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ABSTRACT
Previous studies proposed the Triggering Receptor Expressed on Myeloid Cells 2 (TREM2), a receptor expressed in myeloid cells
including microglia in brain and osteoclasts in bone, as a link between brain and bone disease. The TREM2 R47H variant is a known
risk factor for Alzheimer’s disease (AD), the most common form of dementia. To investigate whether altered TREM2 signaling could
contribute to bone and skeletal muscle loss, independently of central nervous system defects, we used mice globally hemizygous for
the TREM2 R47H variant (TREM2R47H/+), which do not exhibit AD pathology, and wild-type (WT) littermate control mice. Dxa/Piximus
showed bone loss in female TREM2R47H/+ animals between 4 and 13months of age and reduced cancellous and cortical bone (mea-
sured by micro-computed tomography [μCT]) at 13 months, which stalled out by 20 months of age. In addition, they exhibited
decreased femoral biomechanical properties measured by three-point bending at 13 months of age, but not at 4 or 20months. Male
TREM2R47H/+ animals had decreased trabecular bone geometry but increased ultimate strain and failure force at 20months of age
versus WT. Only male TREM2R47H/+ osteoclasts differentiated more ex vivo after 7 days with receptor activator of nuclear factor κB
ligand (RANKL)/macrophage colony-stimulating factor (M-CSF) compared to WT littermates. Yet, estrogen receptor alpha expression
was higher in female and male TREM2R47H/+ osteoclasts compared to WT mice. However, female TREM2R47H/+ osteoclasts expressed
less complement 3 (C3), an estrogen responsive element, and increased protein kinase B (Akt) activity, suggesting altered estrogen
signaling in TREM2R47H/+ cells. Despite lower bone volume/strength in TREM2R47H/+ mice, skeletal muscle function measured by
plantar flexion and muscle contractility was increased in 13-month-old female mutant mice. Overall, these data demonstrate that
an AD-associated TREM2 variant can alter bone and skeletal muscle strength in a sex-dimorphic manner independent of central neu-
ropathology, potentially mediated through changes in osteoclastic intracellular signaling. © 2022 The Authors. Journal of Bone and
Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

The economic and medical burden of age-related diseases
continues to grow, and musculoskeletal disease including

fractures continue to be among the most prevalent and costly

age-related complications, highlighting the importance of iden-
tifying effective interventions to improve musculoskeletal
strength and function.(1-3) One of the most widespread age-
related diseases is dementia, which is associated with lack of
independence and increased death. Dementia is a broad term
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used to describe neurodegenerative diseases that cause declines
in cognitive functions such asmemory, themost prevalent being
Alzheimer’s disease (AD). AD is a neurodegenerative disease with
distinct pathology including neuroinflammation, accumulation
of amyloid-β (Aβ) plaques, and tau neurofibrillary tangles.(4)

Although AD is a disease of the brain, clinical evidence suggests
that other tissues may be negatively impacted by AD, including
bone and skeletal muscle. Clinical studies have demonstrated a
significant association with cognitive decline, bone loss, and
fracture risk,(5) and a significant correlation between low bone
mineral density (BMD) and lower brain volume, suggesting that
AD may increase the risk for developing bone weakness.(6) Fur-
ther, retrospective studies have demonstrated that both low
BMD and osteoporosis diagnosis were significant predictors of
progression from mild cognitive impairment to diagnosed
dementia, suggesting that bone loss may precede some of the
clinical manifestations of AD.(7,8) Skeletal muscle has also been
shown to be negatively impacted by AD, based on evidence that
female and male patients progressively lose skeletal muscle
mass and strength as disease progression worsens compared
to age and sex-matched controls, suggesting that AD may be
exacerbating age-related loss of strength.(9,10) However, whether
bone and muscle loss are a direct result of the neurodegenera-
tion or occurs due to a shared mechanism active in both brain
and musculoskeletal tissues remains unknown.

Previous work in the amyloid precursor protein (APP) Swed-
ish mutation (APPswe) mouse model of AD has shown bone
loss in the distal femur measured by micro-computed tomog-
raphy (μCT) in young but not in an aged mouse model of pla-
que neuropathology, as well as increases in osteoclast
differentiation of cells from young but not old mice that can-
not be singularly explained by the presence of Aβ.(11) Further
work has demonstrated age-dependent loss of femoral bone
mass in an amyloid precursor protein/presenilin 1 (APP/PS1)
mouse model of plaque neuropathology, although in this
mouse model the plaque density begins within 4 to 6 weeks
postpartum and peaks around 8 months of age, whereas bone
loss was only noted at 12 months.(12,13) However, these data
are limited and suggest that there may be mechanisms of
AD-related bone loss that are not only independent of the
central neuropathology but may be a consequence of age.
To date, no mechanistic links between bone loss and AD have
been identified, and the interaction between age and
AD-related bone loss has never been explored. AD patients
are more susceptible to falls and fractures, which often result
from reduced skeletal muscle and bone strength.(14,15) There-
fore, understanding the mechanisms underlying bone and
muscle loss in AD will be critical for finding therapeutic targets
that could effectively reduce falls and fractures by targeting
both tissues. Further, defining a potential mechanism of bone
and muscle loss independent of central neurodegeneration
will improve the overall understanding of neurodegenerative
effects on peripheral physiology.

