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Sex chromosomes and gonads modify 
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Abstract 

Alzheimer’s disease (AD) is a neurodegenerative disorder disproportionally affecting women with sex-specific disease 
manifestations and therapeutic responses. Microglial-mediated inflammation occurs in response to and perpetu-
ates disease processes, and fundamental sex differences in microglia may contribute to these sex biases. Both sex 
chromosomes and gonad-derived hormones shape immune responses, but their contribution to immune-mediated 
mechanisms underlying the sex bias in AD is unclear. Crossing the Four Core Genotype (FCG) model to separate sex 
chromosome and gonad-derived hormone effects to the 5xFAD model, we found the sex chromosome complement 
impacted microgliosis, neuroinflammation, plaque burden and neuritic dystrophy. Modification of pathology largely 
correlated with microgliosis, and sex chromosomes and gonad-derived hormones influenced plaque remodeling 
and microglial CD11c expression. Our results provide potential trajectories for studying and targeting microglial-medi-
ated sex differences and emphasize the complex interplay between sex chromosomes and hormones during AD.
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Background
Alzheimer’s disease (AD) is a neurodegenerative disease 
resulting in cognitive decline due to accumulating extra-
cellular β-amyloid (Aβ) plaques, intracellular aberrantly 
hyperphosphorylated tau, dysregulated neuroinflamma-
tion and neuronal death. AD and other dementias affect 
approximately 7 million Americans aged 65  years or 
older [1], with nearly 4 million being women. Addition-
ally, men and women experience different clinical trajec-
tories [5].

A variety of causes contribute to these sexually dimor-
phic effects, including sex-related factors such as sex 
chromosomes and circulating gonadal hormones 
(reviewed in [37]). Microglia, the innate immune cells 

of the brain, exhibit sex-specific phenotypes and gene 
expression profiles across the lifetime [7, 21, 40], which 
may underlie sex-specific responses in the context of 
neurodegenerative diseases [33]. The X chromosome 
contains a significant number of genes and microRNAs 
with immunoregulatory functions [6, 38]. Gonad-derived 
sex hormones orchestrate neonatal brain patterning, cir-
cuitry and microglial responses. Furthermore, sexually 
dimorphic microglial phenotypes may be evoked later 
in adulthood by sex-specific hormones [40]. Both sex 
chromosomes and hormones direct immune responses 
in sexually dimorphic ways [34]. It is unclear whether sex 
chromosomes and/or gonadally derived hormones differ-
entially contribute to AD-related microglial phenotypes, 
pathology and progression.

Since gonad-derived hormones can interact with gene 
products encoded from sex chromosomes, we lever-
aged the Four Core Genotypes (FCG) mouse model to 
decouple sex chromosomes and gonads [2]. We crossed 
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FCG mice to the 5xFAD mouse model to examine the 
impacts of sex chromosomes and intact gonads on AD 
progression and pathology. Depending on gonads and 
age, we observed the presence of a second X chromo-
some strongly enhanced microgliosis and microglial 
numbers, plaque burden and neuritic dystrophy, whereas 
the Y chromosome exhibited a blunted effect. Both neu-
ron retention, microglial neurodegenerative phenotypes 
and microglial gene expression were similarly regulated 
by sex chromosomes depending on gonads. Our findings 
highlight the complexity of sex chromosomes and circu-
lating hormones in regulating neuroinflammatory phe-
notypes in AD pathology.

Materials and methods
Transgenic animal models and experimental paradigm
Four-Core Genotype (FCG) mice were purchased from 
The Jackson Laboratory (Strain #010905 and originally 
described in [2]. These mice carry a transgene of muta-
tion in the testes-determining portion of the Sry gene 
on the Y chromosome (Y−Sry)—this transgene is trans-
located to chromosome 3, resulting in offspring which 
may carry the Sry transgene, but may possess either tes-
tes (XY−Sry and XXSry) or ovaries (XX and XY−Sry). The 
5xFAD mouse model (B6.Cg-Tg(APPSwFlLon,PSEN1*M
146L*L286V)6799Vas/Mmjax, RRID:MMRRC_034848-
JAX) was obtained from the Mutant Mouse Resource and 
Research Center (MMRRC) at the Jackson Laboratory, 
an NIH-funded strain repository, and was donated to 
the MMRRC by Robert Vassar, PhD., Northwestern Uni-
versity. The 5xFAD strain was originally described [31]. 
To generate experimental crosses, XY−Sry testes-bearing 
FCG mice were crossed to 5xFAD-transgenic female 
mice, and offspring were aged to either 4-or 8-months 
old (see Fig.  1A. Color-coded bars correspond to each 
timepoint in the graphs: red and blue bars represent 
4 months and purple, and green represent 8 months for 
5xFAD; FCG groups. All animals had access to food and 
water ad libitum and were on a 12-h light/dark cycle. All 

animal procedures were approved by the Institutional 
Animal Care and Use Committee at NEOMED.

Isolation, processing and homogenization of brain samples
Animals were deeply anesthetized with isoflurane using 
a vaporizer and then euthanized via cervical dislocation. 
Whole blood was collected, and the brain was bisected. 
One brain hemisphere was dropped-fixed in 4% para-
formaldehyde overnight at 4 °C. The cortex was dissected 
on ice from the remaining hemisphere and samples 
were stored on dry ice and held at −80 °C until homog-
enization. Tissue was homogenized using a rotor–stator 
homogenizer in ice-cold tissue homogenization buffer 
(1  M Tris, 8.5% sucrose [w/v], 0.5  M EDTA and 0.2  M 
EGTA in ultrapure water, pH 7.4) supplemented with 
fresh protease inhibitor cocktail (Sigma #P3480; 1:100 
dilution).

Immunohistochemistry
Brains were dehydrated in 30% sucrose in PBS at 4  °C 
until they sank. Brains were then embedded and sec-
tioned as sagittal 30  µm sections into storage cryopro-
tectant (30% glycerol, 30% ethylene glycol in PBS) on 
a cryostat (Leica). At least two anatomically matched 
brain sections from individual animals were washed in 
0.1% PBS-Triton-X (PBST) and retrieved for 10  min. at 
95  °C in either Reveal Decloaker, RTU (Biocare Medi-
cal RV1000MMRTU) or 10  mM sodium citrate, pH 
6.0, depending on the staining combination. For 6E10, 
GFAP and IBA1 staining, sodium citrate was used as the 
retrieval solution; the remaining staining combinations 
used 1X Decloaker. After retrieval, sections were cooled, 
blocked for 1  h. at room temperature (RT) in block-
ing solution (5% normal-donkey serum, 0.3% Triton-X 
in PBS) and stained overnight with primary antibody in 
blocking solution at 4 °C. The following antibodies were 
used at 1:1000 dilution unless otherwise stated: mouse 
MOAB-2 (Novus Biologicals #NBP2-13075); mouse 
6E10 (β-amyloid, 1–16, BioLegend #803004); rat GFAP 
(ThermoFisher Scientific #13-0300); rabbit CD68 (Cell 

