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SUMMARY
Loss-of-function TREM2 mutations strongly increase Alzheimer’s disease (AD) risk. Trem2 deletion has re-
vealed protective Trem2 functions in preclinicalmodels ofb-amyloidosis, a prominent feature of pre-diagnosis
AD stages. How TREM2 influences later AD stages characterized by tau-mediated neurodegeneration is un-
clear. To understand Trem2 function in the context of both b-amyloid and tau pathologies, we examined
Trem2 deficiency in the pR5-183 mouse model expressing mutant tau alone or in TauPS2APP mice, in which
b-amyloid pathology exacerbates tau pathology and neurodegeneration. Single-cell RNA sequencing in these
models revealed robust disease-associated microglia (DAM) activation in TauPS2APPmice that was amyloid-
dependent and Trem2-dependent. In the presence of b-amyloid pathology, Trem2 deletion further exacer-
bated tau accumulation and spreading and promoted brain atrophy. Without b-amyloid pathology, Trem2
deletion did not affect these processes. Therefore, TREM2 may slow AD progression and reduce tau-driven
neurodegeneration by restricting the degree to which b-amyloid facilitates the spreading of pathogenic tau.
INTRODUCTION

TREM2 (triggering receptor expressed on myeloid cells 2) is an

activating immune cell receptor expressed in the brain specif-

ically by microglia (Hickman et al., 2013; Zhang et al., 2016).

Since the discovery of TREM2 mutations as risk factors for Alz-

heimer’s disease (AD) (Guerreiro et al., 2013; Jonsson et al.,

2013), numerous studies have been performed in various mouse

models to understand how Trem2 influences the development of

hallmark AD pathologies, namely, b-amyloid plaques and phos-

phorylated aggregates of the tau protein. For both types of pa-

thology, contrasting results have been reported regarding the ef-

fects of Trem2 deletion. Exactly how the appearance and

accumulation of plaque are altered in Trem2-deficient mice

may depend on age, sex, brain region, model, and detection

method (Jay et al., 2015, 2017; Meilandt et al., 2020; Parhizkar

et al., 2019; Wang et al., 2015). However, an emerging

consensus is that b-amyloid plaques have a less compacted

morphology and are more damaging to surrounding neurites
when Trem2 function is impaired (Meilandt et al., 2020; Wang

et al., 2016; Yuan et al., 2016).

In diverse tau models, Trem2 loss-of-function studies have

yielded more disparate results. The hTau model harbors a human

chromosomal fragment containing the entire MAPT gene, from

whichhuman tauprotein is expressed in thebackgroundofmurine

Mapt deficiency (Andorfer et al., 2003). Trem2 deletion in the hTau

model was detrimental at an early disease stage, showing exacer-

bated tau phosphorylation and aggregation (Bemiller et al., 2017).

Later stages involving neurodegeneration and brain atrophy were

not reported. In the more aggressive PS19 model with transgenic

expression of a human tau isoform harboring the P301Smutation

(Yoshiyama et al., 2007), Trem2 deletion showed a protective ef-

fect at a late stage, curbing synapse loss in the hippocampus

and neurodegenerative atrophy in the entorhinal and piriform

cortices without altering tau phosphorylation or aggregation

(Leyns et al., 2017). Whether Trem2 deletion affected tau pathol-

ogy inpre-degenerativedisease stageswasnot reported. Another

study in the PS19 model reported that heterozygous but not
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homozygous Trem2 deletion exacerbated tau phosphorylation

and aggregation (Sayed et al., 2018). Finally, in a recently devel-

oped model in which pathological tau proteins prepared from hu-

man AD brains are injected into mouse brains that harbor b-amy-

loid pathology (He et al., 2018), Trem2 deletion led to increased

abundance of phospho-tau-positive dystrophic neurites sur-

rounding plaques (Leyns et al., 2019). Later events such as neuro-

fibrillary tangle formation in neuronal cell bodies and eventual neu-

rodegenerationwere not reported. Collectively, these studiesmay

suggest that microglial Trem2 activity helps restrain accumulation

of tau pathology in early stages but contributes to tau-mediated

neurodegeneration during later stages of tauopathy.

To gain a comprehensive understanding of Trem2 function in a

slowly developing tauopathy model at both early and degenera-

tive stages of disease and in the presence or absence of b-amy-

loid pathology, we crossed Trem2-deficient mice with the pR5-

183 line expressing P301L mutant tau protein (Götz et al.,

2001), alone or in combination with the PS2APP transgene (Oz-

men et al., 2009), which drives b-amyloid production and has

been described to enhance phospho-tau accumulation when

the two transgenes are combined in the TauPS2APP model

(Grueninger et al., 2010). We analyzed the effects of Trem2 dele-

tion in P301L mice at 6, 10, and 18 months of age and in Tau-

PS2APP mice at 9 and 17 months of age, including both sexes

of mice in both models at all ages. We observed that Trem2 dele-

tion exacerbated the spreading of tau pathology at an early age

and promoted brain atrophy at a later age in the TauPS2APP

model but had no effect in P301L alone. Thus, our results indicate

that in a pure tauopathy setting, TREM2 function may be neither

protective nor detrimental. However, in the context of b-amy-

loid-enhanced accumulation and spreading of tau—an essential

aspect of AD pathogenesis in the cerebral cortex—microglial

TREM2 activity may protect against both the accumulation of

tau pathology and subsequent tau-mediated neurodegeneration.

RESULTS

b-amyloid pathology enhances tau pathology and
hippocampal atrophy
To define interactions between b-amyloid and tau pathologies

in our chosen transgenic models, we crossed the PS2APP
Figure 1. b-amyloid accelerates tau pathology in the TauPS2APP mod

(A) Representative images of hippocampal immunostaining for phosphoryl

(TauPS2APP) mice at the ages of 4.5, 6, and 9 months.

(B) Quantification of total signal for phosphorylated tau (integrated intensity/area)

the average of six to eight sections from one animal. Bars and lines, mean ± SEM

(C) Western blot analysis of isolated P2 fractions from cortex and hippocampus

immunoblotted for total tau (DAKO), total human tau (Tau-13), phosphorylated

designated, and asterisks mark hyperphosphorylated tau forms that exhibit slow

(D and E) Quantification of western blot data for total human tau (hTau; D) from Tau

beta-actin, in P2 fractions from cortex (left) and hippocampus (Hipp., right) of 9-m

animals, which is set equal to 1. Symbol shapes and colors as designated in (B)

(F) Volumetric MRI was performed longitudinally from 4.5 to 9 months of age in

campal volume was normalized to brain volume, with each point representing th

Significant group differences compared with Ntg, or between transgenic groups

multiple-comparison test in (B), (D), and (E) (*p < 0.05, **p < 0.01, ***p < 0.001, and

comparison test in (F).

See also Table S1.
and pR5-183 mouse lines to generate hemizygous carriers of

the tau P301L transgene either alone (P301Lhemi) or combined

with homozygous PS2APP transgene (P301Lhemi;PS2APPhomo

mice, known as TauPS2APP). Similar to previous findings

(Grueninger et al., 2010), we observed that the PS2APP back-

ground significantly accelerated the appearance of tau pathol-

ogy, particularly in the hippocampus but also in the cortex. In

the P301Lhemi hippocampus, phospho-tau immunostaining

was detected in CA1/subiculum neurons by 4.5 months and

progressed toward the CA1/CA3 border with age, also

becoming prominent by the age of 9 months in mossy fiber

axons extending from the dentate to CA3. These patterns, as

well as the notable accumulation of phospho-tau-positive cell

bodies in CA1, were intensified in TauPS2APP mice compared

with P301Lhemi littermate animals that lacked the PS2APP

transgene (Figures 1A and 1B).

From the same 9-month animals, we also prepared cortical

and hippocampal lysates and fractionated them to quantify tau

protein aggregates in the ‘‘P2’’ insoluble fraction using western

blotting (see STAR methods; Figure S6D). In P2 fractions from

TauPS2APP mice, we observed an abundance of hyperphos-

phorylated human tau species with slower gel mobility in both

hippocampus and cortex, whereas these phospho-tau species

were much less detectable in P2 fractions from littermate

P301Lhemi brains of the same age (Figures 1C–1E). Moreover,

in hippocampal P2 fractions from TauPS2APP mice, we also

observed hyperphosphorylated murine tau, which was not

apparent in P301Lhemi hippocampal P2 fractions at this age (Fig-

ures 1C, S6C, and S6D). We have previously attempted to detect

phosphorylated murine tau in the PS2APP model using the AT8

and anti-pT212/pS214 antibodies, with no success using immu-

nostaining or western blot even at advanced ages beyond

18 months (unpublished data). Therefore, the conversion of mu-

rine tau to the hyperphosphorylated, insoluble form seen in the

TauPS2APP model required the presence of both b-amyloid

pathology and ‘‘seeding’’ activity by pathological human tau pro-

tein. In contrast to the exacerbation of tau pathology in Tau-

PS2APP mice, the presence of tau pathology had no impact

on the extent of b-amyloid pathology when we compared Tau-

PS2APP and PS2APP mice (Table S1), again similar to previous

findings in these models (Grueninger et al., 2010).
el

ated tau (pT212/pS214) in TauP301Lhemi and PS2APPhomo;TauP301Lhemi

from entire tissue sections like those featured in (A). Each data point represents

per group.

of 9-month TauP301Lhemi, TauPS2APP, and non-transgenic (Ntg) littermates,

tau (pT212/pS214), or beta-actin. Human (H) and murine (M) tau proteins are

er gel mobility.

-13 blot or phosphorylated tau (p-Tau; E) from pT212/pS214 blot, normalized to

onth animals. Normalized values shown are relative to the average of P301Lhemi

. Lines, mean ± SEM per genotype.

non-transgenic (Ntg), PS2APP, TauPS2APP, and TauP301Lhemi mice. Hippo-

e average normalized volume ± SEM for n = 15–17 animals per genotype.

when indicated with crossbars, were found using ANOVA followed by Tukey’s

****p < 0.0001) and using a mixed-effects model followed by Tukey’s multiple-
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We also measured hippocampal volume longitudinally using

magnetic resonance imaging (MRI) in a separate cohort of litter-

mate animals. Whereas non-transgenic (Ntg), PS2APP, and

P301Lhemi mice all displayed age-related increases in hippocam-

pal volume over the age span of 4.5–9 months, this increase did

not extend beyond 6 months in TauPS2APP mice (Figure 1F).

Thus, hippocampal atrophy was measurable by 9 months of

age in brains that harbored both amyloid and tau pathologies,

but not in brains that harbored only one or the other.

Altogether, these results agree with other disease models of

combined amyloid and tau pathologies in which the presence

of amyloid pathology exacerbates the development of tau pa-

thology (Bennett et al., 2017; Héraud et al., 2014; Lewis et al.,

2001; Pooler et al., 2015). More importantly, they align with clin-

ical and histopathological measurements which identify b-amy-

loid pathology in the neocortex as a key factor in enabling or

accelerating the development of neocortical tau pathology

(Jack and Holtzman, 2013; Jack et al., 2013; Price and Morris,

1999; Selkoe and Hardy, 2016).

We have previously observed with the pR5-183 line that ho-

mozygous carriers of the tau P301L transgene (P301Lhomo

mice) accumulate tau pathology more rapidly than P301Lhemi

mice and that hippocampal degeneration in P301Lhomo mice

can be detected on MRI as volumetric reductions from the age

of 12 months onward (data not shown). Because the extent of

tau pathology and timing of neurodegeneration in the Tau-

PS2APP (P301Lhemi;PS2APPhomo) and P301Lhomo models are

somewhat similar, with both being accelerated relative to

P301Lhemi mice, the remainder of this paper features Tau-

PS2APP mice alongside P301Lhomo mice in order to compare

and contrast microglial activation states and the effects of

Trem2 knockout (Trem2ko) on tau pathology at various disease

stages, in either the presence or the absence of b-amyloid

pathology.

