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ABSTRACT
Macroautophagy/autophagy is the intracellular degradation process of cytoplasmic content and 
damaged organelles. Autophagy is strongly associated with the progression of Alzheimer disease 
(AD). Microglia are brain-resident macrophages, and recent studies indicate that autophagy in 
microglia protects neurons from neurodegeneration. Postnatal neurogenesis, the generation of 
new neurons from adult neural stem cells (NSCs), is impaired in AD patients as well as in AD animal 
models. However, the extent to which microglial autophagy influences adult NSCs and neurogenesis 
in AD animal models has not been studied. Here, we showed that conditional knock out (cKO) of Atg5 
(autophagy related 5) in microglia inhibited postnatal neurogenesis in the dentate gyrus (DG) of the 
hippocampus, but not in the subventricular zone (SVZ) of a 5×FAD mouse model. Interestingly, the 
protection of neurogenesis by Atg5 in microglia was only observed in female AD mice. To confirm the 
roles of autophagy in microglia for postnatal hippocampal neurogenesis, we generated additional 
cKO mice to delete autophagy essential genes Rb1cc1 or Atg14 in microglia. However, these rb1cc1 
cKO and atg14 cKO mice did not exhibit neurogenesis defects in the context of a female AD mouse 
model. Last, we used the CSF1R antagonist to deplete ATG5-deficient microglia and this intervention 
restored neurogenesis in the hippocampus of 5×FAD mice. These results indicate that microglial 
ATG5 is essential to maintain postnatal hippocampal neurogenesis in a mouse model of AD. Our 
findings further support the notion that ATG5 in microglia supports NSC health and may prevent 
neurodegeneration.
Abbreviations: 5×FAD: familial Alzheimer disease; Aβ: β-amyloid; AD: Alzheimer disease; AIF1: 
allograft inflammatory factor 1; ATG: autophagy related; BrdU: 5-bromo-2ʹ-deoxyuridine; CA: Cornu 
Ammonis; cKO: conditional knock out; CSF1R: colony stimulating factor 1 receptor; Ctrl: control; DCX: 
doublecortin; DG: dentate gyrus; GFAP: glial fibrillary acidic protein; GZ: granular zone; H&E: hema
toxylin and eosin; IF: immunofluorescence; LD: lipid droplet; LDAM: lipid droplets accumulated 
microglia; LPS: lipopolysaccharides; MAP1LC3B/LC3: microtubule-associated protein 1 light chain 3 
beta; NSCs: neural stem cells; RB1CC1: RB1-inducible coiled-coil 1; SOX2: SRY (sex determining region 
Y)-box 2; SGZ: subgranular zone; SVZ: subventricular zone; WT: wild type.
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Introduction

Alzheimer disease (AD) is the most common form of 
dementia with hallmarks of β-amyloid (Aβ) deposits, neu
rofilament tangles, synaptic and neuronal loss in the 
patient’s brain. AD results in loss of memory and cogni
tive functions in people of an aging society. There are 
6 million Americans living with AD and this number is 
projected to rise to 14 million by 2050 [1]. There are no 
effective drugs or therapies in treating the causes or slow
ing down AD progression [2]. One underlying reason for 
this is that we understand little about the early pathologi
cal changes of AD that lead to the deterioration of brain 
functions.

Neurogenesis, the generation of new neurons from 
neural stem cells (NSCs) to replace dead or damaged neu
rons, occurs throughout life in the adult mammalian brain 
[3–5]. There is strong evidence that continuous postnatal 
neurogenesis happens in subventricular zone (SVZ) of the 

lateral ventricle and subgranular zone (SGZ) of dentate 
gyrus (DG) in the hippocampus. The DG is integrated in 
brain circuits that mediate learning and memory, and it is 
one of the first regions to suffer at the early onset of AD. 
Moreover, several studies suggest that there is progressive 
failure of neurogenesis in the brain of AD patients and that 
this decline is evident before overt AD-related pathologies 
[6–8]. In different AD mouse models, NSC functions also 
decrease in the SVZ and DG [9–12]. It is reported that 
blocking adult hippocampal neurogenesis exacerbates neu
ronal loss and cognitive deficits in 5×FAD (familial 
Alzheimer disease) mouse model [13]. Altogether these 
results suggest that postnatal neurogenesis plays critical 
functions in maintaining the existing neural populations 
in AD hippocampus. These previous studies also imply 
that deficient neurogenesis in AD brains might precipitate 
disease progression; thereby making neurogenesis 
a potential early phase intervention target.
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Microglia support neurogenesis through release of neuro
trophic factors and phagocytosis of debris during develop
ment [14–17]. They could dampen NSCs’ maintenance or 
maturation of new neurons by neuroinflammations [18–20]. 
These brain-resident macrophages are well-established as key 
regulators of AD initiation and progression [21,22]. 
Microglia are activated by Aβ accumulation and they form 
a protective barrier around amyloid deposits to prevent pla
que spreading [23] and neuronal damage during the early 
stages of AD [24]. More recent studies show that aberrantly 
activated microglia also eliminate functioning synapses and 
exacerbate spine loss in AD. AD patients exhibit impaired 
neurogenesis and activated microglia in the hippocampus 
[7], but whether there is a causative correlation between 
these two phenomena is still unknown. In PSEN1/ 
PS1M146V/+ AD mice housed in an environmental enrichment 
situation, depleting activated microglia restores neurogenesis 
deficits of the hippocampus [25], suggesting that uncon
trolled microglia activation contributes to declined NSC 
function in AD. Although more research on this topic is 
needed, the molecular mechanisms of microglia’s impact 
on AD neurogenesis remain largely unexplored.

Autophagy is a self-degradation process of cytoplasmic 
content or organelles to maintain homeostasis and it has 
been implicated in aging and neurodegenerative diseases 
[26,27]. Autophagy activity in neural cells, including neurons, 
NSCs, and microglia, decreased with aging and in late stages 
of neurodegenerative diseases [28–30]. Interestingly, acute Aβ 
treatment increases autophagy level in cultured microglia 
[31], which is different from the consistently reduced auto
phagy in neurons after exposure to Aβ [32]. These studies 
imply the specific response of autophagy in microglia during 
the progression of neurodegenerative diseases. Recently, stu
dies from Heckmann et al. suggest that ATG5 (autophagy 
related 5) and RUBCN/Rubicon in microglia protect 5×FAD 
mice from Aβ accumulation, neuroinflammation, and neuro
degeneration. Other autophagy genes, Rb1cc1 (RB1-inducible 
coiled-coil 1) and Atg14 (autophagy related 14) have no ben
eficial functions in AD microglia [33]. Mechanistically, cano
nical autophagy-independent functions of MAP1LC3B/LC3 
(microtubule-associated protein 1 light chain 3 beta)- 
associated endocytosis enables removal of Aβ and ameliorates 
pathology in these murine AD models. However, the func
tions of canonical autophagy in microglia to regulate AD 
neurogenesis are still not clear.