(See figure on next page.)
Fig. 1  Sex chromosomes and gonads modify cortical plaque burden and neuroinflammation in 4-month-old 5xFAD; FCG mice. A 5xFAD; FCG 
experimental paradigm. XY- Sry (FCG) mice were mated to 5xFAD mice to generate experimental 5xFAD; FCG mice, producing the following: XY- Sry 
(XY- testes; XY-T), XX Sry (XX testes; XXT), XX (XX ovaries; XXO) and XY- (XY- ovaries; XY-O) mice. Wildtype FCG littermates were also generated, 
and mice were aged to 4- and 8-months old. B Representative cortical images for GFAP (blue), IBA1 (green) and 6E10 (red). C i, percent 6E10 
cortical plaque coverage; ii, number of 6E10 + cortical plaque species. D i, fold change cortical Aβ protein expression; ii, fold change cortical APP 
C-terminal fragment (CTF) protein expression. E Percent GFAP cortical coverage. F Percent IBA1 cortical coverage. G Number of IBA1 + cortical 
cells. H Representative cortical MOAB-2 staining (green). i, average number of MOAB 2 cortical plaques. ii, percent MOAB-2 cortical coverage. I 
Images of cortical IBA1 (green), 6E10 (red) and CD68 (blue) with percent CD68 (J), percent double positive CD68/6E10 normalized to 6E10 area 
(K) and average #IBA1 + cell per plaque (L). M–R Fold changes relative to wildtype FCG animals of indicated mRNA cortical genes in 5xFAD; FCG 
animals. M Iba1, N Trem2, O Gfap, P Il1b, Q Apoe and R Tnfa. Two-way ANOVA with Tukey post-hoc correction significance indicated by brackets; 
ns = not significant. N ≥ 3 mice per group. Scale bars for images are 50 µm
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Signaling Technology, clone E3O7V), #97778), rab-
bit IBA1 (WAKO #019-19741); rat LAMP-1 (DSHB, 
#1D4B; 1:2000); rabbit ubiquitin (ThermoFisher Sci-
entific #PA1-10023; 1:2000); mouse Nt-APP (Millipore 

Sigma, MAB348, used at 1:2000); guinea pig NeuN (Syn-
aptic Systems #266-004); and rabbit CD11c (Cell Signal-
ing Technology, clone D1V9Y, #97585; 1:500). Sections 
were washed three times in PBST and incubated in the 

Fig. 1  (See legend on previous page.)
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appropriate secondary-conjugated antibodies for 1  h. at 
RT: donkey anti-guinea pig IgG Alexa Fluor 488 (Jackson 
ImmunoResearch Laboratories, # 706-545-148); donkey 
anti-rat IgG Alexa Fluor 488 (ThermoFisher Scientific 
Cat # A-21208); donkey anti-rabbit IgG Alexa Fluor 546 
(ThermoFisher Scientific Cat # A10040); donkey anti-
mouse IgG Alexa Fluor 647 (ThermoFisher Scientific 
Cat # A-31571); or donkey anti-rabbit IgG Alexa Fluor 
647 (ThermoFisher Scientific Cat #A-31573). In some 
instances, sections were then washed and mounted. For 
X34 staining (Sigma #SML1954), sections were washed 
after secondary antibody and mounted onto slides and 
dried for at least 1 h. at RT. Slides were immersed in PBS 
for 5 min. and incubated for 10 min. in working X34 solu-
tion (10 µM in 40% ethanol/0.02 N NaOH/PBS), washed 
for 5 min. in PBS, coverslipped in ProLong Gold (Ther-
moFisher Scientific #P36930), air-dried and then imaged.

Image acquisition
The following staining panels were acquired on a Leica 
confocal (TCS SPE DMI8) microscope: 6E10, GFAP 
and IBA1; X-34, Lamp-1, Ubiquitin and Nt-APP; and 
CD68, IBA1 and 6E10. Images were acquired using a 
system-optimized Z-stack with either an air 10X objec-
tive (NA = 0.3, zoom factor of 1 and pinhole of 1.0 AU 
for 6E10/GFAP/IBA1) or an oil-immersed 20X objective 
(for dystrophy staining, NA = 1.15, zoom factor of 1.0 
and pinhole of 1.0 AU; for CD68/IBA1/6E10, NA = 1.15, 
zoom factor of 1.5 and pinhole of 1.0 AU). NeuN stain-
ing and plaque compaction using 6E10 and X34 staining 
were acquired using an upright, epifluorescent micro-
scope M2 (Zeiss). MOAB2 and CD11c images were 
acquired on the upright, epifluorescent microscope Axi-
oZoom V16 (Zeiss). All image acquisition was performed 
using similar gain and exposure settings.

Image analysis and image quantification
All image processing and analysis was performed using 
FIJI (NIH). For simplicity, all confocal Z-stack images 
for specimens were collapsed into a single z-plane using 
a maximum projection via FIJI. Images were manually 
threshold and the percentage of immunoreactive area 
quantified. In graphs, the quantified stains are repre-
sented as percent coverage normalized to areas of inter-
est. For microglial, 6E10 and NeuN counts, manual 
thresholds were applied to areas of interest and objects 
were separated using the “watershed” function fol-
lowed by “analyze objects” with 2 um2 cutoff and objects 
excluded from edges of the image. For X-34 plaque com-
paction, circularity cutoffs were as follows: filamentous 
0–0.14; intermediate, 0.15–0.28; and compact > 30 [10]. 
For 6E10 + , X34 + and 6E10 + /X34 + analysis, individ-
ual plaque types were manually counted. Intraneuronal 

6E10 + staining was not counted in these analyses. For 
CD68 and 6E10 overlap, both stains were manually 
threshold, masks were created for each stain and the 
area covered by both CD68 and 6E10 stains was meas-
ured using Fiji. This measurement is represented as 
ratio of both CD68 + 6E10 + normalized to total 6E10 
area. Plaques within the field of view were selected and 
microglial were manually counted and normalized to 
plaque number. Plaque sizes were binned into specific 
size ranges using Excel (Microsoft) histogram func-
tion. Images were analyzed and quantified by observers 
blinded to genotypes.

