
Article
Elevated TREM2 Gene Do
sage Reprograms
Microglia Responsivity and Ameliorates Pathological
Phenotypes in Alzheimer’s Disease Models
Highlights
d Elevating TREM2 gene dosage alteredmicroglial morphology

and interaction with Ab

d Increasing TREM2 gene dosage reprograms microglial

responsivity in AD mouse brains

d Transcriptomic profiling identified three groups of TREM2

gene-dosage-dependent genes

d Extra TREM2 gene dosage ameliorates neuropathology and

memory deficits in AD mice
Lee et al., 2018, Neuron 97, 1032–1048
March 7, 2018 ª 2018 Elsevier Inc.
https://doi.org/10.1016/j.neuron.2018.02.002
Authors

C.Y. Daniel Lee, Anthony Daggett,

Xiaofeng Gu, ..., Giovanni Coppola,

Huaxi Xu, X. William Yang

Correspondence
xwyang@mednet.ucla.edu

In Brief

Augmenting TREM2 gene dosage in AD

mouse models leads to reduced amyloid

burden and neuropathology and

improved memory performance. Gene

expression profiling reveals a

reprogrammed disease-associated

microglial response that may underlie the

phenotypic improvement in AD models.

mailto:xwyang@mednet.ucla.�edu
https://doi.org/10.1016/j.neuron.2018.02.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2018.02.002&domain=pdf


Neuron

Article
Elevated TREM2 Gene Dosage Reprograms Microglia
Responsivity and Ameliorates Pathological
Phenotypes in Alzheimer’s Disease Models
C.Y. Daniel Lee,1,2,3,7 Anthony Daggett,1,2,3,7 Xiaofeng Gu,1,2,3 Lu-Lin Jiang,4 Peter Langfelder,1 Xiaoguang Li,4

Nan Wang,1,2,3 Yingjun Zhao,4 Chang Sin Park,1,2,3 Yonatan Cooper,1,2,3 Isabella Ferando,5 Istvan Mody,3,5,6

Giovanni Coppola,1,2,3,5 Huaxi Xu,4 and X. William Yang1,2,3,8,*
1Center for Neurobehavioral Genetics, The Jane and Terry Semel Institute for Neuroscience & Human Behavior, University of California,
Los Angeles, Los Angeles, CA, USA
2Department of Psychiatry and Biobehavioral Sciences, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles,

CA, USA
3Brain Research Institute, University of California, Los Angeles, Los Angeles, CA, USA
4Neuroscience and Aging Research Center, Sanford-Burnham Prebys Medical Discovery Institute, La Jolla, CA, USA
5Department of Neurology, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA, USA
6Department of Physiology, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA, USA
7These authors contributed equally
8Lead Contact

*Correspondence: xwyang@mednet.ucla.edu

https://doi.org/10.1016/j.neuron.2018.02.002
SUMMARY

Variants of TREM2 are associated with Alzheimer’s
disease (AD). To study whether increasing TREM2
gene dosage could modify the disease pathogen-
esis, we developed BAC transgenic mice expressing
human TREM2 (BAC-TREM2) in microglia. We found
that elevated TREM2 expression reduced amyloid
burden in the 5xFAD mouse model. Transcriptomic
profiling demonstrated that increasing TREM2 levels
conferred a rescuing effect, which includes damp-
ening the expression of multiple disease-associated
microglial genes and augmenting downregulated
neuronal genes. Interestingly, 5xFAD/BAC-TREM2
mice showed further upregulation of several reactive
microglial genes linked to phagocytosis and negative
regulation of immune cell activation. Moreover, these
mice showed enhanced process ramification and
phagocytic marker expression in plaque-associated
microglia and reduced neuritic dystrophy. Finally,
elevated TREM2 gene dosage led to improved
memory performance in AD models. In summary,
our study shows that a genomic transgene-driven in-
crease in TREM2 expression reprograms microglia
responsivity and ameliorates neuropathological and
behavioral deficits in AD mouse models.

INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of demen-

tia worldwide. AD neuropathology is characterized by amyloid

plaques, neurofibrillary tangles, neuronal loss, and reactive
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Astrogliosis and microgliosis. Such pathology affects brain

regions critical for memory and cognition, including the hippo-

campus, cerebral cortex, and basal forebrain. The genetic etiol-

ogy of AD was revealed by studies of rare early-onset familial

AD (fAD) patients as well as sporadic late-onset AD patients

(LOAD; Karch et al., 2014). The pathogenic fAD-causing muta-

tions in APP, PSEN1, and PSEN2 were found to elevate the

generation of pathogenic b-amyloid (Ab) species and amyloid

deposition, hence supporting a pivotal role for amyloid in AD

pathogenesis (Hardy and Selkoe, 2002). By far, the most com-

mon and potent genetic risk factor for LOAD is the Apolipopro-

tein E ε4 allele (APOE4) (Liu et al., 2013). Recent genome-wide

association studies (GWAS) of LOAD revealed more than 20

AD-associated loci (Karch et al., 2014), implicating multiple

innate immunity genes expressed in microglia and peripheral

myeloid cells in AD pathogenesis (Efthymiou and Goate, 2017;

Gandy and Heppner, 2013).

Microglia are resident innate immune cells in the brain derived

from myeloid precursors (Graeber, 2010). In the healthy brain,

resting microglia have ramified processes that constantly survey

the microenvironment (Nimmerjahn et al., 2005) and contribute

to synaptic plasticity and learning (Parkhurst et al., 2013). In

response to injury or neurodegenerative disorders, reactive mi-

croglia mediate phagocytic uptake and secretion of inflamma-

tory cytokines (Ransohoff, 2016). It is generally believed that

short-term microglia activation may promote tissue repair. How-

ever, chronic microglia activation, such as in the case of AD, may

elicit neurotoxicity and contribute to disease pathogenesis.

Rare variants in the microglia-enriched gene TREM2 confer

high risk for LOAD (Guerreiro et al., 2013a; Jonsson et al.,

2013; Sims et al., 2017). TREM2 is a membrane protein

selectively expressed in myeloid cells, including microglia

(Ulrich et al., 2017; Yeh et al., 2017). TREM2 signals through its

binding partner DAP12 (TYROBP) to elicit responses including

phagocytosis, suppression of proinflammatory response, and
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Figure 1. Generation and Characterization of BAC-TREM2 Mice

(A) Schematic representation of the modification of TREM2-BAC. Red crosses indicate the deleted exons in TREM-like genes in the BAC construct.

(B) UCSC genome browser track showing read coverage at the human TREM2 locus in TREM2 transgenic and WT animals.

(C) Western blot was performed using the hippocampal lysates from 1.5-month-old WT and BAC-TREM2 mice with human TREM2 and mouse Trem2-specific

antibodies. GAPDH served as a loading control.

(D) The band intensity of western blots was quantified using ImageJ and shown as ratio of mTrem2/GAPDH (n = 4).

(legend continued on next page)
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promoting cell survival (Poliani et al., 2015; Takahashi et al.,

2005). Complete loss of TREM2 or DAP12 leads to Nasu-Hakola

disease, a recessive disorder characterized by bone cysts

and early dementia (Paloneva et al., 2002), highlighting the

pivotal role of TREM2 in microglia and related myeloid cells in

age-dependent disease processes. Importantly, a subset of

the loss-of-function TREM2 variants are found to enhance

the risk for a frontotemporal dementia-like syndrome without

apparent bone involvement (Guerreiro et al., 2013b). Together,

human genetics suggests that an in-depth understanding of

TREM2 biology in microglia could provide insights into the

pathogenesis of AD and related neurodegenerative disorders.

Recent studies have begun to unravel the functional roles of

TREM2 in molecular, cellular, and animal models that are infor-

mative to AD. Substantial effort has been devoted to identify

TREM2 ligands. TREM2 has been shown to bind anionic and

zwitterionic lipids found on damaged neurons (Wang et al.,

2015) and AD-associated proteins APOE and Clusterin (Atagi

et al., 2015; Bailey et al., 2015; Yeh et al., 2016). In APP mouse

models, Trem2 plays a role in clustering and activating microglia

around Ab plaques (Jay et al., 2015; Wang et al., 2015). The

impact of Trem2 deficiency on amyloid plaque formation is

dynamic and complex. At an early disease stage, the plaque

load is reduced in an AD model crossed to Trem2 knockout

mouse (Jay et al., 2015), while in more advanced disease

stages, the plaque load increased in multiple AD models

(Jay et al., 2017; Wang et al., 2015). Moreover, Trem2 in

plaque-associated microglia plays an important role in plaque

compaction and insulation to reduce the neuritic toxicity of

fibrillary Ab (Wang et al., 2016; Yuan et al., 2016). Thus far,

most Trem2 studies in disease models in vivo have used loss-

of-function mutants, yet very little is known about the impact of

increased Trem2 expression under its genomic regulation on

normal brain function and in disease responses.