Modest DAM activation in P301L tauopathy model is
greatly heightened by the presence of b-amyloid
pathology in TauPS2APP
In mouse b-amyloidosis models, microglia proliferate and un-

dergo considerable transcriptional modulation, accounting for

the majority of changes in transcript abundance measured in

whole-tissue brain RNA (Holtman et al., 2015; Keren-Shaul

et al., 2017; Orre et al., 2014; Srinivasan et al., 2016). Changes
Figure 2. Single-cell RNA-seq reveals that strong DAM activation in Ta
ected by Trem2 deficiency

(A) t-Distributed stochastic neighbor embedding (tSNE) dimensional reductio

~20 months, with interpretation of each microglia cell cluster (box).

(B) Representation for each genotype’s distribution of microglia across tSNE plot

TauPS2APP, and three TauPS2APP;Trem2ko mice.

(C) Gene set scores (average, over genes in the set, of log2[normalized UMI + 1]) f

(microglia signature), neurodegeneration-related, or interferon-related microglial

(D) Expression of representative marker genes for each microglia population: rest

Dkk2, Itgax), interferon-responsive (Isg15, Ifitm3, Zbp1, Stat1), and classically

expression for the indicated gene taken over all the cells in that cluster.

(E and F) Distribution showing percentages of total microglia from a given anima

each cluster and (F) showing representation of clusters within each animal. Color

Figures S2F–S2I and S7B for follow-up on alternative activation states in TauPS

See also Figure S1.
in microglial gene expression are driven predominantly by the

appearance of a population of so-called disease-associated mi-

croglia (DAM) (Deczkowska et al., 2018), which associate with

amyloid aggregates and share gene expression signatures with

microglia isolated from other neurodegeneration models or

developing white matter tracts (Friedman et al., 2018; Hammond

et al., 2019; Krasemann et al., 2017; Li et al., 2019). To determine

whether and to what degree DAM occur in response to tau or

combined tau and amyloid pathologies, we performed single-

cell RNA sequencing (scRNA-seq) using hippocampi from

aged (19–22 months) P301Lhomo, TauPS2APP, TauPS2APP;-

Trem2ko, or control (Ntg and Trem2ko) mice. The transcription in-

hibitor actinomycin D was included during cell dissociation to

inhibit transcription and minimize the occurrence of artifactual

changes in gene expression (Haimon et al., 2018; Wu

et al., 2017).

We extracted 13,641 microglia/myeloid cells from the full da-

taset on the basis of marker expression and performed sub-clus-

tering analysis to characterize the microglial responses with

maximal resolution (Figure S1A). Four of the separated sub-clus-

ters consisted of cells expressing combined signatures of micro-

glia and another cell type: oligodendrocyte, oligodendrocyte

progenitor cell, astrocyte, or vascular markers (Figures S1B–

S1F, clusters 8–11). These events likely resulted from a low

rate of doublets (i.e., droplets containing two separate cell

types), as their relative abundance was proportional to the abun-

dance of each cell type in the full dataset. Perivascular macro-

phages were also detected as a discrete population (Figures

S1B–S1F, cluster 7). Cells from clusters 7–11 showed relatively

stable representation across genotypes and thus were excluded

from further analysis (Figure S1E).

Unambiguous microglia singlets were distributed across six

clusters (Figure 2A, clusters 1–6), largely aligning with previously

defined microglial activation states on the basis of differential

expression of characteristic genemodules (Figure 2C) (Friedman

et al., 2018; Keren-Shaul et al., 2017; reviewed in Bohlen et al.,

2019). (See GEO: GSE153895 for a tabular listing of each cell’s

genotype and sample of origin, assigned activation state, and

genome-wide gene expression values.) The majority of cells fell

within a gradient spanning clusters 1–4; on one end, cluster 1

was assigned as resting microglia on the basis of high expres-

sion of microglial signature genes (e.g., Tmem119 and P2ry12),

and on the other end, cluster 4 was assigned as DAM on the
uPS2APP microglia is b-amyloid dependent and is blunted and redir-

n and clustering of 11,670 hippocampal microglia from 12 mice, all aged

clusters, for three control (two wild-type, one Trem2ko), three P301Lhomo, three

or previously defined gene sets (Friedman et al., 2018) that characterize resting

response gene sets.

ing (Tmem119, P2ry12, Slc2a5, Sparc), DAM1 (Apoe, Axl, Lpl), DAM2 (Gpnmb,

activated (Nfkbiz, Tnf, Il1b). For each bar, the y axis shows average nUMI

l populating each cluster, with (E) showing representation of genotypes within

s in (F) are listed in (A). Bars and lines denote mean ± SEM per group. See also

2APP;Trem2ko mice.
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Figure 3. The degree of DAM activation in TauPS2APPmice without Trem2 is similar to that of P301Lhomo mice with no b-amyloid pathology

(A) ‘‘Four-way’’ plot comparing differential expression analyses in pseudo-bulk microglia profiles from scRNA-seq data. Each point represents one gene, with the

axes showing the fold changes in TauPS2APP compared with controls (x axis) or P301Lhomo compared with controls (y axis). Diagonal line, y = x. Differentially

expressed genes (DEGs; p% 0.05, log2 fold change R 1) from the x axis comparison are colored green, DEGs from the y axis comparison are colored red, and

DEGs called in both comparisons are colored blue. Gray background genes were not differentially expressed. Example DAM1 and DAM2 genes are labeled in

purple and pink fonts, respectively.

(legend continued on next page)

ll
Article

1288 Neuron 109, 1283–1301, April 21, 2021



ll
Article
basis of high expression of neurodegeneration-related markers

(e.g.,Gpnmb, Dkk2, and Itgax). Cluster 3 fell into an intermediate

zone between these two poles and was characterized by a par-

tial loss of microglia signature gene expression and partial induc-

tion of many DAMgenes (e.g.,Apoe and Lpl, but not the cluster 4

genes mentioned above) (Figures 2C, 2D, and S1B). As such,

these cells resembled ‘‘stage 1 DAM’’ previously proposed to

represent an intermediate activation state en route to full DAM

activation (Keren-Shaul et al., 2017). Here, we call the partially

responsive intermediate cells from cluster 3 ‘‘DAM1,’’ and the

maximally activated cells from cluster 4 we call ‘‘DAM2.’’ (See

Data S3 for differential expression analysis among resting,

DAM1, and DAM2 clusters.)

Beyond resting and DAM, we also resolved three smaller clus-

ters, each representing on average 1.2%–7.3% of the total mi-

croglial population (Figures 2A and 2E). The largest among these

(cluster 5) was characterized by upregulation of interferon

response genes (e.g., Isg15 and Zbp1) (Figures 2C, 2D, and

S1B), which are highly upregulated bymicroglia inmodels of viral

infection and lupus (Bialas et al., 2017; Garber et al., 2019; Vasek

et al., 2016). Clusters 2 and 6 were made up largely of cells from

only one animal (Figure 2F). Cluster 2 cells had characteristics

similar to resting microglia with slight induction of DAM1 genes,

and cluster 6 contained cells expressing high levels of classical

activation markers (e.g., Tnf and Il1b) (Figures 2D and S1B).

How do AD-related pathologies affect the relative abundance

of each microglial population? For control hippocampi that

lacked b-amyloid and tau pathologies, most microglia fell into

the resting microglia cluster, with a small but notable number

of weakly activated cells in the DAM1 cluster (Figures 2B, 2E,

and 2F), consistent with the advanced age of these animals. Tau-

PS2APP animals exhibited a greatly diminished number of

resting microglia and a pronounced expansion of both DAM1

and DAM2 clusters, as evidenced by representation of these

clusters as a proportion of all microglia (Figures 2B, 2E, and

2F). Our previous study found only a very modest induction of

DAM genes in bulk-sorted microglia from P301Lhomo mice at

the age of 12 months, in contrast to the strong induction of

DAM genes observed in the PS19 tauopathy model (Friedman

et al., 2018). Consistent with that, P301Lhomo samples in this

study showed no expansion of the DAM2 cluster and modest

enrichment of cells in the DAM1 cluster (Figures 2B, 2E, and

2F). In all, these results indicate that the microglial DAM

response in P301Lhomo animals, with slowly advancing tauop-

athy, is mild compared with the intensity of the response in Tau-

PS2APP animals that additionally harbor b-amyloid pathology.

Trem2 deletion alters microglial responses to combined
tau and amyloid pathologies
In b-amyloidosis models such as PS2APP and 5xFAD, microglia

at sites of pathology exhibit strong DAM activation (analogous to
(B) ‘‘Four-way’’ plot as in (A), except y axis shows differential gene expression b

(C and D) Heatmaps showing Z scores for a subset of upregulated (C) or downreg

controls (p % 0.002, fold change R 4), displayed across genotypes.

(E) Examples of DAM genes with modest (DAM1) or strong (DAM2) impact of Tr

genotypes. Gene expression is shown as normalized UMI count in each pseudo

See also Figure S2.
what we observed in TauPS2APP hippocampus) that is greatly

attenuated in the absence of Trem2 (Griciuc et al., 2019;

Keren-Shaul et al., 2017; Meilandt et al., 2020; Zhou et al.,

2020). In similar fashion, microglia from TauPS2APP;Trem2ko an-

imals were completely excluded from the DAM2 cluster and

populated the DAM1 cluster at reduced levels comparable with

microglia from P301Lhomo mice (Figures 2B and 2F). Thus, the

complete DAM response in TauPS2APP microglia required

both the presence of b-amyloid pathology and intact Trem2

gene function. TauPS2APP;Trem2ko microglia also showed

elevated representation within the interferon response cluster

(Figures 2B, 2E, and 2F). This response was pronounced in

only two of three TauPS2APP;Trem2ko animals, suggesting

some animal-to-animal variability in the engagement of micro-

glial interferon responses (Figure 2F).

To corroborate population changes measured from microglia

sub-clustering, we performed pseudo-bulk analysis, combining

counts from all microglia in clusters 1–6 for each animal and

comparing among genotypes to better assess global geno-

type-associated expression changes in microglial populations.

(See Data S1 for a table of each pseudo-bulk profile’s genotype

and genome-wide gene expression values and Data S2 for

genome-wide differential expression results comparing each

pair of genotypes.) Wild-type and Trem2ko microglia in the Ntg

background were combined in one group (controls) for differen-

tial expression analyses because differences in gene expression

between these genotypes were negligible relative to the tran-

scriptional responses observed in P301Lhomo or TauPS2APP

models (Figures S1D, S1E, and S2A). Consistent with sub-clus-

ter analyses, both P301Lhomo and TauPS2APP transcription pat-

terns reflected DAM responses, with a much stronger DAM acti-

vation profile observed in TauPS2APP animals than in animals

bearing tau pathology alone (Figures S2B and S2C). Indeed,

direct comparison of TauPS2APP and P301Lhomo microglia

showed much stronger upregulation of DAM genes and downre-

gulation of resting microglia genes when b-amyloid pathology

was present (Figure S2D). Most genes that were upregulated in

the TauPS2APP microglial population were also upregulated in

P301Lhomo microglia, albeit to a lesser degree (Figures 3A and

3C). However, upregulation of some DAM genes was conspicu-

ously lacking in P301Lhomo microglia (e.g., Dkk2 and Gpnmb)

(Figure 3E), consistent with the lack of DAM2 cells in this geno-

type. In microglia from regular PS2APP animals, we have

observed strong induction of DAM2 genes in bulk-sorted micro-

glia datasets (Friedman et al., 2018; Meilandt et al., 2020) and in

microglia analyzed by scRNA-seq (S.-H.L. et al., unpublished

data), suggesting that the intense DAM response in TauPS2APP

microglia is driven primarily by b-amyloid pathology.