Quantitative, reverse‑transcription polymerase chain 
reaction (qPCR)
Immediately following tissue homogenization, an aliquot 
of homogenate was combined 1:1 with RNASTAT (Ams-
bio, #CS-111), vortexed and placed on dry ice until RNA 
extraction. RNA was extracted using PureLink RNA 
Mini Kit columns (ThermoFisher Scientific #12183025) 
following manufacturer’s recommendations, but with 
slight modifications. Briefly, chloroform was combined 
with RNASTAT, the aqueous phase was extracted and 
then applied to RNA Mini columns. The manufacturer’s 
suggested recommendations were then followed, and 
contaminating genomic DNA was eliminated using the 
PureLink DNase Set (ThermoFisher Scientific #1285010) 
on the RNA column. RNA was eluted, measured and 
reverse-transcribed into cDNA using High-Capacity 
cDNA Reverse Transcription Kit (ThermoFisher Sci-
entific #4368814) following the manufacturer’s instruc-
tions. Gene expression was measured using Taqman 
Probe Assays and Taqman Master Mix following manu-
facturer’s instructions using QuantStudio Flex 6 (Applied 
Biosystems). Relative mRNA expression was normalized 
to housekeeping genes 18S and Gapdh for all probes. 
Wildtype FCG results are displayed as fold-change rela-
tive to XXF, while 5xFAD; FCG results are displayed as 
fold-change relative to the corresponding wildtype FCG 
genotype.

Protein analysis
Tissue homogenates were clarified, and protein concen-
tration was measured using the BCA method. Protein 
expression was analyzed via immunoblotting using the 
JESS capillary Western blotting method (Protein Sim-
ple), following manufacturer’s suggested protocol. Pri-
mary antibodies, dilutions and diluents used were as 
follows: Aβ (clone D54D2, Cell Signaling Technology # 
8243; 1:2000; Diluent 2); PSD95 (Abcam, #ab2723; 1:200; 
Diluent 2), synaptophysin (Cell Signaling Technology, 
#36406; 1:25; Milk-free diluent), vGLUT1 (Synaptic Sys-
tems, SYSY13503; 1:2000; Diluent 2); Homer1 (GeneTex, 
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GTX103278; 1:10; Diluent 2); anti-APP C-terminal frag-
ment (BioLegend, #802801; 1: 25; Diluent 2) and β-actin 
(Santa Cruz Biotechnology, sc-47778; 1:100; Milk-free/
diluent 2). Proteins were visualized using fluorescence 
and chemiluminescence.

Plasma testosterone and estradiol ELISAs
At euthanasia, whole blood was collected into an EDTA-
coated syringe, spun down and plasma collected. Plasma 
analysis ELISAs were performed using either testos-
terone (R&D #KGE010) or estradiol (R&D Systems 
#KGE014) parameter assay kits following the manufac-
turer’s instructions. Data are displayed in either pg or ng 
hormone per ml plasma.

Statistical analysis
Unless otherwise stated, two-way ANOVAs were per-
formed. Three-way ANOVAs were also performed when 
the transgene (5xFAD) in addition to gonads and chro-
mosomes were present as variables. For the main figures, 
interaction (or transgene), gonads and sex chromosomes 
as variables for two or three-way ANOVA are indicated 
in boxes beneath the data (interaction = I; gonads = G; 
and chromosome = C). A supplementary table contains 
exact P values for the main figures. Results of Tukey 
post-hoc test for multiple corrections on either two-or 
three-way ANOVAs are indicated in the Figures. P-value 
significance levels were determined as follows: *p < 0.05, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001. Outliers were 
excluded based on the Grubbs outlier test. Each data 
point represents an individual mouse. All statistical 
tests used Graphpad Prism. All data were assumed to be 
normally distributed, but we did not formally test this. 
The experimental design in Fig.  1A was created using 
BioRender.

Results
To distinguish the contributions of gonadal hormones 
and sex chromosomes to sex differences in AD pathology, 
we used the Four Core Genotypes (FCG) mouse model. 
This strain contains both a naturally occurring deletion 
of the testes-determining Sry gene from the Y chromo-
some (Y−Sry), and a transgene containing the Sry gene 
(Sry+) integrated on chromosome 3 [2]. Effects mediated 
by sex chromosomes and gonads are separated by the 
four resulting genotypes: ovary-bearing XX mice (XXO), 
ovary-bearing XY−Sry mice (XY−O), testes-bearing 
XXSry+ mice (XXT) or testes-bearing XY−SrySry+ mice 
(XY−T).

XY−T mice were bred to transgene-positive 5xFAD 
females to produce 5xFAD; FCG offspring (Fig. 1A). Mice 
were left gonadally intact to circumvent potential modu-
lation of AD pathology associated with gonadectomy and 

to assess the contribution of circulating sex hormones 
[45]. Plaque burden, neuroinflammation and neuronal 
survival were assessed at 4 and 8  months of age. FCG 
genotype did not alter plasma estradiol or testosterone 
levels at either age (Supplemental Figs. 1A, 1B and Sup-
plemental Fig. 2A, 2B, respectively).

Sex chromosomes and gonads influence cortical plaque 
burden, gliosis and neuroinflammation in 4‑month‑old 
5xFAD; FCG mice
Like human patients, the 5xFAD model exhibits sex dif-
ferences in amyloid plaque burden [8, 18, 32]. We first 
determined the contribution of sex chromosomes and 
gonads on amyloid pathology in 4-month-old (4  m) 
5xFAD,FCG mice via immunohistochemistry (IHC)—
with red and blue bars representing this timepoint in 
5xFAD; FCG groups. The cortex and subiculum were 
selected as they exhibit the most plaque deposition and 
related pathology in this model [31]. Using 6E10 to detect 
intraneuronal and dense-core Aβ, we observed XXO 
cortex showed significantly greater 6E10 immunoreac-
tive area (IRA,depicted in graphs as percent coverage) 
and plaque number than XY−T cortex (Fig.  1B, Ci and 
ii), consistent with prior reports [18, 32]. Both gonads 
and chromosomes affected 6E10 IRA. Relative to XXO, 
XY−O and XXT mice had significantly less cortical 6E10 
IRA and plaques (Fig. 1C). Aβ protein measured by cap-
illary-assisted immunoblot electrophoresis confirmed 
the immunohistochemical findings (Fig.  1Di). Interest-
ingly, C-terminal fragment (CTF) APP expression also 
showed similar trends as Aβ (Fig.  1Dii). No differences 
were observed in the subiculum across genotypes (Sup-
plemental Fig. 1C).

The 5xFAD model displays robust gliosis with some sex 
differences [18]. We used GFAP and IBA1 IHC to assess 
astrogliosis and microgliosis, respectively. Cortical IRAs 
for GFAP and IBA1 were significantly higher in XXO ver-
sus XY−T mice (Fig. 1E, F respectively). Significant effects 
of both chromosomes and gonads were observed for cor-
tical GFAP, but there was no interaction between them 
(Fig. 1E). Only sex chromosomes impacted cortical IBA1 
IRA (Fig. 1F). However, both gonads and chromosomes 
affected the number of cortical IBA1 + cells (Fig.  1G), 
with significantly fewer IBA1 + cells in XY−O relative to 
XXO mice and in XY−T relative to their XXT counter-
parts (Fig.  1G). No significant chromosomal or gonadal 
effects were observed in the subiculum for GFAP or IBA1 
IRA (Supplementary Fig. 1D, E), but chromosomes atten-
uated the number of IBA1 + cells, especially in XY−O and 
XY−T relative to XX mice (Supplementary Fig. 1F).