In the current study, we aimed to interrogate TREM2 function

in microglia at baseline and in AD disease mice through a gain-

of-function genetic approach that mimics gene-dosage increase

in the germline, which commonly occurs during evolution (Zarrei

et al., 2015). Although in vitro studies suggest that overexpres-

sion of TREM2 inmicroglia promotes DAP12 signaling, phagocy-

tosis of dead neurons, and suppression of pro-inflammatory re-

sponses (Takahashi et al., 2005), currently there are no in vivo

studies to assess the impact of increased TREM2 gene dosage

on microglial function and AD pathogenesis. To directly test the

effect of upregulating TREM2 in AD mouse models in vivo, we

used bacterial artificial chromosome (BAC)-mediated transgen-

esis to insert extra copies of the human TREM2 genomic DNA

segment into the mouse genome, resulting in elevated TREM2

expression selectively in microglia in the brain. We found

that increase in TREM2 gene dosage reprogramed microglia

responsivity and ameliorated disease phenotypes in multiple

amyloid deposition mouse models of AD.
(E–N) Brain sections from 1.5- to 2-month-old BAC-TREM2-GFP mice were dou

trocytes (GFAP+, H–J), or neurons (NeuN+, K–M). Representative cortical images

(H–J) or NeuN (K–M). Bar, 100 mm. (N) GFP+ cells were examined for the colocaliza

cells over GFP+ cells. The numbers below x axis indicate the number of cells co
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RESULTS

Generation of BAC-TREM2 Mice to Increase TREM2
Gene Dosage under Endogenous Human Regulatory
Elements
To increase Trem2 gene dosage, we undertook a BAC trans-

genic approach, which can increase the expression of genes

on the BAC under genomic regulation (Yang et al., 1997; Yang

et al., 1999). We used a human TREM2 BAC for several reasons:

first, human TREM2 and murine Trem2 are highly homologous

(77% protein homology) and hence should have evolutionarily

conserved function. Second, human TREM2 BAC is likely to pre-

serve regulation of the human TREM2 gene expression at base-

line and in disease state (Wilson et al., 2008). Finally, the human

TREM2 protein may contain residues distinct frommurine Trem2

that could be relevant to the future studies of disease variants

(Jordan et al., 2015).

To generate human TREM2 BAC transgenic mice, we chose

a BAC (RP11-237K15) that encompasses the TREM2 coding re-

gion as well as surrounding genomic regions (>50 kb on each

side) with conserved gene regulatory elements (Gong et al.,

2003). Since this BAC contains three other TREM-like genes,

TREML1, TREML2, and TREML4, which likely serve critical

innate immune functions (Colonna, 2003), their overexpression

may confound the interpretation of TREM2 gene-dosage studies

in vivo. To ensure the BAC only overexpresses TREM2, we used

sequential BACmodification steps to delete key coding exons of

these TREM-like genes on the BAC (Figure 1A). The properly en-

gineered BAC was used to generate BAC TREM2 transgenic

founders in the FvB/NJ inbred background. Two independent

BAC TREM2 founders (A and B) gave germline transmission of

their transgenes, and genomic qPCR was used to estimate the

transgene copy number to be 1–2 copies (data not shown).

We next selected the BAC TREM2 line A (referred to as BAC-

TREM2) to confirm the proper expression of human TREM2 RNA

and protein. RNA sequencing (RNA-seq) of cortices from BAC-

TREM2andwild-type (WT)micewasused to identify unique reads

of the mouse and human genomes covering murine Trem2 or hu-

man TREM2 genes (Figure 1B; see also online track links http://

genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&

hgS_otherUserName=yueqin27&hgS_otherUserSessionName=

mTrem2_CPM_mm10 and http://genome.ucsc.edu/cgi-bin/

hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=

yueqin27&hgS_otherUserSessionName=hTREM2T2WT_CPM_

hg38_ylim15). The human TREM2 transcripts are only found

in BAC-TREM2 mouse brains but not in WT brains at all ages

tested. Importantly, consistent with our genetic design, we did

not observe reads mapping to human TREML1, TREML2, and

TREML4 among the BAC-TREM2 transcripts (Figure 1B). BAC-

TREM2 mice expressed murine Trem2 transcripts at levels com-

parable toWTmice (FigureS1).Next,weconfirmedtheexpression

ofhumanTREM2protein inBAC-TREM2micebywesternblot and
ble stained with GFP and cell-specific markers for microglia (Iba+, E–G), as-

showed that BAC-TREM2-GFP colocalized with Iba1 (E–G) but not with GFAP

tion with cell-specific markers and presented as percentage of double-labeled

unted.
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showed the expression ofmurine Trem2 protein is also similar be-

tween BAC-TREM2 and WT mice (Figure 1C).

To verify the cell-type-specific expression of the TREM2 trans-

gene, we first attempted to use available human TREM2 anti-

bodies for immunostaining but did not get robust signals. This

might have been due to low baseline of TREM2 expression or

to poor antibody specificity, as reported before (Jay et al.,

2017). We thus engineered and created a BAC-TREM2-GFP

reporter mouse line, which used the same TREM2 BAC as

BAC-TREM2 but express TREM2 protein with a C-terminal

GFP fusion. Double immunostaining of brain sections from

BAC-TREM2-GFP mice demonstrated that the TREM2-GFP

transgene was exclusively expressed in the Iba1+ microglia,

but not in astrocytes or neurons (Figures 1E–1N). We noted

that only a subset of Iba1+ cells were GFP+ (about 5.8% in the

cortex and 8.7% in the hippocampus) (Figures 1E–1G and

S2A–S2C). This is consistent with the low levels of TREM2

expression in the homeostatic microglia in the healthy brain

(Keren-Shaul et al., 2017; Krasemann et al., 2017). In summary,

our novel BAC-TREM2-GFP reporter line demonstrates that

the genomic regulatory elements on the human TREM2 BAC

confer microglia-specific TREM2 expression in vivo.

Microglia are known to have important functions in the brain,

such as synaptic pruning in the hippocampus (Stephan et al.,

2012). However, we found that BAC-TREM2 mice exhibited

normal hippocampal long-term potentiation (LTP) compared to

WT controls at 10 months of age (Figure S2D). Moreover, BAC-

TREM2 mice did not exhibit any detectable locomotion deficits

(Figure S2E). Together, these results suggested that BAC-medi-

ated increase in TREM2 expression does not elicit overt brain

functional deficits in mice.

Increased TREM2 Gene Dosage Reduces Amyloid
Pathology in AD Mice
To address whether increased TREM2 gene dosage could alter

disease-associated microglial function and other AD-related

phenotypes, we bred BAC-TREM2 to 5xFADmice (carrying 5 fa-

milial APP and PSEN1mutations), which is an aggressive mouse

model of amyloid deposition in AD (Oakley et al., 2006). Staining

of amyloid plaques with Thioflavin S (ThioS) on cortical sections

from 7-month-old 5xFAD and 5xFAD/BAC-TREM2 (termed

5xFAD/TREM2 or 5xFAD/T2) mice revealed a significant reduc-

tion of amyloid plaque load in 5xFAD/TREM2 mice (Figures

2A–2C and S3). We next measured the levels of soluble and

insoluble Ab40 and Ab42 in cortical lysates using ELISA and found

both the soluble and insoluble Ab42 were significantly decreased

in 5xFAD/TREM2 mice at 4 months of age (Figures 2D and 2E).

However, the difference in Ab levels was less pronounced and

no longer statistically significant at 7 months of age. We did

not detect any significant differences of Ab40 levels, the minor

Ab species in this AD mouse model, at both ages (Figures 2F

and 2G). In order to examine whether the reduction of amyloid

load resulted from alteration of APP expression, we examined

the human-specific APP transcript reads in our RNA sequencing

and found that the transgene was expressed at comparable

levels in 5xFAD and 5xFAD/TREM2 cortices (Figure S1C).

Thus, the decreased plaque burden is likely due to TREM2-medi-

ated changes in microglia-plaque interactions.
Recent studies have reported that Trem2 deficiency may

disrupt the microglial barrier function in limiting the diffusion of

fibrillary Ab deposits (Wang et al., 2016; Yuan et al., 2016). To

examine whether increased TREM2 expression alters the plaque

property, we categorized and quantified distinct forms of pla-

ques in the cortex (Yuan et al., 2016). We found that Ab plaques

in 5xFAD/TREM2 mice significantly shifted in composition

toward the more inert form (strong ThioS+ with minor 6E10

staining) and less filamentous form (diffused 6E10+ staining

with filamentous or missing ThioS+ labeling) compared to

5xFAD mice (Figures 2H–2J), a pattern that is opposite of that

found in the Trem2-deficient mice crossed to 5xFAD (Yuan

et al., 2016). Together, our study demonstrates that augmenting

TREM2 expression can ameliorate Ab pathology in 5xFAD mice.

Impact of Increased TREM2 Gene Dosage on Age-
Dependent Transcriptional Profiles in 5xFAD Mice
To evaluate the impact of increasing TREM2 gene dosage on the

molecular pathogenesis in 5xFADmice, we performed transcrip-

tional profiling of the cortical samples from WT, BAC-TREM2,

5xFAD, and 5xFAD/TREM2 mice at 2, 4, and 7 months of age.

We first examined the transcripts specifically mapping to murine

Trem2 or human TREM2 (Figures S1A and S1B). We observed a

low baseline level of murine Trem2 reads that are significantly

increased in 5xFAD and 5xFAD/TREM2 cortices at an advanced

(7 months) but not at early (4 months) disease stage. Interest-

ingly, the human TREM2 reads in 5xFAD/TREM2 mice signifi-

cantly increased compared to those in BAC-TREM2 mice

at 4 and 7 months, but not at 2 months. Together, our results

suggest the BAC-TREM2 transgene drives early low level over-

expression of human TREM2 in 5xFAD mouse brains, and there

is a surge in the TREM2 transgene expression as disease

progresses, recapitulating the disease-associated upregulation

of murine Trem2 in this model.

We next performed principal component (PC) analyses

including all the RNA-seq samples at the three ages (Figures

S4A–S4C). We observed a more defined separation based on

5xFAD genotypes at 4 and 7 months only, but did not detect a

clear separation based on BAC-TREM2 genotype. These find-

ings suggest the impact of the transgene on gene expression

in WT or 5xFAD background is not robust enough to be detect-

able with this analysis.

We then examined genes with significant differential expres-

sion (DE) in the cortex among different genotypes across all

three ages (Table S1). As shown in Figure 3A, we found that

very few genes were significantly differentially expressed (false

discovery rate [FDR] <0.1) between BAC-TREM2 and WT at all

ages, suggesting that the BAC-TREM2 transgene does not elicit

a detectable molecular effect in the normal mouse brains.

