panels G and H represent the contacts with pre- and post-synaptic elements, respectively. Panel 
I displays the numbers of ER/Golgi while panel J displays dilated ER/Golgi (> 100 nm) numbers. Panel K presents the number of extracellular digestion 
events. Panel L shows the numbers of dystrophic mitochondria and panel M the numbers of elongated mitochondria (> 1000 nm). Panel N shows the 
numbers of immature lysosomes (primary and secondary lysosomes summed). Panel O depicts the numbers of empty phagosomes and panel P the 
numbers of filled phagosomes per cell. Lastly, panel Q represents the numbers of tertiary lysosomes. Purple outline = nuclear membrane; turquoise 
outline = cytoplasmic membrane; green asterisk = healthy mitochondria; blue asterisk = ER/Golgi; orange asterisk = dilated ER/Golgi; yellow aster-
isk = elongated mitochondria; red asterisk = dystrophic mitochondria; black arrowhead = filled phagosome; white arrowhead = empty phagosome; 
black arrow = extracellular digestion area; red arrow = contact with a myelinated axon; orange pseudo-coloring = contact with a pre-synaptic terminal; 
pink pseudo-coloring = contact with a post-synaptic element; SN = satellite neuron; BV = blood vessel; AE = astrocytic-endfeet; 1st = primary lysosome; 
2nd = secondary lysosome; 3rd = tertiary lysosome. Main sex chromosomal effects are represented by hashtags (#) while main sex hormone effects are 
represented by ampersands (&). Data is expressed as mean ± S.E.M., with dots representing absolute cell values (n = 10–12 cells in N = 4 mice per group). 
Ordinary two-way ANOVA was used to assess the interaction between sex hormones (ovaries versus testes) and genotype (FCG XX versus FCG XY versus 
WT), followed by Tukey’s post-hoc test for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. Scales (A–F and magnifications): 
3 μm and 1 μm. Created in BioRender
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Similarly, the cytoplasmic membrane circularity and 
solidity (Fig. 4D and E) were influenced by sex chromo-
somes (respectively, F(2, 267) = 9.183, ***p = 0.0001 and 
F(2, 267) = 6.182, **p = 0.0024). Interestingly, microglia in 
the Tg XYSry genotype had their cytoplasmic membrane 
circularity and solidity significantly reduced compared to 
WT XY mice (Circularity: Tg XYSry 0.5 ± 0.0 versus WT 
XY 0.6 ± 0.0, **p = 0.0018; Solidity: Tg XYSry 0.8 ± 0.0 ver-
sus WT XY 0.9 ± 0.0, *p = 0.0160). Our confocal analy-
sis above provided similar results in the Tg XYSry mice, 
where microglia presented a more elongated arborization 
in comparison to the Tg XXSry mice.

Discussion
Our study investigated the effects of sex hormones versus 
sex chromosomes on multiple microglial features dur-
ing normal physiological conditions. We used the FCG 
mouse model to assess the outcomes of sex hormones 
unrelated to sex chromosomes, and vice versa, in the 
ventral hippocampus CA1 Rad and CA1 LMol as well as 
in the PoDG. We began by analysing microglial density 
and distribution to gain insights into the population-
level characteristics of microglia, which revealed notable 
sex differences in previous studies [64]. Next, we exam-
ined microglial complexity, now focusing on individual 
cells, to understand the shape of the cellular soma and 

Fig. 4 Nuclear and cytoplasmic membrane circularity and solidity are sex chromosomally affected at the ultrastructural level. Scanning electron mi-
croscopy images of microglial cell bodies featuring positive Iba1 staining (A and B) in the CA1 stratum radiatum (Rad). Genotypes Tg XYSry and WT XY 
are shown in panels A and B, respectively. Panel C shows the nuclear circularity while panels D and E depict the cytoplasmic membrane circularity and 
solidity, respectively. Purple outline = nuclear membrane; turquoise outline = cytoplasmic membrane. Main sex chromosomal effects are represented 
by hashtags (#) while main sex hormone effects are represented by ampersands (&). Data is expressed as mean ± S.E.M., with dots representing absolute 
cell values (n = 10–12 cells in N = 4 mice per group). Ordinary two-way ANOVA was used to assess the interaction between sex hormones (ovaries versus 
testes) and genotype (FCG XX versus FCG XY versus WT), followed by Tukey’s post-hoc tests in cases of significance for multiple comparisons. *p < 0.05, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001. Scale: 3 μm. Created in BioRender
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arborization. This analysis provides insight into microg-
lial function across contexts of health and disease [57, 
84]. Traditionally, less branched microglia, with enlarged 
somas and higher circularity coupled with enhanced 
solidity are classified as reactive, while more highly rami-
fied, with smaller somas and reduced solidity are consid-
ered surveillant microglia [83–86]. However, microglia 
display a broad spectrum of morphologies, ranging from 
hyper-ramified forms in response to stress [88], to senes-
cent, dark and dystrophic phenotypes in stress, aging and 
disease [28, 77, 89, 90]. Finally, we explored microglia at a 
super-resolution level by examining their ultrastructure. 
This analysis not only highlights how microglia interact 
with other cells and elements in the brain parenchyma, 
such as pre- and post-synaptic elements, blood vessels, 
astrocytes and neurons, but also reveals the health or 
dystrophic state of their organelles, providing evidence of 
cellular stress for instance [38, 91].