To exclude confounding results associated with 
the detection of full-length amyloid precursor pro-
tein (fl-APP) by 6E10, we used MOAB-2 to detect the 
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monomeric, oligomeric and fibrillar N-terminal residues 
in Aβ40 and Aβ42 [46]. MOAB-2 IHC (Fig. 1Hi, ii) pro-
duced comparable results in plaque number and overall 
burden. XXO mice had the greatest plaque number and 
burden, and both chromosomes and gonads significantly 
affected plaque number and burden. Interestingly, XXT 
mice had significantly fewer plaques and reduced plaque 
burden relative to XXO mice, trends shared by XY−O and 
XY−T animals. In the subiculum, both gonads and chro-
mosomes influenced MOAB-2 coverage. Furthermore, 
MOAB-2 coverage was significantly decreased in XY−T 
relative to XXO mice (Supplementary Fig. 1G). We addi-
tionally measured the microglial lysosomal marker CD68 
(Fig. 1I). CD68 upregulation signifies phagocytic micro-
glia, and its expression is associated with Aβ internaliza-
tion, degradation and subsequent clearance [22, 30]. We 
did not observe significant changes in CD68 expression 
(Fig. 1J), percent overlap of CD68 and 6E10 (Fig. 1K) or 
the number of microglia per plaque across genotypes 
(Fig.  1L). Similarly, no changes in these metrics were 
observed in the subiculum (Supplementary Fig. 1 V).

We further interrogated the neuroinflammatory 
milieu by performing quantitative PCR (qPCR) on cor-
tical homogenates. There were no significant differences 
in gene expression between wildtype FCG mice (Sup-
plemental Fig.  1H–M), but induced gene expression in 
5xFAD mice depended on the interaction between chro-
mosomes and gonads. 5xFAD; XY−T mice showed a sig-
nificantly greater increase in Iba1 than their XXT and 
XY−O counterparts (Fig. 1M). Increases in Trem2, Gfap 
and Il-1b were comparable in XXO, XY−O, and XY−T 
5xFAD mice, but 5xFAD; XXT mice failed to increase 
Trem2 (Fig. 1N), Gfap (Fig. 1O) or Il-1b (Fig. 1P) to the 
same extent as their XXO counterparts. Tnfa and apoli-
poprotein E (Apoe) were unaffected by FCG genotype 
(Fig. 1Q, R).

Sex chromosomes and gonads impact plaque remodeling 
and neuritic dystrophy in 4‑month‑old 5xFAD; FCG mice
Microglia provide a protective barrier around plaques, 
modifying the perimeter to prevent plaque-associated 
neurotoxicity and neuritic dystrophy [10]. Given the dif-
ferences in cortical microglia, we wondered whether 
plaque remodeling was similarly affected by sex chromo-
somes and circulating hormones. To test this, we classi-
fied plaques based on morphology and compaction [28, 
42, 47].

In the cortex, both sex chromosomes and gonads sig-
nificantly affected the proportion of plaques that were fil-
amentous or compact, whereas only gonads affected the 
proportion of inert plaques. XXO mice had a significantly 
higher proportion of compact plaques versus XY−T mice 
(Fig.  2A and Bii; full images shown in Supplementary 

Fig.  1  T), while the proportion of filamentous plaques 
was significantly higher in XY−T compared to XXO mice 
(Fig.  2Bii). Inert plaques comprised the smallest per-
centage of total plaque burden, with testes-bearing mice 
showing significantly fewer plaques of this type than 
XXO mice (Fig. 2Bi). The distribution of plaque morphol-
ogy was unaffected in the subiculum (Supplementary 
Fig. 1U).

The effect of FCG genotype on X34 + plaques was con-
sistent with 6E10 + and MOAB2 + plaques. There were 
fewer X34 + plaques and reduced size in XY−T com-
pared to XXO mice (Fig.  2C, D). Relative to their XX 
counterparts, XY− mice had fewer and smaller plaques, 
exhibiting a significant sex chromosome effect. In the 
subiculum, gonads and sex-chromosomes did not impact 
X34 plaque number (Supplementary Fig.  1N). Cortical 
X34 + plaque compaction was relatively unaffected by 
FCG genotype, but there was a trend towards increased 
compact X34 plaques in XY−T mice (Fig. 2E). In the sub-
iculum, plaque compaction was similar across FCG geno-
types (Supplementary Fig. 1O).

The 5xFAD model exhibits plaque-associated neuritic 
dystrophy [18] by 4 months of age. To test the impact of 
FCG genotype on neuritic dystrophy, we performed IHC 
for the neuron-associated dystrophic markers Lamp1, 
Ubiquitin and N-terminal APP (Nt-APP). The number 
of Lamp1 + , Ubiquitin + and Nt-APP + neurites were 
all lower in XY−T compared to XXO mice (Fig.  2F–H). 
Relative to XY−T mice, XXT mice had more dystrophic 
neurites of all types. This was not observed in ovary-
bearing mice except for more Nt-APP + neurites in XXO 
compared to XY−O mice (Fig.  2H). Neuritic dystrophy 
markers were unaffected in the subiculum (Supplemen-
tary Fig. 1P-R). Additionally, FCG genotype did not affect 
neuronal survival in the subiculum of 5xFAD mice (Sup-
plementary Fig. 1S).

Given the observed effects on plaques, microgliosis 
and neuritic dystrophy, we assessed the levels of cortical 
synaptic proteins (Fig.  2I–L). PSD95 and synaptophy-
sin expression was significantly modulated by sex chro-
mosomes in 5xFAD mice (Fig.  2I, J). Additionally, there 
was significantly more synaptophysin loss in 5xFAD; 
XY−T relative to 5xFAD; XXO mice (Fig. 2J). VGLUT2 in 
5xFAD; XY−O mice was significantly lower than 5xFAD; 
XXO and 5xFAD; XXT mice (Fig.  2K) but no changes 
were observed in synaptic marker HOMER1 (Fig. 2L).

