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Activated microglia mitigate AB-associated tau
seeding and spreading

Maud Gratuze®>*@®, Yun Chen*234@®, Samira Parhizkar’>*@®, Nimansha Jain’3>*®, Michael R. Strickland“>*@®, Javier Remolina Serrano™**®,
Marco Colonna?**@®, Jason D. Ulrich?>*@®, and David M. Holtzman**@®

In Alzheimer’s disease (AD) models, AD risk variants in the microglial-expressed TREM2 gene decrease AP plaque-associated
microgliosis and increase neuritic dystrophy as well as plaque-associated seeding and spreading of tau aggregates. Whether
this AB-enhanced tau seeding/spreading is due to loss of microglial function or a toxic gain of function in TREM2-deficient
microglia is unclear. Depletion of microglia in mice with established brain amyloid has no effect on amyloid but results in less
spine and neuronal loss. Microglial repopulation in aged mice improved cognitive and neuronal deficits. In the context of AD
pathology, we asked whether microglial removal and repopulation decreased AB-driven tau seeding and spreading. We show
that both TREM2X© and microglial ablation dramatically enhance tau seeding and spreading around plaques. Interestingly,
although repopulated microglia clustered around plaques, they had a reduction in disease-associated microglia (DAM) gene

expression and elevated tau seeding/spreading. Together, these data suggest that TREM2-dependent activation of the DAM
phenotype is essential in delaying AB-induced pathological tau propagation.

Introduction

Alzheimer’s disease (AD) is characterized by extracellular pla-
ques composed of aggregated forms of the amyloid-B (AB) pep-
tide and intraneuronal neurofibrillary tangles (NFTs), neuropil
threads, and dystrophic neurites that contain aggregated forms
of the tau protein (Holtzman et al., 2011; Castellani et al., 2010;
Serrano-Pozo et al., 2011). Progression of tau pathology into the
limbic cortex and neocortex appears to be driven by the pres-
ence of AB pathology (Hurtado et al., 2010; Bennett et al., 2017;
Gotz et al., 2001) and correlates with cognitive impairment in
individuals with AD (Nelson et al., 2012). The presence of AB
plaques facilitates local tau seeding in dystrophic neurites that
leads to the spreading and formation of phosphorylated forms of
tau in neuritic plaque (NP) tau aggregates and NFTs in mice (He
et al,, 2018). Beyond tau and A pathologies, neuroinflammation
is evident in the AD brain, including alterations in the mor-
phology, activation state, and distribution of microglia charac-
terized as disease-associated microglia (DAM; Keren-Shaul et al.,
2017) or neurodegenerative disease microglia (Krasemann et al.,
2017), which cluster around amyloid plaques. In DAM, there is a
down-regulation in the expression of homeostatic microglial
genes such as P2ryl2, Tmemll9, and Cx3crl, while there is an
increase in expression of several AD-associated activation

markers, such as ApoE and TREM2 (Keren-Shaul et al.,, 2017
Krasemann et al., 2017). In amyloid mouse models, the clustering
of DAM around plaques is dependent upon TREM2 activity, and
partial loss-of-function variants in the TREM2 gene increase the
risk of developing AD two- to fourfold (Guerreiro et al., 2013;
Jonsson et al., 2013). Although the functional consequences of
plaque-associated microgliosis are still unclear, loss of TREM2 or
expression of AD-associated TREM?2 variants increased neuritic
dystrophy as well as the seeding and spreading of phosphory-
lated tau around NPs (NP-tau) in the APPPS1-21 amyloid de-
positing mouse model; in TauPS2APP mice, where loss of TREM2
also increased AB-driven tau pathology and degeneration; and in
AD (Leyns et al., 2019; Prokop et al., 2019; Yuan et al., 2016; Wang
et al.,, 2016; Lee et al., 2021). Whether the increased NP-tau in
TREM2 deficiency results from decreased microglial clearance
of pathological tau or increased neuritic dystrophy is unclear.
However, the inverse correlation between microgliosis and
NP-tau suggests that manipulating microglial function to de-
crease plaque-associated tauopathy is a potential therapeutic
strategy to slow the early progression of AD pathology.

To decipher the precise role of microglia on AD pathogenesis,
several studies have used colony stimulating factor 1 (CSF1)

Department of Neurology, Washington University School of Medicine, St. Louis, MO; 2Department of Pathology and Immunology, Washington University School of
Medicine, St. Louis, MO; 3Hope Center for Neurological Disorders, Washington University School of Medicine, St. Louis, MO;  “Knight Alzheimer’s Disease Research Center,

Washington University School of Medicine, St. Louis, MO.

Correspondence to David M. Holtzman: holtzman@wustl.edu.

