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Atg5 in microglia regulates sex-specific
effects on postnatal neurogenesis in

Alzheimer’s disease

M| Check for updates

Ellen Walter'®, Gabrielle Angst'**®, Justin Bollinger?, Linh Truong', Elena Ware', Eric S. Wohleb?,
Yanbo Fan' & Chenran Wang'**

Female Alzheimer’s disease (AD) patients display greater cognitive deficits and worse AD pathology as
compared to male AD patients. In this study, we found that conditional knockout (cKO) of Atg5 in
female microglia failed to obtain disease-associated microglia (DAM) gene signatures in familiar AD
mouse model (5xFAD). Next, we analyzed the maintenance and neurogenesis of neural stem cells
(NSCs) in the hippocampus and subventricular zone (SVZ) from 5xFAD mice with Atg5 cKO. Our data
indicated that Atg5 cKO reduced the NSC number in hippocampus of female but not male 5xFAD
mice. However, in the SVZ, Atg5 cKO only impaired NSCs in male 5xFAD mice. Interestingly, female
5xFAD;Fip200 cKO mice and 5xFAD;Atg714 cKO mice did not show NSC defects. These autophagy

genes cKO 5xFAD mice exhibited a higher neurogenesis activity in their SVZ. Together, our data
indicate a sex-specific role for microglial Atg5 in postnatal neurogenesis in AD mice.

Women have a greater lifetime risk of developing Alzheimer’s disease (AD)
compared with men, and two thirds of AD patients are females'”. The higher
prevalence of AD in women might be attributed to their longer life expec-
tancy as some previous studies suggest that the risk of developing AD might
not have a significant difference between genders after adjustment for age™*.
Even though aging is the biggest known risk factor for AD up to now, the
primary drivers of biological sex by gonadal hormones and sex chromo-
somes also influences AD risk and progression. Females have sharply
reduced neuroprotective estrogen production after menopause, which
might account for more female AD patients and heavier burdens of Ap
plaque and tau pathology™. A very recent study suggests that X-linked gene
Tlr7 determines the sex differences in the demyelination in AD®. Despite the
recent progress, the factors and their roles in influencing sex-dependent
outcomes in AD progression remain elusive in the field.

Postnatal neurogenesis, the generation of new neurons after birth,
exists in the subgranular zone (SGZ) of the dentate gyrus (DG) in the
hippocampus and the subventricular zone (SVZ) of lateral ventricle’™".
Postnatal neurogenesis is driven by neural progenitor/stem cells (NSCs) in
these regions and is important for the maintenance and reorganization of
the existing circuitry in homeostasis and brain repair after injuries" .
Impaired postnatal neurogenesis, loss of synapses, and increased microglial

reactivity are features of the aged brain in both humans and mice"”.
Abnormalities in postnatal neurogenesis also have been linked to the early
onset of neurodegenerative disorders such as AD***'. It has been shown that
blocking postnatal neurogenesis exacerbates cognitive impairment in a
preclinical AD mouse model”. The sex differences for postnatal neuro-
genesis have been noticed in rodent under physiological or stressed
conditions™ > while postnatal neurogenesis is expected to contribute to the
sex differences in cognitive function of AD patients™. However, the reg-
ulation and mechanism of postnatal neurogenesis in male and female AD
brain are still largely unexplored.

Autophagy is a self-degradation process of cytoplasmic content or
organelles to maintain homeostasis”*. Our previous studies identify the
functions of autophagy in NSCs to maintain their self-renewal and neuro-
genesis via both cell-autonomous and non-cell-autonomous mechanisms in
development and aging” . Autophagy activity in neural cells, including
neurons, NSCs, and microglia, decreases with aging and in late stages of
neurodegenerative diseases’”**. Sex differences in baseline autophagy levels
and stimulus-mediated autophagic flux have been identified in both mice and
humans, with females showing reduced autophagic activity compared to
males throughout their lifetime>”. Contextually, both estradiol and proges-
terone enhance the gene expression of autophagy related gene 3 (Atg3), Atg5,
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and Beclin-1 (Becn-1) in mammary epithelial cells”. Potential estrogen or
androgen receptor binding sites have been identified in the promoter regions
of two-thirds of genes encoding autophagy proteins, and 84% of core
autophagy genes can be transcriptionally regulated by sex steroid receptors”.
Sex-specific functions of autophagy and autophagy genes have been described
in different human diseases. Single nucleotide polymorphisms of Atg1611 gene
are associated with increased chances of ankylosing spondylitis and Crohn’s
disease in females™”. Becn-1 is phosphorylated by AMPK to enhance
autophagy in prefrontal cortex of female schizophrenia patients, which might
be responsible for the better cognitive outcome compared to male patients™.
The functions and mechanisms of the changes in autophagy genes or
autophagy proteins are gaining attention for studies of sex-dimorphous in
AD. However, the mechanisms whereby dysfunctional autophagy contributes
to sex differences in AD progression remain poorly understood.

Microglia are yolk sac-derived macrophages that colonize the central
nervous system during early embryonic development. They comprise 10%
of brain cells and serve as the primary defense against insults*"">. Microglia
are highly dynamic modulators in brain development and diseases*™*
including the participation in synaptic remodeling, neurogenesis, elimina-
tion of unwanted neurons and debris™. Microglia heterogeneity is involved
in their maturation and the progression of diseases”’~*’. Studies indicate that
disease-associated microglia (DAM), defined by a small set of altered genes
by single cell RNA-sequencing, are linked to AD, and DAM-like hetero-
geneity has been characterized in other neurodegenerative diseases™ >’ Sex
differences in gene expression and cellular functions are evident in adult
microglia®*** and more obvious in aged brains and AD***". For example,
microglia from both sexes increase their phagocytosis of neural debris with
aging while aged female microglia performed better than aged male
microglia. However, aged female microglia could not adapt their phago-
cytosis following an inflammatory challenge. Likewise, in a Tau-related AD
mouse model, Kodama et al. show that deletion of microRNAs in male
microglia leads to transcriptome changes toward DAM and increases tau
pathology™. These findings suggest that sex differences in aged microglia
may play a unique role in AD.

Recently, the functions of autophagy in microglia in AD progression
have been revealed by several studies. Microglial Atg5 and RUBCN/Rubicon
protect 5xFAD mice from AP accumulation, neuroinflammation, and
neurodegeneration”. Mechanistically, canonical autophagy-independent
functions of LC3-associated endocytosis enables removal of AB and ame-
liorates pathology in these murine AD models. Using microglia specific Atg7
cKO AD mice, a recent study revealed impaired DAM gene signatures with
increased microglial senescence, which causes more severe neurodegen-
eration in 5xFAD mice®. However, the functions and mechanisms of
autophagy in microglia to regulate AD neurogenesis at early disease stages
remain unclear. Our previous results indicate that ablation of Afg5 in
microglia impairs the maintenance and neurogenesis of NSCs in the hip-
pocampus of young adult female, but not male, 5xFAD mice®. In the present
study, we compared the expression of DAM gene signature in hippocampal
microglia from male and female 5xFAD Atg5 cKO mice. We found that Ag5
deletion in female microglia significantly reduced their expression of DAM
genes, which coincided with the early degeneration of NSCs in female
5xFAD hippocampus. We extended our research to a later stage of AD
progression in 5XFAD mice lacking microglial Atg5, and in female 5xFAD
mice with microglia-specific ablation of two additional autophagy essential
genes (Fip200 and Atg14). We observed impaired NSC maintenance only in
the hippocampus of female 5xFAD Atg5 cKO mice. Our results support a
sex-specific role for microglial Atg5 in the protection of NSCs in 5xFAD
through regulating DAM gene signatures.

