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Triggering receptor expressed on myeloid cells 2 (TREM2), a receptor exclusively expressed by microglia in the brain, modu-
lates microglial immune homeostasis. Human genetic studies have shown that the loss-of-function mutations in TREM2 sig-
naling are strongly associated with an elevated risk of age-related neurodegenerative diseases including Alzheimer’s disease
(AD). Numerous studies have investigated the impact of TREM2 deficiency in the pathogenic process of AD. However, the
role of TREM2 in shaping neuronal and cognitive function during normal aging is underexplored. In the present study, we
employed behavioral, electrophysiological, and biochemical approaches to assess cognitive and synaptic function in male and
female young and aged TREM2-deficient (Trem22/2) mice compared with age-matched, sex-matched, and genetic back-
ground-matched wild-type (WT) C57BL/6J controls. Young Trem22/2 mice exhibited normal cognitive function and synaptic
plasticity but had increased dendritic spine density compared with young WT. Unexpectedly, aged Trem22/2 mice showed
superior cognitive performance compared with aged WT controls. Consistent with the behavioral data, aged Trem22/2 mice
displayed significantly enhanced hippocampal long-term potentiation (LTP) and increased dendritic spine density and synap-
tic markers compared with aged WT mice. Taken together, these findings suggest that loss of TREM2 affects the neuronal
structure and confers resilience to age-related synaptic and cognitive impairment during non-pathogenic aging.

Key words: aging; dendritic spine density; learning and memory; long-term potentiation; synaptic plasticity; TREM2

Significance Statement

Microglia are innate immune cells of the brain that orchestrates neurodevelopment, synaptic function, and immune response
to environmental stimuli. Microglial triggering receptor expressed on myeloid cells 2 (TREM2) signaling plays pivotal roles in
regulating these functions and loss of TREM2 signaling leads to increased risk of developing age-related neurologic disorders.
However, the neurologic role of TREM2 in normal aging is poorly understood. The results of the present study unveil the pos-
itive impacts of TREM2 deficiency on cognitive and synaptic function during aging and suggest that TREM2 may exert detri-
mental effects on neuronal function. The possibility of age-related negative impacts from TREM2 is critically important since
TREM2 has emerged as a major therapeutic target for Alzheimer’s dementia.

Introduction
Triggering receptor expressed on myeloid cells 2 (TREM2) is an
immunoglobulin superfamily receptor expressed by some mye-
loid lineage cells (Kang et al., 2018). In the brain, TREM2 is
exclusively expressed on microglia (Gratuze et al., 2018).
Microglia are innate immune cells of the brain that play pivotal

roles in both physiological and pathologic conditions, includ-
ing shaping neurodevelopment, regulating synaptic function,
and orchestrating immune responses to environmental stimuli
(Szepesi et al., 2018). Transcriptomic studies have identified
TREM2 as an essential mediator of microglial immune home-
ostasis (Neumann and Takahashi, 2007; Krasemann et al.,
2017). Various putative ligands for TREM2, including lipids,
apolipoproteins, and amyloid-b (Ab ) have been identified
(Kober and Brett, 2017). TREM2 intracellular signaling
requires the binding of an adaptor protein, tyro protein ki-
nase binding protein (TYROBP; also known as DAP12;
Hamerman et al., 2006). Activation of DAP12 leads to
downstream signaling cascades including the activation of
ERK, PLCg , and mTOR (Ulland and Colonna, 2018).
TREM2 signaling plays an important role in regulating
microglial proliferation, the release of inflammatory cyto-
kines, and mediating phagocytosis.
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Human genetic studies have identified critical impacts of
TREM2 mediated signaling cascades in neuropathogenesis. Loss-
of-function mutations in TREM2 or DAP12 result in Nasu–
Hakola disease (NHD), which is characterized by progressive
presenile dementia with bone cysts (Paloneva et al., 2001).
Genome-wide association studies (GWASs) have discovered that
loss-of-function mutations in TREM2 increase the risk of devel-
oping Alzheimer’s disease (AD) by 2- to 4-fold (Guerreiro et al.,
2013; Gratuze et al., 2018). AD is the most common cause of de-
mentia in the elderly and is characterized by progressive neuro-
nal dysfunction and degeneration, accumulation of amyloid
plaques and neurofibrillary tangles, and glial activation (Wenk,
2003). TREM2 displays a complex role depending on the stage of
AD. In the presence of Ab , complete deficiency of TREM2 limits
Ab seeding at the early stage but impairs plaque compaction
and exacerbates the spread of Ab later (Gratuze et al., 2018).
TREM2 haplodeficiency does not affect Ab pathology but alters
the morphology of plaque-associated microglia and worsens axo-
nal dystrophy (Ulrich et al., 2014; Yuan et al., 2016). In the pres-
ence of tau pathology, complete loss of TREM2 exacerbates tau
hyperphosphorylation and seeding at the early stage but rescues
tau-mediated neurodegeneration later, whereas TREM2 haplode-
ficiency aggravates tau pathology and exacerbates brain atrophy
(Gratuze et al., 2018). However, Trem21/1 and Trem21/�
microglia showed similar transcriptome changes whereas
Trem2�/� microglia failed to convert to the disease-associ-
ated microglia (DAM) state on cuprizone-induced demyelin-
ation (Nugent et al., 2020).

Although increased attention has been drawn to better under-
standing TREM2 function in disease progression, the physiologi-
cal role of TREM2 in the brain has only emerged recently.

During neurodevelopment, TREM2 is essential for synaptic
pruning and normal brain connectivity formation, which are
critical for normal social behaviors (Filipello et al., 2018).
Behavioral and transcriptomic analysis of TREM2 null mice

showed little impact of TREM2 deficiency on
basal cognitive function at six months of age
(Kang et al., 2018). During aging, homeostatic
microglia adopt transcriptional changes to the
DAM state in WT mice, whereas TREM2-defi-
cient microglia fail to undergo such conversion
in TREM2-null mice (Keren-Shaul et al., 2017;
Nugent et al., 2020). Since loss-of-function
mutations in TREM2 increase the risk of devel-
oping age-related dementia including AD and
NHD, TREM2 deficiency was expected to exac-
erbate neuronal dysfunction and cognitive
decline during normal aging.