Direct comparison of TauPS2APP and TauPS2APP;Trem2ko

microglia pseudo-bulk profiles again identified differential

expression of DAM genes (Figure S2E), with most genes up- or
etween TauPS2APP;Trem2ko and controls.

ulated (D) DEGs in TauPS2APP pseudo-bulk microglia profiles compared with

em2 deletion in TauPS2APP microglia pseudo-bulk profiles, displayed across

-bulk profile (bars and lines, mean ± SEM).
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downregulated in TauPS2APP microglia reverting to P301Lhomo

or control levels in the absence of Trem2 (Figures 3C and 3D).

Analogous to observations in TauPS2APP and P301Lhomomicro-

glia (Figure 3A), comparing differentially expressed genes in

TauPS2APP and TauPS2APP;Trem2ko microglia revealed a

strong overall correlation, with many DAM genes showing the

same direction of change in both genotypes but with a muted ef-

fect in mice lacking Trem2 (Figures 3B and 3E). However, certain

DAM genes, including Gpnmb, Dkk2, and Itgax, displayed a very

pronounced dependence on Trem2 for their induction (Fig-

ure 3E), consistent with the lack of DAM2 cells in the

TauPS2APP;Trem2ko genotype (Figures 2B and 2F). Unlike

P301Lhomo or TauPS2APP microglia, TauPS2APP;Trem2ko mi-

croglia also exhibited upregulation of a number of interferon

response genes (e.g., Mx1, Ifit3b, Rsad2, Sp100) (Figures S2E

and S2F). Scoring each sample’s pseudo-bulk microglia profile

for expression of the interferon-related gene module that we

described previously (Friedman et al., 2018) also revealed an

elevated interferon-related response in TauPS2APP;Trem2komi-

croglia compared with controls (Figure S2G), consistent with the

elevated number of cluster 5 cells in this genotype (Figures 2B

and 2F).

Collectively, our scRNA-seq analyses indicate that tau pathol-

ogy in the P301L model induces a modest microglial DAM

response that is much more pronounced in TauPS2APP mice

because of the presence of b-amyloid pathology. Upon Trem2

deletion, this amyloid-linked component of the DAM response

is lost, resulting instead in the emergence of smaller populations

of interferon-responsive or classically activated microglia. We

next turned to measurements of tau pathology and neurodegen-

eration to understand the consequences of Trem2 deletion and

attenuated DAM activation in these models.

Plaque-associated tau pathology increases in Trem2-
deficient TauPS2APP mice
Microglia are understood to exert a protective barrier function

around b-amyloid plaque, resulting in compacted amyloid struc-

tures that are less injurious to surrounding neurites (Condello

et al., 2015). We recently reported that in Trem2-deficient

PS2APP mice, microglial association with plaque was compro-

mised, resulting in plaque structures of a more diffuse nature,

reduced plaque detection at later ages, elevated levels of soluble

toxic Ab species, reduced gliosis, and increased neuritic dystro-

phy (Meilandt et al., 2020). We examined whether these effects

of Trem2 deletion also occurred in the TauPS2APP model by

analyzing mixed-sex, littermate cohorts of wild-type (Trem2wt),

heterozygous (Trem2het), or homozygous knockout (Trem2ko)

TauPS2APP mice at the ages of 9 and 17 months, intended to

represent early and late stages, respectively, of tau pathology

and tau-mediated neurodegeneration. As with the PS2APP

model, Trem2-deficient TauPS2APP mice displayed similar re-

ductions in plaque-associated microgliosis using Iba1 and

CD68 staining (Figures 4A, S3E, and S3F), increased plaque

diffuseness using X-34 staining (Figures 4C and S4B), reduced

plaque detection at 17 months using Campbell-Switzer silver

staining (Figures S3A and S3B), an elevated Ab42:Ab40 ratio at

9 (though not at 17) months using ELISA measurements (Figures

S3C and S3D), reduced overall gliosis using Iba1 and GFAP
1290 Neuron 109, 1283–1301, April 21, 2021
staining (Figures S3G and S3H), and increased plaque-associ-

ated and total axonal dystrophy using Lamp1 staining (Figures 4A

and 4C).

Transgenic b-amyloidosis models notoriously lack a key hall-

mark of Alzheimer’s neuropathology, phosphorylated tau aggre-

gates. This is true in the PS2APP model, in which we have been

unable to detect endogenous tau in its pathological forms, using

immunostaining or western blotting, even in Trem2-deficient an-

imals with increased b-amyloid neurotoxicity (data not shown).

Thus, using the TauPS2APP model provided an opportunity for

us to test whether Trem2 deletion led to increased tau pathology

around amyloid plaques. To analyze this, we co-stained sections

for plaque (X-34), microglia (anti-Iba1), dystrophic axons (anti-

Lamp1), and phosphorylated tau protein (anti-pT212/pS214 or

IgG as a negative control; Figure S5A).We used confocal fluores-

cence microscopy to acquire images from the subiculum (Fig-

ure 4B), where amyloid and tau deposition begins as early as

4 months of age in TauPS2APP mice, and from the lateral cortex

(Figure S4A), where these pathologies accumulate more slowly.

At both ages we examined (9 and 17 months) and in both re-

gions, the amount of phospho-tau near plaque in TauPS2APP

brains was elevated in Trem2ko compared with Trem2wt mice

(Figures 4C and S4B). This was most discernible in the lateral

cortex at the 9-month age, when phospho-tau was still sparse

in Trem2wt mice and much of the enhanced tau pathology in

Trem2ko mice could easily be visualized around plaque (Fig-

ure S4A). The confocal images from Trem2ko tissues agreed

with the whole-section microscopy results (Figure 4A) in that

they displayed reduced microglial staining (Iba1) and increased

axonal dystrophy (Lamp1) around plaques (Figures 4C and

S4B), while total Lamp1 and phospho-tau signals were also

increased (Figure S5B). In all these measurements, we did not

observe strong evidence of haploinsufficiency in Trem2het ani-

mals, as their pathology usually resembled that of Trem2wt

animals.

In addition to the prominent signals for tau phosphorylation we

observed in neuronal cell bodies and processes, confocal imag-

ing also allowed us to visualize the presence of phosphorylated

tau, a neuronally expressed protein, within microglia. In contrast

tomicroglia from TauPS2APP;Trem2wt mice, in which phosphor-

ylated tau was confined to discrete subcellular structures, the

signal for phosphorylated tau in Trem2ko microglia often dis-

played a diffuse distribution throughout the cell body (Fig-

ure S4C). These findings suggested that Trem2 function enables

the clearance of pathogenic tau proteins by microglia and limits

the extent to which axons near plaque develop or propagate tau

pathology.

Exacerbation of tau accumulation and spreading by
Trem2 deletion is b-amyloid dependent
Having observed increased tau pathology in hippocampal and

cortical subregions from Trem2-deficient TauPS2APP brains,

we next tested whether this was broadly true in frozen tissue

fragments and in whole sections from the same 9- and 17-month

cohorts of TauPS2APP animals. We also tested whether Trem2

deletion would affect tau pathology in the absence of any amy-

loid pathology using mixed-sex, littermate cohorts of P301Lhomo

animals with different Trem2 genotypes at the ages of 6, 10, and
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Figure 4. Trem2 deletion exacerbates plaque-associated neuritic dystrophy and phospho-tau accumulation

(A) Sections from 17-month TauPS2APPmice with varying Trem2 genotypes were stained for plaque (methoxy-X04), microglia (anti-Iba1), and neuritic dystrophy

(anti-Lamp1). Whole sections were imaged and quantified for plaque-associated Iba1 and Lamp1 signals (left and center, respectively) and for total Lamp1 signal

per tissue area (right). Each point represents one animal, with two or three slides each containing hundreds of plaques averaged together per animal. See

Figure S3 for effects of Trem2 deletion on other measurements of b-amyloid pathology and gliosis in TauPS2APP mice.

(B) Representative z-stack confocal images from dorsal subiculum of 9- and 17-month TauPS2APP mice with wild-type (WT) or knockout (KO) Trem2. Sections

were stained for plaque (X-34, blue), microglia (anti-Iba1, gray), neuritic dystrophy (anti-Lamp1, green), and phosphorylated tau (p-Tau, anti-pS212/pT214, red).

Scale bar, 20 mm.

(C) Quantification of plaque-associated microglia (top), plaque diffuseness index (second row), plaque-associated neuritic dystrophy (third row), and plaque-

associated tau phosphorylation (p-Tau; bottom) from images like those in (B) of dorsal subiculum in 9- and 17-month TauPS2APP mice with WT, heterozygous

(het), or KO Trem2 genotypes. Each point represents an average of two sections from each animal. Plaque-associated Iba1, Lamp1, and p-Tau values represent

integrated signal intensities within dilated plaque areas. See STAR methods for other image quantification details.

Bars and lines in (A) and (C) represent group means ± SEM, with significant Trem2-dependent differences relative to Trem2wt (or to Trem2het when indicated by

crossbars) found using ANOVA factoring sex and genotype, followed by Tukey’s multiple-comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

See also Figures S4 and S5.
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Figure 5. Trem2 deletion increases the aggregation and phosphorylation of both ectopic and endogenous tau in TauPS2APP mice

(A) P2 fractions enriched for cytoplasmic protein aggregates from cortical or hippocampal tissues of TauPS2APP mice with different Trem2 genotypes were

analyzed using western blotting for phosphorylated tau (p-Tau; anti-pT212/pS214), human tau (Tau-13 antibody), and total tau (Dako antibody). Top row: actin-

normalized values for human p-Tau immunoreactivity (H* bands in p-Tau blots; D and E) are plotted. Bottom row: actin-normalized values for total human tau

immunoreactivity (H and H* bands in Tau-13 blots; D and E) are plotted. Results for a given age and region are plotted relative to the TauPS2APP;Trem2wt group

average (set to 1). For total human tau, similar results for 17-month hippocampal P2 fractions were obtained using the HT7 antibody (representative blot in E,

graph not shown). Data points, individual animals. Bars and lines represent group mean ± SEM. Significant differences relative to Trem2wt (or to Trem2het when

indicated by crossbars) were examined using two-way ANOVA factoring sex and genotype, followed by Tukey’s multiple-comparison test. *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001.

(legend continued on next page)
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18 months, representing early, mid, and degenerative stages of

pure tauopathy. We had observed reduced gliosis in Trem2-defi-

cient P301Lhomo animals (Figures S3I and S3J), so we were inter-

ested to learn whether tau pathology was altered in these brains.

We prepared lysates from frozen hippocampal and cortical tis-

sues and further processed them to obtain pelleted P2 fractions

containing aggregated tau proteins (see Figure S6D). P2 frac-

tions were resuspended, sonicated, and analyzed using SDS-

PAGE and western blotting using various anti-tau antibodies.

Looking first at TauPS2APP cortical tissues, we observed higher

amounts of phosphorylated and total human tau proteins—de-

tected using the anti-pT212/pS214 and Tau-13 antibodies,

respectively—in P2 fractions from Trem2ko compared with

Trem2wt mice, at both 9 and 17 months of age (Figures 5A, 5D,

and 5E). By 17 months, phosphorylated endogenous (murine)

tau was also clearly enriched in cortical P2 fractions from Tau-

PS2APP;Trem2ko mice (Figure 5E, see M* band in pT212/

pS214 and Dako blots; Figure S6C, see M* band detected by

the murine-specific T49 anti-tau antibody).