Triggering receptor expressed on myeloid cells 2 (TREM2) is a
phagocytic receptor expressed on cells of the myeloid lineage
including microglia, macrophages, and osteoclasts.(16) TREM2 is
used by microglia for synaptic pruning and in macrophages to
aid in phagocytosis and inflammatory response.(17-19) Addition-
ally, TREM2 has been shown to contribute to the neuroinflamma-
tion that occurs during AD by altering microglial function.(20-22)

TREM2 has been shown to play a critical role in microglial
response to AD pathology, being a receptor for the Aβ oligomers
and dictating microglial response to plaque although not

triggering phagocytosis of the plaque but forming a barrier to
prevent further expansion of the plaque.(16,23,24) Previous studies
on TREM2 signaling in murine osteoclasts have identified
β-catenin as being a critical downstream mediator of TREM2 sig-
naling in these cells, and TREM2 is known to contribute to oste-
oclast differentiation and resorption.(25,26) Although the role of
wild-type TREM2 in osteoclasts is somewhat understood,
whether TREM2 may also contribute to AD-related degeneration
beyond the brain such as bone fragility remains unexplored. Pre-
vious work by Jay and colleagues(16,27) have primarily used
TREM2 knockoutmodels that do not express any TREM2 receptor
to understand TREM2 signaling and consequences. However,
knockout models may not explain how amino acid mutations
that alter TREM2 signaling contribute to the observed increased
risk for AD.

Genomewide associations studies (GWAS) have identified
the R47H variant of the TREM2 gene to significantly increase
the risk for developing AD.(28) The TREM2 R47H variant has pre-
viously been shown to have a phenotype in brain similar to that
of a heterozygous knockout in a mouse model of AD, decreas-
ing microglial response to plaque by reducing the plaque-
barrier function of microglia.(29) However, the TREM2 R47H
variant has also been shown to alter intracellular signaling,
specifically phospho-Syk, without having an observable pheno-
type on macrophages differentiated from human induced-
pluripotent stem cell macrophages.(30) Biochemical work has
demonstrated that the R47H mutation occurs in the ligand
binding domain of the receptor, and these effects of the R47H
mutation in microglia and macrophages are likely due to
changes in receptor binding to ligand.(31) Previous work in
Nasu-Hakola neurodegenerative disease has identified variants
in TREM2 that impact bone and brain simultaneously.(32) How-
ever, no such work has identified a similar effect of TREM2
variants on brain and bone that are associated with
AD. Further, it remains unclear whether AD-associated bone
loss is secondary to the neurodegeneration or if mechanisms
of bone loss occur independent of the neurodegeneration.

Therefore, we assessed whether a genetic variant in TREM2
known to contribute to high risk of developing AD could also
be involved in bone loss independent of central neurodegenera-
tion pathology. To do this, we utilized global TREM2R47H/+ mice
and WT littermates to evaluate whether the AD-associated
R47H variant in TREM2, identified in GWASs to increase risk for
developing AD by threefold to fourfold, could also contribute
to the bone and muscle weakness seen clinically.(28,33) These
mice have no additional mutations that would be needed to
cause AD pathology, and thorough characterization of mice
homozygous for the R47H mutation has shown that mice with
this mutation do not develop AD pathology.(34,35) These results
are the first to define a potential mechanism of AD-associated
bone loss independent of neurodegeneration and suggest that
TREM2may be a common link between AD-related degeneration
of brain and bone. Further, these data are the first to demon-
strate a potential role for TREM2 in loss of skeletal muscle
strength and aging.

Materials and Methods

Mice

TREM2R47H/+mutant mice were generated by The Jackson Labo-
ratory (Bar Harbor, ME, USA) in collaboration with the Model-AD
center (https://www.model-ad.org/) using clustered regularly
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interspaced short palindromic repeats (CRISPR)/CRISPR-associ-
ated protein 9 (CRISPR/Cas9) genome editing as described.(29)

Animals were maintained heterozygous for the global TREM2
R47H mutation (TREM2R47H/+) and wild-type TREM2+/+

(WT) littermates were used as controls. Single-nucleotide poly-
morphism (SNP)-based genotyping (Thermo Fisher Scientific,
Waltham, MA, USA) was used to identify carriers in subsequent
crosses using the following: forward primer: 50-ATGTACTTAT-
GACGCCTTGAAGCA, reverse primer: 50-ACCCAGCTGCCGACAC,
SNP reporter 1: 50-CCTTGCGTCTCCC, SNP reporter 2: 50-
CCTTGTGTCTCCC. All mice presented C57BL/6J background,
were fed a regular diet and water ad libitum, and maintained
on a 12-hour light/dark cycle. All animal studies were approved
by the Institutional Animal Care and Use Committee of Indiana
University School of Medicine.

Quantitative PCR

Total RNA from ex vivo isolated and differentiated osteoclasts,
whole tibias, whole brain, and gastrocnemius muscles was isolated
using TRIzol (Invitrogen, Grand Island, NY, USA).(36) Reverse tran-
scription was performed using a high-capacity cDNA kit (Applied
Biosystems, Foster City, CA, USA). Quantitative PCR (qPCR) was per-
formed using the Gene Expression Assay Mix TaqMan Universal
Master Mix with the 7500 Real Time PCR/StepOne Plus system
and software (Life Technologies, Inc., Grand Island, NY, USA). Gene
expression was corrected by the levels of the housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Primers
and probes were commercially available (Applied Biosystems) or
were designed using the Assay Design Center (Roche Applied Sci-
ence, Indianapolis, IN, USA). Relative expression was calculated
using the delta threshold cycle (ΔCt) method.

Body weight and BMD

BMD was measured regularly from 1 to 20 months of age by
DXA/PIXImus (GE Medical Systems, Lunar Division, Madison, WI,
USA).(36) Body weight was measured at the time of the DXA scan.
BMD measurements included total (whole body excluding the
head and tail), femur, and spine (L1–L6). Calibration was per-
formed using a standard control phantom before scanning, as
recommended by the manufacturer.

