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debris and more axonal pathology, resulting in impaired 
clinical performances compared to wild-type (WT) mice. 
TREM2−/− microglia proliferated less in areas of demy-
elination and were less activated, displaying a more rest-
ing morphology and decreased expression of the activa-
tion markers MHC II and inducible nitric oxide synthase 
as compared to WT. Mechanistically, gene expression and 
ultrastructural analysis of microglia suggested a defect in 
myelin degradation and phagosome processing during CPZ 
intoxication in TREM2−/− microglia. These findings place 
TREM2 as a key regulator of microglia activation in vivo in 
response to tissue damage.

Keywords  TREM2 · Microglia · Cuprizone-induced 
demyelination · Phagocytosis

Abstract  Microglia are phagocytic cells that survey the 
brain and perform neuroprotective functions in response 
to tissue damage, but their activating receptors are largely 
unknown. Triggering receptor expressed on myeloid cells 
2 (TREM2) is a microglial immunoreceptor whose loss-
of-function mutations in humans cause presenile dementia, 
while genetic variants are associated with increased risk of 
neurodegenerative diseases. In myeloid cells, TREM2 has 
been involved in the regulation of phagocytosis, cell pro-
liferation and inflammatory responses in vitro. However, 
it is unknown how TREM2 contributes to microglia func-
tion in vivo. Here, we identify a critical role for TREM2 
in the activation and function of microglia during cupri-
zone (CPZ)-induced demyelination. TREM2-deficient 
(TREM2−/−) mice had defective clearance of myelin 
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Introduction

Microglia are unique CNS resident myeloid cells that origi-
nate from yolk-sac progenitors during embryogenesis and 
self-renew as an autonomous population throughout life 
[12, 21]. Microglia are motile cells that constantly survey 
the central nervous system (CNS) parenchyma [10]. They 
are important in CNS homeostatic functions as well as for 
the progression and resolution of diseases. Microglia have 
been proposed to support tissue homeostasis by playing 
important roles in the clearance of apoptotic bodies and 
debris, secretion of neurotrophic factors and remodeling 
neural connections. Upon tissue injury, microglia rapidly 
respond by undergoing a rapid transformation from resting, 
ramified forms to an amoeboid morphology [66]. How-
ever, the receptors involved and the molecular changes that 
occur in microglia during their activation are incompletely 
understood.

Triggering receptor expressed on myeloid cells 2 
(TREM2) belongs to the TREM family of immunorecep-
tors. The TREM2 cytoplasmic domain has no intrinsic 
signaling capacity, but associates with the adaptor mol-
ecule DAP12, which can signal through an immunore-
ceptor tyrosine activation motif (ITAM) and is required 
for TREM2 surface expression [9, 16]. Most studies have 
shown that TREM2 is selectively expressed in microglia in 
the CNS and in osteoclasts in bone, but not in peripheral 
blood leukocytes in human and mouse in the steady-state or 
in inflammatory conditions [7, 28, 53]. TREM2 ligands are 
poorly characterized and include poly-anionic compounds 
such as bacterial products and neuronal debris, although 
signaling upon receptor engagement by these compounds 
has not been proven [11, 30, 50]. Moreover, undefined 
TREM2 ligands are expressed by astrocytes and neurons 
[11, 30, 63] and by in vitro-generated macrophages and 
dendritic cells [24, 32].

An important role for TREM2 in modulating microglia 
functions in the CNS is evinced by genetic human stud-
ies. Homozygous, loss-of-function mutations in TREM2 
or DAP12 genes cause polycystic lipomembranous osteo-
dysplasia with sclerosing leukoencephalopathy (PLOSL, 
also known as Nasu-Hakola disease) [39, 61]. Further-
more, TREM2 mutations are associated with cases of 
frontotemporal dementia (FTD)-like syndrome without 
bone pathology [23]. More recently, studies have dem-
onstrated that rare TREM2 genetic variants significantly 
increase the risk for Alzheimer’s disease (AD) [22, 34, 
35, 64, 71]. Intriguingly, recent reports have also shown 
an association of TREM2 variants with FTD, Parkinson’s 
disease (PD) and amyotrophic lateral sclerosis (ALS) [3, 
5, 8, 67]. These findings suggest an important role for 
TREM2 and microglia in neurodegenerative diseases.

TREM2 can promote phagocytosis of apoptotic material 
and inhibit inflammatory cytokine production in response 
to apoptotic material and TLR agonists [24, 80, 81]. More-
over, TREM2 and DAP12 promote cell proliferation and 
survival in response to macrophage colony-stimulating 
factor (CSF-1) in vitro, the ligand for CSF-1 receptor 
(CSF-1R) [59, 60] which is required for the development 
and maintenance of microglia [13, 14]. DAP12 deficiency 
results in fewer microglial cells in certain areas of the 
CNS [36, 60]. These findings have led to the hypothesis 
that TREM2 may function as a CSF-1R co-receptor in 
microglia.

A strong limitation of previous TREM2 functional 
studies is the use of cell lines or primary microglial cells 
derived from newborn mice that are not bona fide micro-
glia [7, 72]. Thus, in vivo studies are needed to assess 
TREM2 function in the CNS. Here, we have explored the 
role for TREM2 in microglia activation and function in 
the cuprizone (CPZ)-induced demyelination model. This 
is a well-characterized model in which oligodendrocyte 
degeneration in the brain is followed by a strong micro-
glial response consisting in rapid activation, proliferation 
and clearance of damaged myelin debris with an intact 
blood–brain barrier. The CPZ model is a suitable tool to 
study specifically microglia responses because of mini-
mal CNS infiltration of peripheral inflammatory cells [29, 
33]. We provide evidence that TREM2-deficient mice 
have a broad defect in microglia response to myelin dam-
age including defective activation, proliferation and lipid 
degradation within the cells, resulting in more profound 
CNS demyelination and clinical impairment. These find-
ings suggest that similar mechanisms may be impaired 
in TREM2-associated human neurodegenerative disease, 
possibly rendering microglia less efficient at clearance of 
cells and toxic debris.

Materials and methods

Mice

TREM2−/− and littermate control WT mice (backcrossed 
12 generations to the C57BL/6 background) were obtained 
from Marco Colonna. The two strains were bred in parallel. 
Animal experiments were approved by the Animal Study 
Committee (ASC) at Washington University in St. Louis.

Mouse model of CPZ‑induced demyelination and tissue 
processing

Six- to eight-week-old TREM2−/− and WT mice were 
fed a standard diet (Harlan) containing 0.2 % CPZ [finely 
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powdered oxalic bis(cyclohexylidenehydrazide); Sigma–
Aldrich] for 4, 6 or 12 weeks. Brains were removed after 
mouse perfusion with 4 % paraformaldehyde (PFA), fixed 
in 4  % PFA for 24  h, followed by immersion in 30  % 
sucrose for 24–48  h. Forty-five WT and 48 TREM2−/− 
mice were used in cuprizone feeding studies. A total of 
nine WT and ten TREM2−/− naïve mice were compared in 
the analyses.