To define the impact of TREM2 deficiency on
brain function in aging, the present study was
undertaken to assess cognitive and synaptic func-
tion in young and aged Trem2�/� mice using
age/sex-matched wild-type (WT) C57BL/6J mice
as controls. Contrary to the expectation, aged
Trem2�/� mice showed superior cognitive per-
formance, enhanced hippocampal long-term
potentiation (LTP), and increased dendritic spine
density and postsynaptic makers, compared with
age/sex-matched WT controls. These findings
demonstrated that TRME2 deficiency confers re-
silience to cognitive deficits and synaptic dysfunc-
tion in aged mice, suggesting a potentially
detrimental role of TREM2 during physiological
aging.

Materials and Methods
Animals
Trem2�/� mice (Turnbull et al., 2006) on the congenic C57BL/6 back-
ground were kindly provided by Marco Colonna (Washington
University, St. Louis, MO) and bred in-house. WT C57BL/6J mice
(#000664) were acquired from Jackson Laboratory and bred in-house.
Both males and females were included in this study. All mice were
housed in the specific pathogen-free (SPF) facility at the University of
Minnesota (UMN). Experiments were conducted blind to genotypes and
all animal procedures were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) at UMN.

Behavioral assessment
Three behavioral tests were used to assess the locomotive response to envi-
ronmental stimulus, anxiety levels, and spatial learning and memory of
mice as previously described (Cheng et al., 2013; Hottman et al., 2018).
Briefly, the ANYMAZE system and instruments were used for all behavioral
assessments (San Diego Instruments). The open-field test was used to
evaluate the locomotive response and habituation to environmental
stimuli. In the open-field test, mice were placed into a square open box
and allowed to explore freely for 5min for three continuous days. The
path length was recorded for each trial. The elevated plus maze was
used to evaluate the anxiety levels of mice and consists of a platform
above the ground, which has two opposing open arms and two closed
arms formed a “1” shape maze. Mice were allowed to explore the maze
freely for 5min for two continuous days. The time spent in the open
and closed arms were recorded. The Morris water maze test was con-
ducted to assess the spatial learning and memory of mice, using a
round basin filled with water in a visual cue-enriched room. During
the acquisition phase, mice were trained to find a hidden escape plat-
form 1 inch under the water. The escape latency was recorded for four
trials a day for five continuous days. On day 6, a probe trial for testing
memory retention was conducted by removing the platform and the
platform location crossover was recorded in a single 60-s trial. Mice
were returned to their home cage for 2 h. Then a visible trial was con-
ducted to test their visual acuity and swimming speed.

Figure 1. TREM2 deficiency does not affect behavioral or cognitive performance in young mice. Six-month-old WT
and Trem2�/� mice were examined for locomotive mobility and habituation in the open field test (A), anxiety lev-
els in the elevated plus-maze test (B), and spatial learning during the acquisition phase (C) and memory retention in
the probe trial (D) of the Morris water maze test. Results shown are the mean6 SEM (n=6–8 mice/genotype).
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Electrophysiology
Electrophysiology experiments with acute brain sli-
ces were conducted as previously described (Parent
et al., 2014; Hottman et al., 2018). Briefly, mice were
anesthetized using isoflurane, followed by decapita-
tion. Brains were dissected out and sectioned in an
ice-cold sucrose cutting solution containing the fol-
lowing: 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM

NaHCO3, 0.5 mM CaCl2, 7 mM MgCl2, 7 mM dex-
trose, and 240 mM sucrose. Transverse hippocampal
slices were cut at 400 mM using a vibratome (Leica).
Slices then were transferred and incubated for
15min at 28°C in artificial CSF (aCSF) containing
the following: 125 mM NaCl, 2.5 mM KCl, 1.25 mM

NaH2PO4, 25 mM NaHCO3, 2 mM CaCl2, 1 mM

MgCl2, and 25 mM dextrose (pH 7.4) with constant
bubbling of 95%O2/5% CO2, followed by at least 1-
h recovery at room temperature. After recovery,
slices were placed into the recording chamber
(Automate Scientific) with aCSF flowing at ;1.5
ml/min at 27–29°C. Electrical stimulations were
controlled by a constant-current stimulus isola-
tor (World Precision Instruments) and were
delivered to the Schaffer Collateral axon bundles
of CA3 to CA1 of the hippocampus using a bipo-
lar tungsten electrode (FHC). For input/output
(I/O) curves, stimulation was delivered at 10-s
interval and five stimuli were given and averaged at
every 10mA ranging from 0 to 150 mA and the field
EPSPs (fEPSPs) were recorded and averaged at each
stimulation intensity. Stimulation intensity was then
adjusted to 40�50% of each slice’s maximum
response in the I/O curve to assess the paired-pulsed
facilitation (PPF). Two continuous stimuli were
delivered to slices with an interval of 30ms at every
10 s. Five minutes of stable PPFs (120 PPFs) were recorded and averaged
for each genotype. Hippocampal LTP was assessed on separate slices.
Stimulation was delivered at 10-s interval and the stimulation intensity
was adjusted to 40–50% of each slice’s maximum I/O curve. Following a
20-min stable bassline, three trains of theta-burst stimulation (TBS) proto-
col with a 20-s interval is delivered. The slopes of fEPSP after induction
were normalized to the baseline and the last 5 min of response were aver-
aged to represent the magnitude of potentiation.