Results

Atg5 deficiency in female, but not in male, microglia inhibited the
induction of disease associated microglia (DAM) gene signatures
in the hippocampus of 5xFAD mice

Our earlier work indicates a protective function of Atg5 in female, but not in
male microglia for postnatal neurogenesis in 5XFAD hippocampus at 4-

month-old”. To further examine this, we manipulated microglial Atg5 using
an inducible Cre-lox approach by crossing Atg5 flox/flox; CX3CR1“*#*"> ¢
with 5xFAD transgenic mice®. After intraperitoneal injection of tamoxifen
(TAM, 1mg each injection for 4 times) at 1-month-old, we isolated
microglia by FACS® from the hippocampus of 4-month-old control (Atg5
flox/flox), 5xFAD Ctrl (5xFAD;Atg5 flox/flox) and 5xFAD Atg5 cKO
(5xFAD;Atg5 flox/flox; CX3CR1“**"™) mice for downstream analysis
(Fig. 1A and S1A). Our data indicated that at 4-month-old, the mean
fluorescent intensity (MFI) of P2RY12 was comparable in microglia isolated
from female 5xFAD Ctrl mice and matched female control mice
(Fig. S1B and S1C). This suggested that our sorting did not exclude
microglia in AD brains, which might reduce their P2RY12 level at a much
later disease stage™. We found that deletion of Atg5 in female microglia
significantly decreased the expression levels of DAM genes Apoe, Trem?2,
Itgax, Mertk, Axl,and Spp1 (Fig. 1B). Loss of Atg5 in male microglia had no
impact on the expression of these genes in the 5xFAD hippocampus
(Fig. 1C). Knockout of microglial Atg5 did not significantly affect the levels
of microglia homeostasis markers Cx3crl and Tmem119 in the hippo-
campus of either sex (Fig. 1D, E). Using flow cytometry, we analyzed the
surface receptor levels of TREM2, CD11b, and P2RY12 on hippocampal
microglia from both male and female 5XFAD mice with- or without Atg5
ablation. The proportion of TREM2"#" microglia significantly decreased in
female 5xFAD Atg5 cKO mice at 4-month-old but the percentage of
TREM2"" and TREM2"*# microglia did not show a significant difference
(Fig. 2A, B). Consistent with RT-qPCR results, we found a significant
reduction in the MFI of TREM2 on hippocampal microglia in female
5xFAD Atg5 cKO mice (Fig. 2A, C). No differences were detected in CD11b
or P2RY12 MFI (Fig. 2C). In contrast to female microglia, loss of Atg5 in
male 5XFAD mice had no effect on the proportion of TREM2"#" TREM2°",
and TREM2™® microglia (Fig. 2D, E) or MFI of TREM2, CD11b or P2RY12
in the hippocampus (Fig. 2F). Together, these data indicated that Atg5 in
female, but not in male microglia was critical for the acquisition of DAM
gene signatures in the 5XxFAD hippocampus.

Atg5 deficiency in female, but not male, microglia impaired the

maintenance of hippocampal NSC of 8-month-old 5xFAD mice

Next, we compared the Atg5 level in microglia from 5xFAD Ctrl mice and
5xFAD Atg5 cKO mice at 8-month-old. Our data indicated that the number
of Atg5" microglia and the levels of Atg5 MFI were significantly reduced in
hippocampus from TAM-treated 5xFAD Atg5 cKO mice from both sexes
(Fig. S2A-C). Next, we examined the AP plaques, microglia, and NSCs in
hippocampus of these mice from both sexes at 8-month-old (Fig. 3A). We
performed immunostaining to detect AB plaques and observed a significant
amount of AP plaques deposition in the hippocampus of 5xFAD Ctrl mice
and 5xFAD Atg5 cKO mice at 8-month-old (Fig. 3B). Loss of microglial Atg5
had no effect on the total area of AP plaque deposition in DG (Fig. 3B, C)
which was further confirmed by using X-34 staining, another approach to
visualize A plaques® (Fig. 3D, E). These results suggested that Atg5 defi-
ciency in microglia had no impact on A plaques, even at advanced disease
stage. Then, we used AIF1 (allograft inflammatory factor 1, also known as
IBA1) to label microglia and we found significantly more AIF1* microglia in
the DG of 5xFAD Atg5 cKO mice than in 5xFAD Ctrl mice, irrespective of
their sexes (Fig. 3F, G). These results suggested that Atg5 depletion promoted
the survival and/or inhibited the death of microglia in 5xFAD mice at 8-
month-old. We performed double staining of GFAP (glial fibrillary acidic
protein) and SOX2 (SRY (sex determining region Y)-box 2) to label post-
natal NSCs with a radial glia morphology in the SGZ of the hippocampus™.
We found a significant decrease in the number of GFAP" SOX2* NSCs only
in female 5xFAD Atg5 cKO mice (Fig. 4A, B). However, the number of
hippocampal DCX (doublecortin)-positive (DCX") immature neurons and
Ki67" proliferative cells was comparable in in both female and male 5xFAD
mice, regardless of their Atg5 status in microglia (Fig. 4C-E). Last, we
quantified the area of the DG and Cornu Ammonis 1 (CA1) subregions of
the hippocampus. We did not detect any effect of microglial Atg5 cKO on the
thickness of these hippocampal subregions in 5XFAD mice at 8-month-old
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Fig. 1 | Atg5 deletion in microglia reduced the mRNA level of DAM genes in
hippocampus of 4-month-old female 5xFAD mice. A Schematic depiction of
experimental design for characterization of microglia from male and female 5xFAD
Ctrl and 5xFAD Atg5 cKO mice at 4-month-old. Mean + SE of the relative mRNA
levels of Apoe, Trem2, Itgax, MerTK, Axl, and Spp1 in microglia from the hippo-
campus of female (B) and male (C) 5xFAD Ctrl and 5xFAD Atg5 cKO mice at 4-

e FAD Ctrl e FAD Atg5 cKO

month-old. Mean * SE of the relative mRNA levels of Cx3crl and Tmem119 in
microglia from the hippocampus of female (D) and male (E) 5xFAD Ctrl and 5xFAD
Atg5 cKO mice at 4-month-old. Female 5xFAD Ctrl = 5 mice and 5xFAD Atg5
cKO =4 mice; male 5xFAD Ctrl = 5 mice and male 5xFAD Atg5 cKO = 4 mice. All
statistical analysis done was Student’s t-test. ns no significance, *: p < 0.05.

(Fig. 4F, G). Collectively, these results suggested that Atg5-deficient micro-
glia reduced hippocampal NSC content in female 5xFAD mice, but they had
little or no impact on the maintenance and neurogenesis of NSCs in the
hippocampus of male 5XFAD mice.

Increased neuroblast generation in the SVZ of 8-month-old
5xFAD Atg5 cKO mice

Alongside the hippocampus, the SVZ is capable of neurogenesis in adult mice.
Thus, we examined the NSC of SVZ in 5xFAD Ctrl and 5xFAD Atg5 cKO
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mice at 8-month-old. As compared to the AD hippocampus, fewer and
smaller AP plaques were observed in the striatum (Fig. 5A). We quantified the
amount of AB* dots within an area of 200 um from the wall of LV to striatum,
covering the whole SVZ and adjacent striatum. We did not find differences in
the total number of A dots between 5xFAD Ctrl and 5xFAD Atg5 cKO mice
for both sexes (Fig. 5A, B). More microglia were found in SVZ of female
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5xFAD Atg5 cKO mice and no differences were detected in the SVZ microglia
number of male 5XFAD mice lacking microglial Atg5, as compared to their
respective 5XFAD Ctrl mice (Fig. 5C, D). We performed double staining of
GFAP and SOX2 to label NSCs in SVZ. Our data indicated a significantly
decreased number of GFAP™ SOX2* NSCs in the SVZ of male, but not
female, 5XxFAD Atg5 cKO mice at 8-month-old (Fig. 5E, F). Interestingly, the
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Fig. 2 | Atg5 deletion in microglia reduced the surface expression of TREM2 in
hippocampus of 4-month-old female 5XxFAD mice. A Flow cytometry analyses of
the surface expression of CD11b and TREM2 on isolated hippocampal microglia
from female 5xFAD Ctrl and 5xFAD Atg5 cKO mice at 4-month-old. B Mean + SE of
the percentage of TREM2 high (top), TREM2 low (middle), and TREM2 negative
(bottom) microglia of all microglia from female 5xFAD Ctrl and 5xFAD Atg5 cKO
mice at 4-month-old. C Mean + SE of the MFI of TREM2 (top), CD11b (middle),
and P2RY12 (bottom) on isolated microglia from female 5xFAD Ctrl and 5xFAD
Atg5 cKO mice at 4-month-old. D Flow cytometry analyses of the surface expression

of CD11b and TREM2 on isolated hippocampal microglia from male 5xFAD Ctrl
and 5xFAD Atg5 cKO mice at 4-month-old. E Mean + SE of the percentage of
TREM2 high (top), TREM2 low (middle), and TREM2 negative (bottom) microglia
of all microglia from male 5xFAD Ctrl and 5xFAD Atg5 cKO mice at 4-month-old.
F Mean + SE of the MFI of TREM2 (top), CD11b (middle), and P2RY12 (bottom) on
isolated microglia from male 5xFAD Ctrl and 5xFAD Atg5 cKO mice at 4-month-
old. Female 5xFAD Ctrl = 5 mice and 5xFAD Atg5 cKO = 4 mice; male 5xFAD
Ctrl = 5 mice and male 5xFAD Atg5 cKO = 4 mice. All statistical analysis done was
Student’s t-test. ns no significance, *: p < 0.05.
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Fig. 3 | Atg5 deletion in microglia did not affect AR plaques formation but
increased microglia number in DG of 8-month-old 5XFAD mice. A Schematic
depiction of experimental design for 8-month-old samples from male and female
5xFAD Ctrl and 5xFAD Atg5 cKO mice. B Immunofluorescence (IF) of AB and
DAPI in the hippocampus of 5xFAD Ctrl and 5xFAD Atg5 cKO mice at 8-month-
old. Arrows indicated AP plaques. C Mean * SE of the percentage of AP plaques
coverage of the total DG area in 5xFAD Ctrl and 5xFAD Atg5 cKO mice. D X-34
staining in the hippocampus of 5xFAD Ctrl and 5xFAD Atg5 cKO mice. X-34
agglomerates were indicated by arrows. Boxed areas were shown in detail as insets.