© 2021 Gratuze et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press

J. Exp. Med. 2021 Vol. 218 No. 8 20210542

W) Check for updates

https://doi.org/10.1084/jem.20210542

lof1l


https://orcid.org/0000-0002-1552-8815
https://orcid.org/0000-0003-0547-9463
https://orcid.org/0000-0001-5807-190X
https://orcid.org/0000-0001-5360-5466
https://orcid.org/0000-0002-3899-5651
https://orcid.org/0000-0002-5937-0212
https://orcid.org/0000-0001-5222-4987
https://orcid.org/0000-0002-4743-926X
https://orcid.org/0000-0002-3400-0856
mailto:holtzman@wustl.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20210542
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20210542&domain=pdf

receptor inhibitors to deplete microglia in mouse models with
AD pathology. Administration of CSF1 antagonists robustly de-
creases the number of microglia, which rapidly repopulate the
brain following cessation of antagonist treatment. In tau mouse
models without amyloid pathology, microglial depletion reduced
tau seeding (Asai et al., 2015), tau pathology, and tau-mediated
neurodegeneration (Shi et al., 2019; Mancuso et al., 2019). In-
terestingly, in mouse models with brain amyloidosis, microglial
ablation in plaque-containing mice did not significantly affect
AP deposition, whereas depleting microglia before amyloidosis
impaired parenchymal plaque development but increased neu-
ritic dystrophy around the remaining plaques (Spangenberg
et al., 2019, 2016). Another potential method to modulate mi-
croglial function is to pharmacologically induce microglial
turnover by administration and withdrawal of CSF1 antagonists
to induce microglial repopulation. In aging studies, microglial
repopulation was found to rescue age-associated reductions in
synaptic densities and cognitive function (Elmore et al., 2018). It
has been shown that microglial repopulation could increase
synaptic number and dampen inflammation in a neuronal lesion
model and facilitate neuroprotective effects during the acute
phase of traumatic brain injury (Willis et al., 2020; Rice et al.,
2017). Fewer studies have examined the function of repopulated
microglia in mouse models with AD pathology. One report found
that 4 wk following cessation of a CSF1 antagonist in 5XFAD
mice, microglial repopulation varied depending on brain region,
with decreased microgliosis within the cortex (Casali et al.,
2020). Herein, we tested whether elimination or repopulation
of microglia affected AB-induced NP-tau seeding and spreading.
Surprisingly, we found that although repopulated microglia
were able to cluster around amyloid plaques like WT microglia,
they exhibited a strong homeostatic gene expression signature
and had markedly elevated NP-tau seeding and spreading
compared with unperturbed microglia.

Results and discussion

Resident microglial functions are essential to slowing down
NP-tau seeding and spreading

To investigate the role of microglia and microglial repopulation
on NP-tau pathology, we used a previously described model of
tau seeding and spreading by injecting brains with sarkosyl-
insoluble tau aggregates isolated from human AD brain tissue
(AD-tau; Leyns et al., 2019; He et al., 2018). 5XFAD mice were
pretreated with PLX3397 (PLX group), a selective CSFIR inhib-
itor that has been shown to readily cross the blood-brain barrier
and eliminate microglia via oral delivery in mouse chow (Elmore
et al., 2014), or AIN-76A control chow diet (CTL group) for 3 wk
before AD-tau injection (Fig. 1 A). Another group of mice were
pretreated with PLX for 3 wk and subsequently fed with control
diet for 2 wk before AD-tau injection to repopulate microglia in
the brain (P-C group). This experimental design was first tested
in WT mice (Fig. S1) to confirm that 3 wk of PLX removed most
of the microglia (Fig. S1 B), followed by reversion to control diet
for 2 wk, which allowed microglia to repopulate similarly to
control mice (Fig. S1 C). 5XFAD mice were unilaterally injected
at 6 mo of age in the dentate gyrus and the overlying cortex
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with AD-tau and analyzed 3 mo later. We observed widespread
seeded NP-tau in the ipsilateral hippocampus (HC) and cortex of
5XFAD mice treated with control diet, as well as spread in the
contralateral HC and cortex. This NP-tau seeding and spreading
was strongly increased in mice with depleted microglia (Fig. 1,
B-F). Surprisingly, NP-tau pathology was also significantly ele-
vated in mice with repopulated microglia. We next wanted to
compare the effect of microglial ablation and especially micro-
glial repopulation to TREM2 deficiency in this assay to better
understand the phenotypes observed in relation to the type of
microglial dysfunction in these different states. When assessing
AB-induced NP-tau seeding and spreading, we confirmed our
previous findings from a different amyloid mouse model of el-
evated NP-tau seeding and spreading in TREM2-deficient mice
that was very similar in extent to that seen in the PLX and P-C
groups (Fig. 1, B-F; Leyns et al., 2019). To confirm that cortical
NP-tau pathology was increased independently of the number of
AB plaques, we performed confocal analysis and quantified the
amount of NP-tau surrounding individual X34* AP plaques
(Fig. 1, G-J). We confirmed that NP-tau pathology that repre-
sents both seeding and spreading was significantly increased
with loss of microglia or TREM2 function, as well as when mi-
croglia were repopulated. Our findings are in contrast with a
previous study showing dramatically suppressed tau propaga-
tion after depleting microglia (Asai et al., 2015). Interestingly,
the authors used a nonamyloid plaque depositing mouse model,
suggesting that amyloid pathology modifies the role of microglia
in tau seeding and spreading. Altogether, these data support that
resident, TREM2-expressing microglia are essential to slowing
down the burden and spreading of seeded periplaque NP-tau.