Golgi staining and spine density quantification
Golgi staining was conducted using the FD Rapid GolgiStain kit (catalog
#PK401A, FD NeuroTechnologies) as previously described with some
modifications (Rodriguez et al., 2013; Hottman et al., 2018). Briefly,
mice were deeply anesthetized and perfused with PBS. Brainstem and ol-
factory bulbs were removed, and two-thirds of the posterior brain were
processed following the manufacture’s user manual. After one week of
infusion in mixed solutions A and B provided by the kit, brains were
then transferred into the Solution C for another 3 d. Coronal brain sec-
tions were cut in Solution C at 150mm using a vibratome (Leica) and
dried overnight. Dehydration steps were executed as described by the
manufacture and sealed in Permount mounting medium (Fisher
Scientific). Slides were allowed to dry for at least 3 d, then the edges of
coverslips were sealed using clear nail polish. Golgi imaging microscopy
was done under a 100� objective using the Nikon Eclipse 55i upright

microscope and images were taken using a digital CCD color camera
(QImaging) and captured using the Image-Pro Plus software. Spine den-
sity quantification in our previous report was done using single plane
focal field images (Hottman et al., 2018). Since neurons extend processes
in three dimensions and dendrites are often not straight, single-plane
images can only cover small focal fields and short visible dendrites with
few spines. To improve the accuracy and quality of quantifying spine
density, a z-stack of images that consist of different focal fields of all
spines covering an entire dendritic branch of interest were manually
taken by gradually change the focus of the dendrite (see below in the
Results section). Each focal field was determined by the visibility of
spines and two continuous focal fields covered different focuses of the
same spines to ensue all spines were captured along the dendrite.
Secondary or above order of dendritic branches from pyramidal neurons
in the Layer II/III of the posterior 2/3 of the cerebral cortex, including
the sensory, motor, and entorhinal cortex, and in the hippocampal CA1
were imaged. Neurons were randomly chosen from fully stained, clearly
identifiable cells from these two brain regions. Dendritic segments were
chosen by tracking the dendritic process from neuronal soma and
branches, and only dendritic segments that are clearly visible and far
from neighboring dendrites were selected. After imaging, images con-
taining all focal fields of a dendrite were imported and stacked together
using the ZProjection (min intensity) program in the ImageJ software.
Spine numbers were then manually counted, and the total length of the
dendrite was measured using ImageJ measuring tools. Compared with a

Figure 2. TREM2 deficiency protects against aging-induced cognitive decline. Aged WT and Trem2�/�
mice (18 months) were examined for locomotive mobility and habituation in the open field test (A;
ppp = 0.0035, repeated measures two-way ANOVA, genotype factor), anxiety levels in the elevated plus-
maze test (B), and spatial learning during the acquisition phase (C; ppp = 0.0011, repeated measures two-
way ANOVA, genotype factor) and memory retention in the probe trial (D; ppppp, 0.0001, unpaired
Student’s t test) of the Morris water maze test. Results shown are the mean 6 SEM (n = 10–11 mice/
genotype).

Table 1. Animals used in each experiment

Young

Average age

Aged

Average ageWT TREM2 WT TREM2

Behavioral assessment 8 (4 M, 4 F) 6 (2 M, 4 F) 6 mo 11 (5 M, 6 F) 10 (5 M, 5 F) 18 mo
Electrophysiology 7 (4 M, 3 F) 6 (2 M, 4 F) 8 mo 6 (2 M, 4 F) 7 (2 M, 5 F) 19 mo
Golgi staining and synaptosome isolation 6 (3 M, 3 F) 6 (3 M, 3 F) 8 mo 7 (3 M, 4 F) 6 (3 M, 3 F) 19 mo

Same cohorts of mice were used in behavioral and electrophysiological experiments. Separate cohorts of mice were used in Golgi staining and synaptosome isolation. M, male; F, female; mo, months.
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single plane image, the z-stacked image clearly improved the visibility of
the spines and the quantifiable dendritic length (see below in the Results
section). On average, the dendritic segments of 446 0.56mmwere quan-
tified. Spines from two apical and two basal dendritic branches from
one neuron were averaged to represent the spine density of the
neuron. Ten neurons were imaged from each animal and a total of
60–70 neurons (six to seven mice)/genotype were included.

Synaptosome isolation
Synaptosome isolation was conducted as previously described with
some modifications (Chao et al., 2013; Suresh and Dunaevsky,
2015; Kolodziej et al., 2016). The anterior one-third of the brain
(olfactory bulb excluded) was collected and snapped frozen in liq-
uid nitrogen until further process. Tissue was homogenized on ice
in a sucrose buffer containing 320 mM sucrose, 10 mM HEPES, pH
7.5, 5 mM EDTA, 5 mM dithiothreitol (DTT), 1.5 mM MgCl2, and 1�
protease and phosphatase inhibitors using a handheld homogenizer
(KIMBLE Pellet Pestle Motor) for 1 min with up and down motions.
Samples were then incubated on ice for 10min followed by centrifugation
at 700 � g at 4°C for 10min. The supernatant was transferred to a new
tube, and the pellet was homogenized and centrifuged for the second time,
and the supernatant was combined with the first time. The supernatant was
then centrifuged at 12,000� g for 20min at 4°C to acquire a pellet contain-
ing enriched synaptosomes, which was resuspended in the sucrose buffer
with 1% Triton X-100 and incubated at 4°C for 1 h.

Protein assay and immunoblotting
The protein concentration of the synaptosome preparation was
determined using Bradford assay (ThermoFisher) and aliquots of
the synaptosome preparation were separated by 12% or 4–20% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) as previously described (Chernick
et al., 2018). The membranes were incubated
with primary antibodies of the following: post-
synaptic density (PSD)-95 (MAB1598,
Millipore Sigma), NR2A (07-632, Millipore
Sigma), NR2B (MAB5778, Millipore Sigma),
glutamate receptor 1 (AB1505, Millipore
Sigma), synapsin 1 (Syn1; AB1543, Millipore
Sigma), GAPDH (AM4300, Invitrogen), and
followed by horseradish peroxidase-conju-
gated secondary antibodies. Membranes were
then incubated in the Clarity Western ECL
substrate (Bio-Rad) and the signal was
detected using the iBright Western Blot
Imaging System (Thermo Fisher Scientific).
Images were quantified using the ImageJ
software.

Experimental design and statistical analyses
All experiments, including behavioral assess-
ments, electrophysiological measurements,
and synaptic morphologic and biochemical
analyses, were performed in young and old
Trem2�/� mice compared with age-, sex-,
and strain-matched C57BL/6J (WT) control
mice (Table 1). All experiments were con-
ducted blind to genotypes and both males
and females were used in this study.
Behavioral tests were conducted at sixmonths
(young) and 18months (aged) of age. After
two weeks of behaviors, mice were allowed to
rest for at least two weeks before electrophys-
iological experiments were conducted in the
same cohort of mice at an average of eight
and 19months of age. Quantifications of
spine density and synaptic markers using
Golgi staining and synaptosome preparation
respectively were conducted in separate
cohorts of naive young (eightmonths) and

aged (19months) mice to avoid potential confounding factors caused
by behavioral and electrophysiological experiments. The age of the
naive mice matched the age of the mice used in electrophysiological
experiments.