Body composition assessment

Lean (muscle) and fat (adipose) mass was assessed at baseline
and the day before sacrifice in physically restrained mice, by
means of an EchoMRI-100 (EchoMRI, Houston, TX, USA), as
published.(37)

μCT analysis of femurs bone morphometry

μCT scanning was performed to measure morphological and
bone mass indices of femoral bone.(38,39) After euthanasia, the
left femurs were wrapped in saline-soaked gauze and frozen at
�20�C until imaging. Bone samples were rotated around their
long axes and images were acquired using a Bruker Skyscan
1176 (Bruker, Kontich, Belgium) with the following parameters:
pixel size = 9 μm3; peak tube potential = 65 kV; X-ray
intensity = 300 μA; 0.7-degree rotation step. Calibration of the
grayscale levels was performed using hydroxyapatite
(HA) phantoms (0.25 and 0.75 g/cm3 Ca-HA). Based on this cali-
bration and the corresponding standard curve generated, the
equivalent minimum calcium hydroxyapatite level was 0.42

g/cm3. Raw images were reconstructed using the SkyScan recon-
struction software (NRecon; Bruker) to three-dimensional
(3D) cross-sectional image data sets using a 3D cone beam algo-
rithm. Structural indices of the trabecular bone were calculated
on reconstructed images using the Skyscan CT Analyzer software
(CTAn; Bruker). Cortical bone was analyzed by threshold of 80–
255 in a 100-slice selection of the femoral mid-shaft using code
as described.(38) Cortical bone parameters included periosteal
bone surface (Ps.BS), endocortical bone surface (Ec.BS), bone
area/ total area (BA/TA or Ct.Ar/Tt.Ar), cross-sectional tissue
(bone + bone marrow) area (Tt.Ar or Total cross-sectional area
[CSA]), marrow area, cortical bone area (Ct.Ar), cortical thickness
(Ct.Th), and moment of inertia. Trabecular bone was analyzed
between 0.5 and 1.0 mm above the femoral distal growth plate
using a threshold of 80–255 at 4 and 13months and 50–255 at
20months. Trabecular parameters included bone volume frac-
tion (BV/TV), number (Tb.N), thickness (Tb.Th), and separation
(Tb.Sp).

Three-point bending

Following μCT, left femurs were thawed andmechanically tested
using a three-point monotonic test to failure.(38) Femurs were
loaded with the anterior surface in tension at a rate of 0.025
mm/s and a lower support span of 8 mm. Sample hydration
was maintained with phosphate-buffered saline (PBS) through-
out testing. The values of c-anterior extreme fiber length, the fur-
thest distance from the bone centroid to the surface in tension,
and IML, the moment of inertia about the medial-lateral axis,
obtained from μCT of the mid-diaphysis were then used to nor-
malize force-displacement data into stress–strain data and calcu-
late estimated material level properties,(40) using standard beam
bending equations, as described.(38)

Bone histomorphometry

Femurs harvested from 13-month-old female mice were fixed in
10% neutral buffered formalin, cut, and embedded in plastic and
paraffin using previously established methods at the Indiana
Center for Musculoskeletal Health Histology and Histomorpho-
metry Core.(41) To allow for dynamic histomorphometric analysis,
mice were injected intraperitoneally with calcein (30 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA) and Alizarin red (50 mg/kg;
Sigma-Aldrich) 7 and 2 days prior to euthanasia. Dynamic histo-
morphometry was performed on unstained, undemineralized
methyl methacrylate-embedded distal femur cross-sections
using an epifluorescence microscope. Osteoclasts were
quantified in demineralized, paraffin-embedded femoral bone
mid-diaphysis cross-sections stained for tartrate-resistant acid
phosphatase (TRAP)/Toluidine blue. Histomorphometric ana-
lyses were performed using OsteoMeasure high-resolution digi-
tal video system (OsteoMetrics Inc., Decatur, GA, USA). The
terminology and units used are those recommended by the
American Society for Bone and Mineral Research (ASBMR) Histo-
morphometry Nomenclature Committee.(42)

Osteoclast assays

Bone marrow cells (BMCs) were isolated from 4-month-old
female andmaleWT and TREM2R47H/+ C57BL/6Jmice by flushing
the bone marrow out with 10% fetal bovine serum (FBS)-
containing and 1% penicillin/streptomycin (P/S)-containing
α–modified essential medium (α-MEM) and cultured for 48
hours.(36,43) Nonadherent cells were then collected and 2�
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104 cells/cm2 were seeded on 96-well plates. Receptor activator
of nuclear factor κB ligand (RANKL) (80 ng/mL) and macrophage
colony-stimulating factor (M-CSF) (20 ng/mL) were added to
induce osteoclast differentiation and media was changed every
2 to 3 days for 2, 5, or 7 days. Cells were stained using a TRAPase
kit (Sigma-Aldrich) and mature osteoclasts that stained TRAP-
positive and exhibiting three or more nuclei were quantified.
Parallel cultures were generated to generate RNA and protein
lysates.

Multiplex cell-signaling assays

Kinase activation was measured in osteoclast protein lysates
made from ex vivo bone marrow cells fromWT and TREM2R47H/+

animals after 7 days of differentiation, as described in the Osteo-
clast assay section above, using the Bioplex protein array system
at the Multiplex Analysis Core (MAC) at Indiana University School
of Medicine (IUSM). Premixed magnetic beads of the Milliplex
multi-pathway 9-plex phospho- and total protein kits were used
(Milliplex, Burlington, MA, USA).