Behavioral testing

The following behavioral tests were performed on age-
matched TREM2−/− and WT mice after 12 weeks of CPZ:

1‑h Locomotor activity and sensorimotor battery

Locomotor activity was evaluated using transparent 
(47.6 × 25.4 × 20.6 cm high) polystyrene enclosures and 
computerized photobeam instrumentation [84]. General 
activity variables (total ambulations, vertical rearings) 
along with indices of emotionality including time spent, 
distance traveled and entries made in a 33 × 11 cm central 
zone were analyzed. A battery of sensorimotor tests was 
performed to assess balance (ledge and platform), strength 
(inverted screen), coordination (pole and inclined screens) 
and initiation of movement (walking initiation), as previ-
ously described [20, 84].

Rotarod

Motor co-ordination and balance were studied as published 
[6, 20]. The rotarod protocol consisted of three training ses-
sions with each session including one stationary rod trial, 
two constant speed (2.5 rpm for 60 s max) and two acceler-
ating speed rotarod trials (2.5–10.5 rpm over 1–180 s max). 
Sessions were separated by 4  days to minimize motor 
learning, and time spent on the rod was used as the depend-
ent variable to assess performance.

Statistical analyses for behavioral data

Repeated measures (rm) ANOVA models containing two 
between-subjects variables (Genotype and Sex) and one 
within-subjects (repeated measures) variable (i.e., Time 
Blocks) were used to analyze the general ambulatory and 
rearing frequency data, as well as the constant speed and 
accelerating rotarod data. One-way ANOVA models were 
used to analyze differences between groups for the other 
activity variables and measures in the sensorimotor bat-
tery and stationary rod data. Pairwise comparisons were 
conducted following relevant, significant overall ANOVA 
effects, which were subjected to Bonferroni correction 
when appropriate.

Histological and immunohistochemical analyses

Solochrome cyanine was used to stain myelin as described 
[37]. The following primary antibodies were used: anti-MBP 
(1:100; Abcam, ab7349), -dMBP (1:2000; Millipore, ab5864) 
[31], -βAPP (1:100; Invitrogen, 51-2700), -SMI-31 (1:1000; 
Covance, smi-31R), -Iba1 (1:600; Wako, 019-19741), 
-BrdU (1:250; Abcam, ab1893), -GFAP (1:200; Invitrogen, 
13-0300), -iNOS (1:100; BD Pharmingen, 610329), -LPL 
(1:400, from Dr. G. Olivecrona) [57] and -MHC II (1:100; 
BD Pharmingen, 553549). Images were acquired using a 
Nikon Eclipse 90i fluorescent and bright field microscope and 
analyzed for quantitation with the Metamorph 7.7 software. 
Iba1+ and bromodeoxyuridine (BrdU) positive microglia 
were manually counted using two 10× and four 60× images, 
respectively, on two non-adjacent sections. Colocalization of 
BrdU with the DAPI staining in Iba+ cell nuclei determined 
which cells were marked as proliferating. Total number of 
cells was divided by the total area (# of cells/mm2). GFAP, 
dMBP, βAPP and SMI-31 staining were analyzed as the 
percentage area of positive staining (number of positive pix-
els/1 mm2) within the area of interest. LPL, iNOS and MHC 
II were analyzed for the percentage of colocalization with 
Iba1 using Metamorph software. Quantitative evaluation of 
microglial cell morphology in tissue sections and in vitro was 
performed as described in the literature using ramification 
index (RI) calculated by the following equation: 4π ×  cell 
area/(cell perimeter)2 [26]. The RI of perfectly round cells is 
1; if morphology deviates from perfectly circular form, RI is 
smaller than 1; and when the cell is highly ramified the RI is 
close to zero. Cell area and perimeter were calculated with 
the assistance of the Metamorph software.

Analysis of microglia proliferation in vivo

Microglia proliferation in vivo was measured during CPZ 
feeding by BrdU incorporation. BrdU was administered 
(25  mg/kg body weight, Sigma) by intraperitoneal injec-
tion once every 8 h for 4 days. 8 h after the last injection, 
brains were removed for immunohistochemistry (IHC) or 
flow cytometry analyses. For flow cytometry studies, cells 
were labeled using antibodies to CD11b (BD Pharmingen, 
553311), CD45 (Biolegend, 101245). BrdU staining was 
performed using a commercial kit (BD Biosciences). Cells 
were analyzed on a FACS Gallios (Beckman Coulter Inc.).

Microarray processing and analysis

Microarrays were performed by the Genome Technology 
Access Center (GTAC) at Washington University. Total 
RNA was isolated from the caudal corpus callosum of WT 
and TREM2−/− mice obtained at 6 (4WT and 3 TREM2−/− 
mice) and 12  weeks (5WT and 6 TREM2−/− mice) after 
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CPZ treatment using the RNeasy mini kit (Qiagen). RNA 
quality and integrity were assessed using the Bioanalyzer 
(Agilent Technologies) with all samples being of high qual-
ity (RNA integrity number =  7.9–8.9). Hybridization was 
performed with Affimetrix GeneChip Mouse Exon 1.0 ST 
arrays. Biotinylated cDNA was prepared according to the 
standard NuGen WT-Ovation Pico RNA Amplification sys-
tem from 500 pg to 50 ng total RNA. Probe summarization 
(Robust Multichip Analysis, RMA), quality control analysis, 
and probe annotation were performed according to recom-
mended guidelines (Expression Console Software, Affym-
etrix, Inc.). Statistical analyses of the 6- and 12 weeks time 
point experiments were done separately. Microarray data 
produced were quality checked [70] under R version 3.1.0 
Bioconductor software [18]; undetectable and low detec-
tion value probes were removed. To identify differentially 
expressed genes, based on a moderate t test, the Limma 
package [83] was used, and genes were selected based on a 
P value cut-off <0.05 (after Benjamini and Hochberg adjust-
ment) and absolute logarithmic fold change >1.

IPA (Ingenuity) analysis

Microarray data were analyzed by IPA (Ingenuity System, 
www.ingenuity.com). Differentially expressed genes were 
incorporated in canonical pathways and bio-functions and 
were used to generate biological networks. Uploaded data 
sets for analysis were filtered using the following cutoff defi-
nitions: one log fold change, adjusted P value <0.05. Core 
analysis was performed using the following settings: Mouse 
Gene 1.0 ST Array. Relationship to include: direct and indirect 
does not include endogenous chemicals. Filter summary: con-
sider only relationships where confidence = High (predicted) 
or experimentally observed. The network Score was based on 
the hypergeometric distribution and was calculated with the 
right-tailed Fisher’s Exact Test. Downstream Effect Analysis 
P value of overlap was calculated by the Fisher’s Exact Test.

Real‑time PCR on microglia

RNA was purified from FACS  sorted microglia using 
the RNeasy Micro Kit (Qiagen), converted into cDNA 
using the High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems) and used at 50 ng/μl in quantitative 
real-time PCR (qRT-PCR) analysis (ABI 7000 Real-Time 
PCR System, Applied Biosystems). The ΔΔCt method was 
applied to determine differences in gene expression levels 
after normalization to the arithmetic mean of glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as an internal 
standard. The TaqMan probes (Life technologies) were 
the following: SiglecH (Mm00618627_m1); Tmem119 
(Mm00525305_m1); P2ry12 (Mm00446026_m1); P2ry13 
(Mm01951265_s1); Gpr34 (Mm02620221_s1); Fcrls 

(Mm00472833_m1); Olfml3 (Mm00513567_m1); Slc2a5 
(Mm00600311_m1); LPL (Mm01345523_m1).