I 1 1 I
e FAD Ctrl @ FAD Atg5 cKO

E Mean = SE of the percentage of X-34 coverage of the total DG area in 5xFAD Ctrl
and 5xFAD Atg5 cKO mice. F IF of AIF1 and DAPI in the hippocampus of 5xFAD
Ctrl mice and 5xFAD Atg5 cKO mice. Arrows indicated microglia. Boxed areas were
shown in detail as insets. G Mean + SE of the number of AIF1" cells in the DG of
5xFAD Ctrl and 5xFAD Atg5 ¢cKO mice. GZ granular zone, SGZ subgranular zone.
Female 5xFAD Ctrl = 5 mice and 5xFAD Atg5 cKO = 3 mice; male 5xFAD Ctrl =6
mice and male 5xFAD Atg5 cKO = 5 mice. The Student’s t-test was used for sta-
tistical analysis. ns no significance, *: p < 0.05, ***: p <0.001. Bar = 100 pm.

number of DCX" cells in SVZ significantly increased in 5xFAD Atg5 cKO
mice from both sexes (Fig. 6A, B). The numbers of Ki67* progenitors were
higher in male 5xFAD A#g5 cKO mice, however the number of DCX" Ki67*
immature neurons increased in the SVZ of both female and male 5xFAD Atg5
cKO mice at 8-month-old (Fig. 6A, C, D). H&E staining did not show
significant difference in the number of SVZ cells between these 5XFAD mice
(Fig. 6E, F). Together, these data suggested that male Atg5-deficient microglia
impaired the maintenance of postnatal NSCs in the SVZ of 5xFAD mice
while Atg5 might have a sex-independent functions in microglia in restricting
the proliferation of progenitors/immature neurons in this neurogenic region.

Loss of autophagy genes Fip200 and Atg74 in microglia had no
effect on the maintenance or neurogenesis of NSCs in female
5xFAD mice at 8-month-old

Our previous studies indicate that cKO of Fip200 (essential for autophagy
induction) or Atgl4 (essential for autophagy initiation) in microglia has no
effect on the postnatal NSCs and neurogenesis in hippocampus of female
5xFAD mice at 4-month-old”. Nevertheless, it is not known whether loss of
these genes in microglia will affect NSCs in the hippocampus and SVZ at a
later stage of AD. We collected brain samples from female
5xFAD;Fip200“°®" cKO (designated as 5xFAD Fip200 cKO) mice and
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Fig. 4 | Atg5 deletion in female, but not male microglia impaired NSC main-
tenance in DG of 8-month-old 5xFAD mice. A IF of SOX2, GFAP, and DAPI in the
DG of male and female 5xFAD Ctrl and 5xFAD Atg5 cKO mice. Arrows indicated
NSCs. Boxed areas were shown in detail as insets. B Mean + SE of the number of
NSCs in the DG of 5xFAD Ctrl and 5xFAD Atg5 cKO mice. C IF of DCX, Ki67, and
DAPI in the DG of 5xFAD Ctrl and 5xFAD A#g5 cKO mice. Arrows indicated DCX™
neuroblast. Boxed areas were shown in detail as insets. Mean + SE of the number of
DCX" neuroblast (D) and Ki67" cells (E) in the DG of 5xFAD Ctrl and 5xFAD Atg5

cKO mice. F H&E staining of hippocampus of 5xFAD Ctrl and 5xFAD Atg5 cKO
mice. Enlarged images of DG and CA1 were shown in the middle and on the right.
G Mean = SE of the DG area of 5xFAD Ctrl and 5xFAD Atg5 cKO mice. CA1 Cornu
Ammonis 1, GZ granular zone, SGZ subgranular zone. Female 5xFAD Ctrl = 5 mice
and 5xFAD Atg5 cKO = 3 mice; male 5xFAD Ctrl = 6 mice and male 5xFAD Atg5
cKO =5 mice. The Student’s t-test was used for statistical analysis. ns no significance,
*:p <0.05. Bar = 100 um.

5xFAD;Atg14“® cKO (designated as 5xFAD Atgl4 cKO) mice along with
their respective 5XFAD controls (5xFAD;Fip200 flox/flox mice and 5xFA-
D;Atgi4 flox/flox mice) at 8-month-old (Fig. 7A). We first examined the
degree of p62 aggregation in P2RY12" microglia. We found that the deletion

of Atg5, Atgl4, and Fip200 in hippocampal microglia caused more p62*
microglia and more p62* puncta than in microglia from 5xFAD Ctrl mice
(Fig. S3), suggesting a similar autophagy inhibition in these autophagy genes
cKO microglia. Histological analyses indicated that the levels of Ap plaques
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Fig. 5 | Atg5 deletion in microglia reduced NSC maintenance in SVZ of 8-month-
old male AD mice. A IF of Af and DAPI in the striatum and SVZ of male and female
5xFAD Ctrl and 5xFAD Atg5 cKO mice at 8-month-old. Arrows indicated A" dots.
Boxed areas were shown in detail as insets. Red dotted lines indicated the regions
200 pm away from the wall of lateral ventricle. B Mean + SE of the number of Ap
puncta within 200 pm distance of SVZ and striatum in 5xFAD Ctrl and 5xFAD Atg5
cKO mice. CIF of AIF1 and DAPI in SVZ of 5xFAD Ctrl mice and 5xFAD Atg5 cKO
mice. Arrows indicated microglia. Boxed areas were shown in detail as insets.
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cKO mice from both sexes. E IF of SOX2, GFAP, and DAPI in SVZ of 5xFAD Ctrl
and 5xFAD Atg5 cKO mice. Arrows indicated NSCs. Boxed areas were shown in
detail as insets. F Mean * SE of the number of NSCs in SVZ of 5xFAD Ctrl and
5xFAD Atg5 cKO mice. CC corpus callosum, LV lateral ventricle, PL plexus, ST
striatum, SVZ subventricular zone. Female 5xFAD Ctrl = 5 mice and 5xFAD Atg5
cKO = 3 mice; male 5xFAD Ctrl = 6 mice and male 5xFAD Atg5 cKO = 5 mice. The
Student’s t-test was used for statistical analysis. ns no significance, *: p < 0.05.

Bar = 100 um.
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Fig. 6 | Increased neuroblasts and their proliferation in SVZ of 8-month-old male
and female 5xFAD Atg5 cKO mice. A IF of DCX, Ki67, and DAPI of SVZ in male
and female 5xFAD Ctrl and 5xFAD Atg5 cKO mice at 8-month-old. Arrows indi-

cated DCX" Ki67" neuroblasts. Boxed areas were shown in detail as insets.