In this study, we demonstrated that conditional knockout 
of Atg5, but not Atg14 and Rb1cc1, in microglia was associated 
with defective NSCs maintenance and neurogenesis in AD 
mouse models. We also observed sex differences in these 
effects as deficits in NSCs and neurogenesis were only promi
nent in female mice lacking Atg5 expression in microglia. 
Importantly, elimination of ATG5-deficient microglia 
restored the pool of NSCs and the neurogenesis in hippocam
pus. These preclinical studies provided significant insights 
into the role and mechanisms of microglia autophagy in 
maintenance of NSCs and neurogenesis in 
a neurodegenerative disease. Moreover, our results indicated 
that modulation of microglial autophagy might provide ther

apeutic benefits in neurodegenerative diseases and improve 
human healthspan.

Results

Atg5 deficiency in microglia exacerbated NSC loss and 
defective neurogenesis in SGZ of female 5×FAD atg5 
[CX3CR1] cKO mice

To study the functions of microglia autophagy in AD neuro
genesis, we crossed Atg5 flox/flox mice (designated as Atg5 
WT) with 5×FAD [34] mice to get 5×FAD;Atg5 flox/flox mice 
(FAD;Atg5fl/fl, designated as FAD Ctrl). We mated a FAD; 
Atg5fl/fl mouse with a CX3CR1-CreERT2 transgenic mouse 
line [35] to get FAD atg5[CX3CR1] cKO (designated as FAD 
atg5 cKO) mice. We used female mice because AD is more 
prevalent in female adults [36]. After intraperitoneal injection 
of tamoxifen (1 mg each injection for 4 times) into female 
FAD Ctrl and FAD atg5 cKO mice at 1 month of age, we 
collected brain samples 3 months later for examination. We 
isolated the hippocampus from FAD Ctrl and FAD atg5 cKO 
mice to label dissociated cells with ITGAM/CD11b, P2RY12, 
and TREM2 for microglia sorting by FACS [37]. Our qPCR 
result showed a significant decrease of Atg5 mRNA level in 
microglia isolated from FAD atg5 cKO mice compared to that 
in microglia isolated from FAD Ctrl mice (Figure 1A). Next, 
we stained Aβ in the DG but we did not find differences in the 
total area of Aβ plaque between FAD Ctrl mice and FAD atg5 
cKO mice at 4 months of age (Figure 1B,C). We used AIF1 
(allograft inflammatory factor 1) to label microglia and we 
found a comparable number of AIF1+ cells in the DG of FAD 
Ctrl mice and FAD atg5 cKO mice (Figure 1D,E). 
Nevertheless, atg5 cKO microglia in the AD brain exhibited 
hypertrophic processes and the loss of ramified branches as 
compared to FAD Ctrl microglia (arrows in Figure 1D). These 
results suggested that even though atg5 deletion did not affect 
the survival and/or proliferation of microglia, it altered micro
glia’s morphology and activation in 5×FAD mice at 4 months 
of age. We used GFAP (glial fibrillary acidic protein) and 
SOX2 (SRY (sex determining region Y)-box 2) to label post
natal NSCs in the SGZ with a radial glia morphology [38]. We 
observed a significantly reduced number of GFAP+ SOX2+ 

NSCs in the DG of FAD atg5 cKO hippocampus compared to 
those in FAD Ctrl mice (Figure 1F,G). Atg5 cKO mice without 
FAD background had no defects in NSC maintenance 
(Figures 1F,G). These results suggested that ATG5 in micro
glia protected NSCs pools in the female AD hippocampus.

We examined the DCX (doublecortin)-positive (DCX+) 
immature neurons in DG and we found a significantly 
reduced number of DCX+ cells in female FAD atg5 cKO 
mice compared to FAD Ctrl mice (Figure 2A,B). To confirm 
the neurogenesis defects in NSCs from FAD atg5 cKO hippo
campus, we performed long-term BrdU retention experiments 
[38] to label proliferative NSCs and neuronal progenitors in 
the hippocampus at 3 months old. One month after BrdU 
incorporation, we found a significantly lower percentage of 
BrdU+ cells in the granular zone (GZ) and a significantly 
higher percentage of BrdU+ cells in the SGZ of the DG from
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FAD atg5 cKO mice (Figure 2C,D), which suggested impaired 
neuronal generation in the FAD atg5 cKO hippocampus. We 
did not find a difference in BrdU+ cell number in the hillus 
from both FAD Ctrl and FAD atg5 cKO mice (Figure 2C,D). 
Last, we quantified the area of the DG and compared the 
Cornu Ammonis region 1 (CA1) in WT, atg5 cKO, FAD 
Ctrl, and FAD atg5 cKO hippocampus, however, we did not 
find obvious differences in DG area and thickness of CA1 
between these animals at 4 months old (Figure 2E,F). It is 
reported that 5×FAD mice did not show significant neuron 
loss in hippocampus at 4 months old [39], which indicates 

that ATG5 deficiency in microglia specifically impaired NSC 
and neurogenesis but not mature neurons in AD hippocam
pus before overt neurodegeneration.

Deletion of Atg5 in myeloid lineage by Lyz2-cre also 
impaired NSCs for neurogenesis in AD hippocampus