In vitro adult microglia culture

TREM2−/− and WT mice were deeply anesthetized, per-
fused with PBS and the brains were aseptically removed. 
Mononuclear cells isolated from the brains as previously 
described [1] were stained with anti-CD11b phycoerythrin 
(BD Pharmingen, 553311) and anti-CD45 AF700 (Bioleg-
end, 103128) and sorted on a FACSAria (BD Biosciences). 
CD11b+CD45low microglial cells were collected and cul-
tured for 72 h in DMEM complete medium (Gibco) in the 
presence of 100 ng/ml CSF-1 and 50 ng/ml TGFβ with or 
without human myelin (100 μg/ml).

Pre‑embedding immuno‑electron microscopy

Mice were perfused with 4  % PFA, brains were removed 
and immersion fixed. Brain sections were cut using a 
vibratome (100 μm) and incubated in 0.5 % gelatin, 5 % 
horse serum and 0.01  % saponin in PBS for 5  h. Micro-
glia staining was performed using a Rb anti-Iba1 (1:600; 
Wako), a secondary biotinylated anti-Rb (1:500; Rock-
land), streptavidin-HRP (1:1000; Rockland, S000-03) for 
3 h and visualized using DAB Substrate Kit (Cell Marque, 
957D). Tissue was then fixed with 2  % PFA, 2.5  % GA 
and sections were processed using routine EM protocols. 
Grids were not counterstained to preserve immunostain-
ing. Finished blocks were sectioned using a DiATOME 
ultra 45° diamond knife and a LEICA Ultracut UC7. Sec-
tions (90 nm) were cut and picked up onto 200 hex mesh, 
formvar-carbon coated copper grids (Ted Pella, 01800-F). 
Images were captured using a JEOL 1200 EX II Transmis-
sion Electron Microscope with AMT digital camera.

Statistical analyses

IHC results and in vitro assay analyses were expressed as 
mean value ±  SD or ±  SEM. Medians are reported when 
data were not parametric. Data were analyzed using Mann–
Whitney U tests (GraphPad Prism, GraphPad Software). Sta-
tistical analyses of behavioral testing and microarray results 
were performed as described in “Materials and methods”.

Results

Lack of TREM2 leads to defective clearance of myelin 
debris in the CPZ model

CPZ is a copper-chelating toxic agent that, when admin-
istered in the diet, causes oligodendrocyte death and 
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consequent demyelination in the CNS. Mice fed CPZ for 
3  weeks exhibited extensive reactive gliosis accompanied 
by oligodendrocyte apoptosis. Demyelination was evident 
after 4 weeks of intoxication in multiple structures, includ-
ing the cortex, hippocampus, cerebellum, striatum and most 
notably the corpus callosum [45, 75]. After 12  weeks on 
CPZ, demyelination is more profound. The effects of 4, 6 
and 12 weeks CPZ feeding on CNS myelin were compared 
in TREM2-deficient (TREM2−/−) versus wild-type (WT) 
mice. We focused our analysis on the corpus callosum (CC) 
because this large tract of white matter exhibits the great-
est and most consistent pathological changes in this model. 
Myelin integrity in the CC of TREM2−/− and WT mice was 
assessed histologically by solochrome cyanine staining. 
Intact myelin (stained in dark blue) was observed in the CC 
of naïve TREM2−/− and WT mice without any differences 
between the two groups (Fig. 1a, top row). Consistent with 
previous reports, after 4 weeks on CPZ, WT mice showed 
loss of myelin involving the hippocampal commissure, 
lying beneath the CC, which extended progressively into 
the CC at 6 and 12 weeks (Fig. 1a). At higher magnifica-
tion in areas of demyelination in WT mice no myelin stain-
ing was detected suggesting that they had cleared myelin 
debris at 4, 6 and 12 weeks as observed histologically. In 
contrast, in the TREM2−/− mice on CPZ, myelin staining 
was still detectable in most areas of the CC, but was noted 
to have a lighter intensity of stain. At higher magnification 
the myelin staining in these areas suggested loss of myelin 
integrity (Fig.  1a, 60× images). Therefore, myelin integ-
rity was assessed by immunostaining using antibodies spe-
cific for intact or degraded myelin basic protein (MBP and 
dMBP, respectively). The dMBP antibody has been previ-
ously shown to bind a MBP epitope that is accessible only 
in areas of myelin degradation [44]. The amount of MBP 
and dMBP was assessed and quantified in the CC (Fig. 1b, 
c). In naïve TREM2−/− and WT mice, normal MBP stain-
ing was observed without labeling of dMBP. In WT mice 
at 4, 6 and 12 weeks on CPZ a limited amount of dMBP 
staining was detected in demyelinated areas of the CC. 
In contrast, more extensive accumulation of dMBP was 
observed in TREM2−/− mice at all time points (Fig.  1b). 
The quantity of dMBP in the CC was significantly more 
in TREM2−/− than in WT mice at all time points (Fig. 1c, 
left panel). dMBP was also quantified with similar results 
in the CA1 region of the hippocampus which also under-
goes demyelination after CPZ treatment [56] (Fig. 1c, right 
panel). Additionally, loosened and uncompacted myelin 
was readily demonstrated in the CC of TREM2−/− mice by 
electron microscopy (EM) at 4 and 12 weeks on cuprizone 
(Supplementary Fig. 1). Thus, we observed more extensive 
accumulation of degraded myelin staining in TREM2−/− 
vs. WT mice, which could be due to defective clearance of 
myelin debris.

TREM2−/− mice have more axonal pathology

Axons in the CC of TREM2−/− and WT mice at 4, 6 
and 12  weeks of CPZ treatment were assessed by stain-
ing for beta-amyloid precursor protein (APP) (Fig.  2a). 
APP accumulation reflects impaired axonal transport in 
injured axons [15], a change that can be reversible if the 
causative insult does not persist. At all time-points we 
observed a significantly greater extent of APP staining in 
the CC of TREM2−/− compared to WT, with more diffuse 
axonal beading (Fig.  2b, left panel). It has been reported 
that axonal APP staining in CPZ treatment decreases 
between 4 and 12 weeks, without substantial loss of axons 
[85]. In accord with this, we observed diminishing APP 
staining from 4 to 12  weeks of CPZ intoxication in both 
TREM2−/− and WT mice. To compare the fate of axons 
in the CC in the two strains with CPZ treatment, we used 
SMI-31 immunostaining (for intact phosphorylated neu-
rofilaments) to quantify non-injured axons. Significantly 
less SMI-31 staining was observed in TREM2−/− com-
pared to WT mice CC at 12 weeks of CPZ treatment, but 
not at 4 weeks (Fig. 2b, right panel). The reduced SMI-31-
stained axons at 12 weeks suggested that axonal swelling 
in TREM2−/− mice is followed by axonal degeneration to 
a greater extent than in WT mice. To confirm this, we per-
formed EM studies of the CC obtained at 4 and 6 weeks on 
CPZ in each strain (Fig. 2c). Axonal damage was identified 
based on the typical morphology of damaged axons con-
taining numerous autophagocytic vesicles. At 4  weeks on 
CPZ we observed a higher number of dystrophic axons in 
TREM2−/− than in WT mice, but this was not statistically 
significant. At 12 weeks compared to 4 weeks on CPZ, the 
number of dystrophic axons was increased in TREM2−/− 
mice and was significantly higher than in WT mice, where 
the degree of axonal damage diminished compared to the 
4-week time-point (Fig. 2d). Overall, at all time-points we 
observed more extensive axonal damage in TREM2−/− 
than in WT mice.

