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Brief Definit ive Report

It has historically been debated whether in-

�ammation plays an active role in Alzheimer’s 

disease (AD) pathogenesis or is ancillary to 

other AD pathologies (Wyss-Coray, 2006). How-

ever, recent genome-wide association studies 

linked polymorphisms in in�ammation-related 

genes to increased AD risk, supporting the con-

clusion that in�ammation can be a causative 

factor in disease pathology (Karch and Goate, 

2015). Notably, variants of the immune cell–

speci�c triggering receptor expressed on myeloid cells 

2 (TREM2) confer dramatically elevated risk 

for developing AD (R. Guerreiro et al., 2013; 

Jonsson et al., 2013). TREM2 variants are also 

the genetic basis of Nasu-Hakola disease (Bird 

et al., 1983) and confer increased risk for fron-

totemporal dementia (FTD; R.J. Guerreiro et al., 

2013), Parkinson’s disease (Rayaprolu et al., 

2013), and amyotrophic lateral sclerosis (Cady 

et al., 2014). These data suggest that TREM2 

may serve a common function that modi�es 

risk for neurodegenerative disorders.

TREM2 is an important modulator of  

immune cell function. In the brain, the TREM2 

receptor is expressed exclusively by myeloid 

cells (Colonna, 2003). TREM2, along with  

its obligate intracellular adaptor DAP12, was  

identi�ed as a hub gene in systems biology 

analyses in AD (Forabosco et al., 2013; Zhang 

et al., 2013), highlighting the central impor-

tance of these myeloid cell signaling elements 
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Variants in triggering receptor expressed on myeloid cells 2 (TREM2) confer high risk for 

Alzheimer’s disease (AD) and other neurodegenerative diseases. However, the cell types and 

mechanisms underlying TREM2’s involvement in neurodegeneration remain to be estab-

lished. Here, we report that TREM2 is up-regulated on myeloid cells surrounding amyloid 

deposits in AD mouse models and human AD tissue. TREM2 was detected on CD45hiLy6C+ 

myeloid cells, but not on P2RY12+ parenchymal microglia. In AD mice de�cient for TREM2, 

the CD45hiLy6C+ macrophages are virtually eliminated, resulting in reduced in�ammation 

and ameliorated amyloid and tau pathologies. These data suggest a functionally important 

role for TREM2+ macrophages in AD pathogenesis and an unexpected, detrimental role of 

TREM2 in AD pathology. These �ndings have direct implications for future development of 

TREM2-targeted therapeutics.

© 2015 Jay et al. This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the �rst six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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RESULTS AND DISCUSSION
TREM2-expressing myeloid cells associate  
with  amyloid (A) deposits
We de�ned the cellular localization and kinetics of TREM2 

expression in tissues from two transgenic AD mouse models that 

exhibit age-related A plaque deposition. TREM2 immuno-

histochemistry (IHC) revealed an age-dependent increase in 

TREM2-expressing cells around Congo red–positive plaques 

in both APPPS1 and 5XFAD mice (Fig. 1, f–m). We observed 

similar expression patterns in two neuropathologically con-

�rmed AD cases (Fig. 1, n–q). Despite reports of TREM2 ex-

pression in microglia (Frank et al., 2008; Hickman et al., 2013), 

we did not detect TREM2 staining in nontransgenic mice 

(Fig. 1, b–e) or in nonplaque-associated cells (Fig. 1 o and see 

Fig. 4 l). Thus, TREM2 is expressed in parenchymal microglia  

in neurodegeneration. In vitro, TREM2 promotes phagocytosis, 

suppresses toll-like receptor–induced in�ammatory cytokine  

production and enhances antiin�ammatory cytokine tran-

scription (Neumann and Takahashi, 2007; Paradowska-

Gorycka and Jurkowska, 2013). In contrast, Trem2/ mice 

have less in�ammation and enhanced phagocytosis in models 

of stroke and lung infection (Sieber et al., 2013; Sharif et al., 

2014). These �ndings suggest that the role of TREM2 in 

modulating in�ammation may be more complex than previ-

ously appreciated and may be dependent on the cell type in 

which it is expressed and the in�ammatory context in which 

it is studied. In the AD brain, the role of TREM2 is poorly 

understood. In this study, we identify disease-relevant cell 

types that express TREM2 and examine the e�ects of loss of 

TREM2 function on AD pathologies.