In 5xFAD mice, we observed over 1,000 DE genes at 4 and

7 months, but not at 2 months, consistent with the progression

of cortical pathology in this aggressive amyloidosis model of

AD (Oakley et al., 2006). Interestingly, 5xFAD/TREM2 mice

had only 161 DE genes at 4 months, and 916 genes at 7 months

compared to WT, both of which are fewer than those in 5xFAD

littermates. Finally, 5xFAD/TREM2 mice had 44 and 54 DE

genes when compared to 5xFAD mice at 4 and 7 months of

age, respectively.
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Figure 2. Increased TREM2 Gene Dosage Ameliorates Amyloid Pathology and Remodels Amyloid Plaque Types

(A–C) Matched brain sections from 7-month-old 5xFAD (A) and 5xFAD/TREM2 mice (B) were stained with ThioS (green) and NeuN (red) to visualize the amyloid

plaques and neurons in the cortex, respectively. z stack confocal images (203) were utilized tomeasure total plaque area in the field using ImageJ. The results are

presented as ThioS+ plaque area (mm2) per mm2 of the cortical area (C). n = 7 per genotype, **p < 0.01. Bar, 50 mm.

(D–G) The levels of soluble and insoluble Ab42 (D and E) and Ab40 (F and G) in the cortex of 4- and 7-month-old mice were measured by ELISA. n = 6 per genotype,

*p < 0.05.

(H–J) Matched brain sections from 7-month-old 5xFAD (H) and 5xFAD/TREM2 mice (I) were stained with ThioS and an anti-Ab antibody (6E10). z stack confocal

images (403) were utilized to quantify 3 different forms of plaques using ImageJ (J). A total of 502 plaques were analyzed and are presented asmean ± SEM, n = 4

per genotype, **p < 0.01, ***p < 0.001. Bar, 50 mm.
We performed enrichment analyses of DE genes (Table S2)

using both public gene sets (e.g., GO and MSigDB) and an

internal gene set collection (Langfelder et al., 2016). Consistent

with the disease process in 5xFAD mice and AD patients,

the top enrichment terms for downregulated genes in 5xFAD

versus WT were ‘‘neurons’’ (p = 7.07E-55) and ‘‘synapses’’

(p = 6.95E-19) at both 4 and 7 months, and the top enrichment

for upregulated genes in 5xFAD mice were ‘‘top microglia

genes’’ (p = 3.19E-194) and ‘‘immune system process’’

(p = 9.51E-83). The few DE genes between 5xFAD/TREM2 and
1036 Neuron 97, 1032–1048, March 7, 2018
5xFADwere highly enriched in microglia and immune cell activa-

tion annotations (Galatro et al., 2017).

Prior studies of APP transgenic models including 5xFAD

showed earlier and more severe disease-related phenotypes

such as amyloid plaque pathology in female compared to

male mice (Oakley et al., 2006; Sadleir et al., 2015), which is

reminiscent of sex differences in AD (Mazure and Swendsen,

2016). However, sex differences in the transcriptomic effects

in 5xFAD mouse brains have not been reported. In our RNA-

seq study, notwithstanding the limited sample size (n = 3 per



Figure 3. Transcriptomic and Coexpression Network Analyses Reveal Partial Rescue of Transcriptomic Changes in 5xFAD Mice with

Increased TREM2 Gene Dosage

(A) Numbers of DE genes (FDR <0.1) in genotype contrasts. Blue/red bars represent significantly down-/upregulated genes. n = 6 per genotype and time point

except n = 5 for 5xFAD at 7 months.

(B and C) Transcriptome-wide rescuing effects of increased TREM2 gene dosage in mice 4 (B) and 7 (C) months old are presented as ‘‘rescue plots.’’ The plots

show Z statistics for DE in 5xFAD versus 5xFAD/TREM2 (y axis) and 5xFAD versus WT (x axis) for all genes (each gene corresponds to one point). Rescued

(concordant in this plot) and exacerbated (discordant) genes that pass the FDR threshold of 0.1 in both comparisons are shown in blue and red, respectively.

Genome-wide correlations of Z statistics and the corresponding correlation p values (for which the n = 15,809 genes are considered independent) are indicated

on the top of each panel.

(legend continued on next page)
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sex/genotype/age group; except n = 2 for 5xFAD females at

7 months), we observed more DE genes in female than in

male 5xFADmiceat both 4and7months (FiguresS4D–S4I; Table

S3). Similarly, we detect more DE genes comparing 5xFAD/

TREM2 to 5xFAD in female than male transgenic mice at these

ages. These findings are consistent with the earlier and more se-

vere cortical pathology in female compared to male 5xFAD mice

(Oakley et al., 2006; Sadleir et al., 2015). We examined the corre-

lation between DE statistics observed in male versus female

animals when comparing (1) 5xFAD versus WT and (2) 5xFAD/

TREM2 versus 5xFAD animals, at both 4 and 7 months (Fig-

ure S5). This correlation between fold changes is positive and

highly significant in all cases, supporting the notion that the

two sexes behave similarly in all comparisons. Hence, although

female 5xFAD mice have more significant DE genes when

compared to WT or 5xFAD/TREM2, the transcriptional changes

in the male mice are trending in the same direction. This

hypothesis is further supported by formal statistical testing

for interactions of genotype and sex, which showed only few

sex-dependent, significant DE genes across genotypes (Figures

S4D–S4F). Thus,weconclude that transcriptomic changesoccur

earlier and more robustly in female than male 5xFAD mice, and

that the effect of increased TREM2 gene dosage is also more

apparent in female than male 5xFAD mice. However, because

of the strong correlation of fold changes between male and

female mice in all comparisons, and the lack of strong statistical

genotype/sex interaction effects, we reasoned that a combined

analysis of both sexes is a reasonable approach to identify the

most consistent DE genes in 5xFAD, and those that are modu-

lated by BAC-TREM2 in 5xFAD.

Partial Rescue of Transcriptional Dysregulation by
Increasing TREM2 Gene Dosage in 5xFAD/TREM2 Mice
We next asked whether increased TREM2 gene dosage in

5xFAD/TREM2 mice leads to overall rescuing or exacerbating

effects on the transcriptional dysregulation observed in 5xFAD

mice (compared to WT). We compared the Z statistics for

5xFAD versus 5xFAD/TREM2 against those for 5xFAD versus

WT in a transcriptome-wide ‘‘rescue/exacerbation plot’’ (Figures

3B and 3C). A positive correlation can be interpreted as an overall

transcriptome-wide ‘‘rescue effect,’’ and, conversely, a negative

correlation would indicate an exacerbation effect. In both 4- and

7-month-old mice, the plots show a highly significant positive

correlation (Figures 3B and 3C), demonstrating an overall tran-

scriptome-wide rescuing effect in 5xFAD/TREM2 mice.

To further identify molecular networks that may be selectively

targeted by increased TREM2 gene dosage in 5xFAD/TREM2

mouse brains, we performed consensus weighted gene co-

expression network analyses (WGCNA; Langfelder and Horvath,

2008). The WGCNA approach has been used previously to

identify coherent gene modules dysregulated in AD mouse and

patient brains (Matarin et al., 2015; Miller et al., 2008). Our
(D) DE analysis of module eigengenes. Rows correspond to modules and columns

and the corresponding p values of module eigengene association with the genot

(E) Variation of module eigengene expression with age in WT (black), 5xFAD (blue

values across samples at the same age. Error bars, SEM. Network of top 10 hub
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consensus WGCNA analysis identified 28 co-expression mod-

ules (Table S4; Figure S6). By relating the eigengene (a single

representative expression profile of a module, Horvath and

Dong, 2008) to genotypes, we identified five modules (M11,

M12, M13, M28, and M30) significantly (p < 0.05) upregulated

in 5xFAD versus WT mice at 4 or 7 months, and 9 modules

(M4, M15, M24, M31, M33, M37, M44, M46, and M48) downre-

gulated in 5xFADmice. Importantly, three of the five upregulated

5xFAD modules (M11, M12, and M13) and five of the nine

downregulated AD modules (M4, M31, M44, M46, and M48)

are partially rescued in 5xFAD/BAC-TREM2 mice (Figure 3D).

Enrichment analyses of these network modules (Table S5) re-

vealed that two of the three modules that were upregulated in

5xFAD and partially rescued in 5xFAD/TREM2 were annotated

for microglia-enriched (M11) and astrocyte-enriched genes

(M12). M11 is a large module (1,232 genes) enriched with terms

such as ‘‘immune system processes’’ and ‘‘damage-associated

microglia’’ (Keren-Shaul et al., 2017) (Figure 3E; Table S5). Top

hub genes in M11 module are known to be involved in microglial

function (e.g., Grn and C1q). The M11 eigengene was progres-

sively upregulated in 5xFAD compared to WT mice. This eleva-

tion was significantly reduced at 4 months in the 5xFAD/

TREM2 mice (Figures 3D and 3E). M12, a smaller module

(119 genes), was enriched with astrocyte genes. The upregula-

tion of genes in M12 was also diminished in 5xFAD/TREM2

compared to 5xFAD mice (Figures 3D and 3E). One of the M12

hub genes isMertk, a phagocytic receptor involved in astrocyte-

and microglia-mediated phagocytosis of synapses and neurons

(Brown and Neher, 2014; Chung et al., 2015).

Among the five modules that have decreased expression in

the 5xFAD mice and are partially rescued in 5xFAD/TREM2

mice, two are particularly interesting. M4 is significantly en-

riched in terms including ‘‘dendrite’’ and ‘‘synaptic genes’’

(e.g., Atp2b2, Grik2, Grin1, Mapt), and M46 (347 genes) is

enriched in ‘‘neuronal genes’’ and ‘‘genes downregulated in the

hippocampi of AD patients’’ (Figures 3D and 3E; Table S4).