We also crossed Atg5 flox/flox;5×FAD mice with a Lyz2/ 
LysM-Cre transgenic mouse line to get atg5[Lyz2] 
cKO;5×FAD mice (designated as FAD atg5[Lyz2] cKO 
mice). The Lyz2-Cre mouse is used to delete autophagy
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Figure 1. NSC degeneration in DG of female FAD atg5[CX3CR1] cKO mice at 4 months old. (A) mean ± SE of the relative mRNA level of Atg5 in sorted hippocampal 
microglia from female FAD Ctrl and FAD atg5[CX3CR1] cKO mice at 4 months old were shown. n = 4 for each genotype. (B) if of Aβ and DAPI in DG of female FAD Ctrl 
and FAD atg5[CX3CR1] cKO mice at 4 months old. Arrows indicated Aβ plaque. (C) mean ± SE of the percentile of Aβ plaque area of total DG area in female FAD Ctrl 
and FAD atg5[CX3CR1] cKO mice at 4 months old were shown. (D) if of AIF1 and DAPI in DG of female FAD Ctrl and FAD atg5[CX3CR1] cKO mice at 4 months old. 
Boxed areas were shown in detail on the right. Arrows indicated AIF1+ cells. (E) mean ± SE of the number of microglia in DG of female FAD Ctrl and FAD atg5[CX3CR1] 
cKO mice were shown. (F) if of GFAP, SOX2, and DAPI in SGZ of female WT, atg5[CX3CR1] cKO, FAD Ctrl, and FAD atg5[CX3CR1] cKO mice at 4 months old. Boxed areas 
were shown in detail on the right. Arrows indicated GFAP+ SOX2+ NSCs. (G) mean ± SE of GFAP+ SOX2+ cell number of female WT, atg5[CX3CR1] cKO, FAD Ctrl, and 
FAD atg5[CX3CR1] cKO mice were shown. n = 8 for female FAD Ctrl mice and 9 for female FAD atg5[CX3CR1] cKO mice in C, E, and G; n = 6 for female WT mice and 6 
for female atg5[CX3CR1] cKO mice in G. GZ: granular zone, SGZ: subgranular zone. Bar: 100 µm. ns: no significance, **: p < 0.01, ***: p < 0.001. Student’s t test and 
two-way Anova were used for statistical analysis.
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genes in peripheral myeloid cells [40–42] as well as in micro
glia [43]. We isolated cortical cells from neonatal WT (Atg5 
flox/flox) and atg5[Lyz2] cKO (Atg5 flox/flox;Lyz2-Cre+) 
mice for primary microglia and we examined the deletion 
of ATG5 in atg5[Lyz2] cKO microglia. Our data showed that 
ATG5 was completely depleted in microglia from atg5[Lyz2] 
cKO mice. The atg5[Lyz2] cKO microglia showed a lower 
level of LC3-II and a significantly increased amount of 
SQSTM1/p62, suggesting a decline in autophagy activity 

(Figure S1A). We examined the female FAD Ctrl and FAD 
atg5[Lyz2] cKO mice at 4 months old. Female FAD atg5 
[Lyz2] cKO mice displayed no differences in Aβ deposition 
and microglia number when compared to their FAD Ctrl 
littermates (Figure S1B-S1E). Nevertheless, we found 
a significantly reduced number of GFAP+ SOX2+ NSCs as 
well as GFAP+ NES/nestin+ NSCs in DG of 4-months-old 
FAD atg5[Lyz2] cKO hippocampus (Figure S1F-S1H). 
Moreover, the labeling of proliferative NSCs (GFAP+
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Figure 2. Impaired neurogenesis in DG of female FAD atg5[CX3CR1] cKO mice at 4 months old. (A) if of DCX and DAPI in DG of female FAD Ctrl and FAD atg5[CX3CR1] 
cKO mice at 4 months old. Boxed areas were shown in detail on right. (B) mean ± SE of DCX+ cell number in DG of female FAD Ctrl and FAD atg5[CX3CR1] cKO mice 
were shown. n = 9 for female FAD Ctrl and 9 for FAD atg5[CX3CR1] cKO. (C) if of retentioned BrdU in DG of female FAD Ctrl and FAD atg5[CX3CR1] cKO mice at 4  
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for female atg5[CX3CR1] cKO mice. CA1: cornu Ammonis 1, GZ: granular zone, SGZ: subgranular zone. Bar: 100 µm. ns: no significance, *: p < 0.05, **: p < 0.01. 
Student’s t test and two-way Anova were used for statistical analysis.
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SOX2+ MKI67+ cells) indicated a reduced portion of divid
ing NSCs in SGZ of FAD atg5[Lyz2] cKO mice (3.3 ± 1.2% in 
FAD Ctrl vs 1.3 ± 0.5% in FAD atg5[Lyz2] cKO, p < 0.01). 
Next, we prepared SGZ cells to examine their neurosphere 
formation ability. We found significantly fewer and smaller 
primary neurospheres from DG of FAD atg5[Lyz2] cKO 
mice compared with neurospheres from WT, atg5[Lyz2] 
cKO, and FAD Ctrl mice (Figure S1I and S1J). We also 
found significantly reduced number of DCX+ cells and 
MKI67+ cells (Figure S1K-S1M) in DG of female FAD atg5 
[Lyz2] cKO mice. We noticed a modest reduction of DG area 
in FAD atg5[Lyz2] cKO mice compared to that in FAD Ctrl 
mice (Figure S1N and S1O). The number of NSCs, neuro
spheres, immature neurons, proliferative cells in SGZ, as well 
as DG area were comparable between female WT and atg5 
[Lyz2] cKO mice (Figure S1F-S1M, and data not shown).

In summary, using two independent Cre lines (CX3CR1- 
CreERT2 and Lyz2-Cre), our data indicated that ATG5 defi
ciency in microglia, but not likely in other myeloid lineages, 
caused defects in NSC maintenance and their generation of 
new neurons in hippocampus of female AD mice at early 
disease stage.

Atg5 deficiency in microglia had no effect on SVZ NSCs in 
female 5×FAD mice

We also examined the other postnatal neurogenic niche of 
SVZ, but we did not find changes in SVZ cell number or 
GFAP+ SOX2+ NSCs between female FAD Ctrl and FAD 
atg5[CX3CR1] cKO mice at 4 months old (Figure S2A-S2D). 
Moreover, we examined the SVZ of WT, atg5[Lyz2] cKO, 
FAD Ctrl, and FAD atg5[Lyz2] cKO mice at 4 months old. 
We did not find differences in SVZ cell number or GFAP+ 

SOX2+ NSCs between these mice (Figure S2E-S2H). We 
prepared SVZ cells from 4-months-old WT, atg5[Lyz2] 
cKO, FAD Ctrl, and FAD atg5[Lyz2] cKO mice to examine 
neurosphere formation. We did not notice difference in the 
number and size of primary neurospheres from the SVZ of 
these mice (Figure S2I and S2J). These data suggested 
a niche specific function of ATG5 in microglia to protect 
the maintenance and neurogenesis of NSCs in female AD 
mice.