Cortical microgliosis, plaque burden 
and neuroinflammation in 8‑month‑old 5xFAD; FCG mice 
is largely affected by sex chromosomes
As 5xFAD mice exhibit worsened amyloid pathol-
ogy at later timepoints [18], we repeated our analy-
sis at 8  months of age to evaluate the contributions of 
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sex chromosomes and gonads to disease progression 
(Fig.  3A)—with purple and green bars representing this 
time point in 5xFAD; FCG mice. Neither gonads nor sex 

chromosomes influenced cortical 6E10 IRA or plaque 
number based on IHC (Fig.  3B), but Aβ protein and 
CTF APP expression remained significantly elevated in 

Fig. 2  Testes reduce plaque burden and dystrophy and redistribute plaque morphologies in 4-month-old 5xFAD mice. A Representative 
images of 6E10 (green) and X34 (blue) in the cortex at 4-months of age. Arrow, 6E10 + plaques. White circles, X34/6E10 + plaques. Full images 
in Supplementary Fig. 1 T. B Percent X34 + (i), 6E10 + (ii) and X34 + /6E10 + plaques (iii) among total plaques. C Cortex stained for X34 (blue), Lamp1 
(green), Ub (yellow) and Nt-APP (red). D Left, average number X34 positive plaques in the cortex. Right, average number cortical X34 plaques sized 
between 32.1 and 64 µm2. E Cortical X34 plaque condensation among total X34 + plaques. Average number of cortical F Lamp1 + , G Ub + and 
H Nt-APP + dystrophic neurites (DN). I Fold changes for protein expression of PSD95, J synaptophysin, K VGLUT2 and L HOMER1 in the cortex 
for 5xFAD; FCG animals (normalized to respective WT FCG genotypes). Two-way ANOVA with Tukey post-hoc correction; ns = not significant. N ≥ 3 
mice per group. Scale bars are 50 µm



Page 8 of 15Casali et al. Journal of Neuroinflammation           (2025) 22:81 

Fig. 3  Distinct effects of chromosomes and gonads on plaque burden and microgliosis and neuroinflammation at 8-months. A Representative 
cortical images for GFAP (blue), IBA1 (green) and 6E10 (red). B Percent 6E10 + positive cortical plaque coverage and average number of plaques. 
C i, fold change cortical Aβ protein expression; ii, fold change cortical APP C-terminal fragment (CTF) protein expression. D Percent cortical GFAP 
coverage. E Percent cortical IBA1 coverage. F Average number cortical IBA1 + cells. G Representative cortical MOAB-2 images (green). i, average 
number cortical MOAB-2 + plaques. ii, percent cortical MOAB-2 coverage. H Images of cortical IBA1 (green), 6E10 (red) and CD68 (blue) with percent 
CD68 (I), percent double positive CD68/6E10 normalized to 6E10 area (J) and average #IBA1 + cell per plaque (K). L–Q Fold changes relative 
to wildtype FCG animals of indicated mRNA cortical genes in 5xFAD; FCG animals. L Iba1, M Trem2, N Gfap, O Il1b, P Apoe and Q Tnfa. Two-way 
ANOVA with Tukey post-hoc correction significance indicated by brackets; ns = not significant. N ≥ 3 mice per group. Scale bars for images are 50 µm
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5xFAD; XXO relative to 5xFAD; XY−T mice (Fig.  3Ci, 
ii). However, the gonads influenced cortical GFAP IRA 
(Fig. 3D). IBA1 IRA was significantly lower in XY−O rela-
tive to XXO mice but was comparable in testes-bearing 
mice (Fig.  3D). Significantly more cortical IBA1 + cells 
were observed in XX versus XY− mice irrespective of 
gonads (Fig.  3E). Plaque burden in the subiculum was 
largely unaffected, but XXT mice had enhanced astro-
gliosis over their XXO counterparts (Supplementary 
Fig. 2C-D). In the subiculum, IBA1 IRA was significantly 
higher in XXT over XY−O mice, but IBA1 + microglial 
numbers were unaffected by FCG genotype (Supplemen-
tary Fig. 2E-F).

In contrast to 6E10 + plaques, sex chromosomes and 
gonads significantly influenced MOAB-2 + IRA and 
plaque number. There was greater MOAB-2 + plaque 
burden and number in XX relative to XY− mice with 
either ovaries or testes (Fig.  3G). MOAB-2 + IRA was 
unaffected in the subiculum (Supplementary Fig.  2G). 
CD68 expression, overlap between CD68 and 6E10 or 
microglial plaque counts were unchanged in both the 
cortex (Fig.  3H–K) and subiculum at 8  months of age 
(Supplementary Fig. 2U).

Wildtype FCG mice continued to show few differences 
in cortical gene expression at 8  months of age (Supple-
mental Fig.  2H–M). Unlike 4-month-old 5xFAD, the 
induction of gene expression in 8-month-old 5xFAD 
mice depended on both sex chromosomes and gonads. 
There was a significant sex chromosomes effect on Iba1, 
with a larger increase in XXO than XY−T 5xFAD mice 
(Fig.  3L). Sex chromosomes and gonads impacted the 
induction of Trem2, with ovary-bearing mice showing 
greater increases than testes-bearing mice, particularly in 
5xFAD; XY−T (Fig. 3M). Similar effects were observed in 
Gfap, with XY−O, XXM, and XY−M mice showing com-
parable increases, but significantly less than in XXO mice 
(Fig.  3N). Regardless of sex chromosome complement, 
testes-bearing mice upregulated Il1b and Tnfa to a signif-
icantly lower degree, relative to ovary-bearing animals of 
either sex chromosome complement, whereas Apoe was 
unaffected by FCG genotype (Fig. 3O–Q).

Plaque remodeling, neuritic dystrophy and neuron 
loss are influenced by sex chromosomes and gonads 
in 8‑month‑old 5xFAD; FCG mice
X34 + plaque number and size showed a sex-chromo-
some effect in the cortex, namely between XXO and 
XY−T mice (Fig.  4A–C). XXO and XY−O mice exhib-
ited differences in X34 + plaque size (Fig.  4C). Distri-
bution of cortical plaque compaction was unchanged 
across 5xFAD; FCG genotypes (Fig. 4D). There were no 
significant differences in dense-core plaque number, size 
or plaque compaction in the subiculum (Supplementary 

Fig. 2N-O). Plaque morphology in the cortex and subicu-
lum were unaffected (Supplementary Fig. 2S-T).

Cortical dystrophy at 8  months of age resembled that 
at 4  months, with all markers significantly elevated in 
XXO compared to XY−T 5xFAD mice (Fig.  4E–G). In 
testes-bearing mice, the Y chromosome reduced dys-
trophy, with a trend in Lamp-1 + neurites (Fig.  4E), and 
significant decreases in Ubiquitin + and NtAPP + neur-
ites (Fig. 4F, G). In the subiculum, FCG genotype did not 
affect dystrophic neurites (Supplementary Fig. 2P-R).

5xFAD mice exhibit neuronal loss in cortical Layer V at 
8 months [31]. Given the effects on dystrophy, we inves-
tigated whether FCG genotype affected neuron survival. 
Wildtype FCG had comparable numbers of NeuN + cells 
in Layer V, and 5xFAD mice showed significantly reduced 
Layer V NeuN + numbers across FCG genotypes. 
5xFAD,XY−T animals retained more NeuN + cells than 
both testes-bearing and ovary-bearing 5xFAD; XX ani-
mals (Fig. 4H). Changes in cortical synaptic protein levels 
were unaffected by FCG genotype (Fig. 4I–L). 