Figure 1. TREM2 expression is increased 
around A plaques. (a) A novel Trem2 

knockout with a LacZ reporter under the 

control of the Trem2 promoter was gener-

ated. (b–m) TREM2 IHC was performed in WT 

mice at 2 (b), 4 (c), 6 (d), and 12 mo (e) of 

age, in APPPS1 mice at 2 (f), 4 (g), 6 (h), and 

12 mo (i) of age, and in 5XFAD mice at 2 (j), 

4 (k), 6 (l), and 8 mo (m) of age (n = 4–5). 

Insets show Congo red costaining with ar-

rows indicating plaques. (n–q) TREM2 was 

also observed around plaques (n, p, and q) 

but not in regions lacking A deposition  

(o) in human AD cases (n = 2). Arrows point 

to Congo red–positive plaques. (r) TREM2 

immunoreactivity was not observed in 

APPPS1;Trem2/ mice (n = 7). Insets show 

Congo red costaining with arrows indicating 

plaques. (s and t) TREM2 expression was also 

assessed by qRT-PCR (s; two-way ANOVA, 

age P = 0.083, genotype P = 0.0036, inter-

action P = 0.185; Bonferroni-corrected Stu-

dent’s t tests shown; n = 6–8 per group) and 

Western blot (t; n = 2–3). Arrowhead indi-

cates position of TREM2-speci�c band. Error 

bars indicate SEM. *, P < 0.05. At least three 

independent experiments were performed 

for all analyses. Bars, 100 µm (bars in b and 

n apply to b–p and r).
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the e�ect size previously observed in APPPS1;Trem2+/ 

mice (Ulrich et al., 2014). Cells expressing high levels of the 

peripheral monocyte marker Ly6C (Fig. 4 d) and CD45 

(Fig. 4 g) are exclusively associated with Congo red–positive 

plaques in AD mouse models and in human AD tissue (Fig. 4 f), 

whereas TREM2-de�cient animals revealed a near absence 

of plaque-associated CD45+Ly6C+ macrophages (Fig. 4,  

e and h). Consistent with these data, transcript levels of  

the myeloid cell markers CD11b, CD68, F4/80, and CD45 

were all significantly decreased in brain lysates from 

APPPS1;Trem2/ animals compared with APPPS1;Trem2+/+ 

controls (Fig. 4 m). Interestingly, P2RY12, a purinergic  

receptor selectively expressed in microglia (Hickman et al., 

at levels below the limit of detection using IHC. TREM2  

antibody speci�city was con�rmed in APPPS1;Trem2/ mice 

(Fig. 1 r). TREM2 RNA (Fig. 1 s) and protein (Fig. 1 t) analyses 

con�rmed an age-dependent increase in TREM2 expression 

in the brains of AD mice.

We next wanted to assess the cellular localization of TREM2. 

We demonstrated that TREM2 transcripts colocalized with 

plaque-associated Iba1+ myeloid cells in APP/PS1 mice using  

in situ hybridization (Fig. 2 a). This was con�rmed in mice in 

which exons 2–4 of the Trem2 gene were replaced with LacZ 

(Fig. 1 a) as a reporter for TREM2 gene expression (Fig. 1 a). 

X-gal staining in APPPS1;Trem2LacZ/+ mice visualized LacZ ex-

pression in Iba1+ cells around A deposits (Fig. 2 b). Triple �uor-

escent IHC con�rmed that TREM2 protein colocalized with 

plaque-associated Iba1+ cells (Fig. 2 c), but not with markers of 

reactive astrocytes (GFAP, Fig. 2 d), neurons (MAP2, Fig. 2 e), 

oligodendrocytes (MBP, Fig. 2 f), or with parenchymal Iba1+ 

cells that were not associated with plaques (see Fig. 4 l). Collec-

tively, these results demonstrate that TREM2 is selectively  

up-regulated by myeloid cells surrounding A deposits.