In TauPS2APPhippocampal tissues, the amounts of phosphor-

ylated and total human tau proteins in the P2 fraction were

elevated inTrem2-deficientmice at 9monthsbut not at 17months

(Figures5A,5D, and5E).Webelieve that this isbecauseby theage

of 17 months, the enhanced accumulation of pathological human

tau proteins inTrem2-deficientmicewas offset by the accelerated

degeneration of many human tau-expressing neurons in this re-

gion (see Figure 6C for histological stains supporting this interpre-

tation). Despite this, the total amount of phosphorylated tau pro-

teins in 17-month hippocampal P2 fractions was still elevated in

TauPS2APP;Trem2ko animals, because of increased amounts of

murine tau contributing to the total (Figures 5B and 5E). Indeed,

P2 fractions from TauPS2APP;Trem2ko hippocampi displayed

elevated ratios of phosphorylated murine tau to phosphorylated

human tau (Figure 5C), suggesting accelerated conversion of nor-

mally non-pathogenic tau proteins to a pathogenic conformation

in the absence of Trem2.

In the P301Lhomo model, we observed no effect of Trem2 dele-

tion on the amount of tau or phospho-tau detected in the P2 frac-

tion at any of the ages tested, in either hippocampus or cortex

(Figure S6). In addition, we did not observe prominent phosphor-

ylation of murine tau in the P301Lhomo model, nor was its detec-

tion increased in Trem2-deficient mice (Figures 5C and S6B).

Therefore, the ability of Trem2 to restrain the accumulation of

phosphorylated tau aggregates was only observed in the context

of b-amyloid-driven increases in tau pathology.

We next examined whole sections using immunohistochem-

istry using the AT8 antibody (anti-pS202/pT205) to further visu-
(B) Seventeen-month hippocampal P2 fractions were analyzed using western bl

p-Tau blot; E), total murine tau (M andM* in Dako blot; E), and total tau (spanning M

relative to the TauPS2APP;Trem2wt group average (set to 1). Chart conventions

(C) The amounts of murine relative to human p-Tau immunoreactivity (M* and H* in

mice and 18-month P301Lhomomice are plotted (representative western blots for P

of both Trem2 genotype and presence of PS2APP transgene, followed by Tukey’s

Trem2 genotype effect but also with pound signs denoting significant difference

(D and E) Representative western blot images from 9-month (D) and 17-month (E

figure for meaning of Trem2 genotype symbols. Human (H) and murine (M) tau p

exhibit slower gel mobility.

See Figure S6 for similar analyses in the tau P301Lhomo model.
alize how tau phosphorylation was affected by Trem2 genotype.

In the TauPS2APPmodel, sections from Trem2ko mice displayed

enhanced AT8 staining at both 9 and 17 months, with increases

especially apparent in hippocampal CA1 and cortical layers V

and VI (Figures 6A and 6B). In contrast, no clear effects of

Trem2 deletion on the amount of AT8 staining were observed

in the P301Lhomo model at 6, 10, or 18 months of age (Figures

6A and 6B). As with tau aggregation, Trem2 restrained phos-

pho-tau accumulation only when that phenotype was being

driven partly by b-amyloid pathology.

The observation that Trem2 deletion increased the amount of

endogenous tau that was phosphorylated and aggregated in

17-month TauPS2APP brains (Figures 5B, 5C, and 5E) led us

to explore whether Trem2 regulated the spreading of tau pa-

thology. Although murine tau is not inherently prone to adopt

pathological conformations, pathological tau proteins intro-

duced into the brain by injection or by ectopic expression

can provide templates that promote endogenous tau to adopt

a similar conformation, which can then pattern the conversion

of other tau molecules in a prion-like manner (Asai et al.,

2015; Gibbons et al., 2019; He et al., 2018). We co-stained

17-month TauPS2APP sections using the human-reactive

HT7 anti-tau antibody and the anti-pT212/pS214 antibody,

which recognizes either human or mouse tau when appropri-

ately phosphorylated. We then looked for examples of HT7-

negative cells with abundant phospho-tau signal as indicators

of tau pathology being spread to endogenous tau in cells not

expressing the human mutant tau transgene.

In the hippocampus, the HT7 antibody labeled human tau

expression in many CA1 cell bodies (Figure 6Ci) and was also

prominent in the mossy fibers projecting from the dentate to

CA3, whereas HT7+ cell bodies in CA3 were rare (Figure 6Cii).

However, Trem2-deficient animals appeared to display fewer

HT7+ cell bodies in CA1 (Figure 6Ciii; Figure S7A), suggesting

that degeneration of mutant tau-expressing neurons was accel-

erated in Trem2ko mice, and more phospho-tau+ cell bodies in

both CA1 and CA3 (Figures 6Ciii and 6Civ; Figure S7A). We

counted phospho-tau+ cell bodies in CA3 to quantify spreading

of tau pathology into HT7-negative cells and observed more of

these in Trem2ko sections than in Trem2wt or Trem2het sections

(Figure 6D). Because phospho-tau+ cell bodies in CA3 were

generally HT7-negative, we also counted AT8+ CA3 cell bodies

in our sections stained using immunohistochemistry (see Fig-

ure 6A, insets) to validate our findings and extend the analysis

to the 9-month TauPS2APP and the 18-month P301Lhomo co-

horts. In the TauPS2APP model, Trem2 deletion increased the

number of AT8+ cell bodies in CA3 at both 9 months and
otting for murine p-Tau (M* in p-Tau blot; E), total p-Tau (spanning M* to H* in

to H* in Dako blot; E) immunoreactivities. Actin-normalized values are plotted

as in (A).

pT212/pS214 blot; E) in hippocampal P2 fractions from 17-month TauPS2APP

301Lhomomice in Figure S6). Two-way ANOVAwas used to examine the effects

multiple-comparison test. Chart conventions as in (A), with asterisks denoting

s between models for a given Trem2 genotype. ####p < 0.0001.

) cohorts of TauPS2APP with different Trem2 genotypes. See key in center of

roteins are designated, with asterisks marking phosphorylated tau forms that
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17 months, while in the P301Lhomo model no such increase was

observed in Trem2-deficient mice (Figure 6E).

Our biochemical and histological findings that Trem2 deletion

increased tau pathology in the TauPS2APPmodel but had no ef-

fect in the P301Lhomo model, indicated that microglial Trem2 ac-

tivity restrains the degree to which b-amyloid pathology en-

hances tau phosphorylation, aggregation, and spreading. We

next sought to address whether Trem2 deletion would confer

beneficial or detrimental effects on tau-mediated neurodegener-

ation in these models.

Trem2 deletion compounds tau-mediated
neurodegeneration in a b-amyloid-dependent manner
We recently reported that axonal dystrophy in thePS2APPmodel

was further elevated by Trem2 deficiency in the brains of aged

(12–22 months) mice (Meilandt et al., 2020), using an amino-

cupric silver stain to label damaged or degenerating neurites

(de Olmos et al., 1994; Switzer, 2000). This labeling was most

apparent around plaques but was also observed in relevant

axonal projection pathways. In the TauPS2APP model we

observed similar stainingpatterns,with prominent labeling of pla-

que-proximal foci and certain axonal projection pathways,

including the corpus callosum, the internal capsule, and particu-

larly the fimbria (Figure 7A). These staining patterns were intensi-

fied in Trem2-deficient TauPS2APP brains at 9 and especially at

17 months, reflecting the heightened accumulation of damaged

or degenerating neurites in most fiber tracts in the absence of

Trem2 (Figures 7A and 7B). In P301Lhomo brains, by 18 months

the amino-cupric silver stain weakly labeled some axonal projec-

tion pathways, with the strongest signal in the alveus and fimbria,

consistent with neurodegeneration occurring primarily in the hip-

pocampus in this model. This labeling of degenerative neurites

was only slightly increased in Trem2-deficient P301Lhomo ani-

mals, in contrast to the stark effect of Trem2 deletion in the Tau-

PS2APP model (Figures 7A and 7B).

Having observed strong increases in tau pathology and degen-

erative neurite labeling in TauPS2APP;Trem2ko mice, and a nom-

inal increase in degenerative neurite labeling in P301Lhomo;

Trem2komice, one critical question remained unanswered.Would

these intensified pathologies in Trem2ko mice actually translate

into accelerated neurodegeneration and brain atrophy, or might

they simply reflect persistent neuronal survival or retention of
Figure 6. Trem2 deletion amplifies the Ab-induced accumulation and s
(A) Representative images of phospho-tau (AT8 antibody) immunostaining in sec

with Trem2wt, Trem2het, or Trem2ko genotypes. TauPS2APP insets display magn

(B) Quantification of AT8+ area in whole sections from mice with the indicated

indicated ages.

(C) Representative images of sections from the subset of 17-month TauPS2APP

expressed human tau (HT7 antibody, red) and for phosphorylated tau (anti-pT21

fication images of hippocampal regions CA1 (i and iii) and CA3 (ii and iv) highligh

Figure S7A for individual channels.

(D) Quantification of the number of HT7-negative pT212/pS214+ CA3 cells from

conformations into naive cells in TauPS2APP;Trem2ko mice.

(E) Quantification of AT8+ cells in CA3 from three sections per animal using the sam

sized subsets of 9-month TauPS2APP and 18-month P301Lhomo cohorts, indicate

when b-amyloid pathology is present.

All graphs depict mean ± SEM for each group, with significant group differences

transgenic model/age cohort found using ANOVA followed by Tukey’s multiple-c
neuronal debris due to microglial inactivity? To address this, we

acquired longitudinal volumetric MRI (vMRI) measurements in

one cohort of TauPS2APP mice with varying Trem2 genotypes

at the ages of 4, 12, and 17 months. We also measured cohorts

of P301Lhomo mice and Ntg mice with varying Trem2 genotypes

at the ages of 18 and 19months, respectively.We initially focused

our attention on the hippocampus because that is the region

where we have previously observed atrophy by vMRI in both the

TauPS2APP and P301Lhomo models.

In the TauPS2APP model, we observed the expected hippo-

campal atrophy going from 4 to 17 months of age in Trem2wt

and Trem2het mice; importantly, this atrophy was more extreme

in Trem2komice (Figure 8A). We also observed reductions in total

brain volume in the Trem2ko group compared with Trem2wt or

Trem2het littermates (Figure 8C).We confirmed these findings us-

ing area-based measurements in tissue sections, which showed

that both hippocampal area and total brain area were reduced in

TauPS2APP;Trem2ko mice relative to Trem2wt or Trem2het litter-

mates (Figure 8F). The ratios of hippocampal area to total brain

area in these sectionswere similar among Trem2 genotypes (Fig-

ure 8F), meaning increases in hippocampal atrophy and total

brain atrophy occurred to similar extents in TauPS2APP;Trem2ko

mice. To analyze whether the atrophy in TauPS2APP brains was

more extreme in certain brain regions, we used voxel-based

morphometry to compare local structure volumes relative to the

whole brain, and clear differences were observed in the cortex

of Trem2ko relative to Trem2wt brains (Figure 8D). Accordingly,

the reduced cortical volumes measured by vMRI in TauPS2APP

mice (Figure 8B) remained significantly different in Trem2ko

mice even after normalization against total brain volumes (Fig-

ure 8E), while the reductions in hippocampal volume were no

longer significant after normalization (not shown).