Clinical deficits in TREM2−/− mice after CPZ treatment 
relative to WT mice

To evaluate possible functional deficits related to lack of 
TREM2 in mice treated with CPZ, behavioral testing was 
performed after 12  weeks of CPZ, a time-point at which 
axonal damage was markedly different between the two 
groups. We assessed neurologic functions by conduct-
ing a 1-h locomotor activity test, a battery of sensorimo-
tor measures and the rotarod test. Locomotor activity data 
showed no differences between groups with regard to gen-
eral ambulatory activity, frequency of vertical rearings or in 
terms of the entries made, time spent, or distance traveled 
in the center (data not shown). However, sensorimotor tests 
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revealed that TREM2−/− mice were significantly impaired 
on 3/7 measures. Specifically, the TREM2−/− mice took 
significantly longer time to climb down a vertical pole 
without falling and longer to climb to the top of 60° or 
90° screens compared to the WT (Fig. 3a). No differences 
were observed with regard to initiation of movement out 
of a small, circumscribed area (walking initiation test), or 
on tests of balance (ledge and platform), or in grip strength 
(inverted screen) (data not shown). The TREM2−/− mice 
also exhibited performance deficits on the two more dif-
ficult components of the rotarod test, in which they spent 
significantly less time on the constant speed and accelerat-
ing rotarod conditions compared to WT (Fig. 3d, e), while 
times on the stationary rod were not different. In general, 
the behavioral findings suggest that CPZ treatment resulted 
in coordination deficits in TREM2−/− mice as documented 
by the rotarod rod results, and this interpretation is consist-
ent with the slowed responses of the TREM2−/− mice on 
the pole and inclined screen tests which require coordina-
tion between the forelimbs and hindlimbs. The lack of dif-
ferences between the groups on the general activity vari-
ables and other sensorimotor tests suggest that the observed 
behavioral deficits were not due to general malaise or tor-
por produced by the CPZ treatment and that the impair-
ment was relatively selective since functions like balance or 
strength did not appear to be affected in TREM2−/− mice.

Decreased number of microglia in TREM2−/− mice 
relative to WT during acute demyelination

In the CNS, TREM2 is specifically expressed by micro-
glial cells, which are believed to be critical for the clear-
ance of tissue debris in homeostatic conditions and during 

neurologic diseases [51, 52]. We reasoned that the lack of 
clearance of myelin debris in the CC of TREM2−/− mice in 
the CPZ model, associated with worse pathology and clini-
cal impairment, could be related to a defect in microglia 
number and/or functions. The number of microglial cells 
was quantified in the CC of TREM2−/− and WT mice in 
naïve mice and after 4, 6 and 12 weeks of CPZ treatment by 
immunostaining for ionized calcium-binding adapter mole-
cule 1 (Iba1), a microglial cell marker (Fig. 4a). No signifi-
cant differences were noted in the number of microglia in 
the CC of naïve TREM2−/− and WT mice (age 6–8 months 
old), with just a trend toward fewer microglia in TREM2−/− 
mice. At 4 and 6 weeks on CPZ treatment, accumulation of 
Iba1+ cells compared to naive was observed in the CC of 
WT and TREM2−/− mice, but the number of Iba1+ cells 
was significantly lower in TREM2−/− mice compared to 
WT (Fig. 4a, b). At 12 weeks on CPZ, the number of Iba1+ 
cells in WT and TREM2−/− CC was greatly reduced com-
pared to 4 and 6 weeks and no significant differences were 
noted between the two groups, but a trend toward more 
Iba1+ cells in the CC TREM2−/− mice.

Notably, we also observed differences in microglia mor-
phology in the two groups over time. Microglia in a rest-
ing state display a ramified morphology and once activated 
acquire an amoeboid shape [29]. We quantified microglial 
cell morphology at the different time points during CPZ 
treatment using a ramification index (as defined in meth-
ods). In naïve WT and TREM2−/− mice, microglia dis-
played a ramified morphology characteristic of a resting 
state (Fig.  4a, 60× images) and the RI was close to zero 
for both groups (Fig. 4c). At 4 weeks on CPZ during acute 
demyelination, while WT microglia acquired a typical acti-
vated amoeboid shape, TREM2−/− microglia retained a 
ramified morphology (Fig. 4a, 60× images). At this time, 
the RI for WT microglia was significantly higher than the 
RI of TREM2−/− mice (0.6 ±  0.1 and 0.1 ±  0.1, respec-
tively, P < 0.0001). At 6 weeks on CPZ most of WT micro-
glia in the CC appeared to return to a ramified shape, as the 
RI went down compared to that at 4 weeks, at which point 
no significant differences in RI were noted between WT 
and TREM2−/− microglia. At 12 weeks on CPZ most WT 
microglia resumed a ramified morphology characteristic of 
a resting state, with RI close to zero. Notably, at this time 
point TREM2−/− microglia displayed a RI that was slightly 
but significantly higher than WT (Fig. 4c).

It was previously reported that astrogliosis accompanies 
microglia accumulation in areas of demyelination due to 
CPZ feeding [29, 45]. We investigated astrocyte number 
and distribution in the CC in WT and TREM2−/− naïve 
mice at 4, 6 and 12  weeks on CPZ by immunostaining 
for GFAP. As expected, GFAP expression was nil in both 
WT and TREM2−/− naïve mice. In WT mice fed CPZ, 
GFAP staining progressively increased in the CC from 4 to 

Fig. 1   Defective clearance of myelin debris in TREM2−/− mice dur-
ing CPZ-induced demyelination. a Myelin was studied histologically 
by solochrome cyanine staining (intact myelin stained in dark blue) 
in WT and TREM2−/− naïve mice and mice fed CPZ for 4, 6 and 
12 weeks. The coronal section of the mouse brain on the top shows 
in the boxed area the region of the caudal corpus callosum (CC) that 
was analyzed (modified from Sidman, High Resolution Mouse Brain 
Atlas, http://www.hms.harvard.edu/research/brain/index.html). The 
images on the left for each WT and TREM2−/− panel (first and third 
columns) depict the CC (×4 magnification). A higher magnifica-
tion (×60) of the boxed area is shown on the right of each image. b 
Myelin integrity was assessed in the CC of WT and TREM2−/− naïve 
and CPZ-fed mice by immunostaining using antibodies specific for 
intact or degraded myelin basic protein (MBP in red and dMBP in 
green, respectively; ×20). c dMBP accumulation was quantified in 
the CC and in the CA1 region of the hippocampus at the different 
time points. Data are from one experiment of two independent experi-
ments performed with similar results. In the presented experiment for 
week 0 n = 3 each for naive WT and TREM2−/− mice; for week 4 
n =  7 WT and n =  5 TREM2−/− mice; for week 6 n =  9 for both 
groups; for week 12 n = 4 WT and n = 6 TREM2−/− mice. Values in 
the graphs are mean ± SD. *P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0001 
using Mann–Whitney test