TREM2+ plaque–associated myeloid cells express markers 
characteristic of monocyte-derived macrophages
The identity of TREM2-expressing cells in AD mouse mod-

els was further examined using �ow cytometry. The myeloid 

cell population was selected using CD11b (Fig. 3 a). Although 

there is no universally accepted marker to de�nitively distin-

guish macrophages derived from microglia and those derived 

from in�ltrating monocytes, di�erences in levels of CD45 ex-

pression have been used extensively in �ow cytometry to dis-

tinguish these two cell populations (Sedgwick et al., 1991; 

Chiu et al., 2013; Hickman et al., 2013; Butovsky et al., 2014). 

In these studies, CD45hi was used to identify cells that origi-

nate from bone marrow–derived monocytes, whereas CD45lo 

identi�ed resident microglia. We found that CD11b+TREM2+ 

cells were exclusively CD45hi (Fig. 3 c). There was also a  

striking age-dependent increase in the percentage of brain 

TREM2+CD11b+CD45hi cells in two di�erent AD mouse 

models (Fig. 3, d and e), whereas TREM2 expression by 

CD11b+CD45lo cells did not di�er from that seen in wild-type 

mice at any time point. TREM2+ cells were also uniformly 

F4/80+, con�rming their macrophage lineage (Fig. 3 f). TREM2 

antibody speci�city was validated in APPPS1;Trem2/ mice 

(Fig. 3, g and h). Collectively, these results show that the 

TREM2+ macrophages that surround the A deposits in  

the transgenic mouse models of AD are CD45hi, a canonical 

marker of peripherally derived macrophages.

TREM2-de�cient mice have reduced  
A plaque–associated macrophages
To determine the role of TREM2 in AD-like pathology, 

APPPS1 mice were crossed with Trem2/ mice (Fig. 1 a). 

Although APPPS1;Trem2+/+ mice exhibit robust accumu-

lation of Iba1+ myeloid cells around plaques (Fig. 4 a), 

APPPS1;Trem2/ mice have a �vefold decrease in plaque-

associated Iba1+ cells (Fig. 4, b and c), approximately twice 

Figure 2. TREM2 is expressed in plaque-associated myeloid cells. 
(a) In situ hybridization with TREM2 probes colocalized with Iba1 (n = 2). 

(b) X-gal staining of brain tissue from 4-mo-old APPPS1;Trem2LacZ/+ mice 

colocalized with �uorescent IHC for Iba1 and 6E10 (n = 3). (c–f) Confocal 

microscopy was used to assess TREM2 colocalization with 6E10+ plaque-

associated myeloid cells (c; Iba1), astrocytes (d; GFAP), neurons (e; MAP2), 

or oligodendrocytes (f; MBP; n = 8). At least two independent experiments 

were performed for all analyses. Bars: (a) 20 µm; (b–f) 50 µm.
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de�ciency reduces transcripts for two cardinal in�ammatory 

mediators and increases transcripts for selected antiin�amma-

tory markers.

TREM2 de�ciency reduces hippocampal A deposition
Given that TREM2 de�ciency had robust e�ects on macro-