In the aged P301Lhomo mice, hippocampal volumes were

reduced relative to Ntg mice, as expected, and Trem2 genotype

neither prevented nor exacerbated this change (Figure 8A). The

degeneration in P301Lhomo mice was confined mainly to the hip-

pocampus, as no differences in cortical volume or total brain vol-

ume between P301Lhomo and Ntg mice were observed (Figures

8B and 8C). Altogether, our data indicate that microglial Trem2

activity in the TauPS2APPmodel protects multiple brain regions,

most especially the cerebral cortex, from degeneration in the

face of combined amyloid and tau pathologies.
preading of tau pathology
tions from 17-month TauPS2APP (top) or 18-month P301Lhomo (bottom) mice

ified view of hippocampal CA3 region, pertaining to (E). Scale bar, 0.5 mm.

Trem2 genotypes in the TauPS2APP model or the P301Lhomo model at the

mice with varying Trem2 genotypes that were immunostained for transgene-

2/pS214, green) show evidence of pathological tau spreading. Higher magni-

t pT212/pS214+ cells that are HT7-negative (arrows). Scale bar, 150 mm. See

three sections per animal, indicating increased spreading of pathological tau

e subset of 17-month TauPS2APP animals as in (C) and (D), and using similarly

s that increased spreading of pathological tau in Trem2komice is observed only

relative to Trem2wt (or to Trem2het when indicated with crossbars) within each

omparison test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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Figure 7. Trem2 deletion exacerbates

neuronal damage associated with Ab and

tau pathologies as revealed by disintegra-

tive degeneration stain

(A) Representative images of sections from 17-

month TauPS2APP (top half) or 18-month

P301Lhomo (bottom half) mice with different Trem2

genotypes, stained with the amino-cupric silver

staining method that labels degenerative neuronal

processes. Hippocampal regions shown in higher

magnification are outlined by dashed lines.

Degenerative signal in TauPS2APP mice promi-

nently labels plaque-associated neuritic dystro-

phy as well as axonal pathways highlighted by

arrows (i.e., fimbria/fornix, corpus callosum and

perforant path). Signal in P301Lhomo mice, though

notably weaker, was present in some of the axonal

pathways. cc, corpus callosum; fi, fimbria; ic, in-

ternal capsule; ac, amygdalar capsule; alv, alveus;

so, stratum oriens; sp, stratum pyramidale; sr,

stratum radiatum; slm, stratum lacunosum-mo-

leculare; ml, molecular layer; dgc, dentate granule

cell layer. Scale bar, 0.5 mm.

(B) Quantification of percentage area covered/

section of degenerative staining from 9-month and

17-month TauPS2APP mice and 18-month

P301Lhomo mice. Degenerative signal is greatly

elevated throughout the brain in Trem2-deficient

TauPS2APP mice and slightly elevated in Trem2-

deficient P301Lhomo mice. Each data point is the

average of ~10 sections per animal. Bars and lines

represent group mean ± SEM. Significant group

differences relative to Trem2wt (or to Trem2het

when indicated by crossbars) within each trans-

genic model/age cohort among were found using

ANOVA followed by Tukey’s multiple-comparison

test (*p < 0.05 and ****p < 0.0001).
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Inflammatory cytokines and microglial STAT1 signaling
are elevated in Trem2-deficient TauPS2APP brains
Our scRNA-seq analysis of microglia in aged TauPS2APP mice

suggested that reduced DAM polarization in Trem2-deficient mi-

croglia might allow microglia to assume potentially harmful acti-

vation states, either interferon-related or classic inflammatory

(see Figures 2, S2F, and S2G). To follow up on this possibility,

we stained tissue sections from the 17-month TauPS2APP

cohort for the phosphorylated transcription factor STAT1

(pSTAT1) as amarker of active interferon signaling, andwe quan-

tified its nuclear localization in microglial cells using DAPI to label

nuclei and Iba1 to label microglia. In the hippocampal CA1 re-

gion, an area where neuronal loss was exacerbated by Trem2

deficiency on the basis of our stains for human tauP301L-express-

ing neurons (see Figures 6C and S7A), we indeed detected

elevated pSTAT1 signal in Trem2ko microglial nuclei (Figures

S2H and S2I). The signal varied highly among animals, reminis-

cent of the interferon-related module showing elevated expres-
1296 Neuron 109, 1283–1301, April 21, 2021
sion in only two of three TauPS2APP;

Trem2ko animals in our scRNA-seq

analysis.

We also used a bead-based multiplex

assay to measure cytokine levels in
cortical lysates prepared from the 17-month TauPS2APP cohort.

Compared with lysates from littermates with wild-type or hetero-

zygous Trem2, lysates from TauPS2APP;Trem2ko animals con-

tained modestly elevated levels of several cytokines, including

TNFa, Mip1a/Ccl3, M-Csf, IL-1a, IL-1b, and IL-6 (Figure S7B).

Given that only one of three TauPS2APP;Trem2ko animals in

our scRNA-seq analysis (Figure 2F) showedmicroglia in a classic

pro-inflammatory state, the general elevation of these cytokines

in cortical lysates from TauPS2APP;Trem2ko mice may depend

on post-transcriptional mechanisms related to protein transla-

tion, secretion, or turnover.

DISCUSSION

In this work, we have used a slowly progressing model of tau pa-

thology—the pR5-183 line expressing the tau P301L mutant,

either alone (P301Lhomo) or combined with the PS2APP trans-

gene in the TauPS2APP (P301Lhemi;PS2APPhomo) model—to
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Figure 8. Trem2 protects against widespread brain atrophy in brains harboring b-amyloid and tau pathologies

(A–C) Volumetric MRI (vMRI) measurements were collected from TauPS2APP (longitudinally at 4, 12, and 17 months), P301Lhomo (18 months), and non-diseased

mice (19 months) with indicated Trem2 genotypes. Trem2 deficiency in the TauPS2APP model led to accelerated atrophy in the hippocampus and in the whole

brain, including the cortex and other regions. Hippocampal atrophy in the P301Lhomo model was not exacerbated by Trem2 deficiency, and atrophy of the cortex

or whole brain was not observed in this model.

(D) Voxel-based morphometry from 17-month TauPS2APP mice comparing regional brain volumes relative to surrounding structures showed significant dif-

ferences between Trem2wt and Trem2ko mice in frontal cortical regions (color bar represents t value).

(E) Reductions in cortical volume observed by vMRI in TauPS2APP;Trem2ko animals remained significant even after normalizing against total brain volume.

(F) Area-based measurements in tissue sections for regions of interest demonstrated reductions in size for the hippocampus and whole brain in 17-month

TauPS2APP;Trem2komice, with no change in the size of ventricles. Hippocampal size reduction was not significant after normalizing against the reduction in total

brain volume. Each data point is the average of about six to eight sections per animal.

All graphs showmean ± SEM for each group. Significant group differences relative to Trem2wt (or to Trem2het when indicated by crossbars) were found using two-

way mixed model ANOVA for longitudinal analyses or ANOVA followed by Tukey’s multiple-comparison test for single time point analyses (*p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001).
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ask three important questions. First, would Trem2 deletion miti-

gate or exacerbate the accumulation of tau pathology in early

disease stages? Second, would Trem2 deletion mitigate or

exacerbate tau-driven hippocampal neurodegeneration in later

disease stages? Third, if Trem2 deletion did have any effects
on tau-related phenotypes, how would these effects relate to

the presence or absence of b-amyloid pathology?

In the TauPS2APP model, Trem2 deletion exacerbated

both early-stage accumulation of tau pathology and late-

stage hippocampal degeneration. Not only that, but aged
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TauPS2APP;Trem2ko mice also exhibited increased total brain

atrophy, which was most prominently observed in the cortex.

In contrast, in P301Lhomo mice (which lack b-amyloid pathology),

neither early tau accumulation nor later hippocampal atrophy

was affected by Trem2 deletion. These findings suggest that mi-

croglial TREM2 function may neither enable nor prevent the

development of neuron-intrinsic tauopathies and that a key pro-

tective activity of TREM2 during AD pathogenesis is to limit the

degree to which b-amyloid pathology exacerbates tau pathol-

ogy. This conclusion is consistent with reports in various models

that b-amyloid pathology accelerates the development of

neuronal tau pathology (He et al., 2018; Lewis et al., 2001; Pooler

et al., 2015) and that the neurotoxicity of b-amyloid pathology in-

creases when Trem2 function is lost (Meilandt et al., 2020; Wang

et al., 2016; Yuan et al., 2016). It is also consistent with observa-

tions in human AD tissues that dystrophic neurites around amy-

loid plaques and tau pathology are enhanced in carriers of

TREM2 mutations that increase AD risk (Leyns et al., 2019; Pro-

kop et al., 2019; Yuan et al., 2016).

In certainmousemodels of tauopathy, the spreading of tau pa-

thology among interconnected brain regions has been shown to

occur in a prion-like manner (reviewed in Gibbons et al., 2019). In

the stereotypical progression of AD-related tau pathology, b-am-

yloidpathology is understood tobeakey factor indetermining the

rate by which or the extent to which tau pathology spreads from

the mesial temporal lobe into the neocortex. Most cognitively

normal adults in their sixth and seventh decades of life have

developed enough tau pathology in their entorhinal and hippo-

campal regions to satisfy the neuropathological criteria for Braak

stage I or II classification, and this occurs independently of b-am-

yloid pathology (Braak et al., 2011; Nelson et al., 2012). In

contrast, the progression of AD pathology to the later Braak

stages (V and VI), defined by extensive neocortical tau pathology

and typically associated with dementia, virtually never occurs in

the absence of b-amyloid pathology (Braak et al., 2011; Nelson

et al., 2009, 2012). We observed in the TauPS2APP model that

Trem2 deletion enhanced the phosphorylation and aggregation

of endogenous tau protein, promoted the spreading of tau pa-

thology into neurons that would otherwise remain unaffected,

and led to pronounced cortical atrophy. Notably, we observed

none of these outcomes of Trem2 deletion in P301Lhomo mice,

even though some amount of cell-to-cell propagation is under-

stood to occur in that model (Lee et al., 2016). Therefore, we pro-

pose thatmicroglial TREM2 activity forestalls the development of

Alzheimer’s dementia primarily by protecting neurons from the

neurotoxic effects of b-amyloid accumulation and thereby

limiting the spread of tau pathology throughout the neocortex,

not by directly intercepting tau during cell-to-cell spreading.

Our findings ofmicroglial involvement in ADpathogenesis should

not be viewed as a separate disease element in addition to b-am-

yloid and tau pathologies. Instead, our findings place microglia

squarely in the middle of the amyloid hypothesis, with TREM2

function interrupting the cascade between b-amyloid and tau.

Our scRNA-seq studies provide insights for understanding

whether different degrees of microglial DAM activation are asso-

ciated with beneficial or detrimental outcomes. A common

refrain in the microglial research field is that modest microglial

activation may be beneficial, whereas strong microglial activa-
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tion may contribute to neurodegeneration. Our data do not sup-

port this notion, at least with regard to the well-defined DAM

response that occurs in neurodegenerative settings. The robust

DAM response we observed in TauPS2APP mice was associ-

ated with neuroprotection, as Trem2 deletion greatly attenuated

the degree of DAM activation and exacerbated disease pheno-

types in virtually every respect.