Sex-dependent effects of atg5 deletion in microglia on 
NSC and neurogenesis in AD mice

To examine whether microglia ATG5 performed the same 
functions in protecting NSCs and neurogenesis in male AD 
mice, we collected samples from male FAD Ctrl mice and 
male FAD atg5[CX3CR1] cKO mice at 4 months old. We did 
not find any difference in Aβ accumulation in the DG 
between male FAD Ctrl and FAD atg5 cKO mice 
(Figure 3A,B), but we noticed fewer Aβ plaques in male 
FAD mice than those in female FAD mice at 4 months old. 
We did not find a difference in the number of AIF1+ micro
glia between male FAD atg5 cKO mice and male FAD Ctrl 
mice (Figure 3C,D). We did not observe any difference in the 
number of GFAP+ SOX2+ NSCs between male FAD atg5 cKO 
mice and male FAD Ctrl mice (Figure 3E,F). Similarly, the 

generation of DCX+ immature neurons was comparable 
between male FAD atg5 cKO mice and FAD Ctrl mice 
(Figure 3G,H). Therefore, we did not notice any difference 
in DG area and CA thickness between these mice at 4 months 
old by H&E staining (Figure 3I,J). Taken together, our results 
suggested that ATG5 in male microglia had different func
tions from female microglia to protect hippocampal neuro
genesis in AD mouse model.

We also used male FAD atg5[Lyz2] cKO mice and FAD 
Ctrl mice at 4 months old for another comparison. We did 
not find differences in Aβ accumulation and microglia 
number between male FAD atg5[Lyz2] cKO mice and 
male FAD Ctrl mice (Figure S3A-S3D). Most microglia in 
male FAD atg5[Lyz2] cKO DG and male FAD Ctrl DG 
kept ramified morphology (Figure S3C). We did not 
observe any differences in the number of hippocampal 
GFAP+ SOX2+ NSCs and DCX+ immature neurons as 
well as the DG areas between male FAD atg5[Lyz2] cKO 
mice and male FAD Ctrl mice (Figure S3E-S3J). In sum
mary, this data confirmed that ATG5 in microglia had no 
protective functions on hippocampal neurogenesis in 
male AD mouse models.

Deletion of Rb1cc1 and Atg14 in microglia had no effects 
on NSC maintenance and neurogenesis in AD 
hippocampus

The canonic functions of Atg5 participate in autophagosome 
elongation and maturation, so we expanded our study to 
examine other autophagy genes that play distinct roles for 
autophagy induction (e.g., Rb1cc1) and autophagy initiation 
(e.g., Atg14) in microglia for postnatal neurogenesis in AD 
mice. To achieve this, we generated FAD rb1cc1[CX3CR1] 
cKO (designated as FAD rb1cc1 cKO) mice and FAD atg14 
[CX3CR1] cKO (designated as FAD atg14 cKO) mice along 
with their respective FAD controls (5×FAD;Rb1cc1 flox/flox 
mice and 5×FAD;Atg14 flox/flox mice). We only used female 
FAD rb1cc1 cKO mice and female FAD atg14 cKO mice with 
their respective FAD Ctrl at 4 months old. We found that 
deletion of Atg14 and Rb1cc1 in female microglia modestly 
decreased the formation of Aβ plaques in DG compared to 
that in FAD Ctrl mice (Figure 4A,B). We did not find changes 
in microglia number in the DG of female FAD rb1cc1 cKO 
mice or FAD atg14 cKO mice when compared with that in 
FAD Ctrl mice (Figure 4C,D). Along with the data for atg5 
cKO in microglia, these results indicated that classic autopha
gy genes were not essential for the proliferation and/or survi
val of microglia in AD brains. To clarify the impact of rb1cc1 
cKO and atg14 cKO in microglia on AD neurogenesis, we 
examined NSCs and immature neurons in DG of 4-months- 
old mice. We did not find a significant difference in the 
number of hippocampal GFAP+ SOX2+ NSC from FAD 
atg14 cKO and FAD rb1cc1 cKO mice when compared with 
their respective FAD Ctrl, although atg14 deletion led to 
a trend for NSC reduction (Figure 4E,F). The generation of 
DCX+ immature neurons was not affected in the DG of FAD 
atg14 cKO and FAD rb1cc1 cKO mice (Figure 4G,H), and 
there was no difference in DG areas and CA thickness of these 
mice when compared to FAD Ctrl mice (Figure 4I,J). These
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results suggested a mechanism for specific autophagy genes in 
microglia to regulate AD neurogenesis.

We also generated FAD rb1cc1[Lyz2] cKO mice and FAD 
atg14[Lyz2] cKO mice by crossing 5×FAD;Rb1cc1 flox/flox 

mice and 5×FAD;Atg14 flox/flox mice with a Lyz2-Cre 
mouse. We found that deletion of Atg14 in female microglia 
increased the area of Aβ plaques in DG, while deletion of 
Rb1cc1 had no effect on Aβ plaque areas in DG (Figure S4A
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and S4B). We did not find changes in microglia number in 
DG of FAD atg14[Lyz2] cKO mice and FAD rb1cc1[Lyz2] 
cKO mice when compared with FAD Ctrl (Figure S4C-S4F). 
Like CX3CR1-CreERT2 mediated gene deletion, we did not 
find a significant difference in the number of hippocampal 
GFAP+ SOX2+ NSC from FAD atg14[Lyz2] cKO and FAD 
rb1cc1[Lyz2] cKO mice, except that rb1cc1 deletion led to 
a trend for NSC reduction (Figure S5A and S5B). The DCX+ 

immature neurons and DG areas were not affected in FAD 
atg14[Lyz2] cKO and FAD rb1cc1[Lyz2] cKO mice (Figure 
S5C-S5F). Together, these studies from multiple FAD rb1cc1 
cKO and FAD atg14 cKO mouse lines indicated that ATG14 
and RB1CC1 in microglia were not involved in the regulation 
of postnatal NSC maintenance and neurogenesis in AD 
hippocampus.

Lipid droplets accumulation in Atg5 deficient microglia 
after Aβ stimulation

To reveal the functions of ATG5 in microglia to protect NSCs 
in SGZ of female AD mice, we examined the morphology of 
microglia in DG of FAD Ctrl mice and FAD atg5[CX3CR1] 
cKO mice for both sexes at 4 months old. We classified the 
morphology of microglia [18] and we found more round or 
amoeboid shapes in FAD mice compared to WT mice as well 
as atg5 cKO mice (data not shown), suggesting the activation 
of microglia in early AD brains. Interestingly, ATG5 defi
ciency significantly increased the ratio of microglia with 
amoeboid shape and round microglia in DG of female (please 
see Figure 1D for representative morphologies), but not male 
FAD atg5[CX3CR1] cKO mice (please see Figure 3C for 
representative morphologies)(Figure 5A). We also character
ized the microglia morphology in FAD atg5[Lyz2] cKO mice 
for both sexes (please see Figure S1D and S3C for representa
tive morphologies) and we got comparable results to what we 
found in FAD atg5[CX3CR1] cKO mice (Figure 5B). The 
results from two independent Cre lines indicated that ATG5 
differentially regulated microglia activation in the hippocam
pus of female and male FAD mice at the initial stage of AD.