Increased TREM2 gene dosage in 5xFAD/TREM2 mice signifi-

cantly improved these modules at 4 months, and for M46

such effect appeared to be extended to 7 months (Figure 3E).

Thus, increased TREM2 expression in microglia may exert

non-cell-autonomous effects to partially restore neuronal gene

expression in the 5xFAD mice.

Reprogramming Disease-Associated Microglia Gene
Expression Signatures in 5xFAD Mice by TREM2

Gene-Dosage Increase
Systems biology has played a powerful role in the unbiased dis-

covery of microglia function and dysfunction in the brain (Galatro

et al., 2017; Gosselin et al., 2017; Zhang et al., 2013). In 5xFAD

mice, Trem2 deficiency greatly impaired the overall transcrip-

tional response of reactive microglia (Wang et al., 2015). Two

recent studies examined microglial molecular signatures that
to selected genotype contrasts. Numbers in the heatmap show the Z statistics

ype. n = 6 per genotype and time point except n = 5 for 5xFAD at 7 months.

), and 5xFAD/TREM2 (orange) samples. Points represent means of eigengene

genes are presented on the right.



are associated with disease progression in mouse models of

neurodegenerative disorders, including AD and amyotrophic

lateral sclerosis (ALS) (Keren-Shaul et al., 2017; Krasemann

et al., 2017). These studies identified overlapping microglial

gene sets termed damage-associated microglia (DAM) genes

(Keren-Shaul et al., 2017) or molecular signatures of disease-

associated microglia (MGnD) (Krasemann et al., 2017). Impor-

tantly, both studies showed a critical set of microglial genes

that are dependent on Trem2 for their disease-associated upre-

gulation. In this study, we asked what would be the effects of

increased TREM2 gene dosage on these known disease-associ-

ated microglial molecular signatures in the AD mice.

Based on the transcriptome-wide rescue/exacerbation plots

(Figures 3B and 3C), we defined three sub-groups of DE genes

between 5xFAD/TREM2 and 5xFAD (termed TD1–TD3, for

TREM2 dosage-dependent genes; Figure 4A). We first selected

DE genes between 5xFAD/TREM2 and 5xFAD (FDR <0.1) at

either 4 or 7 months. Among these genes, TD1 genes are

those with expression levels significantly upregulated in 5xFAD

compared to WT (Z > 2), but are significantly downregulated

in 5xFAD/TREM2 compared to 5xFAD (Z < �3). The TD1 genes

are those located in the upper-right quadrant of the plots (Figures

3B and 3C). TD2 genes are those significantly upregulated in

5xFAD mice versus WT (Z > 2) and further upregulated in

5xFAD/TREM2 versus 5xFAD (Z > 3). These are genes located

in the lower-right quadrant of the plots (Figures 3B and 3C).

Finally, TD3 genes are in the lower-left quadrant of the rescue/

exacerbation plots and are significantly downregulated in

5xFAD versus WT (Z < �2) but were significantly upregulated

in 5xFAD/TREM2 versus 5xFAD (Z > 3). We did not observe

any transcripts that are downregulated in 5xFAD mice and are

further decreased in 5xFAD/TREM2 mice. Importantly, we are

able to apply real-time RT-PCR to validate a critical subset of

TD1-TD3 genes for their appropriate DE profiles in 5xFAD and

5xFAD/TREM2 cortices (Figure S7).

We next performed enrichment analyses of TD1–3 (Table S6).

The top enrichment terms for TD1 genes are ‘‘Upregulated in

damage associated microglia’’ (p = 2.29E-23; Keren-Shaul

et al., 2017), ‘‘top human microglia-specific genes’’

(p = 2.15E-16; Galatro et al., 2017), ‘‘Autophagy lysosome’’

(p = 4.90E-09), ‘‘genes upregulated with age in hippocampus’’

(p = 2.89E-08), and ‘‘immune system process’’ (p = 0.000142).

These annotations suggest TD1 genes are key microglial genes

normally involved in microglia activation in diseased brain and

are significantly reversed with increased TREM2 gene dosage.

Despite the relatively small number of genes in TD1 group,

they were among the top upregulated, DAM genes in 5xFAD

mice (based on Z statistics; Figures 3B, 3C, and 4D). The 19

DAM genes (Keren-Shaul et al., 2017; Figure 4D) that are

partially, but significantly, rescued in 5xFAD/TREM2 mice,

including Cst7 (the top upregulated microglial gene in 5xFAD

brain), several cathepsins (Ctsd, Ctse, Ctss), chemokines

(Ccl3, Ccl6) and their receptors (Csf1r), and established

AD-associated genes (Trem2 and Abi3) (Sims et al., 2017).

The TD2 genes constitute possibly the most interesting group,

despite its relatively small number (14 genes). The top enrich-

ment term in this group is ‘‘Microglia genes upregulated in neuro-

degenerative diseases’’ (p = 2.79E-09; Krasemann et al., 2017).
Four genes belonging to this group (Spp1, Gpnmb, Lgals3, and

Lag3) were significantly further upregulated in 5xFAD/TREM2

versus 5xFAD mice at 4 and 7 months (Figures 4A and 4E).

Importantly, the other top enrichment terms for TD2 genes

were GO terms such as ‘‘Negative regulation of T cell activation’’

(p = 4.96E-09) and ‘‘Innate immune response’’ (p = 8.87E-07).

TD2 genes were well characterized for regulation of phagocy-

tosis and microglial activation (e.g., Lgals3; Rotshenker, 2009),

microglial survival (e.g., Spp1; Rabenstein et al., 2016), alterna-

tive M2 activation of microglia (Postn; Zhou et al., 2015), and

lysosomal proton pump (Atp6v0d2). These analyses suggest

increasing TREM2 gene dosage selectively upregulates an

interesting subset of ‘‘disease-associated microglial genes’’ to

promote certain aspects of microglial function, such as

phagocytosis and suppression of over-activation of the innate

immune response in the AD mouse brain.

We next asked what genes altered in 5xFAD/TREM2 mice

overlap with those altered in 5xFAD/Trem2�/� (Wang et al.,

2015). We found a total of 11 TD1 and 7 TD2 genes overlapping

with the downregulated genes in 5xFAD/Trem2�/� microglia

(Figure 4F). Of these genes, the seven TD2 genes are potentially

interesting, as they were downregulated in 5xFAD mice in the

absence of Trem2 but upregulated in 5xFADmice with increased

TREM2 gene dosage. They may constitute transcriptional tar-

gets of Trem2 gene-dosage-dependent signaling in the context

of disease-associated microglia.

Finally, the TD3 group is only modestly enriched for postsyn-

aptic density genes (Table S6), consistent with the results of

network analyses showing that a subset of neuronal and synap-

tic genes downregulated in 5xFAD mice were partially normal-

ized with TREM2 overexpression.

Increased TREM2 Gene Dosage Alters Microglial
Interaction with Amyloid Plaques
A primary feature of reactive microgliosis is morphological trans-

formation (Stence et al., 2001). In 5xFADmice, plaque-associated

microglia exhibited shortened and thickened processes with

hypertrophic amoeboid shape, representing canonical reactive

microglia (Figures 5A–5D). However, these phenotypes were

significantly attenuated in 5xFAD/TREM2 mice (Figures 5E–5H).

We first quantified the number of plaque-associated microglia

and found a significant reduction in 5xFAD/TREM2 mice

compared to 5xFAD mice (Figure 5I). Unlike the Trem2-deficient

microglia in AD mice (Jay et al., 2015; Wang et al., 2015), the

plaque-associated microglia in 5xFAD/TREM2 mice show more

elongated and ramified processes than those in the 5xFAD

mice, as quantified by microglial branch length, total process

volume, and branch number (Figures 5J–5L). We interpret these

findings as evidence for reprogrammed microglial response in

5xFAD/TREM2 mice, so that fewer and less activated microglia

per plaque are still able to function effectively in limiting the size

and diffusion of the amyloid plaque in 5xFAD cortices.

Increased TREM2 Gene Dosage Enhances Phagocytic
Microglia Markers In Vivo and Phagocytic Activity
In Vitro

Based on the reduced amyloid burden and the upregulation of

several phagocytosis-related TD2 genes in the 5xFAD/TREM2
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Figure 4. Increased TREM2 Gene Dosage Reprogrammed Disease-Associated Microglia Gene Expression

(A) Heatmap representation of differential expression Z statistics for TD1–3 genes. Genes are divided into TD1 (blue), TD2 (green), and TD3 (red).

(B and C) Fold changes of individual TD1 (B) and TD2 (C) genes in 5xFAD (red) and 5xFAD/TREM2 (blue) versus WT mice at 7 months. Stars indicate FDR-

corrected significance (***FDR <0.001, **FDR <0.01, *FDR <0.1). n = 6 per genotype, except n = 5 for 5xFAD.

(D–F) Venn diagrams of overlaps of TD1 (blue) and TD2 (green) genes with published gene sets (orange).
mice, we hypothesized that phagocytic activity of microglia

might be enhanced by increased TREM2 gene dosage in

AD mouse brains. We first assessed CD68 protein expression,

a marker for phagocytosis shown to be upregulated in plaque-

associated microglia in AD brains (Yuan et al., 2016). We found

a significant increase of anti-CD68 staining in the plaque-

associated microglia in 5xFAD/TREM2 cortices compared to
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those in 5xFAD cortices at 7 months of age (Figures 6A–6C

and S8). This result suggests that a post-transcriptional mecha-

nism may be involved in the upregulation of CD68 in 5xFAD/

TREM2microglia surrounding the plaque, as transcript amounts

are comparable between 5xFAD and 5xFAD/TREM2 at this age

(Table S1). We further assessed the level of a second microglial

phagocytosis related protein, Lgals3 (Rotshenker, 2009), which



Figure 5. Upregulation of TREM2 Altered Microglial Response to the Amyloid Plaque

(A–H) Representative images demonstrated the interaction betweenmicroglia (Iba1+, green) and the plaque (6E10+, red) in 7-month-old 5xFAD (A–D) and 5xFAD/

TREM2 mice (E–H). Bar, 25 mm.