GraphPad Prism was used to perform statistical analyses. All values
are expressed as mean 6 SEM. To compare differences between WT
and Trem2�/� groups, a two-tailed unpaired Student’s t test was used.
For comparisons of the genotype effect on the performance of mice over
constitutive days, repeated measures two-way ANOVA was conducted.
For comparisons of the genotype effect on I/O curve, the mixed-effects
model (REML) was used. To evaluate the influence of aging and geno-
type interaction on spine density, two-way ANOVA was performed, fol-
lowed by the Holm–Sidak multiple comparison analysis. Data frommale
and female mice were analyzed separately and no sex difference was
observed; thus, data from males and females were combined and
presented.

Results
TREM2 deficiency does not affect cognitive function in
young mice and enhances cognitive function in aged mice
To determine the impact of TREM2 deficiency on cognitive func-
tion at different ages, Trem2�/� mice were used (Turnbull et al.,
2006). First, a battery of behavioral tests was conducted to assess
the role of TREM2 deficiency in young mice (six months). The
open-field test over 3 d of trials was used to evaluate the gen-
eral activity and locomotive habituation response, which
showed no significant differences between WT and Trem2�/�
mice at this young age of sixmonths (F(1,12) = 0.09863, p=0.7589,

Figure 3. TREM2 deficiency has no impact on basal neurotransmission and hippocampal LTP in young mice. Two
weeks after the behavioral tests, young WT and Trem2�/� mice (eight months) were examined for hippocampal
basal neurotransmission and LTP. Stimulation was delivered to the Schaffer collateral and fEPSP was recorded in
the CA1 stratum radiatum. A, I/O curves (n = 7–9 slices/2 mice per genotype). B, PPF ratios were evaluated at the
40–50% I/O curve maximum response on the same slices after the I/O curve experiments (n = 7–9 slices/2 mice
per genotype). Hippocampal LTP was evaluated in separate sets of slices. C, Induction of hippocampal LTP. After a
stable 20-min baseline, the LTP was induced by three trains of TBS with a 20-s interval. The initial slopes of the
fEPSP rising phase were normalized to the baseline average. D, The magnitude of LTP of the last 5 min (35–40 min
postinduction) was averaged and compared between genotypes (n = 9–15 slices/4–5 mice per genotype). All
results shown are mean 6 SEM.
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repeated measures two-way ANOVA; Fig.
1A). The elevated plus-maze was used to
assess the anxiety level, which also showed
no significant differences between WT and
Trem2�/� mice, reflected by comparable
percentage time spent in the open arm
(F(1,12) = 0.7864, p= 0.3926, repeated meas-
ures two-way ANOVA; Fig. 1B). To assess
hippocampal-dependent spatial learning
and memory, the Morris water maze was
used, which showed that young Trem2�/�
and WT mice had similar learning curves
(F(1,12) = 0.1737, p= 0.6842, repeated meas-
ures two-way ANOVA; Fig. 1C) and
platform crossovers (memory retention)
during the probe trial (t(12) = 1.392, p =
0.1892, unpaired Student’s t test; Fig. 1D).
There were no differences in the mean
swimming speed during the probe trial
(WT: 0.236 0.01 m/s, Trem2�/�: 0.22 6
0.01 m/s, t(12) = 0.545, p= 0.5443, unpaired
Student’s t test) or the escape latency during
the visible platform trial (WT: 14.36 2.8 s,
Trem2�/�: 8.76 1.6 s, t(12) = 1.547, p =
0.1478, unpaired Student’s t test) between ge-
notypes. These results indicate that TREM2
deficiency does not alter cognitive function
at sixmonths of age and this conclusion is
consistent with that of the previous study
(Kang et al., 2018).

Next, since aging is the greatest risk fac-
tor for developing AD and mice display
age-related cognitive decline (Shoji et al.,
2016), the impact of TREM2 deficiency on
cognitive function in aged mice was investigated. The same sets
of behavioral and cognitive tests were conducted on a separate
group of aged Trem2�/� and WT mice (18months).
Interestingly, aged WT mice showed impaired locomotive
habituation over 3 d of training in the open field test, which
was rescued in aged Trem2�/� mice (F(1,19) = 11.14, ppp =
0.0035, repeated measures two-way ANOVA; Fig. 2A), indi-
cating that Trem2�/� mice preserved the memory of envi-
ronmental stimulus-induced locomotive responses over
days. The elevated plus-maze test showed a trend of reduc-
tion in the anxiety level in aged Trem2�/� mice compared
with aged WT mice (F(1,19) = 3.892, p = 0.0632, repeated
measures two-way ANOVA; Fig. 2B). Most unexpectedly,
hippocampal spatial learning and memory assessments by
the Morris water maze test revealed that aged Trem2�/�
mice had superior performance in both the learning acquisi-
tion phase (F(1,19) = 14.70, ppp = 0.0011, repeated measures
two-way ANOVA; Fig. 2C) and the memory retention phase dur-
ing the probe trial (t(19) = 5.005, ppppp , 0.0001; Fig. 2D) com-
pared with aged WT mice. There were no differences in the mean
swimming speed during the probe trial (WT: 0.156 0.01 m/s,
Trem2�/�: 0.166 0.01 m/s, t(19) = 0.7273, p=0.4759, unpaired
Student’s t test) or the escape latency during the visible platform
trial (WT: 22.86 4.5 s, Trem2�/�: 14.86 2.0 s, t(19) = 1.547,
p=0.1343, unpaired Student’s t test). Taken together, these data
demonstrate that TREM2 deficiency does not affect learning and
memory function at a young age but leads to an unexpected boost
of cognitive function in aged mice independent of locomotive ac-
tivity and visual acuity.