An interesting question is whether the exacerbated neurode-

generation observed in TauPS2APP;Trem2ko mice resulted sim-

ply from the lack of DAM-associated microglial protection

against AD-related pathologies, or whether Trem2-deficient mi-

croglia also becamemore actively involved in neurodegenerative

processes. For example, the modest elevation in pro-inflamma-

tory cytokines IL-1b, TNFa, and IL-6 in cortical lysates from

Trem2-deficient mice could contribute to the enhanced neuro-

toxicity observed in the TauPS2APP mice. Moreover, in light of

a recent report that interferon-stimulated microglia promote

complement-dependent synapse elimination (Roy et al., 2020),

the increases inmicroglial STAT1 phosphorylation andmicroglial

expression of the interferon-related gene signature we observed

in TauPS2APP;Trem2ko mice could suggest that loss of Trem2

not only abrogated microglial protection against AD pathology

but also favored a state ofmicroglial polarization that contributed

to neurodegeneration. Alternatively, the enhanced interferon

signature we observed in these microglia could be a secondary

response to the increased neuronal damage in TauPS2APP;-

Trem2ko mice, or there could be dual directionality between

neuronal damage and the microglial interferon response, as

recently observed in a model of prion disease (Nazmi et al.,

2019). The reported upregulation of interferon-related gene

expression in AD tissues from TREM2 mutation carriers

compared with other AD subjects may lend credence to this

line of inquiry (Korvatska et al., 2018).

Reports of Trem2 function being protective in models of b-am-

yloid pathology (Wang et al., 2015, 2016; Yuan et al., 2016) but

detrimental in the PS19 model of tauopathy (Gratuze et al.,

2020; Leyns et al., 2017) have led to the suggestion that agonism

of TREM2 may be beneficial in the early stages of AD character-

ized by b-amyloid accumulation, whereas TREM2 agonism

could be damaging in later AD stages involving tau-driven neuro-

degeneration and cognitive decline. However, observations that

Trem2 function is inconsequential (P301Lhomo mice, this study)

or even beneficial (hTaumodel, Bemiller et al., 2017) in other tau-

opathymodels underscore the difficulty of using results in animal

models to predict human disease outcomes. Exactly why Trem2

function is deleterious in the PS19 model, unimportant in the

P301Lhomo model, and beneficial in the hTau model is an inter-

esting question for future study that may help inform our under-

standing of TREM2 roles in human primary tauopathies.

With regard toADpathogenesis, our analysis of Trem2 function

in the TauPS2APP model may be more relevant than reports us-

ing the PS19, pR5-183, or hTau pure tauopathy models for

several reasons. The TauPS2APP model involves a slowly pro-

gressing form of tau pathology whose spreading and accumula-

tion are enhancedbyb-amyloid pathology.Microglial inactivation

via Trem2 deletion enhances this spreading of pathological tau

and results in cortical degeneration in a b-amyloid-dependent

manner, as predicted by our combined understanding from
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human genetic and histological studies of AD risk and neuropa-

thology. Although the precise conformation of the aggregated

P301L mutant tau in the TauPS2APP model may differ from

the wild-type tau aggregates found in human AD, the fact that

b-amyloid still enhances its spreading and that Trem2 mitigates

that effect suggests that control of b-amyloid-accelerated tau

spreading is a critical TREM2 function that seems tobeprotective

regardless of the exact tau species involved.

Our study of how Trem2 interacts with combined amyloid and

tau pathologies in the TauPS2APPmodel provides us with a new

perspective, suggesting that TREM2 function may both reduce

AD pathologies in early disease stages and curb neurodegenera-

tion in later disease stages. This view is consistent with genetic

studies that have associated TREM2 mutations with not only

increased AD risk but also accelerated rates of cognitive decline

and shorter disease duration in AD subjects (Del-Aguila et al.,

2018; Korvatska et al., 2015). Therefore, promoting themicroglial

activation state associated with TREM2 signaling is a rational

therapeutic approach worth testing in all stages of AD. Recent

studies using agonistic TREM2antibodies inmodels ofb-amyloid

pathology have provided evidence that such an approach can

promote microglial proliferation and reduce dystrophic neurites

around plaque (Price et al., 2020; Schlepckow et al., 2020;

Wanget al., 2020). Useof TREM2agonists or genetic tools to pro-

mote TREM2 function with temporal precision in diverse models

of tau pathology or other models (Cignarella et al., 2020) will help

us better understand the neurodegenerative disease contexts in

which therapeutic TREM2 activation will be desirable.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Glial Fibrillary Acidic

Protein (GFAP)

Agilent Cat# Z0334; RRID: AB_10013382

Rat monoclonal anti-Mouse C3 (Clone 11h9) Novus Cat# NB 200-540; RRID: AB_535612

Rabbit monoclonal anti-C1q Abcam Cat# ab182451; RRID: AB_2732849

Rat monoclonal anti-LAMP1, (Clone 1D4B) Abcam Cat# ab25245; RRID: AB_449893

Rabbit polyclonal anti-Iba1 Wako Cat# 019-19741; RRID: AB_839504

Goat polyclonal anti-Iba1 Abcam Cat# ab5076; RRID: AB_2224402

Mouse monoclonal anti-Phospho-Tau (Ser202,

Thr205) (Clone AT8)

Thermo Fisher Scientific Cat# MN1020; RRID: AB_223647

Mouse monoclonal anti-Tau (Clone HT7) Thermo Fisher Scientific Cat# MN1000; RRID: AB_2314654

Rabbit polyclonal anti tau-pT212/pS214 Lee et al., 2016 N/A

CD68, Iba1, Amino-Cupric Sliver stain,

Campbell-Switzer stain

Neuroscience Associates

Switzer, 2000

https://www.neuroscienceassociates.com/

technologies/staining/.

Mouse monoclonal anti-b-actin (Clone AC74) Sigma Cat#A2228; RRID:AB_476697

Mouse monoclonal human-specific Tau-13

(Clone B11E8)

MBL International Co. JM-3453-100; RRID:AB_592814

Rabbit monoclonal anti-phosphorylated STAT1

(Clone 58D6)

Cell Signaling Cat#9167; RRID: AB_561284

Chemicals, peptides, and recombinant proteins

X-34 Milipore-Sigma SML1954-5MG

Methoxy-X04 Tocris Cat# 4920

Actinomycin D Millipore-Sigma Cat# A1410

Calcein Violet AM ThermoFisher Scientific Cat# C34858

Propidium iodide ThermoFisher Scientific Cat# P1304MP

ProLong Diamond Antifade Mounting Solution ThermoFisher Scientific Cat# P36961

Critical commercial assays/enzyme mix/kit

Milliplex Mouse Cytokine/Chemokine magnetic

bead panel-Immunology

Millipore/Sigma MCTYOMAG-70K

Neural Tissue Dissociation Kit (P) Miltenyi Biotech 130-092-628

Chromium Single Cell 30 Library & Gel Bead Kit v2 10X Genomics PN-120237

Qubit dsDNA HS Assay Kit ThermoFisher Scientific Q33230

Bioanalyzer High Sensitivity DNA kit Agilent Technologies 5067-4626

Data and code availability

TauPS2APP scRNA-Seq dataset This paper GEO: GSE153895

Seurat (R toolkit for single cell genomics) Stuart et al., 2019 Seurat 3.0.0

Experimental models: organisms/strains

Mouse: TauPS2APP (hTauP301L;PS2APP) Grueninger et al., 2010 N/A

Mouse: human Tau P301L (line Pr5) Götz et al., 2001 N/A

Mouse: Trem2tm1(KOMP)Vlcg null KOMP Repository, UC Davis MGI:3797897

Mouse: TauPS2APP;Trem2ko This paper N/A

Mouse: TauP301L;Trem2ko This paper N/A

Imaging equipment

NanoZoomer S60 digital whole slide scanner Hamamatsu Corp. NanoZoomer S60

LSM710 confocal microscope Carl Zeiss LSM710

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Leica SCN400 whole slide scanning system Leica Microsystems N/A

Odyssey LI-COR N/A

Software and algorithms

Prism 8 GraphPad v8.3.0 for Mac

Zen Carl Zeiss Zen 2.3 SP1

ImageJ https://imagej.net v 1.52i, Java 1.8.0_101 64-bit

Partek Flow Partek N/A

MATLAB MathWorks https://www.mathworks.com/products/

matlab.html

Odyssey Application Software LI-COR Version 3.0.30
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, William

Meilandt (Meilandt.william@gene.com)

Material availability
This study did not generate new unique reagents.

Data and code availability
The TauPS2APP single cell RNA-seq dataset is available at NCBI Gene Expression Omnibus (GEO).: The accession number is GEO:

GSE153895. Seurat (R toolkit for single cell genomics) version 3.0.0 was used for single cell RNA-seq data analysis (Stuart

et al., 2019).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal care and handling procedures were reviewed and approved by the Genentech IACUC and were conducted in full compli-

ance with regulatory statutes, IACUC policies and NIH guidelines. Animals were housed in SPF (specific pathogen-free) conditions

with 12 h light/12 h dark/day andmaintained on regular chow diets. The TauPS2APPmodel was generated as described (Grueninger

et al., 2010) by crossing PS2APP mice (Ozmen et al., 2009) with the pR5-183 line expressing the P301L mutant human tau protein

(Götz et al., 2001), with animals maintained as homozygous for PS2APP and hemizygous for the P301L transgene. PS2APP;Trem2ko

mice generated in our previous study (Meilandt et al., 2020) were crossedwith TauPS2APPmice, and offspringwere used to generate

breeders that were homozygous PS2APP, heterozygous Trem2, and either homozygous or null for P301L. These breeding genotypes

were crossed to generate littermate cohorts of TauPS2APP (PS2APPhomo;P301Lhemi) mice with wild-type (Trem2wt), heterozygous

(Trem2het), or homozygous knockout (Trem2ko) Trem2 genotypes. We also crossed the Trem2tm1(KOMP)Vlcg null allele into the pR5-

183 line and generated breeders that were homozygous P301L and heterozygous Trem2, which were used to generate littermate

cohorts of P301Lhomo mice with various Trem2 genotypes.

The 9-month cohort of TauPS2APP mice with varying Trem2 genotypes included n = 12 male(m)/11 female(f) Trem2wt, 14 m/13f

Trem2het, and 11 m/13f Trem2ko animals. The 17-month TauPS2APP cohort included n = 10 m/11f Trem2wt, 13 m/11f Trem2het, and

11m/10f Trem2ko animals. The 6-month and 10-month P301Lhomo cohorts each included n = 10m/10f Trem2wt and 10m/10f Trem2ko

animals. The 18-month P301Lhomo cohort included n = 12m/12f Trem2wt, 12m/12f Trem2het, and 11m/12f Trem2ko animals. Animals

used for histological and biochemical analyses in Figure 1 included a 4.5-month cohort of non-transgenic (Ntg, n = 2), P301Lhemi

(n = 5), and TauPS2APP (n = 9) mice; a 6-month cohort of Ntg (n = 2), P301Lhemi (n = 5), and TauPS2APP (n = 4) mice; and a 9-month

cohort of Ntg (n = 2), P301Lhemi (n = 4), and TauPS2APP (n = 4) mice.

METHOD DETAILS

Sectioning, histological and immunological staining
Animals were deeply anesthetized with 2.5% tribromoethanol (0.5 ml/25 g body weight) and transcardially perfused with PBS. One

brain hemisphere was drop-fixed in 4% PFA for two days at 4�C with agitation and then transferred to PBS for histopathological an-

alyses. The other hemisphere was subdissected into cortical and hippocampal tissues that were frozen and stored at �80�C for
Neuron 109, 1283–1301.e1–e6, April 21, 2021 e2
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biochemical assays. Immersion-fixed hemi-brains were cryoprotected, embedded up to 40 per block in a solid matrix, and coronally

sectioned into sheets of 35 mm thickness (MultiBrain processing by NeuroScience Associates) as in our previous study (Meilandt

et al., 2020). Sheets of sections were stored in cryoprotectant (30% glycerol, 30% ethylene glycol in PBS) at –20�C until use.