Alterations of lipid composition have been reported in 
postmortem AD brain and in AD mice [9,44]. Recently, 
Marschallinger et al. report a new proinflammatory pheno
type of lipid droplets accumulated microglia (LDAM) in neu
roinflammation and in neurodegenerative diseases [45]. To 
investigate the regulatory functions of ATG5 for lipid droplets 
(LDs) in microglia, we used vehicle (PBS), oligomer Aβ (oAβ), 
or 5 ng/ml lipopolysaccharides (LPS, as a positive control) to 
treat WT and atg5-null microglia for 24 h before staining LDs 
with BODIPY493/503. Under resting condition, we found that 
only 1–2% of WT and atg5-null microglia contained LDs. 
After oAβ treatment, the number of LDs+ cells in both WT 
and atg5 cKO microglia significantly increased and we 
observed more LDs+ atg5-null microglia (Figure 5C–E). As 
a positive control, LPS generated most LDs in atg5-null 

microglia from our experimental settings (Figure 5D). 
Interestingly, after we separated the data, we found more 
LDAM from female atg5 cKO mice than from male atg5 
cKO mice after oAβ treatment (Figure 5E). These results 
suggested that Aβ induced more LDAM in female atg5 cKO 
microglia, which might be an underling mechanism for their 
activation and reduced neurogenesis in AD hippocampus.

Depletion of microglia restored NSC in SGZ of FAD atg5 
cKO mice

We wanted to know when the neurogenesis in FAD atg5 cKO 
mice started to decline compared to FAD Ctrl mice, so we 
checked the NSCs’ content and their functions in female FAD 
Ctrl and FAD atg5[Lyz2] cKO mice at 2 months old. We 
found that the number of GFAP+ SOX2+ NSCs, DCX+ imma
ture neurons, and DCX+ MKI67+ proliferative neuroblasts in 
the DG were all comparable between female FAD Ctrl and 
FAD atg5[Lyz2] cKO mice (Figure S6A-S6E). These results 
indicated a therapeutic window to target ATG5 deficient 
microglia in young adult AD mice.

To determine the role of ATG5-deficient microglia in 
defective hippocampal NSCs and their functions in 
female AD mice, we first fed 1 months old female WT mice 
with CSF1R (colony stimulating factor 1 receptor) antagonist 
diet (PLX5622 at 1200 ppm) [23] for 10 days. We found that 
PLX5622 efficiently depleted microglia (>90%) in DG, cortex 
(Figure S6F-S6H), and other brain regions (data not shown) 
without affecting the whole-body weight and activities of the 
WT mice. Next, we provided continued supplement of CSF1R 
antagonist in diet to deplete microglia in FAD Ctrl, FAD atg5 
[CX3CR1] cKO, and FAD atg5[Lyz2] cKO mice from 2  
months old to 4 months old. We did not notice obvious 
changes in body weight and activity in PLX5622 fed animals 
compared with mice fed with normal chow. As expected, we 
found a significant reduction of AIF1+ microglia in the DG 
from FAD Ctrl, FAD atg5[CX3CR1] cKO, and FAD atg5 
[Lyz2] cKO mice (Figure 6A,B). The residual individual 
microglia in PLX5622-treated mice surrounded Aβ plaques 
within DG and we did not find a notable change of Aβ plaque 
depositions in DG after the treatment, even though the trends 
for Aβ accumulation in FAD atg5[CX3CR1] cKO and FAD 
atg5[Lyz2] cKO mice after PLX5622 treatment were different 
(Figure 6A–C). After the majority of atg5 cKO microglia were 
depleted by PLX5622, we found the restoration of NSCs and 
DCX+ immature neurons in DG of FAD atg5[CX3CR1] cKO 
and FAD atg5[Lyz2] cKO mice (Figure 6D–G). Depletion of 
microglia by CSF1R antagonist in FAD Ctrl mice had no 
effect on NSC maintenance and differentiation (Figure 6D– 
G). The results from the depleting experiments further con
firmed an Aβ independent protective function of microglial 
ATG5 in the maintenance and differentiation of postnatal 
hippocampal NSCs in AD mouse models.

borders of DG. (J) mean ± SE of the DG area of FAD Ctrl, FAD atg14[CX3CR1] cKO, and FAD rb1cc1[CX3CR1] cKO mice were shown. For B, D, F, H, and J, n = 8 for female 
FAD Ctrl mice, 6 for female FAD rb1cc1 cKO mice, 6 for female FAD atg14 cKO mice. GZ: granular zone, SGZ: subgranular zone. Bar: 100 µm. ns: no significance. 
Student’s t test and One-way Anova was used for statistical analysis.
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Discussion

Aging is a main risk factor for AD and a hallmark of aging is 
the exhaustion of tissue stem cells [46]. In the brain, ongoing 
neurogenesis in hippocampus is susceptible to age-related 
declines and the hippocampus is one of the primary regions 
affected in AD patients. Indeed the presence of Aβ plaques 
and neurofilament tangles in the hippocampus is strongly 
correlated with deterioration of cognitive functions [47]. 
Impaired neurogenesis also compromises hippocampal func
tion and plays a role in cognitive deficits in AD models 
[13,48]. Multiple longitudinal studies demonstrate that neu
roinflammation mediated by activated microglia begins early 
in AD [49]. Nevertheless, the molecular mechanisms of 
microglia in hippocampal neurogenesis in AD are not clear. 

Using conditional microglia-specific depletion of autophagy 
genes in mice, we demonstrate that Atg5, particularly in 
female microglia, limits loss of NSC pools and neurogenesis 
in the hippocampus of an AD mouse model.

The reduction of GFAP+ SOX2+ radial glia in hippocampus of 
4-months-old FAD atg5 cKO mice indicated an interruption of 
NSC maintenance by dysfunctional microglia at early onset of AD 
(Figure 1F,G, S1F-S1H). The ability of NSCs to generate DCX+ 

new neurons was also impaired in FAD atg5 cKO mice (Figure 2A, 
B, S3C and S3D). After depletion of microglia in FAD atg5 cKO 
mice, we restored the functions of NSCs and the number of new
born neurons in the hippocampus (Figure 6). For the first time, 
these results indicated a detrimental function of atg5 cKO micro
glia on NSCs’ maintenance and differentiation in AD. Since the
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levels of autophagy and autophagy protein BECN1/Beclin1 
decrease in the aging brain and more drastically in AD brains 
[50–53], previous and current studies suggest that decreased auto
phagy negatively affects NSCs and neurogenesis through both cell- 
autonomous and non-cell-autonomous mechanisms. We noticed 
a trend of smaller DG area in FAD atg5 cKO mice at 4 months old 
(Figure 2E,F, S1N and S1O). This modest neuronal degeneration 
was consistent with previous reports that neuronal loss is not 
obvious in hippocampus of 4.5-months-old and 9-months-old 
5×FAD mice [34,39]. Since we did not detect difference of apop
tosis in DG between FAD Ctrl and FAD atg5 cKO mice (data not 
shown), the trend of reduced DG area was likely to be 

a consequence of impaired neurogenesis to supply new neurons 
in FAD atg5 cKO animals. Together, our finding raises a novel 
intercellular communication mechanism mediated by autophagy 
in niche cells, such as microglia, to protect NSC and neurogenesis 
in AD hippocampus.