(I) Amyloid plaques in cortex were randomly selected, and z stack confocal images were taken for counting plaque-associated microglia (Iba1+). n = 4 per

genotype. ***p < 0.001.

(J–L) Themorphological properties of plaque-associatedmicroglia weremeasured by Imaris using z stack confocal images taken under a 633 objective lens. The

results are presented as total process length (J), process volume (K), and branch numbers (L) per microglia. Images of more than 15 plaques with over 150

microglia per genotypes were analyzed and presented as mean ± SEM, n = 4 per genotypes, **p < 0.01, *p < 0.05.
is one of the TD2 genes. We detected very little staining for

Lgals3 in WT mouse brains at this age (data not shown). In the

5xFAD/TREM2 mice, we observed a significant increase in the

number of Lgals3+ microglia surrounding the amyloid plaque

compared to the 5xFAD mice (Figures 6F and 6D); hence

supporting the concept that upregulation of phagocytic markers

is part of the reprogrammed microglia response in 5xFAD/

TREM2 mice.

To functionally evaluate the phagocytic capacity of microglia

in our models, at least in vitro, we performed a phagocytosis

assay with primary microglia isolated from neonatal mice. Such

an in vitro assay provided amodel to evaluate the stress-induced

phagocytic activity in the microglia (Gosselin et al., 2017). Poly-

styrene microbeads were used to assess the general phagocytic

activity, and also to ensure phagocytosis rather than pinocytosis

was being measured. The results showed a significant enhance-

ment of phagocytic activity in BAC-TREM2 microglia compared
to WT microglia, while Trem2�/� microglia showed a significant

decrease in phagocytic activity (Figure 6G). Importantly, such

a deficit in Trem2-deficient microglia can be rescued by the

BAC-TREM2 transgene. Our results suggest that Trem2 level is

a rate-limiting factor in regulating the phagocytic activities of mi-

croglia in vitro. Furthermore, the rescue assay showed that

Trem2 function in regulatingmicroglia phagocytosis is preserved

and elevated in the BAC-TREM2 transgene. In summary, our

studies showed that enhanced phagocytic activity could be

another key component of reprogrammed microglial function

by BAC-TREM2 in AD mouse brains.

Upregulation of TREM2 in Microglia Reduces
Plaque-Associated Neurite Dystrophy and Ameliorates
Cognitive Deficit
Previous studies reported the presence of neurite dystrophy in

close association with Ab deposits in AD patients and mouse
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Figure 6. Increased TREM2 Gene Dosage

Upregulated Expression of Phagocytic

Markers and Enhanced Phagocytic Activity

in Microglia

(A–C) Matching cortical sections from 7-month-old

5xFAD (A) and 5xFAD/BAC-TREM2 mice (B) were

stained with CD68 (green), Iba1 (red), and ThioS

(blue). (C) Area of CD68+ labeling per plaque was

measured on z stack confocal images. n = 4 per

genotypes, *p < 0.05. Bar, 25 mm.

(D–F) Matching cortical sections from 7-month-old

5xFAD (D) and 5xFAD/BAC-TREM2 mice (E)

stained with Lgals3 (dark blue) and Congo red

(pink). (F) Number of Lgal3+ cells per plaque were

counted under a microscope by a blinded

observer. n = 3 per genotypes, ***p < 0.001. Bar,

50 mm.

(G) Phagocytosis of Alexa-488-conjugated micro-

spheres by primary microglia were measured by

flow cytometry. Phagocytic microglia were de-

tected with strong fluorescent signal in the cells.

The graph shows pooled results from 4 indepen-

dent experiments and presented as mean ± SEM,

n = 3–6 per genotypes; **p < 0.01, *p < 0.05

compared toWT; #p < 0.05 compared to Trem2+/�;
xp < 0.05 compared to Trem2�/�.
models (Masliah et al., 1996; Nixon, 2007), and this pheno-

type is exacerbated with AD risk-associated TREM2 variants

(Wang et al., 2016; Yuan et al., 2016). Our transcriptomic an-

alyses suggest that the downregulated neuronal genes may

partially be recovered in the 5xFAD/TREM2 mice. To directly

assess the plaque-associated neurite dystrophy, we per-

formed immunostaining with antibody against the N terminus

of APP, which accumulates in damaged neurites. Importantly,

our RNA-seq analyses did not show any difference in the

expression of APP transgene and endogenous murine App

between 5xFAD and 5xFAD/TREM2 mice (Figures S1C–S1D).

Our analyses showed a significant reduction of dystrophic

neurites in 5xFAD/TREM2 mice (Figures 7A–7E), which pro-

vides further evidence that increased TREM2 expression in

microglia confers a non-cell-autonomous, neuroprotective

effect in vivo.

To evaluate whether the neuroprotective phenotypes

observed in 5xFAD/TREM2 mice may correspond to a behav-

ioral improvement, we performed the contextual fear-condi-
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tioning test, a hippocampus-dependent

memory task that is compromised in

5xFAD mice (Kimura and Ohno, 2009).

Impressively, unlike the 5xFAD mice that

exhibited a robust deficit in this task,

the performance of 5xFAD/TREM2 mice

is comparable to that of WT controls

(Figure 7F). Moreover, BAC-TREM2

mice were not significantly different from

WT mice, suggesting the BAC-TREM2

transgene alone does not affect this

memory task. Thus, we conclude that

the BAC-TREM2 transgene is improving
both the neuritic pathology and cognitive performance in an

amyloid mouse model of AD.

Increased TREM2 Gene Dosage Alters Plaque-
Associated Microglia Morphology and Ameliorates
Behavioral Deficit in a Second Mouse Model of AD
To validate and extend some of the findings in 5xFAD/TREM2

mice in another amyloid mouse model of AD, we crossed

BAC-TREM2 mice with APPswe/PS1dE9 mice (APP/PS1),

another commonly used mouse model of AD (Jankowsky

et al., 2004). This model has slower onset of amyloid pathology

that affects hippocampus as well as the cortex. At 11 months of

age, we observed a marked alteration of reactive microglia

morphology surrounding the plaques (i.e., more elongated pro-

cesses) in the hippocampus of the APP/PS1;BAC-TREM2

(APP/PS1;TREM2) mice (Figures 8A–8F). There was also

marked reduction of Iba1 immunostaining in the double

transgenic mice compared to APP/PS1 mice, suggesting

altered microglial reactivity (Figures 8A–8F and S9).



Figure 7. Increased TREM2 Gene Dosage in Microglia Reduces Pla-

que-AssociatedNeuritic Pathology andAmelioratesCognitiveDeficit

(A–D) Representative images of APP-immunolabeled dystrophic neurites (red)

surrounding the plaques co-labeledwith 4G8 (purple) and thioflavin S (green) in

the cortex of 5xFAD (A and B) and 5xFAD/TREM2 (C and D) mice. Bar, 25 mm.

(E) Total volume of dystrophic neurites was quantified in the cortex of 5xFAD

and 5xFAD/TREM2 mice. n = 3 per genotype. Data are presented as mean ±

SEM, **p < 0.01.

(F) The contextual memory function of mice from the cohort of BAC-TREM23

5xFAD (n = 8–14 per genotype) was evaluated by contextual fear conditioning

and is presented as percentage of time freezing. Power analysis was per-

formed to ensure >80% confidence levels with the number of animals used.

**p < 0.01, *p < 0.05.
Similar to 5xFAD mice, APP/PS1 mice have been reported to

show deficits in contextual fear conditioning (Knafo et al.,

2009). Here, we observed that, at 11 months of age, APP/PS1

mice exhibited a robust contextual fear conditioning deficit

compared to WT mice, and this phenotype was abolished in

the APP/PS1;TREM2 mice (Figure 8G). The results suggest

that microglial expression of the BAC-TREM2 transgene repro-

grams microglial responsivity and ameliorates the disease-

associated behavioral impairment in a second ADmouse model.

DISCUSSION

Our study provides a rigorous and detailed analysis of the

phenotypic impact of increased TREM2 gene dosage, through

BAC-mediated transgenesis, on a variety of phenotypes in two

ADmouse models. We showed that TREM2 BAC can selectively

drive reporter transgene expression in microglia in the mouse
brain, and elevate human TREM2 RNA and protein expression.

In the context of AD mice, such elevated TREM2 expression

led to reduction of the amyloid plaque load and a shift of plaque

composition from the fibrillary toward more compact and inert

types. Brain transcriptomic and network analyses revealed par-

tial rescuing effects at the transcriptome-wide level in 5xFAD/

TREM2 mice. Detailed examination of known disease-associ-

ated microglial genes revealed an interesting reprogramming

of the microglial transcriptomic response in the 5xFAD/TREM2

mouse brains compared to that in 5xFAD; there is a selective

downregulation of a subset of reactive microglial genes (i.e.,

TD1) and upregulation of a second subset (TD2). Such molecular

reprogramming of microglia in the diseased brain is supported

by evidence of the number, morphology, and phagocytic marker

expression of the plaque-associated microglia in the 5xFAD/

TREM2 mice. Functional studies in vitro showed TREM2

gene-dosage increase augmented microglia phagocytic activity,

a phenotype opposite to that of Trem2 deficiency. We also

showed evidence for reduced neuritic pathology and improved

memory task in the AD models with elevated TREM2 gene

dosage. Together, our study reveals that elevated TREM2

gene dosage can mediate microglia reprogramming, reduced

neuropathology, and improved cognitive performance in AD

mouse models.