For Figures S3D, S3E, 6A, and 6B, immunohistochemical (IHC) stains for Iba1, CD68, GFAP, and AT8 were performed at Neuro-

Science Associates (NSA) as described previously (Meilandt et al., 2020;Wang et al., 2011). For Figures S3A, S3B, and 7, silver stains

for amyloid plaque (Campbell-Switzer stain (Switzer et al., 1993)) and neuronal damage/degeneration (amino cupric silver or ‘‘Disin-

tegrative Degeneration’’ stain (deOlmos et al., 1994)) were also performed at NSA. The bases for silver stains are reviewed in (Switzer,

2000) and described on the NSA website (https://www.neuroscienceassociates.com/technologies/staining/). IHC and silver stains

spanned a broad rostral-caudal range including eight or more sections per animal. Stained slides were returned to Genentech for

imaging and quantitation, and unstained sheets of sections were also returned to Genentech for cryoprotected storage until use.

For Figure 1, free-floating sections (35 mm thick) were rinsed in PBS and then PBS with 0.1% Triton X (PBST), treated with 3%

hydrogen peroxide in PBST, and blockedwith 5%bovine serum albumin (BSA) in PBST before overnight incubation at 4�Cwith rabbit

anti-tau pT212/pS214 (Lee et al., 2016) diluted 1:15,000 in 1%BSA in PBST. Binding was detected with biotin-conjugated secondary

antibodies, followed by avidin-biotin-horseradish peroxidase (HRP) complex (details in VECTASTAIN Elite ABC kit, Vector Labora-

tories #PK6100) and developed with diaminobenzidine tetrahydrochloride.

For Figures 4A, 6C–6E, and S7A, unstained NSA sheets encompassing 2-3 sections per animal containing regions of the rostral

and caudal hippocampus were washed in PBS and then PBST, blocked in PBST (0.3%) with 5%BSA and 5% normal donkey serum,

and incubated overnight at 4�Cwith primary antibodies diluted in PBST (0.3%) plus 1%BSA. Microglia were labeled with rabbit anti-

Iba1 (Wako 019-19741, 1:1000), dystrophic neurites with rat anti-Lamp1 (Abcam ab25245, 1:2000), total human tau with mouse anti-

tau (HT7, Thermo Fisher AB_2314654, 1:500), and tau pT212/pS214 with our own rabbit antibody (1:15,000 (Lee et al., 2016)).

Sections were washed 3x 10 min in PBST, followed by incubation for 2 h at room temperature with secondary antibodies (donkey

anti-rabbit, -mouse, or -rat IgG conjugated to Alexa555 or Alexa647, Thermo Fisher, 1:500). Sections were washed 3x 10 min in

PBST and rinsed 3x in PBS. Sheets of sections were mounted onto slides with 0.1% gelatin in PBS and allowed to dry and adhere

to the slide at room temperature. To label plaque, slides were then incubated with 10 mM methoxy-X04 in 40% ethanol in PBS for

10 min, washed briefly in PBS, differentiated in 0.2% NaOH in 80% ethanol for 2 min, washed and then allowed to dry. Coverslips

were applied using ProLong Gold Antifade Mountant (Thermo Fisher P36930).

For Figures S2H, S2I, 4B, 4C, S4, and S5, unstained NSA sheets encompassing two sections per animal were washed with PBS,

permeabilized and blocked in PBST (0.3%) plus 5%BSA at room temperature for 1 h, washed again in PBS, and incubated overnight

at 4�Cwith primary antibodies [Figures S2H and S2I: rabbit anti-phosphorylated STAT1 (Cell Signaling 9167 (clone 58D6) 1:500, goat

anti-Iba1 (Abcam ab5076, 1:300)); Figures 4B, 4C, S4, and S5: rat anti-Lamp1 (Abcam ab25245, 10 mg/ml), rabbit anti-tau pT212/

pS214 ((Lee et al., 2016), 1:5000), and goat anti-Iba1 (Abcam ab5076, 1:300)] in PBST (0.3%) plus 1% BSA. After four washes in

PBS, sections were incubated for 2 h at room temperature with secondary antibodies (Figures S2H and S2I: donkey anti-rabbit

IgG-Alexa488, donkey anti-goat IgG-Alexa568; Figures 4B, 4C, S4, and S5: donkey anti-rat IgG-Alexa488, anti-rabbit IgG-Alexa568,

and anti-goat IgG-Alexa647, Thermo Fisher, 1:500). After four more PBS washes, sections were mounted onto slides in mounting

solution (0.2% gelatin, 50 mM Tris pH 7.4) and completely dried. These sections on slides were subjected to X-34 staining as

described earlier (Meilandt et al., 2020). Briefly, slides were stained with 10 mM X-34 in PBS containing 40% ethanol and 0.02 N

NaOH and differentiated briefly in 80% ethanol. No. 1 coverslips were applied with ProLongTM Diamond Antifade Mountant (Thermo

Fisher P36961).

Imaging and quantitation of stained sections
IHC and silver stains (Figures 1A, 1B, 6A, 6B, 7, S3A, S3B, S3D, and S3E) were imaged on the Leica SCN400 whole slide scanning

system (Leica Microsystems, Buffalo Grove, IL) at 200x magnification. MATLAB (Mathworks, Natick, MA) running on a high-perfor-

mance computing cluster was used for all whole slide image analysis, performed in a blinded manner. Quantification of CD68 or Iba1

staining and enlarged dark cluster areas (known to coincide with the presence of amyloid plaques) was performed using morpho-

metric-based methods as previously described (Kallop et al., 2014; Le Pichon et al., 2013). Analysis of amino cupric silver staining

was performed using color thresholds andmorphological operations. Plaque area was analyzed from slides stained using the Camp-

bell-Switzer method with plaques appearing with a black or amber hue. Multiple color classifiers spanning narrow ranges in RGB and

HSV space were created for positive and negative features. Plaques were segmented using these classifiers and applying adaptive

thresholding, Euclidean distance transform, morphological operations, and reconstruction. The percentage plaque load, amino

cupric degenerative, Iba1, CD68 or GFAP positivity for the entire section was calculated by normalizing the positive pixel area to tis-

sue section area and averaged from eight to eleven sections/animal. All images, segmentation overlays, and data were reviewed by a

pathologist.

For Figures S2H, S2I, 4A, 6C, 6D, and S7A, image acquisition of immunofluorescent slides co-stained for p-STAT1, microglia (Fig-

ures S2H and S2I), plaque, microglia, and dystrophic neurites (Figure 4A) or for human tau HT7 and phosphorylated tau pT212/pS214

(Figures 6C and 6D) was performed at 200x magnification using the Nanozoomer S60 or XR (Hamamatsu Corp, San Jose, CA) digital

whole slide scanner. Ideal exposure for each channel was determined based on samples with the brightest intensity and set for the

whole set of slides to run as a batch. For Figures S2H and S2I, ROIs of CA1 regions were manually drawn, and areas of p-STAT1+on

dilated nuclei of Iba1+ cells were measured from the binary masks after thresholding on p-STAT1 and Iba1 and the measured value
e3 Neuron 109, 1283–1301.e1–e6, April 21, 2021
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was divided by the number of total Iba1+ cells in each image. For Figure 4A quantifications, total tissue area was detected by thresh-

olding on the Iba1 signal and merging and processing of the binary masks by morphological operations. Methoxy-X04, Lamp1, and

Iba1 staining was analyzed using a top-hat filter and local threshold followed by morphological opening and closing. For Lamp1 and

methoxy-X04 staining, shape factor, roundness and solidity features were used to eliminate elongated objects. In addition, a mini-

mum size of 34 mm2 was applied to exclude small areas of staining. The detected plaques were used as markers in a marker-

controlled watershed segmentation to create watershed lines of separation. The plaque mask was then dilated by 15 mm but con-

strained to be within watershed lines to prevent merging of plaques in close proximity during dilation. Total Iba1 or Lamp1 staining

was normalized to the whole tissue area. Plaque-associated Iba1 or Lamp1 staining (constrained to be within the dilated plaque

mask) was normalized to dilated plaque area. Data was averaged from 2-3 sections per animal. For Figures 6C and 6D quantifica-

tions, the number of pT212/pS214+, HT7+, and pT212/pS214+ HT7+ cells were counted within the hippocampal CA3 (a-c) region by

eye, and the number of pT212/pS214+ HT7– cells were averaged per animal/genotype. For Figure 6E, numbers of AT8+ cells within

the CA3 (a-c) region were similarly counted by eye and then these numbers were averaged per animal/genotype.

Brain subregion images from dorsal subiculum and lateral cortex were collected by confocal microscopy (Figures 4B, 4C, S4, and

S5). Eleven z stack images were collected at 0.89 mm interval with Plan-Apochromat 20X/0.8 M27 lens, and maximum intensity pro-

jection images were created with Zen software (Carl Zeiss). All images were collected, processed and measured blinded to the ge-

notype. Image analysis was performed using MATLAB in a blinded fashion on the maximum intensity projection of the confocal z

stack. Images from non-transgenic animals stained with X-34 were used to determine an initial threshold to exclude background.

A threshold that is greater than 99.99% of all pixel intensities in the control images was applied to all images to determine an initial

segmentation mask. The binary masks were then smoothed out using morphological opening and closing. A minimum size of 9 mm2

was applied to exclude small areas of staining. A threshold corresponding to the 90th and 65th intensity percentile for the pixels within

the segmentation mask of all positive images was applied to analyze compact and diffuse plaque area, respectively. Post-threshold

morphological operations and size exclusion was performed as described above. The plaque diffuseness index was calculated as

(areadiffuse+compact – areacompact) divided by areadiffuse+compact . Total and plaque-associated fluorescent Lamp1, p-Tau and Iba1 stain-

ing were analyzed in a similar manner as described above using thresholding andmorphological operations. Integrated intensity was

calculating by summing up the respective image channel pixel intensities within the specified segmentation mask and normalized to

the total field of view or dilated plaque area. Data was averaged from two sections per animal.

Tissue processing for western blots and Ab peptide measurements
Frozen cortical and hippocampal tissues (described above) were homogenized in 1 mL (cortex) or 200 mL (hippocampus) of TBS

(50 mM Tris pH 7.5, 150 mM NaCl including complete EDTA-free protease inhibitor cocktail (Roche) with aprotinin (20 mg/ml) and

leupeptin (10 mg/ml)) in a QIAGEN TissueLyser II (3 min at 30 Hz). Crude lysates were then centrifuged at 20,000 x g for 20 min at

4�C to separate supernatants (S1: TBS fraction) and pellets (P1). An overview of the lysate preparation and fractionation process

is provided in Figure S6C.

For Ab peptide measurements, 50 mL (cortex) or 25 mL (hippocampus) aliquots of S1 were frozen and stored at �80�C as ‘‘TBS

fractions.’’ The P1 pellet was further homogenized in 10 volumes of 5 M guanidine HCl using the TissueLyser II and then placed

on a rotisserie for 3 h at room temperature. Samples were diluted 1:10 in a casein buffer (0.25% casein/5 mM EDTA pH 8.0 in

PBS, including aprotinin (20 mg/ml) and leupeptin (10 mg/ml)), vortexed and centrifuged at 20,000 x g for 20 min at 4�C. Supernatants
were collected as ‘‘GuHCl fractions.’’ Ab40 and Ab42 concentrations from the TBS and GuHCL fractions were measured using an

ELISA. Briefly, rabbit polyclonal antibody specific for the C terminus of Ab40 or Ab42 (Millipore) was coated onto plates, and bio-

tinylated monoclonal anti-Ab1-16 (Covance, clone 6E10) was used for detection.