Compared to studies of autophagy in neurons, far less is 
known about autophagy and autophagy related genes in micro
glia. Only recently, studies of autophagy are performed in micro
glia during development and in neurodegenerative disease 
models [54,55]. Cheng et al. report that atg5 cKO in ITGAM/ 
CD11b+ cells lead to the development of Parkinson disease 
(PD)-like symptoms [56]. Nevertheless, another study shows
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that atg5 cKO microglia in Sall1-CreER mice is dispensable for 
microglia development and CNS homeostasis [57], which is 
consistent with our results that without 5×FAD transgene, auto
phagy-deficient microglia were largely normal and they did not 
affect maintenance of NSC and integrity of the hippocampus in 
mice (Figures 1, 2, S1, S2). In neurodegenerative disease models, 
previous studies reveal that atg5 cKO microglia accelerate neu
rodegeneration in 5×FAD mice [33] and atg7 cKO microglia 
contribute to synaptic degeneration in both 5×FAD and 
PS19 AD mice [58,59]. Atg5- and atg7-deficient microglia aggra
vate dopaminergic neuron loss through impaired autophagy 
activity in PD mouse models [60,61]. Besides ATG5 and 
ATG7, BECN1 affect microglia activation by modulating neu
roinflammation via NLRP3 (NLR family, pyrin domain contain
ing 3) degradation in AD [62]. Interestingly, microglia deficiency 
of ATG7 but not ULK1 (another upstream autophagy-related 
protein in a complex with RB1CC1) prevent mice from recovery 
with experimental autoimmune encephalomyelitis to mimic 
multiple sclerosis [63]. These atg7-null microglia show notable 
transcriptional and functional similarities to disease-associated 
microglia found in mouse AD brains [64,65]. However, it should 
be noted that atg5 cKO microglia are not necessary for the 
progression of experimental autoimmune encephalomyelitis 
and atg5 cKO microglia do not change their inflammatory status 
compared to WT microglia [57]. These data suggest that differ
ent autophagy genes, even though their protein products parti
cipate in the same autophagy process, may still perform distinct 
functions under different disease contexts. One interpretation is 
that proteins in autophagosome elongation process (e.g., ATG5, 
ATG16L1, and ATG7), autophagy induction process (e.g., 
RB1CC1), or initiation process (e.g., ATG14) play distinct func
tions in AD microglia. Alternatively, ATG5-dependent non- 
canonical autophagic functions of LC3-associated endocytosis 
[33] might be crucial for protective roles of microglia in AD. To 
reconcile the discrepancies in these findings, additional ATG 
knockin mutations with loss of autophagy function while pre
serving other non-autophagy functions, e.g., RB1CC14A knockin 
mouse that we recently generate [66], are needed in future 
animal research.

In this study, we observed sex differences for Atg5 in 
microglia for protecting NSC and neurogenesis in female 
5×FAD mice (Figures 1, 3, S1-S3). Autophagy is involved 
in numerous aspects of sex differences in diseases, including 
neurodegeneration [67]. Female sex is a known risk factor for 
both developing AD and more severe pathology [68,69]. Sex 
differences in gene expression and functions of microglia are 
observed, and these differences are more obvious in aged 
brains [70,71]. For example, both male and female microglia 
increase their phagocytosis of neural debris with aging and 
microglia from aged females performed better than microglia 
from aged males. However, aged female microglia could not 
adapt their phagocytosis to the inflammatory conditions. 
These findings suggest sex differences in aged microglia 
play a role in neurodegenerative diseases [72]. Using 
PS19 AD mice, Kodama et al. show that deletion of 
microRNAs in male microglia leads to transcriptome changes 
toward disease-associated microglia and increased MAPT/tau 
pathology [73], suggesting additional mechanisms for sex 
difference in AD. Female AD transgenic mouse models 

classically have earlier onset of Aβ pathology than male 
counterparts [34,74,75], possibly due to the estrogen 
response element on Thy1 promoter. We observed higher 
levels of Aβ deposition in female AD mice than in male 
mice (Figures 1, 3, S1, S3). Nevertheless, the sex difference 
in atg5 cKO microglia functions was not dependent on Aβ 
accumulation in hippocampus of 4-months-old male AD 
mice (Figure 3 and S3) as we found significantly more Aβ 
plaques in hippocampus of 8 months old male FAD Ctrl and 
FAD atg5[Lyz2] cKO mice with no significant difference in 
NSC maintenance and differentiation between these mice 
(data not show). Even though it is not our focus in the 
current study, the sex differences of atg5 cKO in microglia 
between female and male AD mice need further 
investigation.