Increased plaque-associated neuritic dystrophy associated
with NP-tau pathology and depleted, repopulated, or T2K°
microglia

We next investigated why NP-tau pathology increased when
microglia function or number was affected. First, we evaluated
the number of microglia in the cortex of 9-mo-old 5XFAD mice.
As previously described (Spangenberg et al., 2016), PLX treat-
ment removed most of the microglia in both ipsilateral and
contralateral cortex, although some microglia (~20%) were re-
sistant to PLX treatment (Fig. S1, G-I). When we evaluated the
number of microglia clustering around AP plaques (Fig. 2, A-D),
we also observed fewer microglia clustering around amyloid
plaques in both PLX-treated and TREM2-deficient mice. Inter-
estingly, 80% of the PLX-resistant microglia that remained were
clustered around amyloid plaques. This suggests that a popula-
tion of activated microglia in 5XFAD mice survive independently
of CSFIR signaling (Spangenberg et al., 2016, 2019; Zhan et al.,
2019 Preprint). In contrast, P-C mice exhibited robust microglial
clustering around plaques similar to that observed in control
(CTL) mice. We observed reduced plaque-associated microglia in
T2X0 mice as previously reported (Jay et al., 2015; Ulrich et al.,
2014; Wang et al., 2015). Microglial depletion and TREM?2 defi-
ciency are associated with increased amyloid-dependent neu-
ritic dystrophy, which in turn correlated with increased NP-tau
seeding and spreading (Leyns et al., 2019). Whether microglial
repopulation alters neuritic dystrophy is unclear. Therefore, we
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Figure 1. Microglia depletion, TREM2 KO, or microglia repopulation significantly increased NP-tau seeding and spreading in 5XFAD mice.
(A) Schematic of the experimental design. 6-mo-old 5XFAD mice were injected with AD-tau in the HC and overlaying cortex and sacrificed 3 mo later to
evaluate tau seeding and spreading. Before AD-tau injection, 5XFAD mice were pretreated for 3 wk with PLX3397 to deplete microglia (PLX; n = 10) or
pretreated for 3 wk with PLX3397 and then switched back to a control diet to allow microglia repopulation in the brain (P-C; n = 10). Both controls, 5XFAD (CTL;
n = 10) and 5XFAD-T2KO mice (T2KO; n = 14), were fed a chow diet. (B) Representative images of ipsi- and contralateral hemisphere stained with AT8* NP-tau
pathology in AD-tau-injected S5XFAD mice. Scale bars, 1 mm. (C-F) Quantification of AT8* staining in the ipsi- and contralateral hippocampi (C and D, re-
spectively) and cortices (E and F, respectively) of AD-tau-injected 5XFAD mice. (G and H) Confocal images of cortical AT8* NP-tau (green) around X34* plaques
(blue) in the ipsi- (G) and contralateral (H) cortices. Scale bars, 50 um. (1 and J) Quantification of percentage AT8* volume within 15 pum of plaques in the ipsi- (1)
and contralateral (J) cortices. Data are presented as mean + SEM. Significance was determined using Welch’s and Brown-Forsythe ANOVA test (C and J) or
Kruskal-Wallis test followed by a Dunn’s post hoc test (D-F and I). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 2. Altered microglia, either depleted, repopulated, or TREM2 KO, is associated with increased neuritic dystrophy around plaques, which
correlates with NP-tau pathology. (A and B) Confocal analysis of Ibal* microglia (red) surrounding X34* plaques (blue) in ipsi- (A) and contralateral (B)
cortices of 5XFAD mice. (C and D) Quantification of the number of microglia surrounding plaques in ipsi- (C) and contralateral (D) cortices. (E and F) Confocal
images of BACE1 (red) around X34* plaques (blue) in ipsi- (E) and contralateral (F) cortices of 5XFAD mice. (G and H) Quantification of percentage BACE1*
volume within 15 um of plaques in ipsi- (G) and contralateral (H) cortices. (1) Representative image of costain for X34 (blue), AT8 (green), BACE1 (red), and Ibal
(white). (J) Relationship between costained Ibal* microglia (x axis), BACE1 dystrophic neurites (y axis), and seeded AT8* NP-tau surrounding X34+ plaques in
the ipsilateral cortex. Each dot represents an individual mouse, dot color indicates the different groups, and dot size corresponds to percentage of AT8* staining
around plaques (Fig. 1). Scale bars, 50 um. Data are presented as mean + SEM. Significance was determined using ordinary one-way ANOVA followed by a