It is important to note that sex determination and dif-
ferentiation are important processes for the brain, body 
and immunity. First, sex determination takes place dur-
ing fertilization, which is led by genes located on the sex 
chromosomes. These chromosome complements, XX in 
females (with one X inactivated) and XY in males, carry 
important genes for starting the sex-differentiation of the 
brain and body [10, 92]. Sex differentiation is guided by 
a network of genes and sex hormones (or sex steroids) – 
specifically, androgens and estrogens – exerting effects on 
the brain, body, and behavior [10, 13, 15, 93]. In fact, the 
X chromosome plays a crucial role in carrying important 
genes mediating immune function, which may partially 
explain the sexual dimorphism observed in the immune 
system [94, 95]. Notably, in Cx3cr1-NuTRAP (short of 
C-X3-C motif chemokine receptor 1-nuclear tagging 
and translating ribosome affinity purification) and WT 
mice, where hippocampal Cd11b+ microglia were sorted, 
most of the differently expressed genes (DEGs) between 
5–6-month-old male and female mice were found in the 
sex chromosomes [96]. The researcher found that these 
DEGs were primarily female-biased and were enriched 
in senescent and disease-associated microglial signa-
tures in aged mice (22–25-month-old). Upstream regula-
tors, such as inflammatory cytokines that include tumor 
necrosis factor (TNF), interleukin 1-beta (IL-1β) and 
interferon-gamma (IFNγ), were also found to be upregu-
lated in aged female mice [96]. In addition to the effects 
of sex chromosomes, sex hormones influence the brain 
and behavior throughout life and microglia are crucial 
during this process [97]. In newborn rat pups (P0–P1), 
males presented twice as many Iba1+ amoeboid-shaped 
microglia than females in the POA [18]. By administrat-
ing minocycline in the newborn pups, thus affecting 
microglia in early postnatal life, these sex differences 
previously reported were prevented [18]. In addition, the 

administration of estradiol postnatally (P0–P1) in female 
rats, showed that this hormone was able to promote a 
masculinization-like effect, increasing microglial counts 
to the levels found in males [18]. However, the modula-
tion of microglia with minocycline prevented this mas-
culinizing effect in the POA in estradiol-treated female 
mice. Later, in adulthood (P65), estradiol treatment in 
gonadectomized female rats could promote a male-like 
copulatory behavior. Moreover, an increase in the den-
dritic spines (by the detection of spinophilin protein) 
could also be rescued with estradiol treatment, albeit co-
treatment with minocycline could not [18]. This indicates 
that microglia are highly affected by both sex hormones 
and sex chromosomes, and are needed during develop-
ment and adulthood to shape neuronal circuits and mod-
ulate behavior.

In our first analysis of the hippocampal CA1 Rad and 
CA1 LMol, and of the PoDG, we observed that microglial 
density and distribution in adult mice were significantly 
influenced by both sex hormones and chromosomes. 
In fact, in the Rad and LMol, there was a clear interac-
tion between sex hormones and chromosomes, while in 
the PoDG, the effects were primarily driven by sex hor-
mones. In particular, we found an intriguing discrepancy 
in density between the WT XX and FCG XX mice. In 
contrast, microglia in the FCG XX genotype were less 
dense than in Tg XYSry mice, showing a sex difference 
in density. Correspondingly, FCG XX mice exhibited a 
higher NND, while WT XX microglia showed a reduc-
tion of their NND.