Grip strength measurement

Forelimb strength was assessed using a commercially available
grip strength meter (Columbus Instruments, Columbus, OH,
USA), as described.(44) The absolute force (expressed in grams)
and the normalized force (expressed as grams of force/body
weight) were recorded. To reduce procedure-related variability,
the same operator analyzed an average from several repeated
peak force measurements in the same animal in a blind manner.
For this assay, five measurements were performed, and the top
three measurements were used for the analysis. Moreover, to
avoid bias of habituation, the animals were tested every month
during development (1–4months of age) and every 2 to 5
months as the animals aged.

In vivo muscle contractility

Female and male WT and TREM2R47H/+mice at 12 months of age
were tested for muscle force by in vivo plantarflexion 2 days prior
to euthanasia (Aurora Scientific, Aurora, ON, Canada), as
described.(45,46) Briefly, the left hind foot was taped to the force
transducer and positioned to where the foot and tibia were
aligned at 90 degrees. The kneewas then clamped at the femoral
condyles, avoiding compression of the fibular nerve. Two dispos-
able monopolar electrodes (Natus Neurology, Middleton, WI,
USA) were placed subcutaneously posterior/medial to the knee
in order to stimulate the tibial nerve. Peak twitch torque was first
established in order to determine maximal stimulus intensity.
Following determination of stimulus intensity, mice were sub-
jected to an incremental frequency stimulation protocol to
assess force–frequency relationships. The protocol utilized
0.2-ms pulses at 10, 25, 40, 60, 80, 100, 125, and 150 Hz with
1minute in between stimulations.

In vivo electrophysiology

Triceps surae muscles of female and male WT and TREM2R47H/+

mice 12months of age were subjected to electrophysiological
functional assessment using the Sierra Summit 3-12 Channel
EMG (Cadwell Laboratories Incorporated, Kennewick, WA, USA),
as described.(47) Two 28G stimulating needle electrodes (Natus
Neurology, Middleton, WI, USA) were used to stimulate the sci-
atic nerve of the left hindlimb, a duo shielded ring electrode

(Natus Neurology) was used for recording, and a ground elec-
trode was placed over the animal’s tail. Baseline-to-peak and
peak-to-peak compound muscle action potential (CMAP)
responses were recorded utilizing supramaximal stimulations
(constant current intensity: <10mA; pulse duration: 0.1 ms) as
described.(46-48)

Ex vivo contractility

The whole muscle contractility of the extensor digitorum longus
(EDL) and soleus muscles was determined as described.(45) EDL
and soleus muscles were dissected from hind limbs, the tendons
were tied to stainless steel hooks using 4-0 silk sutures, and the
muscles were mounted between a force transducer (Aurora Sci-
entific, Aurora, ON, Canada). The muscles were then immersed in
a stimulation bath with O2/CO2 (95/5%) and Tyrode solution
(121mM NaCl, 5.0mM KCl, 1.8mM CaCl2, 0.5mM MgCl2, 0.4mM
NaH2PO4, 24mM NaHCO3, 0.1mM ethylenediamine tetraacetic
acid [EDTA], and 5.5mM glucose). The muscles were stimulated
to contract using supramaximal stimuli between two platinum
electrodes. Data were collected via the Dynamic Muscle Con-
trol/Data Acquisition (DMC) and Dynamic Muscle Control Data
Analysis (DMA) programs (Aurora Scientific). Prior to each con-
traction bout, the muscle was lengthened to yield the maximum
force (L0). The force–frequency relationships were determined
via an incremental stimulation frequency protocol (0.5-ms pulses
at 10, 25, 40, 60, 80, 100, 125, and 150 Hz for 350 ms (EDL) or 600
ms (Soleus) at the supramaximal voltage) with 1-minute rest
periods between contractions. Following force frequency assess-
ment, muscles rested for 5 minutes and then underwent a
60-contraction (EDL) or 100-contraction (Soleus) fatiguing proto-
col at 60 Hz (every 3 seconds). The muscle weight and L0 were
used to determine the specific force.

Activity monitoring

Female and male WT and TREM2R47H/+mice at 12 months of age
were placed one at a time in an Opto-Varimex Auto Track System
(Columbus Instruments, Columbus, OH, USA), where activity was
tracked and categorized across 2 minutes.

C2C12 Myotube differentiation

Murine C2C12 skeletal myoblasts (ATCC, Manassas, VA, USA)
were grown in high-glucose Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FBS, 100 U/mL penicillin, 100
mg/mL streptomycin, 2mM L-glutamine, and maintained at
37�C in 5% CO2, as published.

(49) Myotubes were generated by
exposing the myoblasts to DMEM containing 2% horse serum
(ie, differentiation medium [DM]), and replacing the medium
every other day for 3 days. In order to determine the depen-
dence of myotube size on bone-derived factors, myotubes were
exposed to 5% bone conditioned medium (CM) for 48 hours.
Cells were fixed and stained as described.(37)

Generation of bone-derived CM

Right femur and tibias from 4-month-old female and male WT
and TREM2R47H/+ mice were carefully cleaned of muscle and
fibrous tissues, epiphyses cut, and then marrow-flushed multiple
times with α-MEM. These long-bone cortical preparations were
then cultured ex vivo in 10% FBS and 1% P/S–α-MEM for 48
hours as described.(50) CM was collected and stored at �20�C
prior to C2C12 exposure.
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Assessment of myotube size