Mean + SE of the number of DCX" cells (B), Ki67" cells (C), and DCX" Ki67" cells
(D) in SVZ of 5xFAD Ctrl and 5xFAD Atg5 cKO mice. E H&E staining of SVZ in

male and female 5xFAD Ctrl and 5xFAD Atg5 cKO mice. Boxed areas were shown in

c T T L) T
e FAD Ctrl e FAD Atg5 cKO

e FAD Ctrl e FAD Atg5 cKO

_FAD Ctrl FAD Atg

5 cKO
& i

=

g o
.
]

oo "“\ “"}\—5‘,

ey
.

detail as insets. F Mean + SE of the SVZ cell number in 5xFAD Ctrl and 5xFAD Atg5
cKO mice. CC corpus callosum, LV lateral ventricle, PL plexus, ST striatum, SVZ
subventricular zone. Female 5xFAD Ctrl = 5 mice and 5xFAD Atg5 cKO = 3 mice;
male 5xFAD Ctrl = 6 mice and male 5xFAD Atg5 cKO = 5 mice. The Student’s t-test
was used for statistical analysis. ns no significance, *: p <0.05, **: p < 0.01.
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Fig. 7 | Deletion of Fip200 and Atg14 in hippocampal microglia of female 8-
month-old 5XFAD mice. A Schematic depiction of experimental design for 8-
month-old samples from female 5XFAD Ctrl, 5XFAD Fip200 cKO, and 5XFAD
Atgl4 cKO mice. B IF of AB and DAPI in the hippocampus of female 5XFAD Ctrl,
5XFAD Fip200 cKO, and 5XFAD Atgl4 cKO mice at 8-month-old. Arrows indicated
A plaques. C Mean + SE of the percentage of AR coverage of the DG area in 5xFAD
Ctrl, 5xFAD Fip200 cKO, and 5xFAD Atg14 cKO mice. D X-34 staining in the DG of
female 5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD Atgl4 cKO mice at 8-month-
old. X-34 agglomerates were indicated by arrows. E Mean + SE of the percentage of
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number of AIF1” cells in the DG of 5XFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD
Atgl4 cKO mice. 5xFAD Ctrl = 5 mice, 5xFAD Fip200 cKO = 5 mice, and 5xFAD
Atgl4 cKO =5 mice. One-way ANOVA with a Bonferroni correction was used for
statistical analysis. ns no significance, *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Bar =100 yum.

coverage in DG were comparable between 5xFAD Ctrl mice and 5xFAD
Atg14 cKO mice at 8-month-old (Fig. 7B, C). In comparison to these groups,
5XxFAD Fip200 cKO mice exhibited significantly fewer AP plaques
(Fig. 7B, C). Moreover, X-34 staining confirmed more fibrillary A plaques in
the hippocampus of 5xFAD Ctrl mice and 5xFAD AtgI4 cKO than in 5xFAD
Fip200 cKO mice at 8-month-old (Fig. 7D, E). These results indicated that
Fip200 deficiency in female microglia from older mice might accelerate the
removal of AP plaques or reduce the generation of A in the hippocampus.
Despite the significant difference in AP plaque deposition, we detected
more microglia in the DG of both 5xFAD Fip200 ¢cKO mice and
5xFAD Atgl4 cKO mice as compared to 5XFAD Ctrl mice (Fig. 7F, G).
These results, along with the findings of Atg5 deficiency increasing the
number of microglia in 5xFAD mice from both sexes at 8-month-old
(Fig. 3F, G), suggested that autophagy’s functions in inhibiting sur-
vival and/or promoting death of microglia were independent of Af

accumulation and sex. Next, we used GFAP and SOX2 to label post-
natal NSCs in the SGZ. We found a comparable number of NSCs in
5xFAD Ctrl mice, 5XFAD Fip200 cKO mice, and 5xFAD Atgl4 cKO
mice at 8-month-old (Fig. 8A, B). Further analyses indicate no sig-
nificant differences in the number of DCX™ cells in female 5xFAD
Fip200 cKO and 5xFAD Atgl4 ¢cKO mice as compared to their
respective 5XFAD Ctrl mice (Fig. 8C, D). Moreover, we observed
several Ki67" proliferative cells in the SGZ of 5xFAD Ctrl mice,
5xFAD Fip200 cKO mice and 5xFAD Atgl4 ¢cKO mice (Fig. 8C, E) and
we did not observe any Ki67" DCX" cells in the SGZ regions (Fig. 8C
and data not shown). We examined the area of the CAl1 and DG
regions using H&E staining, with no differences observed across
groups (Fig. 8F, G). These results suggested that Fip200-deficient and
Atgl4-deficient female microglia had no impact on the NSC’s main-
tenance and functions in AD hippocampus at 8-month-old.
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Deficiency of microglial Fip200 and Atg14 increased neuroblast
formation without affecting NSC maintenance in the SVZ of 8-
month-old female 5xFAD mice

Next, we examined the SVZ region in female 5xFAD Ctrl, 5xFAD Fip200
cKO, and 5xFAD Atg14 cKO mice at 8-month-old. We quantified the A*
dots within an area of 200 um from the wall of LV to the striatum. We
detected more AP" dots in the regions of the SVZ in 5xFAD Fip200 cKO
mice compared to 5XFAD Ctrl mice (Fig. 9A, B). However, loss of microglial
Atgl4 had no effect on the amount of AP* material in the SVZ in 5xFAD
females (Fig. 9A, B). Similar to the hippocampus, loss of either microglial
Fip200 or Atgl4 increased the number of microglia in the SVZ of female
5xFAD mice (Fig. 9C, D). We next performed double staining of GFAP and
SOX2 to label NSCs in the SVZ. We found a trend for modest decrease in the
number of NSCs in SVZ of female 5xFAD Fip200 cKO mice and 5xFAD
Atgl4 cKO mice compared to 5XFAD Ctrl mice at 8-month-old (Fig. 9E, F).
To examine the newly formed neurons, we performed double staining of
DCX with Ki67. Interestingly, we found more DCX" cells in SVZ of 5xFAD
Fip200 cKO mice and 5xFAD Atgi4 ¢cKO mice than in 5xFAD Ctrl mice
(Fig. 10A, B). The number of Ki67" progenitors was significantly higher in
5xFAD Atgi4 cKO SVZ than in 5xFAD Ctrl SVZ, which showed a com-
parable number of proliferative cells as in 5xFAD Fip200 cKO mice
(Fig. 10A, C). Nevertheless, we detected no difference in DCX* Ki67"
immature neuron number between groups (Fig. 10A, D). H&E staining
revealed only a modest trend toward reduced SVZ tissue thickness in
5xFAD female mice lacking microglial Fip200 or Atgl4 (Fig. 10E, F). Taken
together, this data suggested that even though loss of Fip200 and Atgl4 in
microglia promoted the expansion of neuroblasts in the SVZ of AD mice,
these two autophagy proteins in microglia had no impact on the main-
tenance of postnatal NSCs in female AD mice at 8-month-old.

Discussion

In this study, we compared the functions of Atg5 in male and female microglia
for their gaining of DAM gene signatures in the AD hippocampus at an early
disease stage. Our results indicated that female microglia, but not male
microglia relied on Atg5 to obtain DAM gene signatures to protect postnatal
neurogenesis in mice in AD progression. The DAM promoting features and
protective functions of Atg5 in female microglia seemed to be independent of
its autophagy functions, as other canonical autophagy genes of Fip200 and
Atgl4 in female microglia were not involved in the maintenance and neu-
rogenesis of NSCs in AD mice, even at advanced disease stages.

DAM has been proposed to limit AD progression by clearing plaques,
cellular debris, and other threats™***”. DAM depends on the well char-
acterized Trem2-ApoE pathway for full maturation™*”". Nevertheless, the
molecular mechanisms underlying the sex differences in regulating DAM
are not well understood. DAM markers are more enriched in aged female
microglia than in aged male microglia, possibly because of female-biased
activation of Trem2 in old microglia”. The more significantly decreased
mRNA levels of Trem2 and Apoe as well as protein level of Trem?2 in female
than in male Atg5 cKO microglia suggested critical functions of Atg5 for
DAM activation in female AD hippocampus. It is possible that the differ-
ence of metabolism in male and female microglia could be a mechanism for
the regulation of DAM by Atg5. Old female microglia exhibit increased
glycolysis compared to old male microglia” and microglia from female
APP/PS1 mice also shift their metabolism towards glycolysis™. Atg5 defi-
ciency impairs glucose metabolism by decreasing surface expression of
Glut1 through its noncanonical roles in membrane atg8ylation in retromer
assembly and function”. We speculate that female Atg5 cKO microglia fail
to sustain higher glycolytic activity because of increased demand in DAM
activation. It has also been noticed that aged female microglia display robust
senescent phenotypes which is less evident in aged male microglia”.
Autophagy in general prevents cellular senescence. Choi et al. reveal a role of
Atg7 in microglia to prevent senescence® which is detrimental in the AD
brain’®. Thus, our data suggested another possibility that Atg5 deficiency
specifically accelerated senescence in female microglia to inhibit neuro-
genesis at the early stage of AD.