Phagocytosis of amyloid alters microglial gene signa-
tures, downregulating core genes and upregulating the 
expression of neurodegenerative markers such as CD11c 
[19, 26]. Since the microglial neurodegenerative phe-
notype has been observed in both male and female AD 
mouse models [19], and we noted microglia-specific 
alterations in 5xFAD,FCG animals, we tested whether 
sex chromosomes or circulating hormones regulated 
CD11c expression via IHC. CD11c was undetectable in 
4-month-old 5xFAD; FCG mice (data not shown, but 
there was robust CD11c expression in cortical microglia 
associated with X34 + plaques at 8 months (Fig. 5A). The 
Y chromosome diminished CD11c + IRA and number in 
ovary-bearing, but not testes-bearing, 5xFAD; FCG mice 
(Fig. 5B, C). We also measured homeostatic and disease-
associated microglia and neurodegenerative microglial 
genes [13, 26, 27] via qPCR in the cortex. While we 
observed few changes in homeostatic markers (Fig. 5D), 
significant overexpression of cd11c and cst7 in 5xFAD; 
XXT versus 5xFAD; XY−T mice was observed along with 
overexpression of all these markers in 5xFAD; XY−O ver-
sus 5xFAD; XY−T mice (Fig. 5E). Wildtype FCG animals 
showed no differences in any of these markers (Supple-
mentary Fig. 2 V).

Discussion
We show both sex chromosomes and hormones from 
intact gonads modulate disease pathology in 5xFAD 
animals. In general, two X chromosomes increased 
microgliosis, plaque burden, and neuritic dystrophy, 
while testes blunted pathology. However, the magni-
tude of these effects varied across disease stages and 
brain regions. Our findings in cortical microglia and 
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gene expression suggest an amyloid-driven regulation of 
microglial phenotype, which is further defined by both 
sex chromosomes and gonads. Microglial phenotypes 
exist on a continuum in both male and female AD mouse 
models as well as in humans [19, 35]. Neuritic dystro-
phy triggered by amyloid plaques induces microglial 

neurodegenerative phenotypes characterized by upregu-
lation of CD11c expression [26, 27]. CD11c has been 
shown to be upregulated at the protein level in micro-
glia of 5xFAD animals [16, 41]. The functional impacts 
of CD11c upregulation on plaque-proximal microglia 
are unclear, but neonatal murine microglia express 

Fig. 4  Testes abrogate cortical neuritic dystrophy and promote cortical neuron retention at 8-months of age. A Representative cortical images 
of X34 (blue), Lamp1 (green), Ub (yellow) and Nt-APP (red). B Average number of X34 cortical plaques. C Average number of cortical X34 plaques 
sized between 32.1 and 64 µm2. D Cortical X34 plaque condensation among total X34 + plaques. E Lamp1 + , F Ubiquitin + or G Nt-APP + average 
dystrophic neurites (DN). H Images and average number of NeuN + (green) cells per unit area of Layer V. Three-way ANOVA with Tukey post-hoc 
correction for multiple comparisons. I Fold changes of PSD95, J synaptophysin, K VGLUT2 and L HOMER1 protein expression in 5xFAD; FCG animals 
relative to respective FCG genotypes. Two-way ANOVA with Tukey post-hoc correction significance indicated by brackets; ns = not significant. N ≥ 3 
mice per group. Scale bars for images are 50 µm
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CD11c associated with the regulation of myelinogen-
esis and neurogenesis [43]. Additionally, CD11c + micro-
glia regulate white matter repair in a mouse model of 
ischemic stroke [24]. Our studies on CD11c imply that, 
through either chromosomes or circulating hormones, 
sex-specific developmental gene expression repertoires 
may reactivate in microglia during neurodegenerative 
diseases. Additionally, our data suggest that sex chro-
mosomes and gonads more selectively impact microglia 
than astrocytes, and that these responses are shaped by 
disease course in 5xFAD animals.

Plaque compaction is correlated with degree of neu-
ritic dystrophy and microglia density [9, 10, 47]. Diffuse 
6E10 + plaques correlate with higher dystrophy, while 
compact 6E10 + X34 + plaques correlate with less dys-
trophy on a per plaque basis. Our findings imply that the 
enhanced microgliosis and microglial numbers observed 
in XXO mice may result in more efficient plaque remod-
eling even though neuritic dystrophy is elevated in these 
animals.

While CD68 activation and ratio of CD68/6E10 over-
lap were unchanged across animals, pointing to suffi-
cient microglial phagocytosis of fibrillar amyloid across 

genotypes, sex chromosomes and gonads may alter 
microglial uptake of soluble amyloid species through dif-
ferential expression of microglial lipoprotein expression 
and alteration of apolipoprotein dynamics. The latter 
may lend to possible nuanced mechanisms distinguishing 
male and female microglia in the 5xFAD; FCG model.

Another microglial neurodegenerative phenotypic 
marker is Apoe [13]. APOE has been associated with a 
sex bias in disease manifestations in women with AD, 
mostly due to sex-specific gene expression [14, 15]. Aside 
from ApoE’s effects on clearance of soluble amyloid 
[25], microglia also seed ApoE into plaques to facilitate 
amyloid-plaque compaction [36, 39]. Our data suggest 
Apoe most likely serves to facilitate microglial plaque 
compaction early during disease in 5xFAD mice. It will 
be important for future experiments to address the pro-
tein localization of ApoE (e.g.: in dense-core plaques) in 
5xFAD; FCG animals. We noticed in 8-month-old ani-
mals that the Y chromosome upregulated some genes 
associated with the microglial neurodegenerative pheno-
types, such as cst7 [13], but only when intact ovaries were 
present (Fig.  5). On the other hand, testes universally 
blunted neurodegenerative phenotype markers but only 

Fig. 5  The Y chromosome limits cortical CD11c + microgliosis but its presence upregulates disease-associated microglial markers in ovary-bearing 
5xFAD; XY- animals. A Representative cortical CD11c (magenta) and X34 + (blue) images. B Percent cortical CD11c + coverage. C Average number 
of cortical CD11c + microglia. D Cortical expression of homeostatic genes cx3cr1, p2ry12 and csf1r and E DAM/MGnD genes cd11c, cst7 and clec7a 
relative to WT; FCG genotypes. Two-way ANOVA with Tukey post-hoc correction significance indicated by brackets; ns = not significant. N ≥ 3 mice 
per group. Scale bar 50 µm
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in mice with one X chromosome whereas homeostatic 
markers were largely unaffected (Fig. 5).