phage accumulation and neuroin�ammation, factors associated 

with A deposition, we assessed resultant changes in amyloid 

pathology in these mice. At 4 mo of age, APPPS1;Trem2/ 

mice displayed signi�cantly reduced 6E10 area in the hippo-

campus (Fig. 5, a and c), as well as other brain regions includ-

ing the olfactory bulb and thalamus (not depicted), compared 

with APPPS1;Trem2+/+ controls. Interestingly, the e�ect of 

TREM2 de�ciency on amyloid accumulation was not con-

sistent across brain regions, as we observed only modest, non-

signi�cant e�ects in the cortex (Fig. 5, a and c) and brainstem  

(not depicted). Thio�avin S staining of dense core plaques  

revealed similar results (Fig. 5, b and d). Although the  

mechanism underlying this region speci�city requires further 

investigation, similar e�ects have been observed in other con-

texts (Riddell et al., 2007). The histological results were con-

�rmed by Western blot analysis (Fig. 5 e), which indicated no 

signi�cant changes in APP (Fig. 5 f) but lower A levels in 

APPPS1;Trem2/ mice (Fig. 5 g). To assess which A spe-

cies were a�ected by TREM2 de�ciency, we performed 

ELISAs on brain lysates. These results demonstrated reduced 

levels of insoluble A42 (Fig. 5 h) and trends toward a  

reduction in soluble A42 (Fig. 5 h) and soluble and insolu-

ble A40 (Fig. 5 i) in APPPS1;Trem2/ mice compared 

with APPPS1;Trem2+/+ mice. These data demonstrate that  

TREM2 de�ciency ameliorates amyloid pathology in a region- 

speci�c manner.

TREM2 de�ciency reduces astrocytosis and microtubule-
associated protein  (MAPT) pathology
In addition to amyloid deposition, APPPS1 mice also exhibit 

astrocytosis and accumulation of hyperphosphorylated MAPT  

in dystrophic neurites around amyloid plaques. We examined 

the e�ects of TREM2 de�ciency on these pathological hall-

marks. TREM2-de�cient APPPS1 mice had decreased num-

bers of GFAP immunoreactive astrocytes around A deposits 

(Fig. 6, a–c) and a corresponding decrease in GFAP mRNA 

(Fig. 6 f). Additionally, there was a dramatic reduction in 

phosphorylated MAPT staining associated with A deposits in 

APPPS1;Trem2/ mice when compared with APPPS1;Trem2+/+ 

controls, as detected with AT8 (Fig. 6, d and e) and AT180 

(Fig. 6, g–i) antibodies. Further investigation will be required 

to determine whether these changes in MAPT phosphoryla-

tion are a result of reduced amyloid deposition or whether 

they are regulated independently in this context. However, 

TREM2 de�ciency not only ameliorated amyloid pathology 

but also reduced reactive astrocyte accumulation and MAPT 

hyperphosphorylation.

In this study, we demonstrated several surprising results 

regarding the expression and function of TREM2 in AD. 

First, we found that TREM2+ cells in AD mouse models 

2013; Butovsky et al., 2014), was expressed by parenchymal, 

nonplaque-associated cells in APPPS1;Trem2+/+ mice (Fig. 4 j) 

and in human AD tissue (Fig. 4 i), in contrast to CD45 and 

TREM2 (Fig. 4 l). Unlike the CD45+Ly6C+ cells, the 

P2RY12+ cells were not eliminated in TREM2-de�cient 

mice (Fig. 4 k), and there was no change in P2RY12 RNA 

in APPPS1;Trem2/ mice compared with APPPS1;Trem2+/+ 

controls (Fig. 4 m). Collectively, these results demonstrate a 

dramatic reduction in A plaque–associated CD45+Ly6C+ 

macrophages, but not in parenchymal P2RY12+ microglia  

in TREM2-de�cient mice.

TREM2 de�ciency reduces neuroin�ammation
Because plaque-associated myeloid cells have been shown to 

play an important role in modulating neuroin�ammation in 

AD (Akiyama et al., 2000), we assessed in�ammatory markers 

in APPPS1 mice lacking TREM2. Transcript levels of in-

�ammatory cytokines IL-1 and IL-6 were reduced (Fig. 4 n), 

whereas antiin�ammatory markers chitinase-like 3/Ym1 and 

resistin B–like/Fizz1 were substantially increased in TREM2- 

de�cient animals (Fig. 4 o). These data show that TREM2 

Figure 3. TREM2 is speci�cally expressed on CD11b+CD45hiF4/80+ 
macrophages in AD mice. (a and b) Isolated brain myeloid cells were 

gated on CD11b (a) and divided into CD45lo and CD45hi populations (b). 

(c and f) TREM2+ cells were exclusively CD45hi (c) and F4/80+ (f; n = 41). 