Cell layers were fixed in ice-cold acetone-methanol (50:50) and
incubated with an anti-Myosin Heavy Chain antibody (MF20,
1:200; Developmental Studies Hybridoma Bank, Iowa City, IA,
USA) and an AlexaFluor 488-labeled secondary antibody
(Invitrogen, Grand Island, NY, USA) as described.(37) Analysis of
myotube size was performed by measuring the average diame-
ter of long, multinucleate fibers avoiding regions of clustered
nuclei on a calibrated tissue image using the ImageJ 1.43 soft-
ware (NIH, Bethesda, MD, USA; https://imagej.nih.gov/ij/).(51)

Statistics

All statistical analyses were performed using GraphPad Prism
9.0.0 (GraphPad Software, San Diego, CA, USA). In general, one-
tailed or two-tailed Student’s t tests were performed to deter-
mine significant differences between TREM2R47H/+ and WT
groups for each sex; comparisons were not made between sexes
as indicated in the figure legends.(52,53) For data that failed either
the D’Agostino and Pearson test or Shapiro-Wilk test for normal-
ity, analysis was performed using the Mann-Whitney test, and for
data with unequal variance, the Welch’s t test was used as indi-
cated in the corresponding figure legends. For longitudinal data
taken across 20months, multiple frequencies, or contractions, a
two-way analysis of variance (ANOVA) was performed, followed
by post hoc comparisons for each time point. Post hoc tests used
is specified in the figure legends and vary depending on the
comparison being made. All results of the ANOVA tests are
included in Table S1. Statistical significance was set at p ≤ 0.05,
and the data are presented as box plots where the horizontal line
represents the median, the box outlines the interquartile range,
and the bars represent maximum and minimum, whereas each
dot corresponds to an individual animal. For longitudinal data,
the symbol represents the median and bars represent the inter-
quartile range. Sample sizes vary due to variability in genotypes
generated as data was collected, and samples were excluded if
damaged during collection or analysis (eg, femurs broken
excluded from μCT analysis).

Results

TREM2 R47H mutation does not alter bone through
skeletal maturity

The TREM2 R47H variant has been shown to impact messenger
RNA (mRNA) splicing of the TREM2 transcript in cortical brain
and microglia lysates, producing a protein expression knock-
down similar to that of a heterozygous knockout, evident by
decreases in mRNA expressionmeasured by qPCR of the TREM2
gene.(29,54) However, qPCR analysis of both whole bone
and ex vivo osteoclast cultures, comparable to cortical brain
and microglia, respectively, from female and male WT and
TREM2R47H/+ bone marrow cells demonstrates that expression
of the TREM2 R47H variant does not result in a different splicing
variant in these tissues (Fig. S1A). This evidence suggests that
the TREM2 gene may be spliced differently in bone versus
brain, and that the consequences of TREM2 R47H expression
in bone are not due to reduced expression levels.

Ex vivo μCT analyses showed no differences in trabecular
(Fig. 1A) or cortical (Fig. 1B) bone geometry in male or female
TREM2R47H/+ animals compared to WT littermates at 4 months
of age. On the other hand, three-point bending analysis demon-
strated that the pre-yield displacement was decreased in female

TREM2R47H/+ animals compared toWT littermates (Fig. 1C). These
data demonstrate that by skeletal maturity, the TREM2 R47H var-
iant has no effect on bone geometry and only a mild effect on
mechanical integrity noted in the pre-yield displacement, and
only in female animals. However, BMD gain between 1 and 12
months of age was significantly lower in the femur, but not spine
or total BMD, in female TREM2R47H/+mice, compared toWT litter-
mates (Fig. S1B). On the other hand, no differences in BMD at
each age or in bone gain were detected in males up to
20months.

TREM2R47H/+ female mice have weaker, smaller bones
at 13 months of age

Based on the differences in BMD accrual, we analyzed bonemass
and strength in femoral bones of female WT and TREM2R47H/+

mice at 13months of age. Thirteen-month-old TREM2R47H/+

female animals had decreased trabecular bone volume/total vol-
ume and, trabecular thickness, a larger trabecular separation,
and a lower trabecular number in the distal femur compared to
WT littermates (Fig. 2A). Additionally, TREM2R47H/+ female mice
had significantly increased marrow area, lower cortical thickness
and bone area/ total area, an increased total cross-sectional area,
and endocortical bone surface compared to WT littermates
(Fig. 2B). These data demonstrate that the TREM2R47H/+ cortical
bone is thinner but wider, suggesting the TREM2 R47H variant
may accelerate age-related bone loss patterns of endosteal
resorption sometime between 4 and 13months of age. Ex vivo
three-point bending analysis demonstrated that TREM2R47H/+

female femurs are weaker than WT, indicated by lower mechan-
ical properties of the bone such as yield force, work to yield
(Fig. 2C). Interestingly, TREM2R47H/+ female mice had an
increased postyield displacement compared to WT, suggesting
the bones are more ductile (Fig. 2B). Estimations of the material
properties of the female TREM2R47H/+ femurs were also
decreased compared to WT as exemplified in the representative
stress–strain graph, including a decreased yield stress, resilience,
ultimate stress, andmodulus compared toWT littermate controls
(Fig. 2C). These data suggest that the TREM2 R47H variant has a
deleterious effect on bone geometry as well as bone mechanical
and material properties in female animals at 13months of age.