In the PoDG, mice with ovaries showed denser microg-
lial populations with overall closer cells compared to 
mice with testes. Overall, mice with ovaries had a less 
uniform microglial spacing than animals with testes. To 
our knowledge, we are the first ones to demonstrate this 
main hormonal effect on microglial density and distribu-
tion, particularly in the PoDG, while in the CA1 Rad and 
CA1 LMol there was an interaction between sex chromo-
somes and hormones. The DG is known to extensively 
express estrogen receptors alpha and beta (ERα and β). 
In the DG of adult male rats (P70), both ERα and β were 
colocalized with markers of proliferating cells (such as 
Ki-67 antigen) and differentiated newly formed neu-
rons (doublecortin; DCX) [98]. This suggests that estro-
gen may play a key role in mediating cell survival in this 
region, which might explain the strong main effects of sex 
hormones, especially in the PoDG, where we showed that 
animals with ovaries displayed a greater microglial den-
sity. Importantly, comparable levels of sex hormones have 
been reported in both ovaries and testes FCG groups. 
Both Tg XXSry and Tg XYSry genotypes display similar 
testosterone levels during adulthood [99]. Likewise, FCG 
XX and Tg XY− presented little to no difference in their 
pubertal timing or estrous cycle [9, 49, 100, 101].
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In addition to region-specific changes, our study high-
lights microglial sex differences in the ventral hippocam-
pus at large, since the Tg XYSry mice showed increased 
microglial density, NND and spacing index in compari-
son with the FCG XX genotype. Other studies using 
WT mice in adulthood (around P90), also reported 
that males had a greater density of Iba1+ cells than their 
female counterparts in the hippocampus during normal 
physiology [18, 44]. Similarly, after cortical injury (sag-
ittal cut through the neocortex and corpus callosum), 
adult male CD1 mice (around P60) presented a greater 
density of Iba1+ cells near the wound [102]. However, it 
is important to note that microglial sex differences are 
highly dependent on age, context, region, and species 
[10, 13, 15, 93]. Contrasting the results in mice, in adult 
rats (ranging from P55 to P65), females were reported 
to have a greater density of Iba1+ cells in the hippocam-
pus (specifically in the CA1 and DG) [17]. Moreover, in 
the hippocampus of adult male and female rats (around 
P90), no difference of Iba1+/TMEM119+ cell density was 
found by Sharon and colleagues [59]. Of note, Guneykaya 
et al. have not specified the hippocampal layer in which 
the analysis was conducted nor controlled for the estrous 
cycle [44]. In contrast, Schwarz and Acaz-Fonseca et al. 
reported that the mice or rats were in the estrous phase 
[17, 102]. Moreover, Acaz-Fonseca and colleagues also 
stated that the estrous cycle did not significantly influ-
ence the results [17]. All of these factors are important 
considerations when analysing sex differences.

We also noted very few differences between our WT 
XX and WT XY mice. Particularly, for our density results, 
in the CA1 LMol, the WT XX mice showed increased 
microglial density compared to the WT XY mice. Our 
microglial ultrastructure analyses also revealed more 
contacts with post-synaptic elements in WT XY mice, 
while WT XX mice had more tertiary lysosome counts 
per cell. Other than that, the WT genotype did not have 
other differences. The microglial sex differences debate is 
still ongoing, as described above, and some research on 
physiological conditions in mice showed that males have 
denser microglia in hippocampal regions than female 
counterparts [44, 102]. In rats, some studies revealed 
the opposite or even no microglial density difference 
between sexes [17, 59]. The particular hippocampal pole, 
region and layer examined might be behind some of these 
differences, in addition to possible variations between 
species. For instance, a study by De Felice and colleagues 
recently showed in adult (8–12 weeks old) male mice that 
the dorsal and ventral pole of the hippocampus CA1 Rad 
present differences in microglial density, morphology, 
and ultrastructure [56]. Interestingly, the dorsal pole was 
found to house more microglia in both male and female 
adult mice, however, the ventral pole had microglia with 
bigger soma and arborization perimeter [56, 103]. This 

exemplifies that different hippocampal poles might have 
different microglial states [56, 103].