A key strength of our study is the mouse genetic construct

design, which allows us to precisely address the increase of

TREM2 gene dosage on microglial function and disease-related

phenotypes in vivo. BAC transgenes are known to drivemore ac-

curate, endogenous-like transgene expression (Gong et al.,

2002; Yang et al., 1997) and are suitable for studying the effects

of gene-dosage increase in intact animals (Yang et al., 1999). The

use of human BAC transgene allows us to study TREM2 function

in the human TREM2 genomic DNA, RNA, and protein context,

which could be relevant to investigating disease variants in vivo

(Jordan et al., 2015). We obtained strong evidence that our BAC

transgene is properly expressed in microglia cells using our

novel BAC-TREM2-GFP reporter line and showed that TREM2

is functional in complementing the Trem2 deficiency in the

in vitro phagocytosis assay (Figure 6G). An important aspect of

our BAC transgene design is the deletion of essential exons in

three other TREM-like genes on the BAC, which are known

to have important innate immunity function (Colonna, 2003;

Ford and McVicar, 2009), and may play distinct roles in AD

(Carrasquillo et al., 2017). Thus, in order to draw strong

conclusions on the role of TREM2 gene-dosage increase on

the microglial and disease phenotypes in AD mouse models,

one would have to genetically abolish the expression of TREM-

like molecules from the BAC transgene, a strategy we have

implemented in our BAC-TREM2 mice.

Another important question addressed in this study is

whether increased TREM2 gene dosage, hence its expression

levels under genomic regulation, is beneficial or harmful in the

disease process. Trem2 deficiency induces dynamic changes,

but an eventual increase in plaque and neuritic pathology

occurs (Jay et al., 2017; Wang et al., 2015, 2016; Yuan et al.,

2016). In addition to amyloid-induced pathology, two recent

studies also demonstrated that Trem2 deficiency altered reac-

tive microgliosis and proinflammantory responses of microglia
Neuron 97, 1032–1048, March 7, 2018 1043



Figure 8. Increased TREM2 Gene Dosage Alters

Plaque-Associated Microglia Morphology and

Ameliorates Behavioral Deficit in a SecondMouse

Model of AD

(A–F) Representative confocal images from 11-month-

old APP/PS1 (A–C) and APP/PS1;TREM2 (D–F) mice

stained with anti-Iba1 (green) and 6E10 (red) antibodies.

Bar, 25 mm.

(G) The contextual memory function was evaluated

by contextual fear conditioning and is presented as

percentage of time freezing. n = 14–18 per genotype,

***p < 0.001, **p < 0.01.
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in two tauopathy mouse models (Bemiller et al., 2017; Leyns

et al., 2017), which are reminiscent of those observed in the

APP models (Jay et al., 2015, 2017; Wang et al., 2015). How-

ever, its impact on tau-induced pathology remains discrepant

in these models. Since deletion of Trem2 in mice blocks the

proper activation of microglia in neurodegenerative diseases

(Keren-Shaul et al., 2017; Krasemann et al., 2017; Wang

et al., 2015), it is difficult to predict a priori whether TREM2

gene-dosage increase could broadly or subtly alter the micro-

glial transcriptome response, and what impact it would exert

on the disease process. Our study provides strong evidence

for a partial, but significant, rescuing effect of TREM2 gene-

dosage increase on the transcriptomic phenotypes, amyloid

pathology, and behavioral impairment in AD mouse models.

Our transcriptome-wide rescue/exacerbation analyses and

network analyses show unbiased evidence for partial normali-

zation of the disease-associated gene expression in the

5xFAD/TREM2 mice, with reduction of expression of microglial

and astrocyte module genes and upregulation of neuronal and

synaptic genes. The latter notion is supported by the reduction

of neuritic pathology (Figure 7) and enhancement of fear condi-

tioning (Figures 7G and 8G) in the AD mouse models. We are

cognizant of the fact that the mouse models used in the study

are only partial models of AD, but they are useful to show

the in vivo neuronal and microglial responses to the amyloid

pathology. Thus, future studies with additional AD-relevant

mouse models (e.g., Tau transgenic mice) and mouse models

of other neurodegenerative disorders will allow further evalua-

tion of the impact of TREM2 gene-dosage increase on disease

pathogenesis in vivo.

Our study shed some light on the kinetics of TREM2 level in-

crease that could be effective in exerting beneficial effects in

AD mice. Prior studies (e.g., Keren-Shaul et al., 2017; Krase-

mann et al., 2017) and our current one (Figures S1A and S1B)

showed elevated Trem2 expression occurs at relatively late dis-

ease stages. Moreover, an increase in secreted extracellular

fragment of TREM2 appears to be a CSF biomarker of disease

progression in AD (Suárez-Calvet et al., 2016). These findings

raise the question of whether elevated TREM2 during disease

pathogenesis in AD is beneficial in modulating disease progres-

sion. Our study showed that BAC-TREM2 mice have elevated

TREM2 levels as early as 2 months of age (Figures 1B and 1C

and S1). Thus, we favor a testable model that upregulation of

TREM2 levels early in the AD mouse brains, prior to the upregu-

lation of hundreds of other reactive microglial genes, may be

more effective in reprogramming the microglial responsivity to

ameliorate the disease.

A crucial question raised by our study is through what

mechanism increased TREM2 gene dosage reprograms micro-

glial responsivity, and what aspects of the reprogrammed

microglial function is crucial to the beneficial effects observed

in the BAC-TREM2-expressing AD mice. One important next

question to address is whether known TREM2 downstream

signaling molecules (e.g., DAP12 and SYK) are necessary in

TREM2 gene-dosage-dependent changes in microglial function

in the AD models (Ulrich et al., 2017). Moreover, it would be

interesting to explore whether other AD-associated genes,

especially those showing protective effects and with myeloid
cell-enriched expression (Huang et al., 2017; Sims et al.,

2017), could function in the same pathway as TREM2 in the

diseased brain. While these questions remain unresolved, our

study provides tantalizing clues to the TREM2-mediated micro-

glial reprogramming. For example, we showed several dichoto-

mous cellular and molecular phenotypes between BAC-TREM2

and Trem2-deficient microglia in mouse models of AD (Jay

et al., 2017; Ulrich et al., 2017; Yuan et al., 2016). These include

the compaction of amyloid plaques, the ramification of plaque-

associated microglial processes, the expression of certain acti-

vated microglial markers, and phagocytosis. These microglial

phenotypes may help to pinpoint the molecular function that

is rate limited by the levels of Trem2 across a broad dynamic

range, hence could be more proximal to the direct molecular

function of TREM2 in microglia in response to the brain disease

environment.

Our molecular analyses provide candidates that may under-

lie the phenotypic changes in microglia response and overall

disease phenotypes in the AD mice crossed to BAC-TREM2.

Although we cannot currently rule out that both downregulated

(TD1) and upregulated microglial genes (TD2) could both play a

role in the TREM2 gene-dosage effect in the AD mice, we favor

the latter group of genes as prime candidates to investigate. A

subset of TD2 genes show transcriptional changes that are

bidirectional in Trem2 knockout and our BAC-TREM2 mice

crossed to 5xFAD (Figure 4F), which could be transcriptional

targets that are positively regulated by TREM2 levels (or

signaling), a hypothesis that can be tested. Moreover, multiple

TD2 genes have known functions that are consistent with

Trem2 effects in myeloid cells. Lgals3 is a critical regulator of

microglia activation (Rotshenker, 2009), and it facilitates

phagocytosis (Sano et al., 2003). Interestingly, Lgals3 is shown

to be an ‘‘eat-me’’ signal linking phagocytic receptor Mertk to

its cargo (Caberoy et al., 2012). Spp1 regulates cytokine

expression and promotes microglia survival (Rabenstein

et al., 2016), a function similar to that of Trem2 (Yeh et al.,

2017). Postn is shown to be required for alternative (less

inflammatory) activation of microglia in brain tumors (Zhou

et al., 2015). The latter finding is consistent with the

enrichment in TD2 of genes for ‘‘negative regulators of T cell

activation’’ (Table S6). These molecular changes may help

to explain the overall altered reactivity of microglia in BAC-

TREM2-expressing AD mice. Future studies are needed to

investigate whether and how the new molecular candidates

as well as known TREM2 associated molecules could be

tapped to reprogram microglial responsivity upon TREM2

gene-dosage increase.

In conclusion, our study provides strong genetic evidence that

increased TREM2 gene dosage can modify microglial transcrip-

tional programs and morphological and functional responses

in the brain of AD mouse models. Such microglia molecular re-

programming led to reduced plaque load and enhanced plaque

compaction, reduced dystrophic neurites, and improved behav-

ioral outcomes. Our study supports the future pursuit of early

boosting of TREM2 levels or signaling to prevent the onset

or reduce the severity of pathological microglial response

and overall disease phenotypes in neurodegenerative diseases

including AD.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Ab (clone 6E10) BioLegend Cat# 803015; RRID: AB_2565328

Mouse monoclonal anti-Ab (4G8) BioLegend Cat# 800709; RRID: AB_2565325

Mouse monoclonal anti-Ab40 BioLegend Cat# 805401; RRID: AB_2564680

Mouse monoclonal anti-Ab42 BioLegend Cat# 805501; RRID: AB_2564683

Rabbit polyclonal anti-Amyloid Precursor

Protein C-Terminal (751-770)

Millipore Cat# 171610; RRID: AB_211444

Mouse monoclonal anti-CD68 Bio-Rad Cat# MCA1815; RRID: AB_322866

Rabbit monoclonal anti-GAPDH Cell Signaling Technology Cat# 2118; RRID: AB_561053