Tukey’s post hoc test (C and D) or Welch’s and Brown-Forsythe ANOVA test (G and H). *, P < 0.05; ***, P < 0.001; **** P < 0.0001.

immunostained for BACEl, which accumulates in dystrophic
neurites (Sadleir et al., 2016). We observed a strong increase in
the amount of BACE1* processes in PLX, P-C, and T2X° groups
compared with CTL in both ipsi- and contralateral cortex, which
also correlated with ATS staining (Fig. 2, E-H). We further ob-
served a strong correlations among AT8* NP-tau pathology,
BACEL* neuritic dystrophy, and the number of Ibal* microglia-
clustering AP plaques, except in P-C mice, suggesting that mi-
croglia may be essential in mitigating plaque-induced neuronal
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toxicity, which in turn may promote NP-tau seeding (Fig. 2, I
and ]). Importantly, although the repopulated microglia clus-
tered around plaques at a similar density to control-treated
microglia, the amount of NP-tau pathology and neuritic dys-
trophy was markedly elevated. The neuritic dystrophy result is
similar to a previous report that found elevated cortical neuritic
dystrophy following 4 wk of microglial repopulation rather than
the 14 wk of repopulation in our study (Casali et al., 2020).
Overall, this suggests that the repopulated microglia are
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deficient in mitigating against plaque-associated toxicity and,
importantly, AB-mediated tau seeding and spreading.

Repopulated or T2XC microglia are associated with more
amyloid plaques but reduced plaque-associated ApoE

We next evaluated the effect of microglial depletion and re-
population on AP plaques using an anti-Ap antibody (HJ3.4) and
a stain for fibrillar plaques (X34; Fig. 3, A-]). Importantly, mi-
croglial depletion and TREM2 KO mouse models have reported
conflicting results on the effect of microglia on amyloid plaque
burden (Gratuze et al., 2018; Spangenberg et al., 2016, 2019;
Casali et al., 2020). We found that A plaques were comparable
in CTL and PLX groups, but we observed increased Af pathology
in 5XFAD mice with repopulated or T2X° microglia compared
with CTL possibly due to impaired plaque compaction in the
absence of TREM2 (Wang et al., 2016). Parhizkar et al. (2019)
recently demonstrated that loss of TREM2 increased the seeding
of amyloid pathology as well as reduced plaque-associated ApoE
in TREM2-deficient mice or in a genetic microglial ablation
model. We confirmed that T2XC mice exhibited strongly reduced
ApoE colocalization with plaques and ApoE present within mi-
croglia (Fig. 3, K-0), suggesting a microglial origin of plaque-
associated ApoE. Interestingly, the amount of ApoE in plaques
and plaque-associated microglia was not significantly different
between PLX-treated and CTL mice, suggesting that the plaque-
associated microglia that persisted in PLX mice remained highly
activated (Fig. 3, K-0). In contrast, we noted that ApoE coloc-
alization with both plaques and microglia was decreased in P-C
mice, further suggesting that repopulated microglia did not ac-
quire a typical DAM phenotype, as previously described (Keren-
Shaul et al., 2017; Krasemann et al., 2017), despite clustering
around plaques. Given that astrocytes are the predominant cell
type that expresses ApoE in the brain, we also assessed the
amount of GFAP* astrocytes around plaques. Microglia depletion
or repopulation did not affect the number of GFAP* astrocytes;
however, TREM2 deletion strongly suppressed the clustering of
astrocytes around plaques as well as GFAP mRNA level (Fig. S2).