(d and e) TREM2 expression was quanti�ed on CD45lo and CD45hi popula-

tions in APPPS1 mice (d; two-way ANOVA, age P < 0.0001; genotype/cell 

type P < 0.0001, interaction P < 0.0001; Bonferroni-corrected Student’s  

t tests shown; n = 2–8), 5XFAD mice (e; two-way ANOVA, age P = 0.025, 

genotype/cell type P < 0.0001, interaction P = 0.0003; Bonferroni-corrected 

Student’s t tests shown; n = 5–9), and WT controls (d and e; n = 4–14). 

Error bars indicate SEM. **, P < 0.01; ***, P < 0.001. (g and h) Flow cytom-

etry on APPPS1;Trem2/ mice (g) revealed a lack of TREM2+ cells com-

pared with APPPS1;Trem2+/+ mice (h; n = 7). At least two independent 

experiments were performed for all analyses.
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If TREM2+ cells are derived from the periphery, as their 

marker expression would suggest, then TREM2 de�ciency 

could result in the striking reduction in macrophage accumu-

lation observed in this study through several mechanisms: 

impaired transmigration of TREM2-negative cells across the 

blood–brain barrier or alterations directly to the brain vascu-

lature that alter cell tra�cking, reduced chemotaxis of TREM2- 

de�cient cells to parenchymal A deposits, or shortened 

survival of these cells within the CNS. An alternative inter-

pretation of the data in this study is that TREM2 is necessary 

for large-scale changes in microglial phenotype, including the 

up-regulation of CD45 and Ly6C and coincident down- 

regulation of P2RY12. In this case, TREM2 de�ciency could 

expressed high levels of CD45 and Ly6C, canonical markers 

of macrophages derived from peripheral monocytes. The 

potential role of peripherally derived macrophages in AD 

has been controversial (Prinz and Priller, 2014), but it is 

well accepted that CD45hiLy6C+CCR2+ monocytes enter 

the central nervous system (CNS) and modulate pathology 

in other disease contexts (Mildner et al., 2011). Although 

our experiments identify a marker signature on TREM2+ 

cells consistent with this peripherally derived population, 

further investigation will be required to conclusively dem-

onstrate the functional relevance of peripherally derived cells 

in AD and the ontogeny of the TREM2+ cell population in 

the AD brain.

Figure 4. Plaque-associated myeloid cells are reduced 
in TREM2-de�cient mice. (a–c) Confocal microscopy was 

used to examine Iba1 and 6E10 expression in 4-mo-old 

APPPS1;Trem2/ mice (b) and APPPS1;Trem2+/+ controls 

(a; quanti�ed in c). (d and e) IHC and Congo red costaining 

(arrows) was performed for Ly6C in APPPS1;Trem2+/+ mice 

(d) and APPPS1;Trem2/ animals (e). (a, b, d, and e) Insets 

show higher-magni�cation images. (f–h) CD45 and Congo 

red staining (arrows) was performed in human AD tissue  

(f; n = 2), APPPS1;Trem2+/+ mice (g), and APPPS1;Trem2/ 

mice (h). (i–k) P2RY12 and Congo red staining (arrows) was 

performed in human AD tissue (i; n = 2), APPPS1;Trem2+/+ 

mice (j), and APPPS1;Trem2/ animals (k). (l) TREM2 colo-

calized with CD45 but not P2RY12. (m–o) qRT-PCR was 

performed on whole brain lysates to examine transcript 

levels of myeloid cell markers (m), proin�ammatory cyto-

kines (n), and antiin�ammatory markers (o). All experiments 

used n = 7–8 mice per group unless otherwise noted, and 

at least two independent experiments were performed for 

all analyses. Error bars indicate SEM. *, P < 0.05; **, P < 

0.01; ***, P < 0.001. Bars: (a and b) 50 µm; (d–l) 20 µm.
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a change within the putative ligand-binding domain of TREM2, 

and alterations of its surface tra�cking and function were less 

dramatic than the FTD variants (Kleinberger et al., 2014). 

Thus, it is possible that this variant could confer both loss- and 

gain-of-function phenotypes, which would be consistent with 

our �ndings. Going forward, it will be important to generate 

mice with knock-in TREM2 risk alleles to asses this possibility.