TREM2R47H/+ mice have less bone volume, but are not
weaker, at 20 months of age

At 20 months of age, ex vivo μCT analysis of TREM2R47H/+ animals
did not show differences in cancellous bone volume of the distal
femur of female compared to WT mice (Fig. 3A). However, analy-
sis at the femoral mid-diaphysis shows that female TREM2R47H/+

mice have decreased cortical area and periosteal bone surface,
as well as a smaller cross-sectional area compared to WT litter-
mates (Fig. 3B). Female TREM2R47H/+ femurs have a decreased
moment of inertia compared to WT littermates (Fig. 3B). The
TREM2R47H/+ femurs also showed a trend toward decreased tis-
sue mineral density (TMD) (Fig. 3C) of the cortical bone com-
pared to WT littermates but have similar mechanical and
estimated material properties of the femur at 20 months of age
by three-point bending compared to WT mice (Fig. 3C). These
data suggest that the bone deterioration present in 13-month-
old TREM2R47H/+ female mice is not continually exacerbated
through 20months of age. Further, our evidence is consistent
with an accelerated skeletal aging in TREM2R47H/+ females up
to 13months, a process that stalls out allowing for the aging

Journal of Bone and Mineral Researchn 1370 ESSEX ET AL.

https://imagej.nih.gov/ij/


WT mice to catch up, resulting in comparable bone mass and
strength in TREM2R47H/+ and WT mice at 20months of age.

Male TREM2R47H/+ animals did have decreases in cancellous
bone, including decreased trabecular number, increased trabec-
ular spacing, and a trend toward a decrease in the percent bone
volume/total volume in the distal femur compared to WT litter-
mates of the same age (Fig. 3A). However, even with the added
impact of aging, male TREM2R47H/+ animals had no differences
in the cortical bone geometry at the femoral mid-diaphysis com-
pared to WT animals (Fig. 3B). Interestingly, three-point bending
shows that male TREM2R47H/+ femurs have mild increases in the

ultimate strain and failure force mechanical properties, but no
difference in tissue mineral density (TMD) or any other estimated
strength properties (Fig. 3C). Together, these data indicate that
male TREM2R47H/+may be impacted by the TREM2 R47H variant,
but only at an aged time point, whereas female animals are
most strongly impacted at an intermediate aged time point
(13 months). Further, there is a disparate effect of the variant in
male mice at 20months of age, with reduced cancellous bone
mass and increased cortical bone strength. Overall, these data
demonstrate that the TREM2 R47H variant has a sex- and age-
dependent effect on both bone geometry and strength.

Fig. 1. TREM2R47H/+ has minimal effect on bone strength in female mice, but no effect on bone volume at 4 months of age. μCT analysis of cancellous
bone of the femoral mid-diaphysis (n= 4–8/group) (A), cortical bone of the distal femur (n= 6–9/group) (B), and (C) three-point bendingmechanical test-
ing (n = 5–9/group) in 4-month-old male and female TREM2R47H/+ and WT mice. Comparisons are sex-matched between TREM2R47H/+ versus WT using
Welch’s t test: female pre-yield displacement p = 0.042, energy to yield p = 0.072.
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TREM2R47H/+ osteoclasts have sex-dependent changes
in osteoclast function

Because TREM2 is primarily expressed on cells of the myeloid lin-
eage, we investigated whether the TREM2 R47H variant

increased osteoclast differentiation similar to what has been pre-
viously reported in TREM2 null osteoclasts.(26) Although
decreases in cortical and cancellous bone volume were found
in 13-month-old female TREM2R47H/+ femurs compared to WT,
there were no changes in osteoclast number, osteoclast surface,
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Fig. 2. Female TREM2R47H/+mice have bone loss andmechanical weakness at 13months of age. μCT analysis of cancellous bone of the femoral mid-diaphysis
(n= 7–8/group) (A), cortical bone of the distal femur (n= 7/group) (B), and three-point bending mechanical testing (n= 7/group) (C) in 13-month-old female
TREM2R47H/+ andWTmice. Representative images of femaleWT and TREM2R47H/+ cortical bone orientedwith themedial-lateral angled on the x-axis are shown.
Mechanical andmaterial strength representative graphs have plotted the 0, yield, maximum load, and failure points. Comparisons between female TREM2R47H/+

versus WT using Student’s t test: (A) Marrow area p = 0.00002, Ct. thickness p = 0.003, BA/TA p = 0.00008, Total CSA p = 0.007, Ec.BS p = 0.0017. (B) BV/TV
p = 0.0027, Trabecular thickness p = 0.009, Trabecular separation p = 0.015, Trabecular number p = 0.002. (C) Yield force p = 0.029, Work to yield p = 0.031,
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or eroded surface on the femoral endocortical surface, as mea-
sured by histomorphometry (Fig. S2A). Dynamic histomorpho-
metry of the femoral mid-diaphysis showed no significant
difference in any of the periosteal parameters scored, but there
was a slight increase in the endocortical mineral apposition rate
of female TREM2R47H/+ mice compared to WT mice (Fig. S2B).

Therefore, we decided to further investigate the effect of the
TREM2 R47H mutation on osteoclasts.