We further observed a decrease in microglial density in 
the FCG XX genotype compared to WT female mice in 
the CA1 Rad and CA1 LMol, as well as decreased soma 
area and increased soma circularity, particularly in the 
LMol. This was intriguing because the FCG XX mice 
do not bear a transgene, and thus should be genetically 
identical to WT females. As is the case for the other FCG 
progeny, FCG XX mice have a Tg XY− male as a sire; it 
is possible that this confers them an epigenetic signature 
that might account for the observed phenotypic differ-
ences between FCG XX mice and WT females. Another 
important factor to be considered is the estrous cycle 
or increased hormonal fluctuations in the FCG XX, as 
elevated estradiol levels in the proestrus phase are asso-
ciated with increased neuronal excitability and can mod-
ulate microglial activity and cytokine production [104, 
105]. Additional limitations from this model should also 
be addressed. Generally, the Tg XXSry mice have smaller 
testes and lack sperm in comparison with the Tg XYSry. 
Similarly, Tg XY− mice lose germ cells, portrait smaller 
ovaries and stop their estrous cycling earlier, making 
both Tg XXSry and XY− mice less fertile [99]. Thus, while 
the FCG model is a powerful tool for studying sex differ-
ences in multiple contexts [42, 43], studying the contri-
bution of these additional variables may be necessary to 
develop a nuanced perspective on the contribution of sex 
hormones and sex chromosomes to (patho)physiology. 
We also acknowledge that most FCG studies employ a 
2×2 ANOVA [42, 43, 106, 107]. We have decided to add 
the WT as a point of reference, as this had not been done 
previously.

Very recently, a study by Panten and colleagues dem-
onstrated that a 3.2  MB region of the X chromosome 
was spontaneously translocated to the Y chromosome 
with the Sry deletion (YSry−) in the strain 010905 from 
Jackson Laboratories [108]. This mutation caused a 
2-fold upregulation of several X-linked genes, includ-
ing Tmsb4x, Tlr8, Tlr7, Prps2, Frmpd4, Msl3, Arhgap6, 
Amelx and Hccs in the Tg XY− and Tg XYSry genotypes 
[108]. Although microglia were not assessed specifically, 
it is widely known that Toll-like receptors (TLRs) are of 
extreme importance for the innate immune function of 
microglia, including the recognition of pathogen-associ-
ated molecular patterns (PAMPs) [109, 110]. This muta-
tion could thus have possibly augmented and exacerbated 
some microglial responses we observed. For instance, 
as we see some elevated signs of cellular stress (e.g., ER/
Golgi dilation and extracellular digestion) in both Tg XY 
genotypes, this unexpected mutation could have influ-
enced these findings. We acknowledge that other possible 
interpretations of our results might be considered due to 
this very recent report, and we hope that future research 
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will focus on the investigation not only on YSry− affected 
genotypes, but also on the FCG XX and XXSry.

Of note, our density and morphometric analysis can 
provide an estimate of the cellular density and complex-
ity of microglia, but, as with any other analyses of this 
kind, it is worth mentioning that it gives an estimation 
of cell counts and shape descriptors. However, overall, 
it provides great insights into this cellular population 
organization and possible functions, as previously shown 
[16, 56, 58]. Additionally, using unbiased stereological 
approaches would be recommended in future studies to 
provide precise information on the changes in microglial 
density across the entire examined regions in 3D [111]. It 
will also be important for future research to dive deeper 
into molecular approaches to reveal the mechanisms 
driving these chromosomic and hormonal changes in 
microglia. Moreover, comparing the density of other cel-
lular elements (such as DAPI+ cells) relative to microglia 
will be crucial for examining possible structural changes 
and adding another layer of complexity to our under-
standing of microglial distribution in relation to other 
cell types.

Furthermore, we have observed an increased infil-
tration of Iba1+/TMEM119− myeloid cells in the CA1 
LMol in the FCG XX group compared to the WT XX, 
Tg XXSry, and Tg XYSry, and, overall slightly higher lev-
els in animals with ovaries. Estrogen is known for its 
protective effects on the neuro-vasculature, particu-
larly in women. Although both men and women express 
ERα and ERβ receptors in their vasculature, the mecha-
nisms underlying the greater cardioprotective effects in 
women remain unclear [112–114]. Notably, ovariectomy 
(OVX) has been shown in multiple studies to result in 
increased blood-brain barrier (BBB) permeability com-
pared to non-OVX rodents [115, 116]. Additionally, in 
aged OVX female rats (9–11 months old), a 2- to 4-fold 
increase in BBB permeability in the hippocampus was 
observed compared to younger OVX females (4 months 
old) [116]. One of the key functions of the BBB is to regu-
late the entrance of lymphocytes into the brain [5]. In a 
brain inflammation model induced by TNFα and IFNγ, 
the treatment of a transmigration human brain endothe-
lial cell (hCMEC/D3)  system with estradiol significantly 
attenuated lymphocyte infiltration [115]. Remarkably, 
the LMol is a good source of blood supply in the CA1 
(see BVs in Fig. 1G’’) [33]. We hypothesize that in physi-
ological conditions, the infiltrating cells had easier access 
from the blood to the hippocampus via the LMol in ani-
mals with ovaries. It should also be noted that TMEM119 
has been pointed as a reliable microglia-specific marker 
during normal physiological conditions, at least dur-
ing adulthood [66, 117–119]. However, another alterna-
tive interpretation could be that microglial expression 
of TMEM119 is context-dependant, meaning that these 