Although TREM2 has perhaps received the most attention 

for the high risk it confers for developing AD, TREM2 vari-

ants also confer risk for developing other neurodegenerative 

diseases, including FTD, amyotrophic lateral sclerosis, and  

Parkinson’s disease (R.J. Guerreiro et al., 2013; Rayaprolu et al.,  

2013; Borroni et al., 2014; Cady et al., 2014). Thus, it is plau-

sible that TREM2 plays a common role in modifying risk for 

developing these diverse CNS pathologies. It will be important 

to determine whether TREM2 is expressed on a common 

macrophage subset and promotes similar changes in neuroin-

�ammation in these other models. The results from the present 

study will help inform the future research agenda related to 

TREM2 biology in these other disease contexts.

reduce macrophage accumulation by eliminating microglial 

recognition of A as a relevant stimulus, impairing migration 

of microglia to plaques, or preventing these phenotypic 

changes. Additional studies will be required to determine 

which mechanisms are responsible for the changes in TREM2-

de�cient AD mice in the current study.

Regardless of mechanism, our results demonstrate that 

TREM2 de�ciency is protective against disease pathogenesis in 

AD mouse models. These results are surprising given similar 

�ndings in AD mice in which TREM2 was overexpressed 

(Jiang et al., 2014), although in this study TREM2 expression 

was not restricted to the cell types in which TREM2 is ex-

pressed physiologically. Our �ndings are also counterintuitive 

based on the human genetic data that demonstrate that pre-

sumed loss-of-function variants in TREM2 promote AD 

pathogenesis. TREM2 variants such as the missense mutation 

Q33X (R. Guerreiro et al., 2013) and the FTD-related vari-

ants T66M and Y38C which impair protein maturation 

(Kleinberger et al., 2014), almost certainly impair TREM2 

function. However, the primary AD risk allele, R47H, harbors  

Figure 5. TREM2 de�ciency reduces  
A accumulation. (a) IHC with 6E10 was 

performed on brain slices from 4-mo-old 

APPPS1;Trem2+/+ and APPPS1;Trem2/ mice 

(quanti�ed in c; n = 7–8). (b) Analysis of ThioS 

plaque number revealed similar results (quan-

ti�ed in d; n = 7–8). (a and b) Insets show a 

higher magni�cation of the hippocampus. 

Bar, 1 mm. (e) APP and A levels were as-

sessed by Western blot using 6E10. (f and g) 

Quanti�ed relative to GAPDH, there was no 

signi�cant change in APP protein levels  

(f) but a signi�cant reduction in A (g) in 

APPPS1;Trem2/ mice (n = 3–4). (h and i) 

ELISAs on brain lysates also showed a signi�-

cant reduction in insoluble A42 and a trend 

toward a reduction in soluble A42 (h) and a 

trend toward a reduction in soluble and  

insoluble A40 (i; n = 3–4). #, P < 0.10;  

*, P < 0.05; ***, P < 0.001. At least two  

independent experiments were performed  

for all analyses.
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AD. Postmortem interval was 6 h, and tissue was immediately frozen. Tissue 

labeled “AD Case 2” is from the hippocampus of a 78-yr-old male with an 

8-yr-history of cognitive decline. The patient’s son and power-of-attorney 

provided written permission for release for research purposes of any autopsy 

tissue not needed for diagnosis. Patient identifying information is housed in 

an Institutional Review Board–approved database. Postmortem interval was 

36 h. The tissue was stored at 4°C in 4% paraformaldehyde for 2 d, followed 

by cryoprotection solution (20% glycerol in 0.08 M phosphate bu�er,  

pH 7.6) until use. Human experiments were approved by The Cleveland 

Clinic and University of Washington Institutional Review Boards.