To better understand the effect of the TREM2 R47H variant
on osteoclast ability to differentiate, non-adherent bone mar-
row cells isolated from 4-month-old TREM2R47H/+ long bones
were exposed to RANKL/M-CSF for 2, 5, and 7 days (D2, D5,

Fig. 3. Age-induced bone loss inmale and female TREM2R47H/+ animals at 20months of age. μCT analysis of cancellous bone of the femoralmid-diaphysis
(n= 5–8/group) (A), cortical bone of the distal femur (n= 6–10/group) (B), and three-point bendingmechanical testing (n= 7–10/group) (C) in 20-month-
old male and female TREM2R47H/+ and WTmice. Comparisons are sex-matched, TREM2R47H/+ versus WT using Student’s t test: (A) Male BV/TV p= 0.0513,
Male trabecular separation p= 0.047, Male trabecular number p= 0.016. (B) Female cortical area p= 0.03, Female periosteal BS p= 0.011, Femalemoment
of inertia p= 0.005. Comparisons are sex-matched, TREM2R47H/+ versus WT usingWelch’s t test: (C) Female TMD p= 0.055. Comparisons are sex-matched,
TREM2 R47H/+ versus WT using one-tailed, equal variance t test: (A) Female total CSA p= 0.032, Female cortical thickness p= 0.037. Comparisons are sex-
matched, TREM2R47H/+ versus WT using Mann-Whitney test: Male failure force p = 0.015. Comparisons are sex-matched, TREM2R47H/+ versus WT using
Welch’s one-tailed t test: Male ultimate strain p = 0.039. TMD = tissue mineral density.
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D7), and number of TRAP+ osteoclasts with three or more
nuclei was quantified. More osteoclasts differentiated from
male TREM2R47H/+ cells after 7 days of differentiation compared
to WT, whereas no difference was found in the number of
female TREM2R47H/+ osteoclasts (Fig. 4A). However, follow-up
gene expression analysis demonstrated that both female and
male TREM2R47H/+ osteoclasts express significantly higher
levels of estrogen receptor α (ERα) mRNA compared to WT cells
(Fig. 4B), whereas neither male nor female TREM2R47H/+ cells
expressed different levels of the sex hormone receptors ERβ
or androgen receptor (Fig. 4B). To assess whether increased
ERα expressionmight also increase the expression of ERα target
genes, we evaluated gene expression of ERα target gene com-
plement 3 (C3) and found that female TREM2R47H/+ osteoclasts

had decreased mRNA levels of C3 expression (Fig. 4C). Female
TREM2R47H/+ osteoclasts also had increased mRNA levels of
pro-survival gene BCL2, which suggests the pro-apoptotic
effect of estrogen on osteoclasts may be negatively affected
by TREM2 R47H expression in female cells (Fig. 4C).

Previous studies have also demonstrated a potential interac-
tion of β-catenin in TREM2 signaling.(25) Female TREM2R47H/+

osteoclasts express decreased mRNA levels of Wnt/β-catenin tar-
get gene cyclin D1 compared toWT, suggesting the TREM2 R47H
mutation may also interact with β-catenin (Fig. 4C). No differ-
ences in C3, BCL2, or Cyclin D1 were detected in male
TREM2R47H/+ osteoclasts compared to WT (Fig. 4C). Together,
these data suggest that female TREM2R47H/+ osteoclasts exhibit
decreased sensitivity to estrogen signaling.

Fig. 4. Sex-dependent alterations in intracellular signaling in TREM2R47H/+ osteoclasts. Osteoclast differentiation frommale and female, TREM2R47H/+ and
WT nonadherent bone marrow cells. Cells were differentiated for 2, 5, and 7 days, and the number of TRAP+, ≥3 nuclei was assessed (n = 4/5 wells
counted/group) (A), mRNA levels of ERα, ERβ, and AR normalized to GAPDH in male and female TREM2R47H/+ and WT osteoclasts (n = 5–6/group) (B),
mRNA levels of C3, BCL2, and Cyclin D normalized to GAPDH from male and female TREM2R47H/+ and WT osteoclasts after 7 days of differentiation
(n = 5–6/group) (C), protein multiplex of bone lysates from male and female TREM2R47H/+ osteoclasts after 7 days of differentiation (D). Comparisons
are sex-matched, TREM2R47H/+ versus WT using two-way ANOVA with mixed effects and Sidak’s multiple comparisons test: (A) Male TREM2R47H/+ versus
WTmultiple comparison test at D7 p= 0.0017. (B) Female ERα expression at D5 p= 0.024, D7 p= 0.018, Male ERα expression at D5 p= 0.004. Comparisons
are sex-matched, TREM2R47H/+ versus WT using Student’s t test: (C) BCL2 p = 0.0015, Cyclin D p = 0.02. (D) Female Akt p = 0.0227. Comparisons are sex-
matched, TREM2R47H/+ versus WT using Welch’s t test: (C) C3 p = 0.016. (D) Male CREB p = 0.0627. See Table S1 for details on the ANOVA analysis.
AR = androgen receptor; C3 = Complement 3; ERα = estrogen receptor alpha; ERβ = estrogen receptor beta.
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In addition to inducing changes in gene expression, activation
of the estrogen receptors can lead to kinase activation, the so-
called non-genotropic effects of the receptor.(55) To test the pos-
sibility that the TREM2 R47H variant would affect intracellular
kinase activation, multiplex analysis of protein lysates was per-
formed. We found increased phosphorylated protein kinase B
(Akt) in female, but not male TREM2R47H/+ osteoclasts compared
to WT cells (Fig. 4D). However, male but not female TREM2R47H/+

osteoclasts had a trend toward increased protein levels of phos-
phorylated cyclic adenosine monophosphate (cAMP) response
element-binding protein (CREB) compared to WT cells (Fig. 4D).
Taken together, these data suggest that TREM2R47H/+ mutation
alters intracellular osteoclast signaling in a sex-dimorphic man-
ner, but only male TREM2R47H/+ osteoclast precursors have a
cell-autonomous increase in differentiation.