cells can downregulate TMEM119, as previously shown 
during exacerbated brain inflammation or neurode-
generation such as Alzheimer’s disease pathology [120, 
121]. In particular, lipopolysaccharide-induced microglia 
(CD45int/CD11bpos FACS sorted) from adult (between 6 
and 8 weeks) Tmem119-eGFP mice had a significantly 
reduced Tmem119 gene and protein expression, espe-
cially in the midbrain, followed by the cortex and cerebel-
lum [119].

Moreover, we found that microglial morphology was 
shaped by the interaction of sex hormones and chromo-
somes in the CA1 Rad and CA1  LMol, with hormonal 
effects being predominant in the PoDG. Larger microg-
lial somas are usually indicative of a more reactive state 
(as seen in both Rad and LMol of Tg XY− and FCG XX 
mice, respectively). While functional implications dur-
ing normal physiological conditions remain unclear, this 
morphological change can indicate a higher metabolic 
activity during phagocytosis [83, 111, 122]. In contrast, 
smaller somas are indicative of a surveillant state in 
microglia (as seen in the Rad of Tg XYSry mice and LMol 
of WT XX mice) [18, 111]. We observed that microglia 
in FCG XX mice displayed a decreased soma circularity 
and solidity resulting in an overall bigger, more elongated 
and less rugous cellular soma compared to WT XX and 
Tg XXSry mice. Classically, extensive branching can be 
related to more surveillant states of microglia as seen in 
the CA1 Rad, whereas Tg XYSry mice had a bigger arbo-
rization area than FCG XX mice [70, 85, 123, 124]. Inter-
estingly, across all examined layers, Tg XXSry displayed 
increased circularity, while other testes-bearing mice 
showed a reduction in this feature. Sex differences were 
already reported in microglial morphology during nor-
mal physiology. Using mice in adulthood (around P90), 
Guneykaya and colleagues showed that adult (P91) male 
WT mice not only have a higher density of Iba1+ cells 
in the hippocampus compared to counterpart females, 
but also exhibit more ramified microglia with larger cell 
somas [44]. Supporting the view that microglia are con-
text-dependent, a study in adult rats (P55-65) found the 
opposite: females exhibited higher microglial density, 
along with thicker and longer processes in the CA1 and 
DG regions [17]. Our observed differences in cell mor-
phology could be driven by the aforementioned factors. 
In addition, we provide new insights into the complex 
interaction between sex hormones and chromosomes in 
modulating microglial morphology across different hip-
pocampal layers – a level of detail that has not been pre-
viously explored.

Finally, we observed that microglial ultrastructure, 
particularly their markers of cellular stress such as mito-
chondrion elongation and dystrophy, ER and Golgi appa-
ratus cisternae dilation, and extracellular digestion, were 
mainly affected by sex chromosomes. The stress response 
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is known to be largely driven by glucocorticoids, which, 
as sex hormones, are derived from cholesterol [125]. 
Receptor availability and sensitivity to glucocorticoids 
exhibit notable sex differences. Female adult rats (around 
10 weeks of age) tend to have increased glucocorti-
coid receptor expression in infralimbic excitatory neu-
rons, making them more susceptible to reactivity under 
chronic stress. In contrast, male rats are more responsive 
to acute stressors [126, 127]. In the context of cardiovas-
cular diseases – a condition more prevalent in men than 
in women during reproductive years – females are less 
susceptible to oxidative stress, with reactive oxygen spe-
cies (ROS) being produced at higher levels in male vascu-
lar cells compared to female ones [128]. Given the brain’s 
high metabolic activity, it generates a substantial amount 
of ROS [129], which has been linked to the development 
of numerous neurodegenerative diseases [130–132]. 
However, specific sex differences in ROS levels within the 
brain, particularly in sexually dimorphic regions, remain 
to be fully explored.