◂
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12 weeks (mean ± SD for % of GFAP staining was 16 ± 3, 
39 ± 10 and 41 ± 18 at 4, 6 and 12 weeks, respectively). 
In contrast, in TREM2−/− mice GFAP staining increased at 
4 weeks compared to naïve mice but then remained stable 

at 6 and 12 weeks (GFAP staining in TREM2−/− CC was 
14 % ± 3, 11 % ± 4 and 20 % ± 7 at 4, 6 and 12 weeks, 
with P values vs. WT not significant, <0.0001 and <0.01, at 
the respective time-points).
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Defective activation of TREM2−/− microglia during acute 
demyelination

Our morphometric analysis comparing TREM2−/− and 
WT microglia prompted us to postulate that activation of 
TREM2−/− microglia is defective. To test this hypothesis, 
we compared microglial expression of MHC II, which 
increases upon microglial activation in this model [82]. As 
expected, microglia in the CC of naïve TREM2−/− and WT 
mice did not express MHC class II. At 4  weeks on CPZ 
MHC II expression increased 60-fold in WT microglia. In 
contrast, at 4 weeks MHC II expression was still minimal in 
TREM2−/− microglia. At 6 weeks on CPZ, MHC II expres-
sion by WT microglia decreased but remained significantly 
higher than baseline and higher compared to TREM2−/− 
microglia. At 12  weeks, levels of MHC II expression 

Fig. 3   Clinical deficits in TREM2−/− mice after CPZ treatment. 
Behavioral testing in WT and TREM2−/− mice was performed after 
12 weeks of CPZ treatment (n = 10/group). TREM2−/− mice showed 
impaired motor coordination compared to WT as measured by (a) 
time to climb down a pole and (b, c) time to reach the top of a 60° 
and 90° inclined screen. d, e TREM2−/− mice spent significantly 
less time on the constant speed (d Genotype effect: P = 0.038) and 
accelerating (e Genotype effect: P =  0.00016 and Genotype × Tri-
als interaction: P  =  0.013) rotarod trials compared to WT, indi-
cating impaired performance on this test. Subsequent pairwise 

comparisons conducted on the accelerating rotarod data showed sig-
nificant differences between groups (beyond Bonferroni correction; 
P = 0.05/6 = 0.0083) for Trial 2 during Sessions 2 and 3 (P = 0.006 
and 0.001, respectively), while large differences were also found dur-
ing Trial 1 for Sessions 1 and 2 (P = 0.040 and 0.011, respectively). 
Pairwise comparisons also showed that large differences occurred 
during Trial 2, Session 2 and Trial 1, Session 3 (P = 0.048 and 0.043, 
respectively) for the constant speed rotarod condition. *P  ≤  0.05; 
**P ≤ 0.005 using ANOVA

Fig. 2   TREM2−/− mice show more severe axonal pathology after 
CPZ. a Immunofluorescent APP (in green) and SMI-31 (in red) 
staining of WT and TREM2−/− naive mice and mice after 4, 6 and 
12 weeks of CPZ treatment. The analysis was performed in the cau-
dal CC area (×10 magnification). b Quantification of axonal beading 
(depicted by APP fluorescent staining), and of healthy, phosphoryl-
ated axons (measured by SMI-31 positivity) in the CC at the differ-
ent time points. Data are from one experiment of two independent 
experiments performed with similar results. In the presented experi-
ment for week 0 n = 3 naive WT and n = 5 naïve TREM2−/− mice; 
for week 4 n = 5 WT and n = 3 TREM2−/− mice; for week 6 n = 6 
WT and n = 8 TREM2−/− mice; for week 12 n = 4 WT and n = 6 
TREM2−/− mice. Values in the graphs are mean ± SD. c EM images 
of WT and TREM2−/− at 12 weeks of CPZ treatment. Black arrows 
indicate dystrophic autophagocytic axons and asterisks indicate Iba1+ 
immunolabeled microglia. d Quantification of the number of dys-
trophic axons at 4 and 12 weeks of CPZ treatment counted per field at 
×3,000 magnification (area = 381 μm2; n = 2 mice/group). The hor‑
izontal lines in the graph represent medians. *P ≤ 0.05; **P ≤ 0.005; 
***P ≤ 0.0001 using Mann–Whitney test

◂
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declined almost to naive levels, and no significant differ-
ences were noted between the two groups (Fig. 4d). Next, 
we evaluated the expression of another marker of micro-
glial activation, inducible nitric oxide synthase (iNOS). 

iNOS was upregulated 50-fold in WT microglia at 4 weeks 
compared to resting conditions. In contrast, iNOS upregu-
lation at 4 weeks after CPZ on TREM2−/− microglia was 
about 20-fold, significantly lower than that in WT mice. At 
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6 weeks after CPZ, iNOS expression declined in both WT 
and TREM2−/− microglia, but remained significantly lower 
in the latter. At 12  weeks, iNOS expression returned to 
baseline in WT but not in TREM2−/− microglia (Fig. 4e). 

At that time, TREM2−/− expressed significantly more 
iNOS than WT. Expression of Mac-3, which increases on 
microglia upon activation, was also evaluated by IHC. At 
4 weeks, Mac-3 was upregulated sixfold in WT microglia 
compared to resting conditions. In contrast, Mac-3 upreg-
ulation at 4  weeks after CPZ on TREM2−/− microglia 
was about threefold, significantly lower than in WT mice 
(Fig.  4f). In summary, TREM2−/− microglia demonstrate 
less activation than WT microglia during CPZ feeding but 
have a delayed return toward baseline.

Defect of microglia proliferation in TREM2−/− mice

In the CPZ model, the increased number of microglia 
in the CC is mainly due to local microglial prolifera-
tion [47, 82]. We compared microglial proliferation in the 
CC in TREM2−/− and WT mice at 4  weeks on CPZ by 
BrdU incorporation, using IHC (Fig.  5a). The percent-
age of BrdU+Iba1+ microglia was significantly decreased 
in TREM2−/− compared to WT mice (Fig.  5b). The Iba1 
marker does not reliably discriminate between microglia 
and macrophages. To specifically assess proliferation of 
microglia versus macrophages by BrdU incorporation, we 
isolated mononuclear cells from whole brains of TREM2−/− 
and WT mice after 4  weeks of CPZ treatment. Microglia 