For western blotting, the remaining S1 (TBS) fractions were centrifuged at 180,000 x g for 1 h at 12�C. The supernatants (S2 frac-

tions) were carefully removed and stored at �80C for cytokine/chemokine measurements, and the pellets (P2 fractions) were resus-

pended in 200 mL (cortex) or 50 mL (hippocampus) of TBS plus 1% sarkosyl and sonicated. Samples were then added with final 1.25x

SDS-loading buffer (1X: 1% SDS, 5% sucrose, 10 mM Tris pH 8.0, 1 mM EDTA, 30 mg/ml dithiothreitol (DTT) and bromophenol blue

(BPB)) without DTT and BPB and vortexed vigorously. Following protein concentration measurement by BCA, P2 fractions were

adjusted to 1 mg/ml in 1.5X SDS-loading buffer including DTT and BPB. Samples were incubated at 95�C for 5 min and 10 mg protein

was separated on a 10% SDS-PAGE gel, incubated with primary antibodies overnight at 4�C and fluorescence-conjugated second-

ary antibodies (Li-Cor) for 1 h at room temperature. Fluorescence was detected and visualized by Odyssey scanner (Li-Cor) and the

band intensity was measured with ImageJ (v 1.52i, Java 1.8.0_101 64-bit, NIH). Primary antibodies used were human tau-specific

antibodies Tau-13 (MBL International Co. JM-3453-100) and HT7 (Thermo Fisher MN1000), mouse tau-specific antibody T49

(Millipore-Sigma MABN827), cross-reactive anti-tau antibody (Dako A0024), phosphorylation-specific anti-tau pT212/pS214 (Lee

et al., 2016), and anti-b-actin antibody AC74 (Sigma A2228).

Cytokine/chemokine measurements
Samples from the 17mo TauPS2APP S2 cortical fractions were run in duplicate on a Milliplex mouse cytokine/chemokine magnetic

bead (Luminex) panel (MCYTOMAG-70K,Millipore) testing for 32 simultaneous analytes. Results were normalized to total protein and

expressed as pg/mg protein.
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Preparation of hippocampal cell suspensions and libraries for single-cell RNA sequencing
Male non-transgenic (n = 2), Trem2ko (n = 1), P301Lhomo (n = 3), TauPS2APP (n = 3), and TauPS2APP;Trem2ko (n = 3) mice at 19-

22 months of age were perfused with ice-cold PBS, and hippocampi including fimbrial white matter regions were immediately

dissected. Each hippocampus was chopped into 1-2 mm2 pieces in 2 mL ice-cold Hibernate A minus calcium (HACA, Brainbits),

and the pieces were collected by centrifuging at 300 x g for 2 min in a round-bottom 2 mL tube. Enzyme mixes in Neural Tissue

Dissociation Kit (P) (Miltenyi 130-092-628) were used for tissue dissociation. First, each tissue sample was added into 2 mL pre-

warmed Enzyme mix 1 containing 5 mg/ml actinomycin D (Sigma-Aldrich A1410) and incubated on a rotator for 15 min at 37�C.
After adding Enzyme mix 2, samples were gently triturated with wide-orifice pipette tips, incubated for 10 min, gently triturated

with regular pipette tips, incubated for another 10 min, and gently triturated with gradual addition of 10 mL ice-cold Hibernate

A Low Fluorescence medium (HALF, Brainbits). Cell suspensions were filtered through 70 mm strainers (Miltenyi 130-098-462)

pre-wet with HALF and then centrifuged at 300 x g for 10 min at 4�C. Cell pellets were carefully resuspended with wide-orifice

pipette tips in HALF containing 5% FBS, with Calcein Violet AM (Thermo Fisher C34858) and propidium iodide (Thermo Fisher

P1304MP) added to cell suspensions at final 1 mg/ml each for live/dead FACS with BD FacsAria Fusion sorters. Sorted live sin-

gle-cell suspensions were collected into HALF containing 5% FBS. Using event counts and viability reads from FACS, cell sus-

pensions were adjusted to 2,000 cells/ml by centrifugation at 300 x g for 10 min at 4�C and resuspension in HALF containing

5% FBS. Cell viability and density were confirmed again by Trypan Blue staining and counting with Bio-Rad Tc10 counter. Viability

of the cells in the suspension were > 80%.

Single-cell suspensions were processed using ChromiumSingle Cell 30 Reagent Kits v2 (10X Genomics PN-120237 and PN-

120236) following manufacturer’s user guide. Cell-RT mix was prepared to aim 10,000 cells per sample and applied to Chromium

Controller for GEM generation and barcoding. Then samples were subjected to post GEM-RT cleanup, cDNA amplification (10 cy-

cles), and library construction according to the user guide. Sample index PCRwas donewith 12 cycles. Libraries were then quantified

by Qubit dsDNA HS Assay Kit (Thermo Fisher Q33230) and profiled by Bioanalyzer High Sensitivity DNA kit (Agilent Technologies

5067-4626). Libraries were sequenced by HiSeq4000 (Illumina) following 10X Genomics sequencing specification.

Single-cell RNA-seq analysis
Single-cell RNA sequencing data were processed with an in-house analysis pipeline as described (Yartseva et al., 2020). Reads were

demultiplexed based on perfect matches to expected cell barcodes. Transcript reads were aligned to the mouse reference genome

(GRCm38) usingGSNAP (2013-10-10) (Wu andNacu, 2010). Only uniquelymapping readswere considered for downstream analysis.

Transcript counts for a given gene were based on the number of unique UMIs (up to one mismatch) for reads overlapping exons in

sense orientation. Cell barcodes from empty droplets were filtered by requiring a minimum number of detected transcripts. Sample

quality was further assessed based on the distribution of per-cell statistics, such as total number of reads, percentage of reads map-

ping uniquely to the reference genome, percentage of mapped reads overlapping exons, number of detected transcripts (UMIs),

number of detected genes, and percentage of mitochondrial transcripts.

After this primary analysis step, cells with less than 1,000 total UMIs or greater than 10% mitochondrial UMIs were discarded, re-

sulting in 66,002 QC-passing cells for analysis. UMI normalization was performed by dividing each gene expression value for a cell by

a factor proportional to the total number of transcripts in that cell. More precisely put, letting nc represent the total number of UMIs for

cell c, then the normalization factor fc for that cell was given by

fc =
nc

medianc0 ðnc0 Þ
(with c0 going over all cells) and the ‘‘normalized UMIs’’ for gene g and cell c given by nUMIg,c = nc / fc.

Seurat (Stuart et al., 2019) was used to calculate PCA, tSNE coordinates and Louvain clustering for all cells (Figures 2A–2C and

S1A–S1D). Cell type markers from Friedman et al. (2018) were used to identify microglial Seurat clusters, which were then sub-clus-

tered in a new analysis (Figure S1A).

Gene set scores (Figure 2C) were calculated as described (Friedman et al., 2018). Briefly, gene expression values were first trans-

formed (and stabilized) as log2(nUMI+1). The gene set score for a cell was then calculated as the average over all genes in the set of

log-transformed expression values.

Pseudo-bulk analysis of scRNA-seq datasets
Pseudo-bulk microglial expression profiles were derived from single-cell datasets first by aggregating each sample’s data for

microglial cells (clusters 1-6 in Figures S1C and 2A). A single ‘‘raw count’’ expression profile was created for each pseudo-

bulk simply by adding the total number of UMIs for each gene across all the microglial cells from that sample. This gave a

gene-by-pseudo-bulk count matrix which was then normalized to a normalizedCount statistic using the estimateSizeFactors func-

tion from DESeq2 (Love et al., 2014), used for calculating gene set scores and visualizing gene expression, and for normalization

factors for differential expression (DE) analysis. DE was performed on pseudo-bulk datasets using voom+limma methods for bulk

RNA-seq.

To put this intomore formal notation, let nij be the rawUMI number of gene i inmicroglial cell j. Let sj indicate the sample of cell j. The

pseudo-bulk count matrix B, with rows indexed by genes and columns indexed by samples (instead of cells) is defined as
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Bis =
X

j:sj = s

nij

The matrix B is then size-factor normalized and analyzed using the standard methods of bulk RNA-seq, in particular voom+limma

(Law et al., 2014) for DE analysis (Figures 3A, 3B, and S2A–S2D).

Gene set scores for each pseudo-bulk profile (Figure S2F) were calculated as described above for scRNA-seq data, except Norm-

Count values were used in the place of nUMI values.

Magnetic resonance imaging
Four mixed-sex cohorts were imaged in this study: 1) Characterization of different models (Figure 1F) included n = 15-17 animals per

genotype, imaged longitudinally at 4.5, 6, and 9 months. 2) TauPS2APP mice with varying Trem2 genotypes (Figure 8) were imaged

longitudinally at 4, 12, and 17 months, with n = 14-23 mice imaged per genotype at each age. 3) Tau P301Lhomo mice with varying

Trem2 genotypes (Figure 8) were imaged at 18 months, with n = 20-24 mice imaged per genotype. 4) Non-transgenic (non-diseased)

mice with varying Trem2 genotypes (Figure 8) were imaged at 19 months, with n = 11-12 mice imaged per genotype.

For image acquisition, MRI was performed on a 7T systemwith a 4-channel receive-only cryogen-cooled surface coil and a volume

transmit coil (Bruker, Billerica, MA). Animals were anesthetized with 2%–3% isoflurane and placed in a custom-built in vivo holder

constructed by 3D printing (Stratasys and Formlabs printers) to provide secure positioning of the brain and delivery of anesthesia.

During imaging, anesthesia was maintained with 1.5% isoflurane, and rectal temperature was maintained at 37 ± 1�C using a feed-

back system with warm air (SA Instruments, Stony Brook, NY). A T2 map covering the brain was generated with a multi-slice multi-

echo sequence with these parameters: TR = 5.1 s, TE1/spacing/TE8 = 10/10/80 ms, BW = 50 kHz, matrix = 256 3 128 3 56, reso-

lution = 75 3 150 3 300 mm3, acquisition time = 10 min 53 s.

For image analysis, the regional and voxel-level volume differences in brain structure were evaluated by volumetric region of inter-

est (ROI) and voxel-basedmorphometry (VBM) analyses using fully automated algorithms as reported previously (Wu et al., 2019) and

briefly described below. For volumetric ROI analysis, multiple echo images were averaged and corrected for field inhomogeneity to

maximize the contrast to noise ratio. The echo-averaged images were then analyzed based on a 20-region predefined in vivomouse

atlas (Ma et al., 2008) that was co-registered to a study template, and warped to individual mouse datasets. All the co-registration

steps were performed in SPM8 (Wellcome Trust Centre for Neuroimaging, UCL, UK). The ROI volumes were normalized to whole

brain volumes tominimize any genotype differences associatedwith size of the animals. VBManalysis was performed in SPM8 based

onmethods described previously (Ashburner and Friston, 2000). The voxel volumes used for comparisonswere not weightedwith the

gray matter concentrations and were normalized to the whole brain volume for each dataset. The statistical test threshold for VBM

was family-wise error rate p < 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are expressed as mean ± SEM. Statistical analysis was performed using the JMP (v14.2, SAS Institute) or Prism (v8.3.0 for

Mac, GraphPad) software packages. To compare differences between Trem2wt, Trem2het and Trem2ko groups we performed one-

way ANOVAwith factors for sex and genotype, followed by Tukey’s multiple comparisons test. Longitudinal vMRI data was assessed

by a two-way mixed model ANOVA followed by Tukey’s multiple comparisons test.
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