Our results showed that at 8-month-old, the generation of new neu-
rons in the hippocampus was scant and was comparable between 5xFAD
Ctrl mice and 5xFAD Atg5 cKO mice from both sexes (Fig. 4). Similar
findings were observed in the hippocampus of female 5xFAD Atgl4 cKO
and 5xFAD Fip200 cKO mice at the same age (Fig. 8). These findings were
consistent with the dramatic decrease in the rate of hippocampal neuro-
genesis, which drops by around 80% from 2 to 8 month of age in the rodent
brain”’. To our surprise, the number of DCX" cells in the SVZ significantly
increased in 5xFAD Atg5 cKO mice as well as in female 5xFAD Fip200 cKO
and 5xFAD Atg14 cKO mice when compared with their respective controls
at 8-month-old (Figs. 6 and 10). The distinct functions of autophagy genes
in microglia for neurogenesis in the hippocampus and SVZ might reflect
microglial regional heterogeneity’®. SVZ microglia are more of an ameboid
shape, and hippocampal microglia are usually ramified. The higher pha-
gocytotic activity for dead neural progenitors and neuroblasts in SVZ
microglia” is critical for the neurogenesis function of the adult SVZ. Trem2
expression level is high in hippocampal microglia but low in microglia from
the SVZ* which suggests that hippocampal microglia depend more on Atg5
to maintain Trem2 expression for DAM in AD neurogenesis. Future studies
will reveal the mechanisms of Atg5/autophagy in regional microglial het-
erogeneity for adult neurogenesis in AD mice.

Microglia are known to be relatively long-living cells that show gradual
turnover with limited self-renewal capacity in the brain®"*’. Atg5 cKO in
microglia has no impact on the cell number and the development of
experimental autoimmune encephalomyelitis”. In this study, we found that
the deletion of autophagy genes Atg5, Atgl4, and Fip200 in microglia sig-
nificantly increased their number in AD hippocampus at 8-month-old, and
the fold of increase was more prominent in male 5xFAD Atg5 cKO
microglia (Figs. 3 and 7). The increase of microglia number was irrelevant to
sex as it happened in both male and female autophagy defective mice. Atg5 is
akey factor for maintaining the balance between autophagy and apoptosis*.
In other cell types, a previous study has shown that Atg5 promotes the
apoptosis of cancer cells independent of autophagy®. Atg5 promotes the
apoptosis of macrophages by enhancing the Fas-FasL signaling pathway
after malaria infection, which is mechanically distinct from Atg5-mediated
apoptosis of cancer cells*. Autophagic death of NSCs mediates chronic
stress-induced decline of adult hippocampal neurogenesis and cognitive
deficits”. Even though autophagy deficiency in microglia has no impact on
their survival or apoptosis in normal development or neuroinflammatory
disease, the consistent role of Atg5, Atgl4, and Fip200 in AD microglial
survival suggest autophagy as a decisive process for cell death® in these
innate immune cells in AD progression. Another possibility is that autop-
hagy inhibition increases the proliferation of microglia in the AD hippo-
campus. However, we did not find significant difference in the proliferation
of DG cells (Ki67*) from 5xFAD Ctrl mice and 5xFAD autophagy cKO mice
(Figs. 4 and 8), indicating autophagy’s functions in restricting microglia
number in AD hippocampus are not likely through increased cell pro-
liferation. Since we used AIF1 to stain cells from myeloid lineages, however,
it was uncertain whether these AIF1™ cells were microglia or if some of them
were from infiltrating myeloid cells, such as macrophages. In our future
studies, detailed lineage tracing experiments will help to determine the
origins of the increased AIF1™ myeloid cells in the 5xFAD hippocampus
without an autophagy gene.

Even though the functions and mechanisms of Atg5 in autophagy have
been well studied, we admit the limit of our current study for not revealing
additional molecular mechanisms of Atg5 in regulating DAM gene sig-
natures in a sex-specific manner. Previous studies indicate that Toxoplasma
gondii infection in human cells increases the interaction of Atg5 with gly-
colytic enzymes (i.e., ALODOA, LDHA, and PGK1)¥. These glycolytic
proteins are not reported to interact with Fip200 or Atgl4. It is possible that
the regulation of these glycolytic proteins might contribute to the function of
Atg5 in regulating DAM gene signatures in AD hippocampus. We will
warrant future research in elucidating the canonical and non-canonical
functions of Atg5 in microglia to clarify the molecular mechanisms for the
sex differences in AD neurogenesis.
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Fig. 8 | Fip200 and Atg14 deletion in microglia had no impact on the main-
tenance and neurogenesis of hippocampal NSC in 8-month-old female AD mice.
A TF of SOX2, GFAP, and DAPI in the DG of female 5xFAD Ctrl, 5xFAD Fip200
cKO, and 5xFAD Atgl4 cKO mice at 8-month-old. Arrows indicated NSCs. Boxed
areas were shown in detail as insets. B Mean + SE of the number of NSCs in the DG of
female 5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD Atgl4 cKO mice. C IF of DCX,
Ki67, and DAPI in the DG of female 5xFAD Ctrl, 5xFAD Fip200 cKO, 5xFAD Atgl4
cKO mice. Arrows indicated DCX" neuroblast or Ki67* proliferative cells. Boxed
areas were shown in detail as insets. Mean + SE of the number of DCX" neuroblast
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(D) and the number of Ki67" cells (E) in the DG of female 5xFAD Ctrl, 5xFAD
Fip200 cKO, 5xFAD Atgl4 cKO mice at 8-month-old. F H&E staining of the hip-
pocampus of female 5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD Atgl4 cKO mice.
Enlarged images were shown in the middle for DG and on the right for CA1 region.
G Mean = SE of the DG area of female 5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD
Atgl4 cKO mice. CA1 Cornu Ammonis 1, GZ granular zone, SGZ subgranular zone.
5xFAD Ctrl = 5 mice, 5xFAD Fip200 cKO = 5 mice, and 5xFAD Atg14 cKO = 5 mice.
One-way ANOVA with a Bonferroni correction was used for statistical analysis. ns
no significance. Bar = 100 um.
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In summary, our study using microglia specific mouse models deleting
different autophagy genes revealed an essential role of Atg5 in female
microglia to maintain DAM gene signatures for postnatal neurogenesis in
hippocampus of AD brain. This study also implies that targeting Atg5 has
the potential to treat and/or prevent neurogenesis loss in AD progression in
female patients.
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Materials and methods

Animals

WT, 5xFAD, Atg5 flox/flox, Atgi4 flox/flox, Fip200 flox/flox,
CX3CRI1*" Atg5 flox/flox;5xFAD, CX3CR1“**"% A tg14 flox/flox;5xFAD,
CX3CR1C“ERT2;F1'p200 flox/flox;5xFAD mice with B6 background were
described as before®’. Atg5 flox/flox, and Atg14 flox/flox mice were gifted from
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Fig. 9 | Deletion of Fip200 and Atg14 increased microglia in SVZ but had no
impact on NSC maintenance of 8-month-old female AD mice. A IF of AP and
DAPI in the striatum and SVZ of female 5xFAD Ctrl, 5xFAD Fip200 cKO, and
5xFAD Atgl4 cKO mice at 8-month-old. Arrows indicated AP plaques. Boxed areas
were shown in detail as insets. Red dotted lines indicated the regions 200 um from
the wall of lateral ventricle. B Mean + SE of the number of Ap puncta within 200 pm
distance of SVZ in 5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD AtgI4 cKO mice.
CIF of AIF1 and DAPI in the SVZ of 5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD

Fip200 cKO, and 5xFAD Atgl4 cKO mice. E IF of SOX2, GFAP, and DAPI in the
SVZ of female 5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD Atgl4 cKO mice.
Arrows indicated NSCs. Boxed areas were shown in detail as insets. F Mean * SE of
the number of NSCs in the SVZ of female 5xFAD Ctrl, 5xFAD Fip200 cKO, and
5xFAD Atgl4 cKO mice. CC corpus callosum, LV lateral ventricle, PL plexus, ST
striatum, SVZ subventricular zone. 5XFAD Ctrl = 5 mice, 5xFAD Fip200 cKO =5
mice, and 5xFAD Atgl4 cKO = 5 mice. One-way ANOVA with a Bonferroni cor-
rection was used for statistical analysis. ns no significance, *: p < 0.05, ***: p < 0.001.

Atgl4 cKO mice. Arrows indicated microglia. Boxed areas were shown in detailas ~ Bar =100 um.
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Fig. 10 | Deletion of Fip200 and Atgl4 increased neuroblast generation in SVZ of
female AD mice at 8-month-old. A IF of DCX, Ki67, and DAPI in SVZ of female
5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD Atgl4 cKO mice at 8-month-old.
Arrows indicated DCX " Ki67" neuroblasts. Boxed areas were shown in detail as
insets. Mean + SE of the number of DCX™* cells (B), Ki67 ™ cells (C),and DCX" Ki67*
cells (D) in SVZ of 5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD Atgl4 cKO mice at
8-month-old. E H&E staining of SVZ in 5xFAD Ctrl, 5xFAD Fip200 cKO, and

FAD Flp200 cKO FAD Atg14 cKO

N N 407 ns ]

> > °

@) @ o [ .| =

g -

© © 0] F

8 8 .