TREM2 deficiency leads to enhanced hippocampal LTP
without influencing basal synaptic neurotransmission in
aged mice
The unexpected protective effects of TREM2 deficiency on cogni-
tive function in aged mice suggest potential neuronal signaling
changes in Trem2�/� mice during normal aging. Although
TREM2 is exclusively expressed on microglia in the brain, synaptic
function can be modulated by the cross-talk between microglia
and neurons (Szepesi et al., 2018). To assess the role of TREM2 in
regulating neuronal electrophysiological properties, the cellular
mechanisms underlying cognitive function, field electrophysiolog-
ical recordings were conducted at least two weeks after the behav-
ioral tests in young and aged mice. First, the I/O curve was
constructed to evaluate the basal synaptic transmission, in which
the slope of the fEPSP increased in response to increased stimula-
tion inputs, and there were no significant differences between
young Trem2�/� and WT mice (eight months; F(1,15) = 0.2110,
p=0.6526, REML; Fig. 3A). Then, the paired-pulse facilitation
(PPF), a form of short-term plasticity that mostly involves presyn-
aptic machinery (Regehr, 2012), was determined. The experiment
showed no significant differences in PPF between young WT and
Trem2�/� mice (t(14) = 0.3196, p=0.754, unpaired Student’s t
test; Fig. 3B). To assess the long-term plasticity, the hippocampal
CA1 LTP, which mostly involves postsynaptic machinery and has
been shown to be essential for normal spatial learning and mem-
ory (Tsien et al., 1996), was measured. As shown in Figure 3, the
magnitude of LTP, represented by the averaged fEPSP of the last
5min (35–40min postinduction), was not significantly different
between youngWT and Trem2�/� mice (t(22) = 0.6081, p=0.5493,
unpaired Student’s t test; Fig. 3C,D). These results are consistent

Figure 4. TREM2 deficiency does not affect basal neurotransmission and leads to enhanced hippocampal LTP in aged mice.
Two weeks after the behavioral tests, aged WT and Trem2�/� mice (19months) were examined for hippocampal basal neuro-
transmission and LTP. Stimulation was delivered to the Schaffer collateral and fEPSP was recorded in the CA1 stratum radiatum.
A, I/O curves (n=8–9 slices/2 mice per genotype). B, PPF ratios (n=8–9 slices/2 mice per genotype). Hippocampal LTP was
evaluated in separate sets of slices. C, Induction of hippocampal LTP. D, The magnitude of LTP of the last 5min (35–40min post-
induction) was averaged and compared between genotypes (n=14–15 slices/4–5 mice per genotype, pp=0.0149, unpaired
Student’s t test). All results shown are mean6 SEM.
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with the cognitive outcomes of the young mice and indicate that
TREM2 deficiency does not influence basal neurotransmission and
hippocampal synaptic plasticity at eightmonths of age.

Next, the impact of TREM2 deficiency on hippocampal neu-
ronal function in aged mice (19months) was investigated using
the same series of electrophysiological experiments. Similar to the
young group, aged Trem2�/� mice displayed no differences in the
I/O curve compared with aged WT controls, indicating that
TREM2 deficiency does not influence basal neurotransmissions
(F(1,17) = 0.4559, p = 0.5086, REML; Fig. 4A). The PPF ratio was
evaluated next, which was not significantly different between
aged Trem2�/� and WT mice (t(15) = 1.449, p=0.1679, unpaired
Student’s t test; Fig. 4B), suggesting that TREM2 deficiency does

not influence short-term plasticity during
aging. Since long-term synaptic plasticity is
crucial for normal hippocampal function
and TREM2 deficiency preserved learning
and memory during aging, hippocampal
LTP was assessed in the aged group. The
results revealed that aged Trem2�/� mice
had significantly enhanced LTP compared
with aged WT controls (t(27) = 2.602, pp =
0.0149, unpaired Student’s t test; Fig. 4C,D).
Taken together, these findings demonstrate
that TREM2 deficiency leads to enhanced
hippocampal LTP without influencing basal
synaptic transmission and short-term plas-
ticity in aged mice.

TREM2 deficiency-induced abundance
of spines compensates for the loss of
spines during aging
During neurodevelopment, TREM2 defi-
ciency leads to impaired synaptic pruning
and results in increased dendritic spine
density in the hippocampus (Filipello et al.,
2018). However, it is unclear whether
TREM2-mediated synaptic refinement dur-
ing development continues during aging. In
the nervous system, the postsynaptic dendri-
tic spines are where most of the excitatory
synaptic transmission occurs, and changes in
spine density reflect the status of glutamater-
gic synaptic transmission in shaping synaptic
plasticity and cognition (Dickstein et al.,
2013). To determine the impact of TREM2
deficiency on dendritic spines during aging,
Golgi staining was conducted to evaluate the
dendritic spine density in a separate cohort
of naive young and aged mice as behavioral
and electrophysiological experiments may
alter synaptic spine morphology (Berry and
Nedivi, 2017).

Different focal fields of all spines cov-
ering an entire dendritic branch of inter-
est were imaged and stacked together.
Compared with a single plane image
(Fig. 5A), the z-stack image clearly im-
proved the visibility of the spines and the
quantifiable dendritic length (Fig. 5B).
Using this imaging technique, first, the
dendritic spine density of the pyramidal
neurons in the hippocampal CA1 was
assessed in young WT and Trem2�/�

mice (eight months). Young Trem2�/� mice showed signifi-
cant increases in the spine density of both apical and basal den-
drites compared with WT (apical: t(10) = 3.396, ppp=0.0068;
basal: t(10) = 3.477, ppp=0.0059, unpaired Student’s t test; Fig.
6A,B). Since TREM2 is depleted systemically in Trem2�/�mice,
whether the effect of TREM2 deficiency on spine numbers is hip-
pocampus specific was assessed next by quantifying spine density
of the pyramidal neurons in the Layer II/III of the posterior 2/3
cerebral neurons. Similar to the hippocampal pyramidal neurons,
significantly increased spine density of both apical and basal den-
drites in cortical neurons was observed in young Trem2�/� mice
compared with WT (apical: t(10) =3.98, ppp=0.0026; basal: t(10) =

Figure 5. Z-stacking of single plane images improves quantification of dendritic spines. A, A representative single plane
image for a segment of a dendritic branch. B, A representative z-stack image summed from 15 different focal fields of all
spines on the same dendritic branch (inset 1–15). The z-stack image clearly shows improved visibility and increased quan-
tifiable dendritic length. Scale bar: 10mm.