We observed differences of atg5-deficient microglia in their 
functions for NSCs between SVZ and hippocampus (Figures 
1, 2, S1, S2). This discrepancy might be attributed to the 
intrinsic difference between SVZ and SGZ neurogenesis, 
mainly in the niche organization, vascular structure, neuronal 
subtype differentiation, and migration of newborn neurons 
[5]. It was also possible that fewer Aβ accumulations in SVZ 
and striatum did not trigger an extensive reactivation 
response in atg5 cKO microglia at 4 months old. Currently, 
we do not know the exact mechanisms for this regional 
difference in FAD atg5 cKO mice. It should be noted that 
our study focused on microglia autophagy in neurogenesis at 
early stage of AD while other mechanisms involved in neuro
nal degeneration by microglia were not within the scope of 
current study. There is no obvious neuronal loss in hippo
campus of 4.5-months-old and 9-months-old 5×FAD mice 
[34,39]. We did not observe neuronal loss, severe microgliosis, 
and Aβ aggregates in 4-months-old FAD atg5 cKO mice 
(Figures 1, 3, S1-S3). However, these neurodegenerative fea
tures are prominent in another study using similar microglia- 
specific FAD atg5 cKO models [33]. In a MAPT/tau model 
(PS19) for AD mice, there is significant synaptic degeneration 
but no overt neuronal loss in atg7 cKO AD mice at 12 months 
of age [58]. During the revision of this manuscript, Choi et al. 
publish their results from microglia specific 5×FAD atg7 cKO 
mice [59]. This study also describes abnormal synapses but 
does not provide information about neuronal loss. Even 
though atg7 deletion significantly alters the association of 
microglia with plaques, microglia number and Aβ plaques 
number are comparable to those in FAD Ctrl mice at 8  
months old. More interestingly, Choi et al. use senolytic 
drugs (dasatinib and quercetin) to remove senescent atg7 
cKO microglia and alleviate AD-related pathologies. They 
find that after senolytic drug treatment, the number of Aβ 
plaque associated microglia increases to benefit Aβ removal. 
Consistent with this observation, we found that the residual 
microglia after PLX5622 treatment in atg5 cKO mice were 
associated with Aβ plaques (Figure 6), indicating that these 
surviving atg5 cKO microglia might perform protective func
tions for NSCs in AD. Elmore et al. show that elimination of 
microglia has no effect on neurogenesis in aged (22 months 
old) mice and it only benefits young (3 months old) mice for 
BrdU incorporation but not DCX+ cells in hippocampus [76]. 
These studies suggest that removal of activate microglia in
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aged and/or degenerative mice is not generally beneficial for 
improving neurogenesis, which is consistent with our findings 
in FAD Ctrl mice after feeding with PLX5622 (Figure 6). In 
summary, additional studies are needed to gain a better 
understanding of the mechanisms of microglial autophagy 
in AD pathologies, which is required for the development of 
selective therapy to target AD microglia.

The Lyz2-Cre has microglial penetrance of 90% and we 
showed results that microglia isolated from atg5[Lyz2] cKO 
mice were deficient in ATG5 (Figure S1A). However, it is 
known and supported by evidence that a high percentage of 
Lyz2-Cre mediated recombination in the brain occurs in 
neurons rather than in microglia [77]. This raised 
a possibility for the impaired NSC in atg5[Lyz2] cKO mice 
being a consequence of atg5 deletion in granular neurons. 
Previously, we use hGFAP-Cre [78] to delete Rb1cc1, Atg5, 
and Atg16l1 in postnatal NSCs and we only observe prema
ture degeneration of NSCs in rb1cc1 cKO mice [38,79,80]. 
hGFAP-Cre targets all astrocytes, oligodendrocytes, many cor
tex neurons, and all granular neurons in the DG of a mouse 
brain. These results suggest that neuronal leakage for atg5 
deletion was not a major contribution to NSCs defects in 
FAD atg5[Lyz2] cKO mice (Figure S1-S3). Lyz2-Cre also 
depletes autophagy related genes in peripheral monocyte line
age cells including macrophages [42]. We could not evaluate 
the infiltration of peripheral monocytic cells into the brain of 
FAD atg5[Lyz2] cKO animals, however, similar findings from 
CX3CR1-CreERT2 transgenic mice confirmed the microglial 
specific functions of ATG5 on NSCs in AD. Our tremendous 
work also suggests that even though Lyz2-Cre transgenic mice 
are valuable to study gene functions in myeloid lineage, future 
studies should not use this tool for microglia to avoid com
plication and confusion.

In conclusion, our study revealed that ATG5 in female 
microglia has a role in regulating NSCs and neurogenesis in 
an AD mouse model. The results of this study provided 
a non-cell-autonomous mechanism of how impaired micro
glial autophagy could contribute to NSC exhaustion and dys
function in AD. Moreover, our findings supported the idea 
that microglial autophagy played a protective role in AD, and 
promotion or enhancement of autophagy in microglia might 
have therapeutic potential for improving AD outcomes.

Materials and methods

Animals

WT, 5×FAD, Atg5 flox/flox, Atg14 flox/flox, Rb1cc1 flox/flox, 
Lyz2-Cre;Atg5 flox/flox;5×FAD and CX3CR1-CreERT2;Atg5 
flox/flox;5×FAD, Lyz2-Cre;Atg14 flox/flox;5×FAD and CX3CR1- 
CreERT2;Atg14 flox/flox;5×FAD, Lyz2-Cre;Rb1cc1 flox/ 
flox;5×FAD and CX3CR1-CreERT2;Rb1cc1 flox/flox;5×FAD 
mice with B6 background were described as before. Lyz2-Cre, 
Atg5 flox/flox, and Atg14 flox/flox mice were gifted from 
Dr. Herbert Virgin’s lab at the Washington University, Rb1cc1 
flox/flox mice were generated in Dr. Jun-Lin Guan’s lab at the 
University of Cincinnati, CX3CR1-CreERT2 mouse was purchased 
from Jackson lab (JAX 021,160). FAD Ctrl, CX3CR1-CreERT2; 
Atg5 flox/flox;5×FAD, CX3CR1-CreERT2;Atg14 flox/flox;5×FAD, 

and CX3CR1-CreERT2;Rb1cc1 flox/flox;5×FAD mice were intra
peritoneally injected with 1 mg tamoxifen (Sigma, T5648) at 1  
month old for 4 times to activate Cre. Mice were housed and 
handled according to local, state, and federal regulations. All 
experimental procedures were conducted according to the guide
lines of Institutional Animal Care and Use Committee (IACUC) at 
University of Cincinnati (21-06-21-02).

Neurosphere formation assay and microglia culture

Neurospheres were cultured in neurobasal medium 
(ThermoFisher 21,103,049) supplemented with B27 
(Invitrogen 17,504,044), 10 ng/ml FGF2/bFGF (Invitrogen, 
RP-8626) and 20 ng/ml EGF (epidermal growth factor; 
Invitrogen, A42556) in Ultra-Low Attachment dishes 
(Corning, CLS3471), essentially as described in our previous 
reports. Neurospheres with diameter larger than 50 µm was 
counted 7–9 d after culturing [38,79].

Mixed cortical cultures were prepared essentially as 
described previously [81]. In brief, newborn pups were 
decapitated and the cortices were removed from meninges, 
hippocampi, basal ganglia, and midbrain and kept in cold 
DMEM (ThermoFisher 11,965,118). The cortical tissue was 
cut into ~1 mm3 cubes, digested in 0.2% trypsin-EDTA 
(ThermoFisher 25,200,114) at 37°C for 20 min, and mechani
cally triturated. After filtration with 70-µm mesh, the cell 
suspension was plated in mixed cortical medium (DMEM 
with 10% FBS (ThermoFisher, A3840002)) onto tissue culture 
dishes and cultured at 37°C and 95% humidity. Media was 
changed 3 d after plating. Microglia were harvested 10 d after 
plating by adding 15 mM lidocaine (Sigma 1,366,002) into the 
medium for 15 min at room temperature. The medium con
taining the floating microglia was collected and centrifuged at 
400 g for 5 min. The cell pellet was then resuspended, and the 
cell number was counted. Dispersed microglia were seeded in 
DMEM with 1% FBS and the purity of the microglial cultures 
was > 98% as examined by AIF1 staining. The microglia were 
used for experiments after 24–48 h of culture.