+ + 101

é ,‘5 10

D c T 2 O T T T
° FAD Ctr ® FAD Citrl

® FAD Fip200 cKO
® FAD Atg14 cKO

® FAD Fip200 cKO
® FAD Atg14 cKO

D
» 157 LI
s ns
© |—|
£ 10 R
N~ > °
©»m = E {_
x5 o o
+ 9o 51
X
O
[m)
0 L T L
e FAD Ctrl

® FAD Fip200 cKO
® FAD Atg14 cKO

ns

2007 l ns |
> .l [ ] [ ]
g1501 = 5 F
©
§ % °
$100{
(&)
N
> 50
(7]

eFADCHI

® FAD Fip200 cKO
® FAD Atg14 cKO

5xFAD Atgl4 cKO mice. Boxed areas were shown in detail as insets. F Mean + SE of
the number of SVZ cells in 5xFAD Ctrl, 5xFAD Fip200 cKO, and 5xFAD Atgl4 cKO
mice. CC corpus callosum, LV lateral ventricle, PL plexus; ST: striatum, SVZ sub-
ventricular zone. 5xFAD Ctrl = 5 mice, 5xFAD Fip200 cKO = 5 mice, and 5xFAD
Atgl4 cKO =5 mice. One-way ANOVA with a Bonferroni correction was used for
statistical analysis. ns no significance, *: p < 0.05, ***: p <0.001. Bar = 100 pm.

Dr. Herbert Virgin’s lab at the Washington University, Fip200 flox/flox mice
were generated in Dr. Jun-Lin Guan’s lab at the University of Cincinnati,
CX3CR1“™" mouse was purchased from Jackson lab (JAX, 021160).
5xFAD Ctrl, CX3CR19*™Atg5 flox/flox;5xFAD, CX3CR1“*™ ™ Atg14
flox/flox;5xFAD, and CX3CR1“***"%Fip200 flox/flox;5xFAD mice and their
respective 5XFAD Ctrl mice were intraperitoneally injected with 1mg
tamoxifen (TAM) at 1 month old for 4 times. Mice were housed and handled

according to local, state, and federal regulations. All experimental procedures
were conducted according to the guidelines of Institutional Animal Care and
Use Committee (JACUC) at University of Cincinnati (21-06-21-02).

Antibodies and reagents
Primary antibodies used were mouse anti-AP (Biosensis, M-1742-50-B),
anti-GFAP (Cell Signaling Technology, 3670), anti-P2RY12 (BioLegend,
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848001 and 848004), anti-ATG5 (BioLegend, 847401); rabbit anti-AIF1
(WAKO, 019-19741), anti-MKI67/Ki67 (Spring Bioscience, 151213), anti-
GFAP (DAKO, MO0761), anti-p62 (Enzo, BML-PW9860), anti-SOX2
(Millipore, AB5603); rat anti-ITGAM/CD11b (BD Pharmingen, 557296),
anti-MKI67 (BioLegend, 151213), anti-TREM2 (R&D Systems,
MABI17291); and guinea pig anti-DCX (Millipore, AB2253). Secondary
antibodies were goat anti-rabbit IgG-FITC (Jackson Immunology, 111-095-
003), goat anti-rabbit IgG-Alexa Fluor (Jackson Immunology, 111-586-
003), goat anti-mouse IgG-FITC (Jackson Immunology, 115-095-003), goat
anti-mouse IgG-Texas Red (Jackson Immunology, 115-295-003), goat anti-
mouse IgM-Rhodamine (Jackson Immunology, 115-025-020), goat anti-
guinea pig IgG-Texas Red (Jackson Immunology, 106-585-003), goat anti-
mouse IgG-HRP (Jackson Immunology,115-035-00.), and goat anti-rabbit
IgG-HRP (Jackson Immunology, 111-035-144). Tamoxifen (T5648) and
X-34 (SML1954) were purchased from Sigma (St Louis, MO).

Histology and immunofluorescence (IF)

Mice were euthanized using CO,, and the brain was harvested during
necropsy. Fixation was conducted for 16 h at 4 °C using 4% (w:v) freshly
made, pre-chilled PBS (Invitrogen, 10010023) buffered paraformaldehyde/
PFA. The brain tissues were all sagittally separated into two hemispheres
through the midline and one hemisphere was embedded in paraffin, sec-
tioned at 5 um. Slides from histologically comparable positions (triangular
lateral ventricle with intact rostral migratory stream) were stained with
hematoxylin and eosin (H&E) for routine histological examination or left
unstained for immunofluorescence (IF). H&E-stained sections were
examined under a BX41 light microscope (Olympus America, Inc., Center
Valley, PA), and images were captured with an Olympus digital camera
(model DP75) using DP Controller software (Version 1.2.1.10 8). For IF,
unstained tissues were first deparaffinized in 3 washes of xylene (3 min each)
and then were rehydrated in graded ethanol (EtOH) solutions (100 x 3
times, 95, 70, 50, and 30%, 1 min each). After heat-activated antigen retrieval
(Retriever 2000, PickCell Laboratories B.V., Amsterdam, Holland)
according to the manufacturer’s specifications, sections were treated with
Protein Block Serum Free (Agilent, X090930-2) at room temperature for
10 min. Slices were then incubated with the primary antibodies at 4 °C for
16 h in a humidified chamber, washed in PBS for 3 times (5 min each) and
incubated with the 1:200 secondary antibodies for 1 h at room temperature.
After incubation with secondary antibodies and a wash in PBS 3 times
(5 min each), nuclei were stained with DAPI and mounted with Vectashield
mounting medium (Vector Laboratories, H-1200-10). Digital photography
was carried out as described previously”. For staining of AB plaques, X-34
diluent (40% EtOH, pH 10) was prepared by adding 0.5 ml stock solution of
X-34 (5 mM) with 20 mL of EtOH and 29.5 mL of dH,O. The we added 1 pL
of 5 M NaOH dropwise until the solution reached pH 10. The slides were
stained in 25 pM X-34 staining solution for 30 min at room temperature in
the dark. Then, the slides were washed three times in dH,O and further
incubated for 2 min in the differentiation buffer (50 mM NaOH, 80%
EtOH). The slides were rinsed three times in dH,O before mounted for IF
imaging.

Percoll gradient isolation and FACS for enriched microglia

The method for isolation of microglia was as what we described before™. In
brief, dissected cortex and hippocampus were passed through a 70-pm cell
strainer. Homogenates were centrifuged at 600 x g for 6 min. Supernatants
were removed, and cell pellets were resuspended in 70% isotonic Percoll (GE
Healthcare, 17-5445-01). A discontinuous Percoll density gradient was
layered as follows: 70%, 30%, and 0% isotonic Percoll. The gradient was
centrifuged for 20 min at 2000 x g, and enriched microglia were collected
from the interphase between the 70% and 30% Percoll layers. Enriched
microglia were labeled with antibodies for flow cytometry and sorted based
on the detection of CD11b and P2RY12 using a Bio-Rad S3e cytometer/cell
sorter (Bio-Rad, 12007058). All data were analyzed using Flow]Jo
v10 software (Tree Star Inc.).

Real time PCR

Total RNA was isolated from sorted microglia using a Single Cell RNA
Purification Kit (Norgen Biotek Corp., 51800) according to the user manual.
Reverse transcription complementary DNA (cDNA) was synthesized with
iScript cDNA Synthesis Kit (Bio-Rad, 1708891). Real-time PCR was per-
formed with iQ SYBR Green Supermix Kit (Bio-Rad, 170-8880). Expression
values were normalized to Actb/f-actin. The primers were obtained from
PrimerBank (https://pga.mgh.harvard.edu/primerbank/) unless specific
references were cited. The specificity of primers was validated via dis-
sociation curves.

Statistical analysis

Lengths, areas, and the number of cells from comparable sections were
quantified using the ImageJ software package. Statistical significance was
evaluated by one-way ANOVA with Bonferroni correction and Student’s
t-test with p < 0.05 using Graph Pad Prism (Version 7.0). The number of
animals used for quantification is indicated in the figure legends.

Data availability

No datasets were generated or analyzed during the current study.

Received: 30 September 2024; Accepted: 5 March 2025;
Published online: 16 March 2025

References

1. Rajan, K. B. et al. Population estimate of people with clinical
Alzheimer’s disease and mild cognitive impairment in the United
States (2020-2060). Alzheimers Dement 17, 1966-1975 (2021).