Additionally, we observed that our WT mouse microg-
lia exhibited more contacts with pre- and post-synaptic 
elements in a sex-specific manner. Microglia are known 
for pruning synapses, particularly during early postnatal 
development [14, 18, 20, 133]. For example, in the P14 
CA1  hippocampal region, synapse density (including 
both pre- and post-synaptic terminals seen with a trans-
mission electron microscope) was reported to be signifi-
cantly higher in female mice compared to males [134]. 
This was associated with increased CD68 expression by 
microglia, coupled to thick long processes and large cell 
bodies, and closer microglial proximity to synaptic sites. 
Furthermore, in Thy1-GFP reporter mice at the same age 
and in the same region, the research also found that bou-
ton density – bulbous axonal endings where neurotrans-
mitters are released, representing pre-synaptic terminals 
– was higher in females [134]. Although investigations 
into microglial interactions with synaptic elements dur-
ing adulthood and under homeostatic conditions remain 
limited, our findings suggest that FCG mice may have an 
overall reduction in contact with synaptic elements com-
pared to WT mice.

We also observed that the ultrastructure of both 
microglial nuclear and cytoplasmic membranes was 
influenced by sex chromosomes, particularly in terms of 
circularity and solidity measured at the nanoscale level. 
The nanoscale morphological assessment provides much 
greater sensitivity than conventional confocal micros-
copy, making it a crucial and complementary approach to 
unravel these morphological changes [73, 91, 135].

To conclude, the investigation of microglial sex differ-
ences under normal physiological conditions is still in 
its early stages, however, our qualitative analyses high-
light some key aspects of the impact of sex chromosomes 

and sex hormones on various microglial properties at 
steady-state. Although further investigation is required 
in response to various challenges from the lifestyle and 
environment (e.g., stress, diet, infection), these proper-
ties can have significant implications for health. Gen-
erally, denser microglia are associated with increased 
surveillance of the parenchyma, during which microglia 
exert physiological roles important for synaptic plastic-
ity, learning and memory [79]. Additionally, longer and 
more ramified branches are typically linked to increased 
microglial surveillance and the release of neurotrophic 
factors that can notably modulate synaptic plasticity [82, 
124]. Ramified microglia with ball-and-chain structures 
are further involved in phagocytosis during normal phys-
iological conditions, notably in the context of adult hip-
pocampal neurogenesis [136]. Microglial organelles such 
as mitochondria and the ER/Golgi are also expected to 
maintain healthy functionality, with minimal lysosomal 
material accumulation, keeping these cells in an active 
state involved in surveillance and brain remodeling [28, 
77].

Conclusion and perspectives
In conclusion, multiple microglial features, including 
density and distribution, morphology and, ultrastruc-
ture were differently shaped by both sex hormones and 
sex chromosomes in the ventral hippocampus of adult 
FCG and WT mice during normal physiological con-
ditions. Microglial density, distribution and morphol-
ogy are mostly affected by the complex interaction of 
sex chromosomes and hormones in the CA1 Rad and 
CA1 LMol as well as in the PoDG. Additionally, we show 
that peripheral myeloid cell infiltration is predominantly 
increased in the FCG XX in the CA1 LMol. On the other 
hand, microglial ultrastructure relies mostly on chromo-
somal influences. Signs of cellular stress, such as mito-
chondrion elongation and dystrophy as well as ER/Golgi 
cisternae dilation were mostly chromosomally driven. 
These findings emphasize the complex interplay between 
sex hormones and chromosomes in modulating brain 
immunity.

Studying sex differences is crucial, particularly as this 
topic has been historically overlooked. The regulation of 
microglial properties is highly dependent on various fac-
tors such as brain region, disease, age, species, and sex, 
all of which contribute to driving diverse functional out-
comes and can have significant clinical implications. The 
sex-dependent differences in microglia at steady-state 
can impact the susceptibility to a wide variety of neuro-
developmental, neuropsychiatric and neurodegenerative 
disorders across life, and the sex chromosomal by sex 
hormonal investigation under physiological conditions 
could aid in providing more targeted therapeutical strate-
gies that consider the patient sex. Moreover, the use of 
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genetic models, such as the FCG, reveals additional lay-
ers of complexity, as we pointed out some discrepancies 
in microglial properties between FCG and WT mice. 
Accounting for variables such as genetic background, 
hormonal status and estrous cycle in future investiga-
tions would allow for more accurate conclusions, reduc-
ing variability and improving reproducibility across 
studies. Thus, the study of sex differences can lead to a 
more comprehensive understanding of brain immunity 
and potentially lead to more specific therapies for mul-
tiple diseases that show sex prevalences and in which 
microglia are implicated throughout the lifespan.
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TLRs  Toll-like receptors
WT  Wild-type
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