Fig. 5   Defect of microglia proliferation in TREM2−/− mice. a Pro-
liferation of microglia in the CC in TREM2−/− and WT mice at 
4  weeks on CPZ after BrdU incorporation was evaluated by IHC 
(×60 images). White arrows indicate the nuclei of BrdU+/Iba+ 
proliferating microglia. b The percentage of BrdU+/Iba+ micro-
glia relative to the total number of Iba+ microglia was quantified 
in the CC of TREM2−/− and WT mice after 4 weeks on cuprizione 
(n  =  4 mice/group). This is one representative experiment out of 
two independent experiments performed with similar results. Val-

ues are median  ±  range. c Brain mononuclear cells were isolated 
from TREM2−/− and WT mice at 4 weeks on CPZ and after BrdU+ 
treatment. Microglia and macrophages were distinguished by flow 
cytometry using the CD45 and CD11b markers. BrdU incorporation 
was quantified by flow cytometry in CD11b+CD45low microglia and 
CD11b+CD45high macrophages (n = 5/group). This is one representa-
tive experiment out of two performed with similar results. Values are 
mean ± SD. *P ≤ 0.05; **P ≤ 0.01 using Mann–Whitney test

Fig. 4   Decreased number of microglia in TREM2−/− mice during 
acute demyelination. a The number of microglial cells was evaluated 
in the CC of TREM2−/− and WT mice in naïve mice and after 4, 6 
and 12 weeks of CPZ treatment by immunostaining for Iba1. Images 
were acquired in the CC of WT and TREM2−/− mice (×10 and ×60 
magnification images are presented for WT and TREM2−/− panels). b 
The number of Iba1+ microglial cells in the CC was quantified. Data 
are from one experiment of three independent experiments performed 
with similar results. In the presented experiment for week 0 n =  3 
each for naive WT and TREM2−/− mice; for week 4 n = 7 WT and 
n = 5 TREM2−/− mice; for week 6 n = 9 WT and n = 9 TREM2−/− 
mice; for week 12 n = 5 WT and n = 9 TREM2−/− mice. Values are 
mean ± SD. c Microglia morphometric analysis at the different time 
points was done using a ramification index [RI  =  4π  ×  cell area/
(cell perimeter)2] that describes microglia cell shape. RI of 1 is a per-
fectly round cell. RI is smaller than 1 if morphology deviates from 
perfectly circular and RI is close to zero when the cell is ramified 
(10 cells/group were analyzed in naïve mice and a total of 40 cells/
group were analyzed from 4 to 9 independent mice/group at all other 
time points). Horizontal lines are means. d MHC II e iNOS and f 
Mac-3 expression was evaluated by IHC on Iba1+ cells in the CC of 
TREM2−/− and WT mice at the different time points (n =  4/group 
at all time points). Horizontal lines in the graphs represent medians. 
*P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0001, using Mann–Whitney test

◂
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and macrophages were discriminated by flow cytometry 
using the markers CD45 and CD11b with microglia being 
CD11b+CD45low and macrophages CD11b+CD45high. In 
the CPZ model, microglia activation is not accompanied 
by significantly increased expression of CD45 and CD11b 
[82]. Proliferation of TREM2−/− microglia was significantly 

less than WT microglia (Fig. 5c). In contrast, no differences 
were noted in macrophage proliferation between the two 
groups (Fig. 5d). Thus, lack of TREM2 was associated with 
reduced proliferation by microglia which contributed to the 
reduced number of Iba1+ cells in the TREM2−/− CNS in 
response to CPZ intoxication.

Fig. 6   Microarray analysis in the TREM2−/− and WT corpus callo-
sum at 6 and 12 weeks on CPZ. Gene expression array analysis was 
conducted on the CC isolated from WT and TREM2−/− mice at 6 (4 
WT and 3 TREM2−/− mice) and 12 weeks (5 WT and 6 TREM2−/− 
mice) after CPZ treatment. a Venn diagram showing the number of 
genes that were differentially expressed (cut-off values: logarithmic 
fold change 1 and adjusted P value <0.05) between TREM2−/− and 
WT at 6 and 12  weeks. b List of all differentially expressed genes 

between the two groups for both time points using the predefined 
cut-off values (TREM2−/− vs. WT mice). c Hierarchical clustering 
analysis based on the published data set of microglia-unique gene 
expression signature [28]. d Gene expression quantification of some 
microglia-unique genes by qRT-PCR in purified WT and TREM2−/− 
microglia after 4 weeks on CPZ (from n = 6 WT and 8 TREM2−/− 
mice). Values are mean ± SD. *P ≤ 0.05; **P ≤ 0.01 using Mann–
Whitney test
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Defect in lipid metabolism in TREM2−/− microglia

To identify the mechanisms underlying the lack of activa-
tion of TREM2-deficient microglia in the CPZ-induced 
model, we compared gene expression profiling of the CC 
from TREM2−/− vs. WT mice at 6 and 12  weeks. Gene 
arrays identified 13 and 62 genes that were differentially 
expressed using pre-specified cut-off values between WT 
and TREM2−/− mice at 6 and 12 weeks, respectively (Sup-
plementary Table S1). Most of the differentially expressed 
genes were changing in the same direction at the two time 
points (although statistical significance may not have been 
reached at both time points); For TREM2−/− mice, five 
genes had lower expression and 50 had higher expres-
sion compared to WT at each time point, whereas 7 genes 
changed in opposite directions at the two time points 
(Fig.  6b). We used two published datasets that define a 
naïve adult microglia gene expression signature [7, 28] to 
analyze our list of differentially expressed genes. Based on 
the published microglia-unique genes the TREM2−/− and 
WT expression arrays were clearly different, with the hier-
archical analysis based on one published data set shown in 
Fig.  6c [28]. No major differences in WT vs TREM2−/− 
hierarchical gene expression for astrocyte- or oligodendro-
cyte-associated genes [28] were observed in our dataset 
(data not shown). Notably, many of those gene transcripts 
recently defined as naïve adult microglia-unique genes 
were expressed at higher levels in the CC of TREM2−/− 
mice compared to WT after CPZ treatment, including 
P2ry12, P2ry13, Fcrls, Tmem119, Gpr34, Siglech, Olfml3 
and Slc2a5 (Fig. 6b, c). Increased expression of these genes 
in TREM2−/− compared to WT microglia purified from 
the brain after 4 weeks on CPZ was validated by qRT-PCR 
(Fig. 6d).

Next, we used Ingenuity IPA Network Generation soft-
ware to identify the major cellular functions implicated 
by the differentially expressed genes in TREM2−/− vs. 
WT CC. Based on the prediction algorithm, the network 
called “lipid metabolism, molecular transport, small mol-
ecule biochemistry” was the top altered in the TREM2−/− 
mice at 12  weeks (score of 46) (Supplementary Fig.  2a). 
Nineteen genes in that pathway had higher expression and 
one, lipoprotein lipase (LPL), had lower expression in the 
TREM2−/− mice compared to WT. Analysis with the Inge-
nuity downstream effect analysis tool identified the cel-
lular concentration of fatty acids as a biological function 
that would be affected (P = 6.29 × 10−5 by Fisher’s Exact 
Test) given the observed gene expression changes in our 
dataset. Seven genes are normally implicated in regulat-
ing cellular fatty acid concentration and they were all listed 
among those differentially expressed in TREM2−/− mice 
compared to WT (Fig.  6b). Five of these pathway activa-
tor genes (Alox5AP, PTGS1, LTC4S, HSD11B1, P2RY13) 

were induced in TREM2−/− mice consistently with that 
predicted by the analysis tool in respect of the downstream 
effects on fatty acid concentration. In contrast, two genes 
had expression levels that were opposite to what predicted: 
phosphodiesterase 3B (PDE3B-a pathway inhibitor), which 
was induced and LPL (a pathway activator) that was abnor-
mally decreased in TREM2−/− mice compared to what 
expected by downstream effects (Supplementary Fig. 2b).