Rabbit polyclonal anti-GFP Thermo Fisher Cat# A-11122; RRID: AB_221569

Chicken polyclonal anti-GFP Millipore Cat# AB5541; RRID: AB_177521

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

Mouse monoclonal anti-Iba1 (clone NCNP24) Wako Cat# 016-26721

Rabbit polyclonal anti-Lgals3 Cell Signaling Technology Cat# 12733S

Sheep polyclonal anti-mouse Trem2 R&D Systems Cat# AF1729

Goat polyclonal anti-human TREM2 R&D Systems Cat# AF1828

Chemicals, Peptides, and Recombinant Proteins

Thioflavin S Sigma-Aldrich T1892

Congo Red Sigma-Aldrich 60910

Critical Commercial Assays

TruSeq RNA Library Prep Kit v2 Illumina RS-122-2001 and RS-122-2002

Deposited Data

Raw data files for RNA-seq This paper NCBI GEO: GSE104775

Track for human TREM2-specific reads This paper http://genome.ucsc.edu/cgi-bin/hgTracks?

hgS_doOtherUser=submit&hgS_otherUserName=

yueqin27&hgS_otherUserSessionName=

hTREM2T2WT_CPM_hg38_ylim15

Track for mouse Trem2-specific reads This paper http://genome.ucsc.edu/cgi-bin/hgTracks?

hgS_doOtherUser=submit&hgS_otherUserName=

yueqin27&hgS_otherUserSessionName=

mTrem2_CPM_mm10

Experimental Models: Organisms/Strains

BAC-TREM2 mice This paper N/A

BAC-TREM2-GFP mice This paper N/A

5xFAD mice The Jackson Laboratory Cat# 034840-JAX, RRID:MMRRC_034840-JAX

APPswe/PS1dE9 mice The Jackson Laboratory Cat# 034829-JAX; RRID: MMRRC_034829-JAX

Oligonucleotides

Primers for BAC modification (see Table S7) This paper N/A

Primers for real-time PCR (see Table S7) This paper N/A

Recombinant DNA

RP11-237K15 BAC BACPAC Resources Center clone: RP11-237K15

Software and Algorithms

ZEN Imaging Software Zeiss https://www.zeiss.com/microscopy/int/products/

microscope-software/zen.html

Imaris Bitplane http://www.bitplane.com/imaris

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ImageJ NIH https://imagej.nih.gov/ij/index.html

Prism Graphpad https://www.graphpad.com/scientific-software/prism/

STAR aligner Dobin et al., 2013 https://github.com/alexdobin/STAR

HTSeq Anders et al., 2015 http://htseq.readthedocs.io/en/release_0.9.1/

R, version 3.4.1 R Foundation for Statistical

Computing

https://www.r-project.org/

DESeq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

WGCNA Langfelder and Horvath, 2008 https://labs.genetics.ucla.edu/horvath/htdocs/

CoexpressionNetwork/Rpackages/WGCNA/

anRichment Peter Langfelder, Jeremy A. Miller,

and Steve Horvath

https://labs.genetics.ucla.edu/horvath/htdocs/

CoexpressionNetwork/GeneAnnotation/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to and will be fulfilled by Lead Contact X. William Yang (xwyang@

mednet.ucla.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of BAC Transgenic Mice
RP11-237K15 BAC contains the human TREM2 gene, as well as surrounding TREML1, TREML2, and TREML4 genes. The fidelity of

the TREM2 gene was confirmed with Sanger sequencing of PCR products covering the entirety of the gene. TREML1, TREML2, and

TREML4 genes were deleted with 4 sequential modification steps using RecA-based shuttle vector plasmids described previously

(Yang et al., 1997; Gong et al., 2002; Gong and Yang, 2005; see Table S6). Exons 1-3 with proximal promoter region were deleted

from TREML4, excising a majority of the protein coding sequence. Due to concern for a downstream in-frame ATG site in TREML1,

Exons 5-6 were deleted along with exons 1-2 and the proximal promoter region, abolishing 80% of TREML1’s protein-coding

sequences. For TREML2, exon 2-3 were deleted, resulting in a frameshift and early stop site in exon 4. All the BAC modification

products were confirmed using established methods (e.g., PCR, restriction mapping, etc; Gong and Yang, 2005). TREM2-GFP

BAC was modified from TREM2 BAC by introducing the EGFP sequence to the 30 end of TREM2 before the stop codon with the

methods described above. The modified BAC DNA was prepared according to our published protocols and microinjected into

FvB fertilized oocytes. BAC-TREM2 and BAC-TREM2-GFP mice were maintained in the FvB/NJ background.

Animal breeding and husbandry
5xFAD andAPPswe/PS1dE9micewere purchased from the Jackson Laboratory (MMRRC) and crossed to BAC-TREM2mice in FvB/

NJ inbred background. Thus, all genotypes of mice used in the current study were generated and analyzed in the F1 hybrid back-

ground (C56BL6J;FvB/NJ F1), which is suitable for phenotypic study of genetically engineered mutant mice (Silva et al., 1997).

Animals were housed in standard mouse cages under conventional laboratory conditions, with constant temperature and humidity,

12h/12h light/dark cycle and food andwater ad libitum. All animal studieswere carried out in strict accordancewith National Institutes

of Health guidelines and approved by the UCLA Institutional Animal Care and Use Committees. Matched number of mice in both

genders were used in the study. Age and the number (n) of mice used are as indicated in the individual experiments and figures.

METHOD DETAILS

Tissue collection and sample preparation
Micewere anesthetized with pentobarbital and perfusedwith ice-cold PBS. Brains were bisected. The right hemispheres were imme-

diately submerged in ice-cold DEPC/PBS and cortices and hippocampi were carefully dissected out under a dissection microscope.

Dissected tissues were snap frozen in dry ice and stored in �80�C before further processing. The left hemispheres were fixed in 4%

PFA/PBS overnight followed by submergence in 30% sucrose before freezing. Coronal sections (40 mm) were obtained using a cryo-

stat and stored in cryopreserve solution at �20�C.
For preparing the samples for RNA sequencing and biochemistry, dissected brain tissues were homogenized and aliquoted as

described previously (Cramer et al., 2012). In brief, cortical and hippocampal tissues from one hemisphere were homogenized

in tissue homogenization buffer (250 mM sucrose, 20 mM Tris at pH 7.4, 1 mM EDTA, and 1 mM EGTA in DEPC-treated water)

and centrifuged at 5000 x g for 10 min at 4�C. Supernatants were aliquoted and stored at �80�C.
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Ab ELISA
Homogenates of cortical samples were subjected to sequential extraction using DEA (0.4% diethylamine in 100 mM NaCl) and FA

(formic acid, > 95%) solutions as described previously (Cramer et al., 2012). Concentration of soluble (DEA) and insoluble (FA) Ab

fractions were measured by ELISA using anti-Ab1-16 (6E10) as a capturing antibody. Specific Ab species were detected by

anti-Ab40-HRP and anti-Ab42-HRP antibodies with chromogenic substrate TMB (ThermoFisher). Absorbance at 650 nm was read

on a Spectramax colorimetric plate reader (Molecular Devices).

Immunohistochemistry and image analysis
Coronal sectionswereblocked in theblockingbuffer (3%BSA, 2%normal goat serumand0.3%TritonX-100 inPBS) for 1 hour at room

temperature and then incubatedwith primary antibodies at 4�C overnight. Incubation in secondary antibodies was performed for 2h at

room temperature beforemounting on slideswith ProlongDiamond anti-fademountant (ThermoFisher). Abplaqueswere visualized by

ThioS and Congo Red staining or by immunostaining using anti-Ab antibodies 6E10 and 4G8. For plaque number and categorization,

3 matched coronal sections/mouse spacing out across 1 mm (0.5 mm apart) were stained with 6E10 and ThioS. Z stack 20x images

covering 30 mm thickness were taken on Zeiss LSM510 confocal microscope and analyzed using ImageJ. Pixels with < 1% of max in-

tensity were discarded as background and were not counted as a part of the plaque. All images were preprocessed using the same

threshold setting prior to analysis. For microglial morphology, Z stack 63x images of 50-55 overlapping optical slices aligned along

the center of the plaques were collected from matched cortical regions. More than 12 plaques per genotype from 3 gender matched

animals were taken. Morphology of all plaque-associated microglia in the images was analyzed using the FilamentTracer feature

in Imaris 9.0 (Bitplane). For analyzing dystrophic neurites, Z stack images were acquired from each section using a Zeiss confocal

microscope (LSM 710) with 40x oil lens. The volume of dystrophic neurites in each section were quantified by Imaris and normalized

to the number of plaques in the field. The image acquisition and quantification described above were performed in a blinded manner.

RNA purification and mRNA sequencing
Total RNA was extracted using RNeasy kit (QIAGEN). Library preparation and RNA sequencing were performed by the UCLA Neuro-

science Genomics Core (UNGC). Libraries were prepared using the Illumina TruSeq RNA Library Prep Kit v2 and sequenced on an

Illumina HiSeq4000 sequencer using strand-specific, paired-end, 69-mer sequencing protocol to aminimum read depth of 30million

reads per sample. Readswere aligned tomouse genomemm10 using the STAR aligner (Dobin et al., 2013) with default settings. Read

counts for individual genes were obtained using HTSeq.

Human-specific TREM2 reads were obtained by aligning to the human reference genome (build GRCh38) reads that failed to align

to themouse genome (build mm10). Mouse-specific Trem2 reads were obtained in similar way. Mapped reads were quantified by the

htseq-count tool (Anders et al., 2015). TREM2 counts were divided by the library size per million to determine the counts per million

(CPM) TREM2 level. Homer (Heinz et al., 2010) makeTagDirectory (parameters: -format sam -flip -sspe) and makeUCSCfile (param-

eters: -fragLength given -o auto -raw) functions, bedtools (Quinlan and Hall, 2010) and bedGraphToBigWig tools were used to create

CPM bigwig tracks for visualization onto the UCSC genome browser. Read coverage at the TREM2 locus are available in a custom

UCSC genome browser track: http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=

yueqin27&hgS_otherUserSessionName=hTREM2T2WT_CPM_hg38_ylim15. Read coverage at the murine Trem2 locus is available

at http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=yueqin27&hgS_otherUserSessionName=

mTrem2_CPM_mm10.