In situ hybridization. Mice were perfused with 4% PFA, and 25-µm-thick 

frozen brain sections were prepared. A digoxigenin (DIG)-labeled riboprobe 

for TREM2 was transcribed from a cDNA clone (MMM1013-202767203; 

Thermo Fisher Scienti�c). The plasmid was digested with Sal1, and in vitro 

transcription was performed with T7 polymerase. A TREM2 sense probe 

was digested with a Not1 restriction enzyme and transcribed by SP6 RNA 

polymerase. Colorimetric detection of hybridized mRNA was performed 

using an anti-DIG conjugated to alkaline phosphatase and was developed 

using NBT-BCIP substrate (Roche).

Quantitative RT-PCR (qRT-PCR). Mice were perfused with PBS, and 

their brains were removed, snap frozen, and kept at 80°C until use. Tissue 

was homogenized in 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 

1:100 protease inhibitor cocktail in PBS. RNA was isolated using chloro-

form extraction and was puri�ed using Purelink RNA Mini kit (Life Tech-

nologies) and treated with DNase Purelink (Life Technologies). cDNA was 

prepared from 1.5 µg RNA using a QuantiTect Reverse Transcription kit 

(QIAGEN), and real-time PCR was performed for 40 cycles with the  

StepOne Plus Real Time PCR system (Life Technologies). All primers and 

TaqMan probes were purchased from the Life Technologies database. Rela-

tive gene expression was determined using the CT method. A two-way 

ANOVA was performed, and signi�cance between CT values was deter-

mined using a Bonferroni post-hoc test for the TREM2 qPCR and a  

Student’s t test used for qPCR assays comparing APPPS1;Trem2+/+ and 

APPPS1;Trem2/ animals.

Western blotting. Tissue was extracted and processed as described above 

for qRT-PCR. After sonication and centrifugation, protein concentration 

was determined using a BCA kit (Thermo Fisher Scienti�c). Proteins were 

denatured for 15 min at 95°C in 35% denaturing bu�er containing LDS 

sample bu�er (Life Technologies) and reducing agent (Life Technologies). 

30–50 µg of protein per sample was loaded along with 5 µl Magic Mark XP 

protein ladder (Life Technologies) onto Novex 4–12% Bis-Tris gels (Life 

Technologies), run at 160 V for 30–45 min, and transferred onto PVDF 

membranes (EMD Millipore) in 1× TAE bu�er at 100 mA overnight at 

room temperature. After transfer, membranes were blocked using Odyssey 

Blocking Bu�er in PBS (LI-COR Biosciences) for 1 h at room temperature 

and incubated in the appropriate primary antibodies in blocking bu�er with 

0.1% Tween 20 overnight at 4°C, 6E10 (1:5,000; Signet), TREM2 (1:500; 

R&D Systems), CT15 (1:10,000; a gift from E.H. Koo, University of Cali-

fornia, San Diego, La Jolla, CA), and GAPDH (1:10,000; Thermo Fisher 

Scienti�c). Membranes were washed in PBST (0.1% Tween 20), incubated 

in the appropriate IR dye–conjugated secondary antibody (Thermo Fisher 

Scienti�c) in blocking bu�er/0.1% Tween 20, and imaged using an Odyssey 

IR Scanner (LI-COR Biosciences) system. ImageJ software (National Insti-

tutes of Health) was used for densitometric analysis, and each experimental 

sample was normalized to GAPDH.

ELISA. A extraction was performed on microdissected brain tissue en-

riched for cortex and hippocampus. Lysates were mixed with an equal vol-

ume of 0.4% diethylamine in NaCl and centrifuged for 13,500 g for 1 h at 

4°C. The supernatant was collected and neutralized with 0.5 M Tris, pH 6.8, 

and analyzed as the soluble A fraction. The pellet was sonicated with 70% 

formic acid and centrifuged at 105,000 g for 45 min at 4°C. The supernatant 

MATERIALS AND METHODS

Mice. Two amyloid mouse models of AD were analyzed. APPPS1-21 

(termed APPPS1) mice (provided by M. Jucker, German Center for Neuro-

degenerative Diseases [DZNE], Tubingen, Germany) express human APP 

with the Swedish (K670M/N671L) and PSEN1 L166P mutations under 

control of the Thy1 promoter (Radde et al., 2006). This mouse was main-

tained on the B6 background. 5XFAD mice (The Jackson Laboratory 

B6SJL-Tg(APPSwFlLon,PSEN1*M146*l286V)) express mutant human 

APP(695) with Swedish (K670N/M671L), Florida (I716V), and London 

(V717I) mutations and human PSEN1 with M146L and L286V mutations 

under control of the Thy1 promoter (Oakley et al., 2006). This mouse was 

maintained on a mixed B6/SJL background.