LPL was among the top genes whose expression was 
significantly reduced in TREM2−/− mice compared to 
WT after CPZ treatment at both 6 (−2 log fold change, 
adjusted P value of 3.8 ×  10−2) and 12 weeks (−1.3 log 
fold change, adjusted P value of 4.3 × 10−2) (Fig. 6b). LPL 
is an enzyme implicated in the degradation of lipids that is 
expressed in microglia in the CNS [19, 43]. We evaluated 
LPL expression by qRT-PCR in TREM2−/− and WT micro-
glia isolated from the brain of naïve TREM2−/− and WT 
mice and at 4 weeks on CPZ. LPL transcripts were greatly 
induced in WT but not by TREM2−/− microglia after CPZ 
(Supplementary Fig. 2c). LPL protein expression was eval-
uated in the CC by IHC in naïve mice and after 4 weeks on 
CPZ, with significant increase of LPL observed at 4 weeks 
in WT but not in TREM2−/− mice (Supplementary Fig. 2d).

Defective myelin degradation by microglia in TREM2−/− 
mice

Defective clearance of myelin debris in TREM2−/− mice 
could be due in part to the lower number of microglial 
cells in TREM2−/− mice. However, the defective micro-
glial activation in these mice suggested that there might 
also be a defect in myelin uptake and/or degradation by 
TREM2−/− microglia. To directly assess myelin uptake, 
WT and TREM2−/− adult microglia were isolated and cul-
tured with myelin and then analyzed for MBP content by 
IHC as a measure of myelin uptake. No differences were 
noted between the two groups (Fig.  7a). In this in vitro 
assay, TREM2−/− microglia had a lower RI compared to 
WT, similar to our in vivo observations (Fig. 7b)

To investigate myelin processing by microglia in vivo, 
we performed immuno-EM of Iba1 labeled microglia in 
WT and TREM2−/− mice after 4 and 12  weeks on CPZ 
(Fig.  7c). We quantified the number of phagosomes con-
taining myelin figures (lamellate structures) in Iba1+ 
microglia in the CC of WT and TREM2−/− mice (Fig. 7d). 
At 4  weeks, the number of phagosomes was significantly 
higher in TREM2−/− than in WT CC. At 12  weeks no 
phagosomes containing myelin were detected in WT mice, 
while phagosomes filled with myelin figures were amply 
present in TREM2−/− CC (Fig.  7d). TREM2−/− phago-
somes also had significantly larger diameters at 4  weeks 
(Fig.  7e). At 12  weeks in WT mice, microglial cells dis-
played extensive presence of lipopigments by EM, called 
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pi granules, which are considered to be residue of myelin 
breakdown [40]. Pi granules were absent at 4  weeks dur-
ing acute demyelination in CC of both WT and TREM2−/− 
mice. At 12  weeks, we observed significantly more pi 
granules in WT microglia than in TREM2−/− CC (Fig. 7f). 
These results suggest that TREM2−/− microglia have a 
defect in lipid metabolism and myelin breakdown, but do 
not support a defect in myelin uptake.

Discussion

More than 10  years ago it was described that human 
genetic deficiency of the microglial receptor TREM2 leads 
to a neurodegenerative disease, PLOSL, characterized by 
severe brain atrophy with major white matter involvement 
and diffuse neuronal and axonal loss [61]. Moreover, recent 
reports have demonstrated that rare variants of TREM2 

Fig. 7   Defect in myelin degradation in TREM2−/− microglia. a 
Microglia were purified by sorting based on CD11b and CD45 
expression from the brain of TREM2−/− and WT naïve mice and 
cultured in vitro for 24 h in presence of myelin. Myelin uptake was 
quantified by immunofluorescence staining for MBP detected in 
Iba1+ microglia cells. Mean  ±  SEM are shown. b Microglia mor-
phology was quantified using the RI as expression of activation. 
RI equals 1 for a round cell and below 1 if the morphology devi-
ated from round. Mean  ±  SEM are shown. c Immuno-EM images 
of TREM2−/− and WT microglia stained with Iba1 in the CC at 

4 and 12  weeks on CPZ treatment. Images on the left in WT and 
TREM2−/−panels at week 4 and 12 (3,000× magnification) depict 
Iba+ microglial cells (asterisks). A higher magnification (15,000×) 
for the boxed area is shown on the right of each image. Black arrows 
indicate phagosomes containing myelin debris. White arrows indi-
cate pi granules. d Number of phagosomes containing myelin. e 
The diameter of phagosomes and f the number of pi granules were 
quantified per field at 3,000× magnification (area = 381 μm2) (n = 2 
mice/group). Horizontal lines are medians. *P ≤ 0.05; **P ≤ 0.0005; 
***P ≤ 0.0001 using Mann–Whitney test. NA not applicable
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confer an increased risk to develop common neurodegen-
erative diseases including AD, FTD, PD and ALS [3, 5, 8, 
22, 34, 35, 64, 67, 71, 77]. TREM2 has been reported to 
exert a variety of functions in different myeloid cell types, 
such as to positively regulate phagocytosis in microglia 
in vitro [80], to decrease pro-inflammatory responses of 
mouse macrophages and microglia in vitro [79, 80] and to 
promote proliferation of immature bone marrow-derived 
macrophages [59]. These results have been extrapolated 
to postulate that TREM2 expressed in resident microglia 
would have a key role in CNS homeostasis, in the clear-
ance of cell debris and metabolic waste and in sustaining 
an anti-inflammatory state [53]. However, the relevance of 
these studies to microglia function is largely speculative 
since the functions of TREM2 in microglia in vivo have not 
been investigated.

In this study, we define a role for TREM2 as a criti-
cal regulator of microglia activation in the CNS in vivo in 
response to oligodendrocyte damage using the well-char-
acterized CPZ-induced demyelination model. This model 
allows the study of brain-resident microglia function. 
Microglia are the first responders to CPZ-induced injury 
and their proliferation is largely responsible for Iba1+ cell 
accumulation with very limited infiltration of monocyte/
macrophages from the periphery [29, 47, 69]. TREM2 
is markedly upregulated on microglia during CPZ treat-
ment [82]. Herein, we provide in vivo evidence that lack 
of TREM2 in the mouse results in defective microglia acti-
vation in response to myelin damage and defective clear-
ance of myelin debris. TREM2 deficiency affected multi-
ple microglial functions including proliferation and the 
capacity to degrade myelin and was associated with altered 
morphology and cell marker profiles suggestive of a broad 
defect in microglia activation. The result of the microglial 
dysfunction was the accumulation of myelin debris in the 
CNS, with more axonal damage and clinical impairments 
in TREM2−/− mice. These findings indicate that TREM2 
promotes neuroprotective functions of resident microglia 
in the CNS in response to local cell damage. Most impor-
tantly, our results support the notion that TREM2 engage-
ment is essential for microglia activation in response to tis-
sue injury.