Figure 6. TREM2-deficient mice display increased dendritic spine density at a young age. A cohort of young mice (eight
months) was subjected to spine density evaluation using Golgi staining. A, Representative images of z-stacked secondary or
above order apical and basal dendritic segments from hippocampal CA1 pyramidal neurons imaged at 100�. B,
Quantification of hippocampal CA1 spine densities (n= 6 mice per genotype, apical: ppp= 0.0068, basal: ppp= 0.0059,
unpaired Student’s t test). All results shown are mean6 SEM. C, Representative images of z-stacked secondary or above
order apical and basal dendritic segments from cortical Layer II/III pyramidal neurons imaged at 100�. D, Quantification of
cortical Layer II/III pyramidal neurons spine densities (n= 6 mice per genotype, apical: ppp= 0.0026, basal:
ppp= 0.0039, unpaired Student’s t test). All results shown are mean6 SEM.
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3.734, ppp=0.0039, unpaired Student’s
t test; Fig. 6C,D). These results indicate that
TREM2 is required for maintaining normal
synaptic density in both cortical and hippo-
campal CA1 regions at a young age. Since
no cognitive or synaptic function changes
were observed in young Trem2�/� mice,
there might be compensatory mechanisms
that offset the excessive spine density.

It is well known that cortical and hip-
pocampal dendritic spine density reduces
during aging and correlates with cognitive
decline (Dickstein et al., 2013; Boros et al.,
2019). Since TREM2 deficiency resulted in
more dendritic spines during development
and in young adults, the possibility that
Trem2�/� mice are resilient to the loss of
dendritic spines during aging was investi-
gated next in aged WT and Trem2�/�
mice (19months). As expected, aged
Trem2�/� mice showed significantly
more spines in both apical and basal
dendrites of the hippocampal CA1 and
cortical Layer II/III pyramidal neurons
compared with WT controls (CA1 api-
cal: t(11) = 4.359, ppp = 0.0011, CA1 ba-
sal: t(11) = 4.02, ppp = 0.002, cortical
apical: t(11) = 6.579, ppppp , 0.0001,
cortical basal: t(11) = 7.12, ppppp, 0.0001,
unpaired Student’s t test; Fig. 7A–D).

To evaluate the interaction between
age and TREM2 genotype on spine den-
sity, the young and aged groups were ana-
lyzed together. The results showed that
both genotype and age significantly influ-
enced the spine density, and a significant impact of genotype and
age interaction was found on cortical basal dendrites (CA1 api-
cal: age: F(1,21) = 10.08, ppp=0.0046, genotype: F(1,21) = 29.69,
ppppp, 0.0001, age � genotype: F(1,21) = 0.1017, p=0.7529;
CA1 basal: age: F(1,21) = 12.15, ppp= 0.0022, genotype: F(1,21) =
27.18, ppppp, 0.0001, age � genotype: F(1,21) = 0.3625, p =
0.5536; cortical apical: age: F(1,21) = 38.07, ppppp , 0.0001, geno-
type: F(1,21) = 54.39, ppppp , 0.0001, age � genotype: F(1,21) =
2.019, p=0.17; cortical basal: age: F(1,21) = 77.65, ppppp, 0.0001,
genotype: F(1,21) = 59.53, ppppp, 0.0001, age� genotype: F(1,21) =
6.921, pp=0.0156; two-way ANOVA; Fig. 8A,B). Intriguingly,
aged Trem2�/� mice sustained similar spine numbers as young
WT mice (CA1 apical: adjusted p=0.1292; CA1 basal: adjusted
p=0.2438; cortical apical: adjusted p=0.4122; cortical basal:
adjusted p=0.4549; post hoc Holm–Sidak multiple comparisons;
Fig. 8C–F). Taken together, these data suggest that TREM2 defi-
ciency leads to elevated spine density, which confers a protection
against spine loss during aging.

TREM2 deficiency leads to elevated postsynaptic markers
during aging
To elucidate the potential molecular mechanisms underlying
heightened cognitive/synaptic function in aged Trem2�/� mice,
synaptosomes were isolated from the frontal cortex of the young
and aged mice used for Golgi staining. Immunoblotting was con-
ducted to analyze the expression of synaptic proteins involved in
regulating hippocampal function. These proteins include PSD-
95, a major scaffolding protein in the excitatory PSD that

regulates synaptic plasticity and decreases during aging (Chen
et al., 2011; Shi et al., 2015); AMPA receptor subunit GluA1,
which regulates hippocampal LTP and contributes to spatial learn-
ing and memory (Zhou et al., 2018); NMDA subunits NR2A and
NR2B, which are important for regulating hippocampal LTP
(Berberich et al., 2005; Bartlett et al., 2007); and presynaptic marker
Syn1, which regulates synaptic vesicle trafficking and neurotrans-
mitter release (Hilfiker et al., 1999; Orlando et al., 2014; Song and
Augustine, 2015). First, in young Trem2�/� mice (eightmonths),
no differences were found in the expression levels of PSD-95,
GluA1, NR2A, NR2B, and Syn1 compared with youngWT controls
(PSD-95: t(10) =0.1080, p=0.9161, GluA1: t(10) =1.245, p=0.2414,
NR2A: t(10) =0.8884, p=0.3952, NR2B: t(10) =1.673, p=0.1252,
Syn1: t(10) =0.7913, p=0.4471, unpaired Student’s t test; Fig. 9A–F).
However, in aged Trem2�/�mice (19months), there were signifi-
cant increases in the expression of PSD-95, GluA1, and NR2A but
not in the expression of NR2B and Syn1 compared with aged WT
controls (PSD-95: t(11) = 4.312, ppp=0.0012, GluA1: t(11) = 2.951,
pp=0.0132, NR2A: t(11) = 2.495, pp=0.0298, NR2B: t(11) = 0.7853,
p=0.4489, Syn1: t(11) = 0.04956, p=0.9614, unpaired Student’s t
test; Fig. 9A,G–K). These results suggest that enhanced synaptic
and cognitive functions in aged Trem2�/� mice are medi-
ated primarily by postsynaptic mechanisms.