2. Lopez-Lee, C. et al. Mechanisms of sex differences in Alzheimer’s
disease. Neuron 112, 1208-1221 (2024).

3. Edland, S.D. et al. Dementia and Alzheimer disease incidence rates
do not vary by sex in Rochester, Minn. Arch. Neurol. 59, 1589-1593
(2002).

4. Beam, C.R. et al. Differences between women and men in incidence
rates of dementia and Alzheimer’s disease. J. Alzheimers Dis. 64,
1077-1083 (2018).

5. Shang, D. et al. Sex differences in autophagy-mediated diseases:
toward precision medicine. Autophagy 17, 1065-1076 (2021).

6. Lopez-Lee, C. et al. drives sex differences in age- and Alzheimer’s
disease-related demyelination. Science 386, eadk7844 (2024).

7. Patzke, N. et al. In contrast to many other mammals, cetaceans have
relatively small hippocampi that appear to lack adult neurogenesis.
Brain Struct. Funct. 220, 361-383 (2015).

8. van Praag, H. et al. Functional neurogenesis in the adult
hippocampus. Nature 415, 1030-1034 (2002).

9. Seri, B. et al. Astrocytes give rise to new neurons in the adult
mammalian hippocampus. J. Neurosci. 21, 7153-7160 (2001).

10. Kornack, D. R. & Rakic, P. Continuation of neurogenesis in the
hippocampus of the adult macaque monkey. Proc. Natl. Acad. Sci.
USA 96, 5768-5773 (1999).

11. Altman, J. & Das, G. D. Autoradiographic and histological evidence of
postnatal hippocampal neurogenesis in rats. J. Comp. Neurol. 124,
319-335 (1965).

12. Doetsch, F. et al. Subventricular zone astrocytes are neural stem cells
in the adult mammalian brain. Cell 97, 703-716 (1999).

13. Kriegstein, A. & Alvarez-Buylla, A. The glial nature of embryonic and
adult neural stem cells. Annu. Rev. Neurosci. 32, 149-184 (2009).

14. Gage, F. H. Mammalian neural stem cells. Science 287, 1433-1438
(2000).

15. Temple, S. The development of neural stem cells. Nature 414,
112-117 (2001).

16. Ming, G. L. & Song, H. Adult neurogenesis in the mammalian brain:
significant answers and significant questions. Neuron 70, 687-702
(2011).

npj Aging| (2025)11:18

14


https://pga.mgh.harvard.edu/primerbank/
www.nature.com/npjamd

https://doi.org/10.1038/s41514-025-00209-0

Article

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhao, C., Deng, W. & Gage, F. H. Mechanisms and functional
implications of adult neurogenesis. Cell 132, 645-660 (2008).
Morshead, C. M. et al. Neural stem cells in the adult mammalian
forebrain: arelatively quiescent subpopulation of subependymal cells.
Neuron 13, 1071-1082 (1994).

Mattson, M. P. & Arumugam, T. V. Hallmarks of brain aging: adaptive
and pathological modification by metabolic states. Cell Metab. 27,
1176-1199 (2018).

Zaletel, I. et al. Early impairments of hippocampal neurogenesis in
5xFAD mouse model of Alzheimer’s disease are associated with
altered expression of SOXB transcription factors. J. Alzheimers Dis.
65, 963-976 (2018).

Moreno-Jiménez, E. P. et al. Adult hippocampal neurogenesis is
abundant in neurologically healthy subjects and drops sharply in
patients with Alzheimer’s disease. Nat. Med. 25, 554-560 (2019).
Choi, S. H. et al. Combined adult neurogenesis and BDNF mimic
exercise effects on cognition in an Alzheimer’s mouse model.
Science. 361, eaan8821 (2018).

Hillerer, K. M. et al. Sex-dependent regulation of hippocampal
neurogenesis under basal and chronic stress conditions in rats.
Hippocampus 23, 476-487 (2013).

Barha, C. K. et al. Chronic restraint stress in adolescence differentially
influences hypothalamic-pituitary-adrenal axis function and adult
hippocampal neurogenesis in male and female rats. Hippocampus 21,
1216-1227 (2011).

Naninck, E. F. et al. Chronic early life stress alters developmental and
adult neurogenesis and impairs cognitive function in mice.
Hippocampus 25, 309-328 (2015).

Yagi, S. & Galea, L. A. M. Sex differences in hippocampal cognition
and neurogenesis. Neuropsychopharmacology 44, 200-213 (2019).
Mizushima, N. & Levine, B. Autophagy in mammalian development
and differentiation. Nat. Cell Biol. 12, 823-830 (2010).

Aman, Y. et al. Autophagy in healthy aging and disease. Nat. Aging 1,
634-650 (2021).

Wang, C. et al. FIP200 is required for maintenance and differentiation
of postnatal neural stem cells. Nat. Neurosci. 16, 532-542 (2013).
Wang, C. et al. Elevated p62/SQSTM1 determines the fate of
autophagy-deficient neural stem cells by increasing superoxide. J.
Cell Biol. 212, 545-560 (2016).

Wang, C. et al. Enhanced autophagy in Becn1F121A F121A knockin
mice counteracts aging-related neural stem cell exhaustion and
dysfunction. Autophagy 18, 409-422 (2022).

Wang, C. et al. Autophagy gene FIP200 in neural progenitors non-cell
autonomously controls differentiation by regulating microglia. J. Cell
Biol. 216, 2581-2596 (2017).

Rubinsztein, D. C., Marino, G. & Kroemer, G. Autophagy and aging.
Cell 146, 682-695 (2011).

Lucin, K. M. et al. Microglial beclin 1 regulates retromer trafficking and
phagocytosis and is impaired in Alzheimer’s disease. Neuron 79,
873-886 (2013).

Congdon, E. E. Sex Differences in autophagy contribute to female
vulnerability in Alzheimer’s disease. Front. Neurosci. 12, 372 (2018).
Zielniok, K., Motyl, T. & Gajewska, M. Functional interactions between
17 B -estradiol and progesterone regulate autophagy during acini
formation by bovine mammary epithelial cells in 3D cultures. Biomed.
Res. Int. 2014, 382653 (2014).

Turei, D. et al. Autophagy Regulatory Network—a systems-level
bioinformatics resource for studying the mechanism and regulation of
autophagy. Autophagy 11, 155-165 (2015).

Li, X. et al. Single nucleotide polymorphisms of autophagy-related 16-
like 1 gene are associated with ankylosing spondylitis in females: a
case-control study. Int J. Rheum. Dis. 21, 322-329 (2018).

Salem, M. et al. ATG16L1: A multifunctional susceptibility factor in
Crohn disease. Autophagy 11, 585-594 (2015).

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bjornson, K. J. et al. Increased regional activity of a pro-autophagy
pathway in schizophrenia as a contributor to sex differences in the
disease pathology. Cell Rep. Med 5, 101652 (2024).

Ginhoux, F. et al. Fate mapping analysis reveals that adult microglia
derive from primitive macrophages. Science 330, 841-845 (2010).
Ginhoux, F. & Guilliams, M. Tissue-resident macrophage ontogeny
and homeostasis. Immunity 44, 439-449 (2016).

Li, Q. & Barres, B. A. Microgliaand macrophages in brain homeostasis
and disease. Nat. Rev. Immunol. 18, 225-242 (2018).

Coomey, R. et al. The role of microglia in neurodevelopmental
disorders and their therapeutics. Curr. Top. Med. Chem. 20, 272-276
(2020).

Wolf, S. A., Boddeke, H. W. & Kettenmann, H. Microglia in physiology
and disease. Annu Rev. Physiol. 79, 619-643 (2017).

Parkhurst, C. N. et al. Microglia promote learning-dependent synapse
formation through brain-derived neurotrophic factor. Cell 155,
1596-1609 (2013).

Prinz, M. et al. Heterogeneity of CNS myeloid cells and their roles in
neurodegeneration. Nat. Neurosci. 14, 1227-1235 (2011).

Li, Q. et al. Developmental heterogeneity of microglia and brain
myeloid cells revealed by deep single-cell RNA sequencing. Neuron
101, 207-223.e10 (2019).

Hammond, T. R. et al. Single-cell RNA sequencing of microglia
throughout the mouse lifespan and in the injured brain reveals
complex cell-state changes. Immunity 50, 253-271.e6 (2019).
Friedman, B. A. et al. Diverse brain myeloid expression profiles reveal
distinct microglial activation states and aspects of Alzheimer’s
disease not evident in mouse models. Cell Rep. 22, 832-847 (2018).
Keren-Shaul, H. et al. A unique microglia type associated with
restricting development of Alzheimer’s disease. Cell 169,
1276-1290.e17 (2017).

Mathys, H. et al. Single-cell transcriptomic analysis of Alzheimer’s
disease. Nature 570, 332-337 (2019).