We also used a novel Trem2/ mouse model (Trem2tm1(KOMP)Vlcg), 

which has a LacZ reporter cassette knocked into the endogenous Trem2 locus in 

place of exons 2 and 3 and most of exon 4, resulting in a loss of TREM2 func-

tion as well as expression of the LacZ reporter under the control of the TREM2 

promoter (Fig. 1 a). This mouse was generated by the trans-NIH Knock-Out 

Mouse Project (KOMP). These mice were maintained on a B6 background. 

These mice were crossed with APPPS1 mice to yield APPPS1;Trem2+/LacZ  

and APPPS1;Trem2LacZ/LacZ genotypes (also termed throughout the paper 

APPPS1;Trem2+/ and APPPS1;Trem2/, respectively).

Mice were housed in the Cleveland Clinic Biological Resources Unit, 

Case Western Reserve University Animal Resource Center and The Jackson 

Laboratory, facilities fully accredited by the Association and Accreditation of 

Laboratory Animal Care. All experimental procedures were approved by the 

Institutional Animal Care and Use Committee at each respective institution.

Human tissue. Human AD tissue was obtained from two neuropathologi-

cally con�rmed AD patients. Tissue labeled “AD Case 1” is hippocampal 

tissue from an 88-yr-old female with a clinical diagnosis of Braak stage VI-C 

Figure 6. TREM2 de�ciency reduces astrocytosis and MAPT  
phosphorylation. (a and b) Astrocytosis was assessed in 4-mo-old 

APPPS1;Trem2+/+ (a) and APPPS1;Trem2/ mice (b) using IHC for GFAP 

and 6E10 (n = 7–8). (c and f) The number of GFAP+ cells surrounding 

plaques was quanti�ed (c; n = 3–4), and results were con�rmed by qRT-

PCR (f; n = 7–8). (d, e, g, and h) Hyperphosphorylated MAPT was detected 

in APPPS1;Trem2/ (e and h) and APPPS1;Trem2+/+ mice (d and g) with 

AT8 (d and e) and AT180 antibodies (g and h; n = 7–8). Arrows indicate 

Congo red–positive plaques. (i) Quanti�cation of the area of AT180 

immunoreactivity revealed signi�cant decreases in APPPS1;Trem2/ 

mice (n = 3–4). At least two independent experiments were performed for 

all analyses. Error bars indicate SEM. *, P < 0.05; **, P < 0.01. Bar, 50 µm.
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subsets. TREM2+ events were assessed by overlaying FMO and ALL plots 

for each sample and gating on the population that was present only in the 

ALL sample. Signi�cant di�erences between ages and genotypes were deter-

mined using a two-way ANOVA and Bonferroni-corrected Student’s t tests 

between all groups.

Statistics. Statistical analyses were performed using Prism (GraphPad  

Software). Two-way ANOVAs and signi�cance between individual groups 

were determined using a Bonferroni post-hoc test for analyses with multiple 

comparisons. Two-sided, unpaired Student’s t tests were used to determine 

statistical di�erence between samples in analyses that required only single 

comparisons. Although the data were not formally tested, based on previous 

results (Lee et al., 2014), we assumed they conform to a Gaussian distribution 

and that variance between groups was comparable. Biological replicates were 

used to de�ne each n. Statistical outliers were excluded from all datasets. The 

mean of each group is graphed, and the error bars represent the SEM. De-

gree of signi�cance between groups is represented as follows: *, P < 0.05; 

**, P < 0.01; ***, P < 0.001. No tests were performed a priori to determine 

the sample size; however, the sample sizes used here are similar to those used 

in a previous study (Lee et al., 2014). 3–12 mice from at least two cohorts 

were included in each group.
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