Discussion
The present study aimed to address the knowledge gap in the
neurologic role of TREM2 under the physiological conditions of
aging. Using the well-established line of Trem2�/� mice

Figure 7. TREM2 deficiency leads to increased dendritic spine density in aged mice. A cohort of aged mice (19 months)
was subjected to spine density evaluation using Golgi staining. A, Representative images of z-stacked secondary or above
order apical and basal dendritic segments from hippocampal CA1 pyramidal neurons imaged at 100�. B, Quantification of
hippocampal CA1 spine densities (n= 6–7 mice per genotype, apical: ppp = 0.0011, basal: ppp= 0.002, unpaired
Student’s t test). C, Representative images of z-stacked secondary or above order apical and basal dendritic segments from
cortical Layer II/III pyramidal neurons imaged at 100�. D, Quantification of cortical Layer II/III pyramidal neurons spine den-
sities (n= 6–7 mice per genotype, apical: ppppp, 0.0001, basal: ppppp, 0.0001, unpaired Student’s t test). All results
shown are mean6 SEM.
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(Turnbull et al., 2006) and age/sex-matched WT controls, the
impact of TREM2 deficiency on cognitive function, synaptic
plasticity, dendritic spine density, and synaptic markers was
determined in young and aged mice.

Employing a battery of behavioral tests, we showed that
TREM2 deficiency did not alter explorative or cognitive function
at sixmonths of age, which is consistent with the previous
report (Kang et al., 2018); but unexpectedly, TREM2 defi-
ciency led to a rescue of cognitive decline at 18months of age.
Electrophysiological experiments revealed limited impacts of
TREM2 deficiency on basal neurotransmission and short-
term plasticity; however, the magnitude of hippocampal LTP
was elevated in aged Trem2�/� mice compared with aged WT
mice. Consistent with the behavioral and electrophysiological
data, Golgi staining confirmed an age-related decline of dendritic
spine density in both hippocampus CA1 and cortical Layer II/III
pyramidal neurons in WT and Trem2�/� mice. However,
importantly, aged Trem2�/� mice maintained the similar den-
sity of dendritic spines as youngWTmice. Synaptic protein anal-
ysis indicated significant increases of postsynaptic makers in
synaptosomes from aged Trem2�/� mice. Taken together,
these data demonstrate that TREM2 deficiency-induced abun-
dance of dendritic spines confers resilience to age-related

impairment in cognitive and neuronal function. The sche-
matic of potential mechanisms is presented in Figure 10.

The protective effects of TREM2 deficiency on cognitive and
synaptic function during aging were unexpected since loss-of-
function mutations of TREM2 have been associated with age-
related dementia, including AD. However, emerging evidence
supports the beneficial impact of TREM2 deficiency during nor-
mal aging. Using the same line of Trem2�/� mice, a report
showed that at 24months of age, TREM2 deficiency rescued age-
related neuronal loss and reduced microglial activation
(Linnartz-Gerlach et al., 2019). Whole-brain transcriptome
analysis revealed that aged TREM2 null mice downregulated
oxidative stress responses and the complement activation pathway
(Linnartz-Gerlach et al., 2019). TREM2 has been shown to play
pivotal roles in mediating homeostasis of microglia and gating the
switch of the neurodegenerative phenotype (MGnD) of microglia
(Krasemann et al., 2017). In line with this finding, TREM2 defi-
ciency was shown to sustain microglia expansion during aging
and affect microglial morphology and phagocytosis (Poliani et al.,
2015). Impaired phagocytosis of microglia as a consequence of
TREM2 deficiency has been reported in both physiological and
pathologic conditions (Hsieh et al., 2009; Kleinberger et al., 2014;
Linnartz-Gerlach et al., 2019). Supporting these findings, a recent

Figure 8. TREM2 deficiency-induced abundance of spines compensates for the loss of spines during aging. A, Combined analysis of young and aged hippocampal CA1
dendrites from WT and Trem2�/� mice showed significant effect of age and genotype, but no significant interaction between age and genotype on spine density (CA1
apical: age effect: ppp = 0.0046, genotype effect: ppppp, 0.0001; CA1 basal: ppp = 0.0022, genotype effect: ppppp, 0.0001, two-way ANOVA). B, Combined analysis
of young and aged cortical dendrites from WT and Trem2�/� mice showed significant effect of age and genotype, and a significant interaction between age and geno-
type on spine density of basal but not apical dendrites (cortical age and genotype effect: ppppp, 0.0001; cortical basal age and genotype interaction effect:
pp = 0.01563; two-way ANOVA). C–F, No significant differences between young WT and aged Trem2�/� mice were observed in all areas assessed (post hoc Holm–Sidak
multiple comparisons); n.s., not significant, n = 6–7 mice/genotype/age group.
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study performed transcriptome analysis on isolated microglia in
aged TREM2 null mice and found that TREM2-deficient micro-
glia failed to adopt DAM genes induced by aging (Nugent et al.,
2020). Thus, it is possible that dysregulation of microglial phago-
cytosis in aging contributes to age-related loss of synapses and
TREM2 deficiency exerts protective effects through ameliorating
microglial phagocytosis and inflammatory responses during aging.
Of note, the age-related beneficial effects of TREM2 deficiency
observed in the present study were under physiological conditions
in the absence of any pathologies. In the presence of environmen-
tal stress or pathology, TREM2 exerts more complex roles. Studies
have shown that TREM2-deficient microglia fail to promote tran-
scriptional changes and lipid metabolism in response to demyelin-
ation (Poliani et al., 2015; Nugent et al., 2020). In AD, complete
loss of TREM2 has been shown to affect Ab seeding at early
stages but facilitate plaque compaction to limit the spread of Ab
later (Jay et al., 2015, 2017; Wang et al., 2015, 2016). TREM2 hap-
lodeficiency does not affect Ab pathology but alters the number
and the morphology of plaque-associated microglia and worsens
axonal dystrophy (Ulrich et al., 2014; Yuan et al., 2016).
Homozygous TREM2 deletion leads to increased tau pathology
and seeding but decreased tau-mediated neurodegeneration,
whereas TREM2 haplodeficiency aggravates neuroinflammation
and exacerbates tau pathology and brain atrophy, showing a

complex role of TREM2 in the pathogenic process of AD (Leyns
et al., 2017, 2019; Sayed et al., 2018). Collectively, these data sug-
gest that the switch from homeostatic microglia to DAM/MGnD
microglia is TREM2 dependent but whether DAMmicroglia leads
to beneficial or detrimental outcomes may depend on the type of
environmental stimuli.