Repopulated microglia do not reestablish the DAM signature

To evaluate microglial activation in our different groups, we
first costained brain sections with Ibal (microglia) and CD68
phagolysosomes in microglia around X34* plaques (Fig. 4, A-C).
We observed similar CD68* vesicle volume per microglia around
plaques in CTL and PLX-resistant microglia. In contrast, we
observed a strong decrease in CD68* vesicles within repopulated
and T2X° microglia, suggesting decreased late-endosomal/lyso-
somal function in microglia and overall DAM activation state in
these groups in both the ipsi- and contralateral cortices. De-
creased late-endosomal/lysosomal activity in microglia could
increase NP-tau seeding and spreading by failing to efficiently
clear toxic tau species from the brain. Given that P-C mice ex-
hibited elevated NP-tau pathology and decreased activation in
plaque-associated microglia, we decided to compare the ex-
pression level of homeostatic and DAM genes in our experi-
mental groups immediately before NP-tau injections using a
second cohort of animals that were 6 mo of age. We assessed
gene expression profile in the cortex (Fig. 4 D) and observed a
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decrease in DAM and proinflammatory cytokine gene expres-
sion (e.g., Cst7 and ILIB) in mice with repopulated microglia
compared with CTL mice. Consistent with the reduced CD68
staining, repopulated microglia display raised homeostatic gene
expression (e.g., TMEMII9). Interestingly, we observed an in-
crease of IL34 gene expression in mice with repopulated mi-
croglia, which might explain how microglia derived from the
proliferation of residual PLX-resistant microglia were able to
repopulate the brain. Altogether, we demonstrate that repopu-
lated microglia have not built up a typical DAM signature yet
despite the presence of AB pathology. Importantly, repopulated
microglia also displayed lower TREM2 gene expression, which
could explain similar results observed between mice with re-
populated microglia and TREM2-deficient mice.

TREM2 regulates AD-tau clearance

Since we observed increased NP-tau seeding in T2X° mice and
mice with repopulated microglia displayed decreased TREM2
expression, we tested the effect of TREM2 on the uptake and
degradation of human tau using an in vitro phagocytosis assay
by conjugating AD-tau with pHrodo (Fig. 4, E-]). We first treated
bone marrow-derived macrophages (BMDMs) from WT or T2X°
mice with AD-tau incubated for 4, 12, 24, and 48 h. We observed
similar AD-tau uptake on both mean fluorescence intensity
and percentage of positive cells between WT and T2X° BMDMs
(Fig. 4, E and H). However, when we treated BMDMs for 1 h
with AD-tau and then evaluated tau degradation over 48 h, we
found that the pHrodo signal decayed more rapidly in WT
BMDMs than in T2X° BMDMs (Fig. 4, F, G, I, and ]), suggesting a
defect in tau degradation in myeloid cells without TREM2.
These results suggest that increased AD-tau seeding in mice
with repopulated and T2X° microglia are likely a result of a
defect in AD-tau degradation by microglia.

Conclusion

Thus far, the majority of studies have evaluated the role of mi-
croglia in AD in the context of AB or tau pathologies separately.
Here, we examined the role of microglia in mitigating against
amyloid-driven tau seeding and spreading. How AP augments
tau pathology to drive AD pathogenesis is a critical step in dis-
ease progression, as it drives neurodegeneration, and needs to be
better understood. We assessed whether pharmacologically in-
duced microglial repopulation protected against NP-tau seeding
and spreading. We found that microglial depletion or TREM2
deficiency increased susceptibility of NP-tau pathology in dys-
trophic neurons surrounding AP plaques as well as the spread-
ing of tau pathology. Surprisingly, microglial repopulation also
exhibited increased NP-tau pathology, most likely due in part to
a failure of repopulated microglia to switch from a homeostatic
to a DAM phenotype. Our data support a key role for TREM2-
dependent microglial activation at the intersection of AP and tau
pathologies. The ability of microglia to switch to a DAM phenotype
appears essential to limit A plaque-mediated tau pathogenesis
in AD. Our data suggest that during the phase of AD when AP is
driving tau seeding and spreading, TREM2 activation as well as
other ways to stimulate the microglial DAM phenotype should be
explored therapeutically.
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Figure 3. Repopulated microglia or TREM2 KO increase amyloid plaques and reduce plaque-associated ApoE in 5XFAD mice. (A) Representative images
of HJ3.4* plaques in S5XFAD mice. Scale bars, 1 mm. (B~E) Quantification of HJ3.4 staining in the ipsi- and contralateral hippocampi (B, left and C, right, re-
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0.001; **** P < 0.0001.
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Materials and methods

Mice

5XFAD mice (Oakley et al., 2006) overexpressing both mutant
human AP precursor protein with the Swedish (K670N and
Me671L), Florida (1716V), and London (V7171) familial AD muta-
tions and human PSI harboring two familial AD mutations,
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M146L and L286V, both under the control of the Thyl promoter,
were purchased from The Jackson Laboratory (MMRRC; stock
no. 34848-JAX). TREM2/~ mice were previously described
(Turnbull et al., 2006). 5XFAD were crossed to TREM2~/~ mice
to generate TREM2*/~ 5XFAD and TREM2~/~ 5XFAD mice. Only
males were used in this study, because male mice showed a
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higher level of microglial reduction than females when treated
with the same PLX diet (Shi et al., 2019), and 5XFAD male and
female mice exhibit differences in amyloid pathology (Bundy
et al., 2019). All mice were on the C57BL/6 background and
housed under a normal 12-h light/dark cycle. All animal studies
were approved by the Animals Studies Committee at Washing-
ton University School of Medicine in St. Louis.