Inactivation of the second X chromosome is a mam-
malian regulatory mechanism to normalize expression 
levels of X chromosome-related genes and microRNAs 
[23]. Epigenetic mechanisms also dictate X chromo-
some gene expression and stability [4]. Genes escaping X 
inactivation can promote greater gene dosage in females, 
and dysregulation of X-chromosome inactivation occurs 
in both aging and AD [17]. These mechanisms likely 
play roles in our study, and we show that the X chromo-
some actively shapes microglial responses to AD. Two 
X chromosomes promoted resilience to AD by regulat-
ing cognitive decline and mortality in humans and AD 
mouse models through sex-specific expression of histone 
demethylase KDM6A [11]. KDM6A likely regulates AD 
resilience in female neurons by modulating Aβ-induced 
neurotoxicity where it is overexpressed due to escape 
from X inactivation [11]. We did not see similar effects 
in neuron retention, which may be explained by experi-
mental design. First, we left gonads intact to provide a 
source of circulating hormones to assess their impact on 
AD. Second, we used a mouse model that differed in its 
plaque deposition and neuronal loss time courses. Where 
the 5xFAD mouse model shows neuronal loss in several 
brain regions, the hAPP model in their study only exhib-
its neuron loss in the CA1 of the hippocampus [31, 44]. 
Furthermore, we utilized the pan-neuronal marker NeuN 
to analyze cortical neuronal density, whereas Wright and 
colleagues analyzed hippocampal density with the neu-
ronal marker calbindin [44]. While others have demon-
strated that sex chromosomes and hormones regulate 
pathology using the FCG in other mouse models of AD, 
our findings specifically implicate microglia and how sex 
chromosomes and gonads can produce divergent impacts 
on microglia, and thus amyloid-driven pathology [3, 11, 
12, 29, 40].

We also observed brain-region specific effects. 
Depending on sex, rodent brain regions show different 
microglial densities and phenotypes that respond dif-
ferentially to certain contexts, such as disease (reviewed 
in [37]). Microglia in the cortex and subiculum may 
possess different morphologies and transcriptomes in 
5xFAD,FCG animals that are influenced by both sex 
chromosomes and sex hormones, but our study did not 
address microglial morphologies and transcriptomics. 
The lack of FCG effects in the subiculum may be largely 
due to higher plaque burden in that region versus the 
cortex [31]. Although human microglial AD studies are 
limited, brains from female AD patients showed greater 
plaque burden in certain regions, and female microglia 
were more complex than male microglia [20, 29]. In addi-
tion to a more thorough investigation of amyloid-induced 

pathology on brain regions other than the cortex and 
subiculum, further analysis of other cell types, such as 
astrocytes, and pathology in other brain regions will be 
critical in discerning potential sex-chromosome and 
gonad-driven effects on amyloid pathology. Nonetheless, 
the data we report here is consistent with other mouse 
models showing sexual dimorphism in pathology and 
human AD studies.

We show that possession of two X chromosomes 
enhances microgliosis, with ovaries exerting a greater 
effect than testes. Conversely, one X chromosome can 
abrogate amyloid-related pathology in either ovary-or 
testes-bearing animals. Microgliosis and microglial phe-
notypes were correlated with enhanced amyloid-related 
pathology, suggestive of microglia-mediated modifica-
tion of AD that is dependent on both sex chromosomes 
and sex hormones. Our findings highlight the nuanced 
interplay between sex chromosomes and circulating sex 
hormones from the gonads in modulating AD pathology.
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Supplementary material 1: Figure 1: FCG and 5xFAD; FCG plasma hormone 
concentrations and subicular plaque burden, gliosis, neuroinflamma-
tion, neuritic dystrophy, neuronal retention and plaque compaction in 
FCG and 5xFAD; FCG animals at 4-months old. (A) Plasma ELISA estradiol 
concentration levels (pg/mL) in ovary-bearing FCG and 5xFAD: FCG 
animals (interaction P = 0.4711, ns; transgene P = 0.6148, ns; chromosome 
P = 0.7326, ns). (B) Plasma ELISA testosterone concentration (ng/mL) in 
testes-bearing FCG and 5xFAD; FCG animals (interaction P = 0.3681, ns; 
transgene P = 0.9516, ns; chromosome P = 0.0379, *). (C) Percent 6E10+ 
coverage (interaction P = 0.2290, ns; gonads P = 0.6118, ns; chromosome 
P = 0.8481, ns). (D) Percent GFAP coverage (interaction P = 0.7851, ns; 
gonads P = 0.0053, **; chromosome P = 0.5869, ns). (E) Percent IBA1 cov-
erage (interaction P = 0.4301, ns; gonads P = 0.9393, ns; chromosome P = 
0.0092, **) per unit area. (F) Average number of IBA1+ cells (interaction P 
= 0.4573, ns; gonads P = 0.3324, ns; chromosome P = 0.0042, **) per unit 
area in the subiculum. (G) Percent subicular MOAB-2 coverage (interaction 
P = 0.8201, ns; gonads P = 0.0412, *; chromosome P = 0.0379, *). (H-M) 
Fold changes of indicated mRNA cortical gene expression in FCG animals. 
(H) Iba1 (interaction P =0.4446, ns; gonads P = 0.0336, *; chromosome P 
= 0.6935, ns). (I) Trem2 (interaction P = 0.7918, ns; gonads P = 0.0953, ns; 
chromosome P = 0.9194, ns). (J) Gfap (interaction P = 0.2089, ns; gonads 
P = 0.3516, ns; chromosome P = 0.3859, ns). (K) Apoe (interaction P = 
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0.5097, ns; gonads P = 0.2193, ns; chromosome P = 0.8214, ns). (L) Il1b 
(interaction P = 0.6686, ns; gonads P = 0.2593, ns; chromosome P = 
0.4673, ns). (M) Tnfa (interaction P = 0.9934, ns; gonads P = 0.0676, ns; 
chromosome P = 0.3698, ns). (N) Left. Average number of X34+ plaques 
in the subiculum (interaction P = 0.3469, ns; gonads P = 0.1352, ns; 
chromosome P = 0.1140, ns). Right. Average number of X34+ plaques 
sized between 32.1 and 64 µm2 (interaction P = 0.8679, ns; gonads P = 
0.8881, ns; chromosome P = 0.1508, ns). (O) Relative distribution of fila-
mentous, intermediate and compact X34 plaques among total plaques 
in the subiculum. No significant differences were observed between 
X34 plaque distributions. Average number of (P) Lamp1+ (interaction 
P = 0.8324, ns; gonads P = 0.4566, ns; chromosome P = 0.3905, ns), (Q) 
ubiquitin+ (interaction P = 0.1312, ns; gonads P = 0.7375, ns; chromo-
some P = 0.0060, **) and (R) Nt-APP+ (interaction P = 0.4425, ns; 
gonads P = 0.0377, *; chromosome P = 0.0933, ns) dystrophic neurites 
(DN). (S) Average # NeuN+ cells in the subiculum; three-way ANOVA 
with Tukey post-hoc correction for multiple comparisons. The following 
was a significant source of variation: chromosome, P < 0.0303, *. The 
other sources of variation were not significant. (T) Full images with 
white box indicates enlarged image shown in Figure 2A. Scale bar 50 
µm. (U) Quantification of subicular plaque species represented as per-
cent total plaque. Left: X34+ plaques (interaction P = 0.1796, ns; gonads 
P = 0.0838, ns; chromosome P = 0.0534, ns); middle: 6E10+ plaques 
(interaction P = 0.4093, ns; gonads P = 0.2957, ns; chromosome P = 
0.6931, ns); and right: X34+/6E10+ plaques (interaction P = 0.6780, 
ns; gonads P = 0.7735, ns; chromosome P = 0.6761, ns). (V) Subicular 
coverage of CD68 (interaction P = 0.6048, ns; gonads P = 0.4247, ns; 
chromosome P = 0.1653, ns), double-positive CD68/6E10 (interaction 
P =0.3123, ns; gonads P = 0.6569, ns; chromosome P = 0.8803, ns) and 
average number of IBA1+ cells per plaque (interaction P = 0.4818, ns; 
gonads P = 0.0193, *; chromosome P = 0.7938, ns). Each data point 
represents an individual mouse. Two-way ANOVA with Tukey post-hoc 
correction significance indicated by brackets; ns = not significant. N≥3 
mice per group.