Increased spine density in TREM2 null mice could be a con-
sequence of reduced synaptic pruning during neurodevelop-
ment. It has been reported that TREM2 null mice (Turnbull et
al., 2006) display reduced synaptic engulfment by microglia dur-
ing neurodevelopment, resulting in increased spine density
(Filipello et al., 2018). Notably, these TREM2 null mice
exhibited impairments in repetitive and social behaviors but
normal spatial learning and memory in the Morris water
maze test at three months of age (Filipello et al., 2018). No
cognitive changes were observed at six months of age either
in Trem2�/� mice in the present study or in another line of
Trem2�/� mice (Velocigene; Kang et al., 2018). These
results indicate that different behavioral function may have
different sensitivity in baring excessive spine density and
could possibly be adjusted by different compensatory mech-
anisms. Since TREM2 is systemically depleted from germ-
line in Trem2�/� mice, abundant synapses may be retained
in the brain after development, conferring resilience of

Figure 9. TREM2 deficiency has no impact on synaptic makers at a young age and leads to elevated levels of postsynaptic markers during aging. Synaptosomes were enriched from the fore-
brain tissue of young and aged mice used for Golgi staining, and immunoblotting was employed to analyze the expression of synaptic markers. A, Immunoblot images of synaptic makers. B–
F, Quantifications of synaptic makers from the young group (n= 6 mice/genotype). G–K, Quantifications of synaptic makers from the aged group (n= 6–7 mice/genotype, PSD-95:
ppp= 0.0012, GluA1: pp= 0.0132, NR2A: pp= 0.0298, unpaired Student’s t test).
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TREM2 null mice to age-related synaptic spine loss and cog-
nitive impairment, as illustrated schematically in Figure 10.
Interestingly, using Velocigene Trem2�/� mice, another
group reported the opposite effect of TREM2 deficiency in
regulating synaptic engulfment during development and
found that microglial TREM2 was required for limiting syn-
apse elimination by astrocytes, although such effect only
extended to four months of age (Jay et al., 2019). Since
Velocigene TREM2 null mice have been shown to overex-
press a related gene TREML1, possible compensatory mech-
anisms during development might complicate the functional
and structural outcome in those mice. Clearly, futures stud-
ies using conditional TREM2 knock-out mice to achieve
temporal depletion of TREM2 and circumvent developmen-
tal stages should provide more insights into the temporal
role of TREM2 during aging.

The present study has some limitations. Since aging indu-
ces microglial adaption of DAM genes and Trem21/� micro-
glia act like WT Trem21/1 microglia in the conversion to the

DAM state while Trem2�/� microglia fail the conversion
(Nugent et al., 2020), the present study focused on the effects
of complete depletion of TREM2 during aging. Whether there
are any TRME2 gene dosage effects on synaptic function dur-
ing aging requires future investigation. The behavioral tests
used include the open-field test, the elevated plus-maze, and
the Morris water maze. However, no other cognitive domains
or behavioral aspects were assessed beyond these tests. Future
studies employing additional behavioral tests may be needed
to reveal other neurologic roles of TREM2 deficiency. To
address neuronal synaptic changes, field recordings and a se-
ries of electrophysiological experiments were conducted
including the I/O curve, PPF, and LTP of the hippocampus.
Age-related hippocampal LTP decline was not evident in WT
mice at the age examined in the present study. In the litera-
ture, mixed results have been reported regarding the effects of
age on hippocampal LTP. A previous study showed that hip-
pocampal LTP induced by TBS as used in the present study,
which is a more physiological relevant pattern of excitability

Figure 10. TREM2 deficiency-induced abundance of spines confers resilience to spine loss and memory impairment during aging. Schematic presentation of potential mechanisms by which
TREM2 deficiency confers resilience to age-related synaptic and cognitive impairment during normal aging.
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compared with high-frequency stimulation (HFS; Stäubli et
al., 1999; Buzsaki, 2002; Hernandez et al., 2005), does not dis-
play a significant decline until 24months of age in mice
(Rogers et al., 2017). Since fEPSP represents grouped neuronal
excitability of the hippocampus, whether TREM2 also regulates
other electrophysiological phenotypes of the nervous system such
as synaptic fatigue, LTD, spontaneous neurotransmitter release,
NMDA/AMPA ratio, and inhibitory synapses during aging requires
future investigation. For dendritic spine quantification, Golgi stain-
ing imaging was limited to 2D projection despite the improvement
in microscopic techniques. Spines above or below dendrites are not
visible and spine morphology cannot be accurately classified into
subcategories. Head diameter and neck length differences classify
spines into stubby, thin, and mushroom subtypes (Peters and
Kaiserman-Abramof, 1969). Different subtypes of spines play
distinct roles in mediating synaptic plasticity and exhibit dis-
tinct dynamics during aging (Nimchinsky et al., 2002; Hayashi
and Majewska, 2005; Dickstein et al., 2013). Future studies
employing advanced 3D construction of spines should provide
a better understanding of how TREM2 deficiency affects the
spine subtype dynamics. Further, in humans, the most com-
mon TREM2 loss-of-function variant that is associated with
an increased risk of AD is TREM2-R47H (Guerreiro et al.,
2013). Single nucleus transcriptomics analysis has revealed
discrepancies in gene signatures between mouse Trem2�/�
microglia and human TREM2-R47H microglia (Zhou et al.,
2020). Whether microglia carry human TREM2-R47H display
similar protective roles during normal aging remains to be
investigated.

Despite the limitations, the present study uncovers the unex-
pected, age-related positive impacts of TREM2 deficiency on
cognitive and synaptic function. These findings suggest that
TREM2 might exert detrimental effects on brain function during
aging. The possibility of age-related negative impacts from
TREM2 should be taken into consideration as major efforts are
focusing on developing TREM2-based therapeutic strategies to
mitigate AD.
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