Diet

PLX3397 was purchased from SelleckChem. PLX3397 was for-
mulated in the AIN-76A (Research Diets) chow at a concentra-
tion of 290 mg/kg chow as previously done (Elmore et al., 2014;
Spangenberg et al., 2016). 5XFAD mice were treated with
PLX3397 for 3 wk to eliminate microglia or control chow, or they
were treated with PLX3397 for 3 wk and then control chow for
2 wk to repopulate microglia before AD-tau injection at 6 mo of
age, creating four groups: control 5XFAD (CTL; n = 10), PLX3397-
treated 5XFAD mice (PLX; n = 10), 5XFAD with repopulated
microglia (P-C; n = 10), and 5XFAD-TREM2 KO (T2X%; n = 14).
After AD-tau injection, mice were kept on their respecting diet
(chow diet for CTL, P-C, and T2K° and PLX3397 for PLX mice) for
3 mo until harvesting brains. A second cohort of 5XFAD mice
was treated similarly and at the same age compared with the
first cohort, but these mice were instead sacrificed at 6 mo of age
without AD-tau injection in order to assess the microglia profile
before AD-tau injection for the previous cohort (CTL, n = 8; and
P-C,n = 8).

Preparation of AD-tau aggregates from human AD brain tissue
and stereotactic intracerebral injections

AD-tau was isolated as previously described (Guo et al., 2016)
from a human AD brain. Using a bicinchoninic acid assay
(Thermo Fisher Scientific; catalog no. 23225), the total protein
concentration of the AD-tau preparation was 21.1 pg/ul. Tau-
specific sandwich ELISA was used to determine the tau con-
centration in the preparation as previously described (Guo etal.,
2016), which was found to be 5.4 pg/pl. AD-tau preparation was
diluted at 0.4 pg/pl prior to the injections and sonicated in water
bath sonicator (QSonica; Q700) for 30 s at 60% amplitude at 4°C.
6-mo-old 5XFAD mice were anesthetized with isoflurane, im-
mobilized in a stereotactic frame (David Kopf Instruments), and
unilaterally injected with a total of 2 pg AD-tau (1 pg at each
injection site) in the dentate gyrus (bregma: -2.5 mm; lateral:
-2.0 mm; depth: -2.2 mm) and overlying cortex (bregma: -2.5
mm; lateral: -2.0 mm; depth: -1.0 mm) using a Hamilton syringe
(Hamilton; syringe: 80265-1702RNR; needle: 7803-07). Mice
were allowed to recover on a 37°C heating pad and monitored for
the first 48 h after surgery.

Preparation of brain samples

Mice were sacrificed by intraperitoneal injection of pentobar-
bital (200 mg/kg). Blood samples were collected in EDTA-
treated tubes before cardiac perfusion with 3 U/ml heparin in
cold Dulbecco’s PBS. Blood samples were spun down (10 min,
2,000 xg, 4°C), and blood plasma was collected. For the 9-mo-old
AD-tau-injected 5XFAD mice, whole brains were carefully ex-
tracted and immerse-fixed in 4% paraformaldehyde for 24 h
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before being transferring to 30% sucrose and stored at 4°C until
sectioned. Brains were cut coronally into 30-um sections on a
freezing sliding microtome (Microm; HM 400) and stored in
cryoprotectant solution (0.2 M PBS, 15% sucrose, and 33% eth-
ylene glycol) at -20°C until use. A notch on the left hemisphere
at the piriform cortex ensured proper identification of the ip-
silateral injected side.

For cytokine and gene expression experiments, brains were
carefully extracted and cut into two hemispheres. The left
hemisphere was collected for immunostaining and immerse-
fixed in 4% paraformaldehyde overnight before being transfer-
ring to 30% sucrose and stored at 4°C until sectioned. Brains
were cut coronally into 50-um sections on a freezing sliding
microtome (Microm; HM 400) and stored in cryoprotectant
solution at -20°C until use. The right hemisphere was dissected
to isolate the HC and cortex for biochemical analysis, and the
tissue was kept at -80°C until analyzed.