The function of TREM2 in neurological diseases has 
been evaluated in just a few studies. We and others have 
previously shown a protective role for TREM2 in an ani-
mal model for multiple sclerosis, experimental autoim-
mune encephalomyelitis, in which TREM2 expression was 
preferentially expressed by resident microglia [63, 78]. In 
autopsied multiple sclerosis subjects TREM2 was highly 
expressed on macrophages/microglia that had engulfed 
myelin debris [62]. More recently, TREM2 genetic vari-
ants have been associated with susceptibility to AD and 
other neurodegenerative diseases [68]. In transgenic mouse 

models of AD, TREM2 expression is increased in amyloid 
plaque-associated microglia, particularly in the outer zone 
of amyloid plaques [17, 48]. Since TREM2 may affect the 
uptake of aggregated proteins in vitro [38], and clearance 
of these products is postulated to play a key role in pro-
tection from AD and other neurodegenerative proteinopa-
thies [2, 46], it is tempting to speculate that TREM2 
mutations could favor neurodegeneration by impairing 
microglia function to clear cell debris and metabolic waste 
in the CNS. Notably, treatment with CSF-1 or IL-34, 
which increases microglia numbers and internalization of 
β-amyloid, leads to reduction of amyloid deposition and 
amelioration of memory deficits in transgenic AD mouse 
models [4, 42, 49]. Loss-of-function mutations in the 
gene coding for CSF-1 and IL-34 receptor, CSF-1R, cause 
hereditary diffuse leukoencephalopathy with axonal sphe-
roids and pigmented orthochromatic leukodystrophy, two 
genetic diseases with striking similarities in terms of clini-
cal phenotype and pathological findings with PLOSL, due 
to TREM2/DAP12 mutations [54, 65]. Since the TREM2/
DAP12 complex cooperates with CSF-1R [59, 60, 76], this 
could be a mechanism through which TREM2 regulates 
microglia activities.

Most neurological diseases display activated micro-
glia in areas of tissue damage. In response to tissue injury, 
microglia undergo a rapid transition from resting, ramified 
forms to amoeboid morphologies [66]. TREM2 deficiency 
increases the expression of pro-inflammatory products in 
mouse macrophages and microglial cell lines in response 
to TLR ligands and neuronal debris [24, 79, 80]. Thus, it 
has been hypothesized that loss-of-function mutations 
in TREM2 may promote neurotoxic microglial activa-
tion [27]. However, in our model, TREM2-deficient mice 
showed increased axonal damage as a result of impaired 
microglia activation and function, with no evidence of 
higher pro-inflammatory cytokine production based on 
transcriptome analysis. Interestingly, many gene tran-
scripts recently defined as unique to naïve adult micro-
glia were found at higher levels in TREM2−/− mice com-
pared to WT (Fig. 6b-c), including the purinergic receptor 
P2ry12, Tmem119, Gpr34, Fcrls+ and SiglecH. These 
genes are expressed in naïve microglia, but their expres-
sion is dramatically reduced after microglia activation [25, 
41]. These results further support a less activated pheno-
type of TREM2−/− compared to WT microglia during CPZ 
intoxication. This is consistent with reduced transcription 
of pro-inflammatory cytokines and chemokines described 
in TREM2−/− mice subjected to an inflammatory brain 
ischemia model in its sub-acute phase [73]. Another study 
in an AD mouse model showed a decrease of plaque-associ-
ated microglia in mice with only one copy of TREM2 [81]. 
Our study expands on these previous findings by provid-
ing evidence that lack of TREM2 leads to a much broader 
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defect in microglia activation, including proliferation and 
degradation of cell debris. As an aside, we observed much 
less astrogliosis in TREM2−/− compared to WT, suggesting 
that dysfunctional microglial activation and proliferation 
affect astrocyte functions. Interestingly, Skripuletz et  al. 
[74] showed that depletion of astrocytes in vivo results 
in a decrease in microglia accumulation, suggesting that 
astrocytes can also provide signals that promote microglia 
recruitment and activation to clear debris. TREM2 could 
directly mediate this interaction as astrocytes have been 
shown to express binding sites for TREM2 [11, 63].

The human disease PLOSL usually presents with CNS 
symptoms in the third–fourth decades of life, suggesting 
that TREM2 deficiency in CNS microglia requires accu-
mulation of damage to become clinically evident. Naïve 
TREM2-deficient mice do not show a phenotype resem-
bling human PLOSL (our unpublished results), which 
may be due to the short lifespan of mice as compared to 
humans. However, upon prolonged exposure to CPZ in our 
studies, TREM2-deficient mice were significantly impaired 
on measures of motor coordination compared to WT mice. 
These differences only became apparent in the more dif-
ficult components of the behavioral testing. Interestingly, 
prolonged CPZ exposure (12 weeks in our system) in our 
studies was associated with a slightly but significantly 
less ramified morphology of TREM2−/− microglia and 
with a significant higher iNOS expression compared to 
WT. At higher magnification by fluorescence microscopy, 
TREM2−/− microglia had a vacuolated appearance, which 
was further demonstrated by EM to derive from the persis-
tent presence of cell vacuoles filled with undigested mye-
lin. Together, these findings suggest that lack of TREM2 on 
microglia in the presence of a prolonged insult leads to a 
dysfunctional microglia phenotype. This aberrant microglia 
state could contribute to the accumulation of tissue dam-
age observed in the mouse model and in humans, but this 
hypothesis needs to be investigated.

Herein we show that lack of TREM2 is associated with 
a defect in myelin degradation. Several pieces of evidence 
support this: first, the continued presence of phagosomes 
containing myelin in TREM2−/− microglia after 12 weeks 
on CPZ, a time point when most myelin have been 
degraded in WT microglia. Second, gene expression analy-
sis suggested that absence of TREM2 is associated with a 
defect in lipid metabolism. We identified decreased LPL as 
one potential factor leading to defective myelin degradation 
in the absence of TREM2. We showed that LPL expression 
is robustly induced both transcriptionally and at the pro-
tein level in WT microglia in areas of demyelination after 
4 weeks on CPZ. This was in accord with a prior report that 
proposed that LPL could be involved in recycling of lipids 
from degenerating myelin for use by remyelinating oligo-
dendrocytes [58]. LPL induction after CPZ intoxication 

was not observed in TREM2−/− microglia. However, we 
cannot conclude if the reduction of LPL is a downstream 
effect or a direct consequence of lack of TREM2. Inter-
estingly, LPL accumulates in senile plaques of AD brains 
[55], and microglial LPL has been suggested to play a role 
in amyloid β uptake and degradation in vitro [43].

In summary, our findings reveal a key role for the recep-
tor TREM2 in promoting resident microglia activation and 
response to tissue injury caused by CPZ. Our data support 
the hypothesis that TREM2 facilitates multiple neuropro-
tective functions of microglia in response to CNS tissue 
damage, functions that could relate to many different neu-
rological diseases. The broad defects we have observed in 
TREM2−/− microglia suggest that TREM2 engagement on 
the cell surface could be one of the first events in micro-
glia activation. Alternatively, TREM2 may function down-
stream of this pathway as an essential molecule to control 
several different cell functions (proliferation, phagocytosis 
and lipid degradation) independently. Further clarifying 
the role of TREM2 may open new avenues for therapeutic 
intervention in neurodegenerative diseases.
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