Antibodies and reagents

Primary antibodies used were mouse anti-Aβ (Biosensis, M-1742- 
50-B), anti-NES/nestin (DSHB, Rat-401), anti-GFAP (Cell 
Signaling Technology, 3670), anti-BrdU (Invitrogen, MA3–071), 
anti-P2RY12 (BioLegend 848,001), anti-VCL/vinculin (Sigma, 
V9131); rabbit anti-AIF1 (WAKO, 019–19741), anti-MKI67 
/Ki67 (Spring Bioscience 151,213), anti-GFAP (DAKO, M0761), 
anti-ATG5 (Cell Signaling Technology 12,994), anti-MAP1LC3B 
/LC3 (Cell Signaling Technology, 2755), anti-SOX2 (Millipore, 
AB5603); rat anti-ITGAM/CD11b (BD Pharmingen 557,397), 
anti-MKI67 (BioLegend 151,213), anti-TREM2 (R&D Systems, 
MAB17291); 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),
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goat anti-mouse IgG-HRP (Jackson Immunology,115-035-00.), 
and goat anti-rabbit IgG-HRP (Jackson Immunology, 111– 
035–144).

BODIPY493/503 was purchased from Invitrogen (Invitrogen, 
D3922). DAPI (Sigma 268,298) and LPS (Sigma, L2755) were 
purchased from Sigma. Synthetic Aβ (1–42) peptide was pur
chased from Bachem (Bachem 4,014,447) and dissolved in 
DMSO (ThermoFisher, J66650-AK) before oligomer preparation. 
Aβ aggregation was prepared according to previous report [82]. 
oAβ were incubated with microglia overnight before experiments. 
PLX5622 was purchased from Chemgood (C-1521). For long term 
dosing, the compounds were formulated in AIN-76A standard 
chow by Research Diets Inc. at 1200 ppm. The PLX5622-mixed 
chow and control diet were given to 2 months old FAD mice for 
2 mon.

Histology and immunofluorescence (IF)

Mice were euthanized using CO2, and brain was harvested 
during necropsy. Fixation was conducted for 16 h at 4°C 
using 4% (w:v) freshly made, pre-chilled PBS (Invitrogen 
10,010,023) buffered paraformaldehyde/PFA. The brain tis
sues were all sagittally separated into two hemispheres 
through midline and one hemisphere was embedded in 
paraffin, sectioned at 5 μm. Slides from histologically com
parable 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 B×41light microscope 
(Olympus America, Inc., Center Valley, PA), and images 
were captured with an Olympus digital camera (model 
DP70) using DP Controller software (Version 1.2.1.10 8). 
For immunofluorescence, unstained tissues were first 
deparaffinized in 3 washes of xylene (3 min each) and 
then were rehydrated in graded ethanol solutions (100, 
95, 70, 50, and 30%). 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 washed in PBS for 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 [83].

BrdU incorporation assay

BrdU (Sigma, B5002) was administrated intraperitoneally at 
100 µg/gram for 3 times with 2 h interval every day for 3 
consecutive days. Mice were euthanized 4 weeks later for 
long term BrdU retention, and tissues were processed as 
described above. For BrdU detection, the samples were treated 
with 2 M HCL at room temperature for 20 min to denature 

the nucleotides and then neutralized with 0.1 M sodium 
borate at room temperature for another 20 min. After 3 
washes in PBS (5 min each), slides were incubated with 
mouse anti-BrdU antibody and secondary antibodies as 
described in IF staining. Nuclei were stained with DAPI and 
mounted with Vectashield mounting medium. Histological 
examination and digital photography were conducted as 
described above.

Percoll gradient isolation and FACS for enriched 
microglia

The method for isolation of microglia was as what we 
described before [37]. In brief, dissected cortex and hippo
campus were passed through a 70-μm cell strainer. 
Homogenates were centrifuged at 600 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 fol
lows: 50%, 35%, and 0% isotonic Percoll. The gradient was 
centrifuged for 20 min at 2000 g, and enriched microglia were 
collected from the interphase between the 70% and 50% 
Percoll layers. Enriched microglia were labeled with antibo
dies for flow cytometry and sorted based on ITGAM/CD11b, 
P2RY12, and TREM2 expression using a Bio-Rad S3e cyt
ometer/cell sorter (Bio-Rad 12,007,058).

Real time PCR

Total RNAs were isolated from sorted microglia using the 
Single Cell RNA Purification Kit (Norgen Biotek Corp., 
51800) according to the user manual. Reverse transcription 
complementary DNAs (cDNAs) were synthesized with 
iScript cDNA Synthesis Kit (Bio-Rad 1,708,891). Real-time 
PCR was performed with iQ SYBR Green Supermix Kit (Bio- 
Rad, 170–8880). Expression values were normalized to Actb/ 
β-actin. The mouse Atg5 primer was obtained from 
PrimerBank (https://pga.mgh.harvard.edu/primerbank/) 
unless specific references were cited. The specificity of pri
mer was validated with their dissociation curves.

Protein extraction, SDS-PAGE, and western blotting

Cells were used for protein extraction by homogenization in 
modified radioimmune precipitation assay buffer (50 mm 
Tris-HCl, pH 7.4, 1% Triton X-100 (ThermoFisher 85,112), 
0.2% sodium deoxycholate (ThermoFisher 89,905), 0.2% SDS, 
1 mm sodium EDTA) supplemented with protease inhibitor 
(Sigma, P8340) and 1 mm phenylmethylsulfonyl fluoride 
(Sigma 52,332). After removing cell debris by centrifugation 
at 15,000 g for 10 min at 4°C, protein concentration was 
determined using Bio-Rad protein assay reagent (Bio-Rad 
5,000,001). The lysates were boiled for 5 min in 1×SDS sample 
buffer (50 mm Tris-HCl, pH 6.8, 12.5% glycerol, 1% SDS, 
0.01% bromophenol blue) containing 5% β-mercaptoethanol 
(Sigma, M6250). They were then analyzed by SDS-PAGE 
followed by western blotting using various antibodies, as 
described previously [18,38,79,84].
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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, 
Two-way ANOVA, and student’s t-test with p < 0.05 as indi
cative of statistical significance using Graph Pad Prism 
(Version 7.0). The number of animals used for quantification 
was indicated in the figure legends.
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