Immunohistochemistry (IHC) and immunofluorescence (IF)

For immunohistochemical staining of microglia (Wako;
Ibal, rabbit polyclonal, 1:5,000, catalog no. 019-19741), NP-tau
(Thermo Fisher Scientific; AT8, mouse monoclonal, 1:500; cata-
log no. MN1020B) and AP (HJ3.4 biotinylated, anti-Ap1-13,
mouse monoclonal, 2 pg/ml generated in-house), sections were
washed three times in TBS for 5 min and blocked in 0.3% hy-
drogen peroxide for 10 min. After washing, sections were
blocked in 3% milk in TBS with 0.25% Triton X-100 (TBSX) for
30 min. Primary antibody was diluted in 3% milk/TBSX, and the
sections were incubated in the primary antibody overnight at
4°C. The next day, sections were washed three times. For AT8
and HJ3.4 staining, after washing, sections were incubated in
ABC Elite solution (VectaStain; PK-6100) for 1 h, prepared fol-
lowing the manufacturer’s instructions, followed by another
washing step. For Ibal staining, after washing, sections were
incubated with HRP-conjugated secondary antibodies diluted in
3% milk/TBSX for 1 h at room temperature (Jackson Laboratory;
1:500, 111-035-003). Sections were developed in DAB solution
(Vector Laboratories; catalog no. SK4103 for Ibal; Sigma; catalog
no. D5905 for AT8 and HJ3.4), washed, and mounted on slides.
After drying overnight, the slides were dehydrated in increasing
ethanol concentrations followed by xylene and coverslipped with
Cytoseal 60 (Thermo Fisher Scientific; catalog no. 8310).

For IF staining, costains were performed for (1) X34, BACE],
ATS, and Ibal; (2) X34, GFAP, Ibal, and ApoE; or (3) X34, Ibal,
and CD68. Fibrillar AB was stained by X34 dye (Sigma; SML-
1954) and antibodies to AT8, Ibal (Wako; catalog no. 011-27991, 1:
2,000), BACEL (Abcam; catalog no. abl08394, 1:500), GFAP
(eBioscience; catalog no. 53-9892-82, 1:500), ApoE (HJ6.3 bio-
tinylated, 1:300 generated in-house), and CDé68 (AbD SeroTec;
catalog no. MCA1957, 1:500) were used to evaluate periplaque
pathologies.

Free-floating sections were washed three times and then
permeabilized in 0.25% Triton X-100 PBS (PBS-X) for 30 min.
Tissue sections were then incubated in X34 for 20 min, washed
in X34 buffer (40% EtOH in PBS), and washed in PBS twice.
Sections were incubated in blocking solution for 30 min (3%
BSA, 3% normal donkey serum, and 0.1% PBS-X) before
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incubating in primary antibodies in blocking solution over-
night at 4°C. The next day, sections were washed three times,
placed in secondary antibodies for 4 h (Thermo Fisher Scien-
tific; 1:500) at room temperature, and then washed again three
times for 20 min. Lipofuscin was quenched with 0.1% Sudan
black and washed once in 0.02% PBS-Tween 20 and again in
PBS. Sections were mounted, sealed in ProLong Gold anti-fade
(Thermo Fisher Scientific; catalog no. P36930), and stored in
the dark at 4°C until imaging.

Image acquisition and analysis

Images were obtained from an average of sections per mouse for
IHC and IF. For IHC stains, slides were scanned on the Nano-
Zoomer 2.0-HT system (Hamamatsu Photonics). Images were
further processed using NDP viewing software (Hamamatsu
Photonics) and Fiji software version 1.51 (National Institutes of
Health). For IF images, four to six z-stacks (20 pm) per section
were acquired on an LSM 880 II Airyscan FAST confocal mi-
croscope (Zeiss) with a 20x objective and 1,024 x 1,024 resolu-
tion. Quantification of confocal images for AT8, BACEI, and
ApoE around X34* plaques was performed on a semiautomated
platform using MATLAB and Imaris 9.5 software (Bitplane) to
create surfaces of each stain based on a threshold applied to all
images, dilate X34 surfaces 15 pm, and colocalize various im-
munostained surfaces and dilated X34 surfaces. For quan-
tification of the number of plaque-associated microglia and
astrocytes, a threshold was applied across all images to assign
spots to each cell body. X34 surfaces were dilated 15 um, and
spots were counted within the X34* extended surface. All
staining experiments were imaged and quantified by a blinded
investigator.

Quantification of confocal images for CD68 in Ibal* microglia
around X34* plaques was performed by creating surface of
CD68/1Ibal costaining and colocalize it with dilated X34 surfaces.
R studio was used to generate plots comparing different ATS,
BACEI, and microglia cells surrounding X34* plaques.

BMDM culture and in vitro phagocytosis assay

BMDMs were differentiated from bone marrow cells isolated
from WT and TREM2X° mice at same ages in BMDM differen-
tiation media (RPMI 1640 medium, 10% FBS, 10% L929 super-
natant, 1x Pen-Strep, 1x Glutamax, 1x sodium pyruvate, and 1x
nonessential amino acids) for 4-5 d depending on confluence.
When fully differentiated BMDMs were 70% confluent, non-
tissue culture-treated 96-well plates were seeded with 30,000
cells in BMDM media for a phagocytosis/degradation assay the
next day.