Krasemann, S. et al. The TREM2-APOE pathway drives the
transcriptional phenotype of dysfunctional microglia in
neurodegenerative diseases. Immunity 47, 566-581.e9 (2017).
Mangold, C. A. et al. Sexually divergent induction of microglial-
associated neuroinflammation with hippocampal aging. J.
Neuroinflammation 14, 141 (2017).

Kang, S. S. et al. Microglial translational profiling reveals a convergent
APOE pathway from aging, amyloid, and tau. J. Exp. Med. 215,
2235-2245 (2018).

Villa, A. et al. Sex-specific features of microglia from adult mice. Cell
Rep. 23, 3501-3511 (2018).

Thion, M. S. et al. Microbiome influences prenatal and adult microglia
in a sex-specific manner. Cell 172, 500-516.e16 (2018).

Li, X. et al. Transcriptional and epigenetic decoding of the microglial
aging process. Nat. Aging 3, 1288-1311 (2023).

Kodama, L. et al. Microglial microRNAs mediate sex-specific
responses to tau pathology. Nat. Neurosci. 23, 167-171 (2020).
Yanguas-Casas, N. et al. Aging and sex: impact on microglia
phagocytosis. Aging Cell 19, e13182 (2020).

Heckmann, B. L. et al. LC3-associated endocytosis facilitates beta-
amyloid clearance and mitigates neurodegeneration in murine
Alzheimer’s disease. Cell 178, 536-551.e14 (2019).

Choi, I. et al. Autophagy enables microglia to engage amyloid plaques
and prevents microglial senescence. Nat. Cell Biol. 25, 963-974
(2023).

Tang, X., Walter, E., Wohleb, E., Fan, Y. & Wang, C. ATG5 (autophagy
related 5) in microglia controls hippocampal neurogenesis in
Alzheimer disease. Autophagy 20, 847-862 (2023).

Goldmann, T. et al. A new type of microglia gene targeting shows
TAK1 to be pivotal in CNS autoimmune inflammation. Nat. Neurosci.
16, 1618-1626 (2013).

npj Aging| (2025)11:18

15


www.nature.com/npjamd

https://doi.org/10.1038/s41514-025-00209-0

Article

65. Oakley, H. et al. Intraneuronal beta-amyloid aggregates,
neurodegeneration, and neuron loss in transgenic mice with five
familial Alzheimer’s disease mutations: potential factors in amyloid
plaque formation. J. Neurosci. 26, 10129-10140 (2006).

66. Wohleb, E. S. et al. Stress-induced neuronal colony stimulating factor
1 provokes microglia-mediated neuronal remodeling and depressive-
like behavior. Biol. Psychiatry 83, 38-49 (2018).

67. Styren, S.D. et al. X-34, a fluorescent derivative of Congo red: a novel
histochemical stain for Alzheimer’s disease pathology. J. Histochem.
Cytochem. 48, 1223-1232 (2000).

68. Ulland, T. K. et al. TREM2 maintains microglial metabolic fitness in
Alzheimer’s disease. Cell 170, 649-663.e13 (2017).

69. Deczkowska, A. et al. Disease-associated microglia: a universal
immune sensor of neurodegeneration. Cell 173, 1073-1081 (2018).

70. Deczkowska, A., Weiner, A. & Amit, |. The physiology, pathology, and
potential therapeutic applications of the TREM2 signaling pathway.
Cell 181, 1207-1217 (2020).

71. Ulland, T. K. & Colonna, M. TREM2 —a key player in microglial biology
and Alzheimer disease. Nat. Rev. Neurol. 14, 667-675 (2018).

72. Ocanas, S. R. et al. Microglial senescence contributes to female-
biased neuroinflammation in the aging mouse hippocampus:
implications for Alzheimer’s disease. J. Neuroinflammation 20, 188
(2023).

73. Kang, S. et al. Microglia undergo sex-dimorphic transcriptional and
metabolic rewiring during aging. J. Neuroinflammation 21, 150 (2024).

74. Guillot-Sestier, M. V. et al. Microglial metabolism is a pivotal factor in
sexual dimorphism in Alzheimer’s disease. Commun. Biol. 4, 711
(2021).

75. Paddar, M. A. et al. Noncanonical roles of ATG5 and membrane
atg8ylation in retromer assembly and function. Elife. 13, 100928
(2024).

76. Rachmian, N. et al. Identification of senescent, TREM2-expressing
microglia in aging and Alzheimer’s disease model mouse brain. Nat.
Neurosci. 27, 1116-1124 (2024).

77. Ben Abdallah, N. M. et al. Early age-related changes in adult
hippocampal neurogenesis in C57 mice. Neurobiol. Aging 31,
151-161 (2010).

78. Tan,Y.L., Yuan,Y.&Tian, L. Microglial regional heterogeneity and its
role in the brain. Mol. Psychiatry 25, 351-367 (2020).

79. Ribeiro Xavier, A. L. et al. A distinct population of microglia supports
adult neurogenesis in the subventricular zone. J. Neurosci. 35,
11848-11861 (2015).

80. Schmid, C. D. et al. Heterogeneous expression of the triggering
receptor expressed on myeloid cells-2 on adult murine microglia. J.
Neurochem 83, 1309-1320 (2002).

81. Fuger, P. et al. Microglia turnover with aging and in an Alzheimer’s
model via long-term in vivo single-cell imaging. Nat. Neurosci. 20,
1371-1376 (2017).

82. Najafi, A. R. et al. A limited capacity for microglial repopulation in the
adult brain. Glia 66, 2385-2396 (2018).

83. Srimat Kandadai, K. et al. ATG5 in microglia does not contribute vitally
to autoimmune neuroinflammation in mice. Autophagy 17, 3566-3576
(2021).

84. Changotra, H. et al. ATG5: A central autophagy regulatorimplicated
in various human diseases. Cell Biochem Funct. 40, 650-667
(2022).

85. Yousefi, S. et al. Calpain-mediated cleavage of Atg5 switches
autophagy to apoptosis. Nat. Cell Biol. 8, 1124-1132 (2006).

86. Gao, Y. et al. ATG5-regulated CCL2/MCP-1 production in myeloid
cells selectively modulates anti-malarial CD4+ Th1 responses.
Autophagy 20, 1398-1417 (2024).

87. Jung, S. et al. Autophagic death of neural stem cells mediates chronic
stress-induced decline of adult hippocampal neurogenesis and
cognitive deficits. Autophagy 16, 512-530 (2020).

88. Jung, S., Jeong, H. & Yu, S. W. Autophagy as a decisive process for
cell death. Exp. Mol. Med. 52, 921-930 (2020).

89. Bhushan, J. et al. ISG15 connects autophagy and IFN-y-dependent
control of Toxoplasma gondii infection in human cells. mBio. 11,
e00852-20 (2020).

90. Wei, H. et al. Suppression of autophagy by FIP200 deletion inhibits
mammary tumorigenesis. Genes Dev. 25, 1510-1527 (2011).

Acknowledgements
We thank Ms. Riddhi Nijhawan, Dr. Aarti Nagayach, and Dr. Xin Tang in Dr.
Chenran Wang’s lab for their support in this project.

Author contributions

EW., G.A, L.T., EW., and J.B. performed the experiments, E.S.W.
supervised the FACS and cell sorting experiment, E.S.W., Y.F., and C.W.
wrote and revise the text. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41514-025-00209-0.

Correspondence and requests for materials should be addressed to
Chenran Wang.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

npj Aging| (2025)11:18

16


https://doi.org/10.1038/s41514-025-00209-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjamd

	Atg5 in microglia regulates sex-specific effects on postnatal neurogenesis in Alzheimer&#x02019;s disease
	Results
	Atg5 deficiency in female, but not in male, microglia inhibited the induction of disease associated microglia (DAM) gene signatures in the hippocampus of 5xFAD mice
	Atg5 deficiency in female, but not male, microglia impaired the maintenance of hippocampal NSC of 8-month-old 5xFAD mice
	Increased neuroblast generation in the SVZ of 8-month-old 5xFAD Atg5 cKO mice
	Loss of autophagy genes Fip200 and Atg14 in microglia had no effect on the maintenance or neurogenesis of NSCs in female 5xFAD mice at 8-month-old
	Deficiency of microglial Fip200 and Atg14 increased neuroblast formation without affecting NSC maintenance in the SVZ of 8-month-old female 5xFAD mice

	Discussion
	Materials and methods
	Animals
	Antibodies and reagents
	Histology and immunofluorescence (IF)
	Percoll gradient isolation and FACS for enriched microglia
	Real time PCR
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