Differential expression analysis
For outlier removal and for network analysis using WGCNA, we retained mRNA profiles whose observed counts are 5 or more in

at least one-quarter of the samples and transformed the raw counts using variance stabilization. Outlier samples were removed

as described (Oldham et al., 2012), using the Euclidean distance-based sample connectivity Z.k threshold of �6. This procedure

resulted in the removal of a single sample (7 month old, female 5xFAD).

For DE testing and network analysis, we used individual observation weights constructed as follows. Tukey bi-square-like

weights l (Wilcox 2012) are calculated for each (variance-stabilized) observation x, as

l=
�
1� u2

�2
;

where u=minð1; jx �m j =ð9MADÞÞ; and m and MAD are median and median absolute deviation of the observations of the gene.

For each gene,MAD is adjusted such that (1) 10th percentile of the weights l is at least 0.1 (that is, the proportion of observations

with coefficients < 0.1 is less than 10%) (Langfelder and Horvath 2012) and (2) for each individual time point and genotype,

40th percentile of the weights l is at least 0.9 (that is, at least 40% of the observation have a high coefficient of at least 0.9).

DE testing was carried out in R using package DESeq2 (Love et al., 2014) version 1.16.1.

DESeq2 models observed counts using Negative Binomial General Linear Models with dispersion estimated from data. Wald test

was used to for significance calculations, and independent filtering was disabled. For differential expression testing between geno-

types, sex was used as a covariate. Genotype-sex interactions were tested using models with genotype3 sex terms (with genotype

and sex turned into binary indicator variables).
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For each genotype contrast or interaction, DE tests result in gene-wise Z statistics (fold changes divided by their standard errors). A

‘‘rescue/exacerbation’’ plot assesses overall similarity of genome-wide effects of two genotype contrasts using a scatterplot of their

gene-wise DE Z statistics. A positive linear trend (correlation) indicates that the effects of the two genotype contrasts are broadly

similar, whereas a negative correlation indicates broadly opposing effects. Although other measures are possible, the correlation

value can be used as a measure of similarity.

Consensus Weighted Gene Co-expression Network Analysis
We carried out Consensus Weighted Gene Co-expression Network Analysis (WGCNA) essentially as described previously (Lang-

felder and Horvath, 2007, 2008). Since the experimental design contains two variables of interest (age and genotype) with strong ef-

fects on expression, we carried out a consensus network analysis (Langfelder and Horvath, 2007) of two datasets: data from WT,

5xFAD and 5xFAD/TREM2 genotypes at 2, 4, and 7 months, and data from the same genotypes at 4 and 7 months adjusted for

age. The rationale is that a consensus analysis identifies modules that group together genes correlated in both datasets, i.e., both

with respect to time point as well as genotype. We left the TREM2 genotype out of the network analysis since it is overall not different

fromWTandwewanted to focus the network analysis on the effects of BAC-TREM2 in the 5xFAD background (5xFAD versus 5xFAD/

TREM2). We used weighted correlation with individual sample weights determined as described above and the ‘‘signed hybrid’’

network in which negatively correlated genes are considered unconnected.

This analysis identified 28 co-expression modules ranging from 52 to 1767 genes per module (Table S4; Figure S4). Since genes in

each module are co-expressed, it is advantageous to represent each module by a single representative expression profile (i.e., the

module eigengene, which explains most of the variance of the module genes) (Horvath and Dong, 2008). Eigengenes were tested for

DE between genotypes using standard linear models with sex as a covariate. Module eigengenes allow one to define a continuous

(‘‘fuzzy’’) measure of membership of all genes in all modules (Horvath and Dong, 2008, Langfelder et al., 2016). Genes with high fuzzy

module memberhsip in a module are called intramodular hub genes for the module.

Gene Set Enrichment Calculations
We used the freely available, open source R package anRichment (https://labs.genetics.ucla.edu/horvath/htdocs/

CoexpressionNetwork/GeneAnnotation/) to calculate the enrichment of DE genes and WGCNA modules in a large collection

of reference gene sets that includes Gene Ontology (GO) terms, KEGG pathways, literature gene sets collected in the

userListEnrichment R function (Miller et al., 2011), Molecular Signatures Database gene sets (Subramanian et al., 2005), aging

gene sets from Enrichr (Chen et al., 2013) and other gene sets. In particular, we collected microglia-relevant gene sets from several

recent articles (Butovsky et al., 2014, Wang et al., 2015, Gokce et al., 2016, Galatro et al., 2017, Krasemann et al., 2017, Keren-Shaul

et al., 2017). Fisher exact test was used to evaluate overlap significance.

Primary Microglial Culture and phagocytosis assay
Primary microglia were isolated from the brains of neonatal mice at postnatal days 2-3 using a mild trypsinization protocol as

previously described (Lee et al., 2012). For phagocytosis assay, purified microglia were maintained in DMEM/F-12 (ThermoFisher)

containing 2% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin plated at a density of 250,000 cells/well

in 24-well plates for 3-5 days before further experiments. The culture media was replenished with serum-free DMEM/F12 overnight.

Cells were incubated with BSA (0.5 mg/ml in PBS)-preblocked microsphere (1 mm, Alexa 488-conjugated; ThermoFisher) for 30 min,

followed by extensive washing with PBS and fixation with 4% paraformaldedyde. After fixation, cells were washed with PBS and

collected for analysis using an LSR II flow cytometer (BD Biosciences).

Behavioral tests
Open-field exploration tests were performed for WT and BAC-TREM2 mice at 10 months of age (n = 11 per genotype, with matched

gender ratio) using our established protocols (Wang et al., 2014). Open-field testing was performed during the dark phase of the

12h/12h light-dark cycle.

Contextual fear conditioning test was performed with minor adjustment as describe previously (Curzon et al., 2009) and conducted

in the Behavioral Testing Core (BTC) at UCLA. In brief, mice were handled daily for a week prior to the behavior test. In the training

phase, mice were placed individually in the conditioning chamber to explore the environment freely for 2 min before the first

unconditioned stimulus (US: 0.75 mA, 2 s) was delivered. The animals were exposed to 2 US’s with an intertrial interval of 3 min. After

the last shock, the mice were left in the chamber for another 1 min and then placed back in their home cages. Retention tests were

performed 24 hours later. Each mouse was returned to the same chamber for measuring the percent of time frozen and number of

freezes. No shocks are given during the test session. Both training and testing procedures were videotaped and the freezing behavior

was measured by an automated tracking system (Med Associates).

Slice preparation and electrophysiology
Hippocampal slices were prepared as previously reported (Ferando et al., 2016). Briefly, mice were anesthetized with isoflurane

and decapitated following UCLA Chancellor’s Animal Research Committee protocol. Coronal slices 350 mm thick were cut on

a Leica VT1000S vibratome in N-methyl-d-glucamine (NMDG)-based HEPES-buffered solution, containing, in mM: 135 NMDG,
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10 D-glucose, 4 MgCl2, 0.5 CaCl2, 1 KCl, 1.2 KH2PO4, 20 HEPES, 27 sucrose, 3 kynurenic acid. Slices were incubated at 34�C in an

interface chamber in a reduced sodium artificial CSF (aCSF), containing, in mM: 85 NaCl, 25 D-glucose, 55 sucrose, 2.5 KCl, 1.25

NaH2PO4, 0.5 CaCl2, 4 MgCl2, 26 NaHCO3. Low-sodium aCSF was substituted for normal aCSF (naCSF) at room temperature, con-

taining, in mM: 126 NaCl, 10 D-glucose, 2 MgCl2, 2 CaCl2, 2.5 KCl, 1.25 NaH2PO4, 1.5 sodium pyruvate, 1 L-glutamine, 26 NaHCO3.

pH for all solutions = 7.3 - 7.4. Recordings were done in an interface chamber at 35�C perfused with naCSF. The Schaffer collateral

pathway was stimulated every 30 s with two pulses, 50 ms apart. LTP was induced by stimulating the Schaffer collaterals with twice

the duration of baseline stimuli with a theta burst stimulation (TBS) repeated twice, 30 s apart (4 pulses, 100 s�1 repeated 20 times

every 350ms). Evoked fEPSPs were recorded in CA1 stratum radiatum (SR) with the use of a patch pipette (3 - 5 MU resistance) filled

with naCSF connected to the headstage of an amplifier (A-M Systems Inc., model 3000) where it was bandpass filtered between 0.1

and 1,000 Hz. The signal was fed through an instrumentation amplifier (Brownlee BP Precision, model 210A) and sampled at 10,000

100 s�1 with a National Instruments A/D board. Field potentials were recorded using EVAN (custom-designed LabView-based soft-

ware from Thotec) and analyzed with a custom written procedure (Wavemetrics, IGOR Pro 6.22A). The slope of the fEPSPs was

measured during a 0.5 - 1.0 ms window of their steepest rising phase. Presence or absence of an LTP at 40 minutes was determined

as previously described (Ferando et al., 2016) and recordings in which LTP was not induced were not included in the overall LTP

averages. The fraction of slices exhibiting no LTP was not different among groups (Chi-square with Yates’ correction = 0.6994;

p = 0.4030).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
Statistics for transcriptomic analyses were described as above. Other quantitative results, unless otherwise specified, were analyzed

using one-way ANOVA with Tukey’s post-hoc analysis or unpaired t test to determine the p value. Morphological and behavioral

studies were subjected to Power analysis to determine the biological replicates (n) needed to reach > 80% confidence level. n for

individual experiments could be found in the results and figure legends.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is GEO: GSE104775. The links to the tracks for human andmouse

TREM2-specific reads are listed in the Key Resources Table.
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