All AD-tau phagocytosis or degradation assays were con-
ducted with prepared cell culture as described above. Briefly,
AD-tau conjugated with pH-sensitive pHrodo Red dye was added
into each well at final concentration of 50 nM at 48, 24, 12, and
4 h before harvesting cells. For degradation assay, all cells were
treated with AD-tau for 1 h and switched to normal media for 4,
12, 24, and 48 h before being harvested. After washing with PBS
twice, BMDMs were resuspended with MACS buffer (PBS, 1 mM
EDTA, and 0.5% BSA), and flow cytometry was performed on
a BD FACS Calibur System at the flow cytometry core at
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Washington University in St. Louis. pHrodo signal was deter-
mined by FL2 Yellow after pregating with FL3 Red Propidium
Iodide staining and further analyzed by FlowJo.

Gene expression

We extracted total RNA from mouse cortex with the RNeasy
Mini Kit (QIAGEN; catalog no. 74104) and prepared cDNA with
the High-Capacity RNA-to-cDNA kit (Applied Biosystems; cata-
log no. 4388950) following the manufacturers’ instructions.
Gene expression analysis was performed using microarray
in collaboration with the Genome Technology Access Core at
Washington University. Using TagMan probes, the relative gene
expression was quantitatively measured using Fluidigm Biomark
HD with integrated fluidic circuits.

Statistics

Unless otherwise stated, all data are presented as mean + SEM.
GraphPad Prism 8.0 was used to perform statistical analyses.
Gaussian distribution was evaluated using the D’Agostino-
Pearson normality test. Statistical analysis was performed using
ordinary one-way ANOVA followed by a Tukey’s post hoc test
under normal distribution. In case of unequal variances, Welch’s
and Brown-Forsythe test were used. If samples deviate from
normal distribution, statistical analysis was performed using
Kruskal-Wallis test followed by a Dunn’s post hoc test. For
comparisons of two groups, statistical analyses were performed
using unpaired t tests. Statistical significance was set as P < 0.05
(*, P<0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001 versus
CTL 5XFAD).

Online supplemental material

Fig. S1 shows microglial depletion and repopulation efficiency
with the AIN-76A chow at a 290-mg/kg dose in WT and 5XFAD
mice. Fig. S2 shows a decrease of GFAP* astrocytes in 5XFAD-
T2X0 mice as well as lowered GFAP gene expression.
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Figure S1. CSFIR inhibition eliminates microglia from the mouse brain. (D) Schematic of the experimental design. 5-wk-old WT mice (n = 5-6 per group)
were treated with chow diet or PLX3397 (290 mg/kg chow; PLX) for 3 wk, and 3-wk-old WT mice were treated with PLX3397 (290 mg/kg chow) for 3 wk and
then chow diet for 2 wk (P-C). (A-C) Representative sections from the hippocampal and cortical field for Ibal immunostaining for the three groups. (E and F)
Quantification of 1bal% coverage (E) and number of Ibal* cells in full brain sections (F) shows that 3 wk of PLX3397 treatment showed robust decrease in
microglial numbers and Ibal coverage in PLX groups, with little to no microglia present after 3 wk of treatment. After 2 wk back to control chow diet, the
microglia population was restored, showing that repopulating microglia are fully dependent upon CSFIR signaling. Scale bars, 500 um. (G) Representative
images of Ibal* microglia (red) surrounding X34* plaques (blue) in cortices of 5XFAD mice. (H and 1) Quantification of the number of microglia per image in ipsi-
(H, left) and contralateral (], right) cortices. Data are presented as mean + SEM. Significance was determined using a one-way ANOVA followed by a Tukey’s
post hoc test for Ibal (E) coverage and with a Kruskal-Wallis test followed by a Dunn’s post hoc test for the number of microglia (F). Welch’s and
Brown-Forsythe ANOVA test was used for H and I. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure S2.  TREM2 deletion, but not microglia depletion or repopulation, decreases astrocyte clustering amyloid plaques and GFAP RNA expression
in 5XFAD mice. (A and B) Confocal analysis of GFAP-labeled astrocytes (green) surrounding X34+ plaques (blue) in ipsilateral (A) and contralateral (B) cortices
of 9-mo-old 5XFAD mice. Scale bars, 50 um. (C and D) Quantification of the number of astrocyte cells surrounding plaques in ipsilateral (C) and contralateral
(D) cortices. (E) Expression of cortical GFAP mRNA in 6-mo-old 5XFAD mice. Data are presented as mean + SEM. Significance was determined using Welch’s
and Brown-Forsythe ANOVA test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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