Supplementary material 2: Figure 2: FCG and 5xFAD; FCG plasma 
hormone concentrations and subicular plaque burden, gliosis, neu-
roinflammation, neuritic dystrophy and plaque compaction in FCG 
and 5xFAD; FCG animals at 8-months old. (A) Plasma ELISA estradiol 
concentration levels (pg/mL) in ovary-bearing FCG and 5xFAD: FCG 
animals (interaction P = 0.9094, ns; transgene P = 0.0454, *; chromo-
some P = 0.7217, ns). (B) Plasma ELISA testosterone concentration (ng/
mL) in testes-bearing FCG and 5xFAD; FCG animals (interaction P = 
0.6450, ns; transgene P = 0.1176, ns; chromosome P = 0.6281, ns). (C-F) 
Subicular quantifications of immunohistochemistry stains. (C) Percent 
6E10+ coverage (interaction P = 0.6760, ns; gonads P = 0.3966, ns; 
chromosome P = 0.8255, ns), (D) percent GFAP coverage (interaction 
P = 0.4522, ns; gonads P = 0.0036, **; chromosome P = 0.5892, ns), (E) 
percent IBA1 coverage (interaction P = 0.4477, ns; gonads P = 0.1102, 
ns; chromosome P = 0.0073, **), (F) Average number of IBA1+ cells 
(interaction P = 0.6408, ns; gonads P = 0.2716, ns; chromosome P = 
0.0210, *) and (G) Percent MOAB-2 coverage in the subiculum (interac-
tion P = 0.5481, ns; gonads P = 0.1276, ns; chromosome P = 0.0996, 
ns) per unit area. (I-M) Fold changes of indicated mRNA cortical gene 
expression in FCG animals. (I) Iba1 (interaction P = 0.4446, ns; gonads 
P = 0.0336, *; chromosome P = 0.6935, ns). (J) Trem2 (interaction P = 
0.7918, ns; gonads P = 0.0953, ns; chromosome P = 0.9194, ns). (K) 
Gfap (interaction P = 0.2089, ns; gonads P = 0.3516, ns; chromosome 
P = 0.3859, ns). (L) Apoe (interaction P = 0.5097, ns; gonads P = 0.2193, 
ns; chromosome P = 0.8214, ns). (M) Il1b (interaction P = 0.6686, ns; 
gonads P = 0.2596, ns; chromosome P = 0.4673, ns). (N) Tnfa (interac-
tion P = 0.9934, ns; gonads P = 0.0676, ns; chromosome P = 0.3698, 
ns). (N) Left. Average number of subicular X34+ plaques (interaction P 
= 0.3530, ns; gonads P = 0.3018, ns; chromosome P = 0.4042, ns). Right. 
Number of X34+ plaques sized between 32.1 and 64 µm2 (interaction 
P = 0.0370, *; gonads P = 0.9891, ns; chromosome P = 0.4784, ns). (O) 
Relative distribution of X34+ filamentous, intermediate and compact-
like plaques among total plaques in the subiculum. No significant 
differences were observed among X34+ plaque condensation types. 
Average number of (P) Lamp1+ (interaction P = 0.4299, ns; gonads P 

= 0.1462, ns; chromosome P = 0.6032, ns), (Q) ubiquitin+ (interaction P 
= 0.3012, ns; gonads P = 0.1031, ns; chromosome P = 0.6582, ns) and (R) 
Nt-APP+ (interaction P = 0.8642, ns; gonads P = 0.7363, ns; chromosome 
P = 0.6728, ns) dystrophic neurites in the subiculum. (S) Quantification of 
cortical plaque species represented as percent total plaque at 8-months 
of age. Left: X34+ plaques (interaction P = 0.0798, ns; gonads P = 0.5694, 
ns; chromosome P = 0.6626, ns); middle: 6E10+ plaques (interaction P = 
0.6343, ns; gonads P = 0.3364, ns; chromosome P = 0.6452, ns); and right: 
X34+/6E10+ plaques (interaction P = 0.0942, ns; gonads P = 0.6363, 
ns; chromosome P = 0.6911, ns). (T) Quantification of subicular plaque 
species represented as percent total plaque. Left: X34+ plaques (interac-
tion P = 0.2334, ns; gonads P = 0.4118, ns; chromosome P = 0.1322, ns); 
middle: 6E10+ plaques (interaction P = 0.7902, ns; gonads P = 0.6869, ns; 
chromosome P = 0.1796, ns); and right: X34+/6E10+ plaques (interaction 
P = 0.2599, ns; gonads P = 0.4919, ns; chromosome P = 0.0938, ns). (U) 
Subicular coverage of CD68 (interaction P = 0.7731, ns; gonads P = 0.5125, 
ns; chromosome P = 0.9220, ns), double-positive CD68/6E10 (interaction P 
=0.4154, ns; gonads P = 0.1897, ns; chromosome P = 0.8719, ns) and aver-
age number of IBA1+ cells per plaque (interaction P = 0.7410, ns; gonads 
P = 0.9513, *; chromosome P = 0.9670, ns). (V) Wildtype expression of 
indicated cortical genes. Each data point represents an individual mouse. 
Two-way ANOVA with Tukey post-hoc correction significance indicated by 
brackets; ns= not significant. N≥3 mice per group.

Supplementary material 3: Table 1 Table containing exact P values for Two-
Way ANOVA factors used in the main figures.
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