Only female TREM2R47H/+ mice have altered body
composition and strength

Beyond bone fragility, reduced skeletal muscle strength also sig-
nificantly contributes to increased risk for falls and fracture that
limit mobility and negatively impact patient quality of life.(56)

Skeletal muscle mass and size has been shown to decline with
AD progression.(9) However, no mechanisms for this loss of skel-
etal muscle mass and strength have been explored. Therefore,
we also assessed the skeletal muscle phenotype of female and
male TREM2R47H/+ mice. Female TREM2R47H/+ animals gain body
weight differently across 20months of age, as evaluated by
repeated-measures two-way ANOVA (Fig. 5A). This difference
seems to be driven by decreases in fat mass percentage and lack
of fat mass accrual in female TREM2R47H/+ animals, which is not
seen in male animals (Fig. 5B). However, there are only mild
increases in lean mass percentage in female TREM2R47H/+ ani-
mals at 6 months of age, but no differences in lean mass
between male TREM2R47H/+ animals compared to WT (Fig. 5C).
Surprisingly, grip strength was significantly increased in female
TREM2R47H/+ animals at 8 months of age and changed differently
compared to WT across 20 months of age, whereas male
TREM2R47H/+ animals had an increased grip strength only at 8
months of age (Fig. 5D). Activity monitoring of 12-month-old
mice showed that female TREM2R47H/+ animals spent more time
ambulatory, walking around, and less time preforming stereo-
typic movements such as face touching compared to WT litter-
mates, with no differences detected in males (Fig. S3). Lean
mass and strength were altered in female but not male
TREM2R47H/+ animals with age, and this may be explained by
these increases in activity.

Muscle-specific changes in strength in female
TREM2R47H/+ mice

To further assess whether the TREM2 R47H variant alters skeletal
muscle strength in a sex-dependent manner, in vivo plantarflex-
ion assessment was performed on anesthetized 12-month-old
female and male animals. Female TREM2R47H/+ mice had
increased force across 60 to 150 Hz of stimulation, as well as
increased maximal twitch force and force produced at 100 Hz
compared to WT littermates, whereas no effect was seen in force
production inmales (Fig. 6A). Compoundmuscle action potential
(CMAP) stimulation of the sciatic nerve in the same animals dem-
onstrated no differences in sciatic nerve action potential
(Fig. S4A, Table S4). These data suggest that the changes in skel-
etal muscle strength are not likely due to changes in peripheral

nerve excitability and nervous input to the skeletal muscle.
Ex vivo skeletal muscle testing of the soleus muscle at the begin-
ning of the fatigue assay showed increases in the twitch force of
soleus muscles isolated from 13-month-old female TREM2R47H/+

animals compared to WT, but these muscles were also more fati-
gable as demonstrated by decreases in fatigue percentage
(Fig. 6B). Across 40 to 150 Hz of stimulation the 13-month female
TREM2R47H/+ soleus muscle produced more force than WT
(Fig. 6C). However, ex vivo testing of the EDL showed no differ-
ences in force production or fatigue (Fig. S4B). The soleus is pri-
marily comprised of oxidative Type 1 fibers whereas the EDL is
primarily comprised of Type 2B glycolytic fibers, suggesting that
the effect of the TREM2 R47H variant on muscle strength but not
total lean body mass percentage is due to sex-dependent, fiber-
type–specific changes.(57)

Fig. 5. Body composition and strength are altered in female, but not
male TREM2R47H/+ animals. Body weight (A), fat mass percentage (B), lean
mass percentage (C), and grip strength (D) of male and female
TREM2R47H/+ animals compared to WT. n = 5–8/group. Comparisons
are sex- and time-matched, TREM2R47H/+ versus WT via RM two-way
ANOVA mixed-effect model with Sidak’s multiple comparisons test: (B)
Female fat mass at 12months p = 0.0085. (C) Female lean mass 6 at
months p = 0.0319. (D) Female grip strength at 6 months p = 0.0027,
Male grip strength at 8months p = 0.0023. See Table S2 for details on
the ANOVA analysis. RM = repeated measure.
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Previous work has demonstrated the importance of bone-
muscle crosstalk in disease states, including cancer and burn
injury, and with exercise; therefore, we assessed whether the
bone-muscle crosstalk mediator transforming growth factor β

(TGF-β) known to be released from the bone matrix during oste-
oclastic resorption,(58,59) could be involved in this phenotype.
Unexpectedly, however, serum levels of TGF-β are decreased in
both female and male TREM2R47H/+ animals aged to 19 to 20

Fig. 6. Increased in vivo plantar flexion and ex vivo soleus contractility muscle strength in female TREM2R47H/+ animals at 12 months of age. In vivo plan-
tar flexion of 12-month-old male and female TREM2R47H/+ and WT animals demonstrating both maximal twitch force and force production across 150 Hz
of stimulation (n= 5–6) (A), ex vivo contractility assessment of force production and fatigue of female TREM2R47H/+ andWT soleus muscles across 97 con-
tractions (n = 5–6/group) (B), as well as force frequency and force at 100 H of stimulation (n = 5–6/group) (C), serum TGF-β levels from 4-month-old and
19–20-month-old male and female TREM2R47H/+ and WT animals (D). Force frequency comparison of female TREM2R47H/+ to WT using two-way ANOVA
and Bonferroni’s multiple comparisons: (A) 60 Hz p= 0.024, 80 Hz p= 0.023, 100 Hz p= 0.016, 125 Hz p= 0.0029, 150 Hz p= 0.0006. (C) 40 Hz p= 0.0127,
60 Hz p= 0.0081, 80 Hz p= 0.0031, 100 Hz p= 0.0048, 125 Hz p= 0.0027, 150 Hz p= 0.0029. Sex-matched comparisons of female andmale TREM2R47H/+

to WT using Student’s t test: (A) Female twitch force p= 0.0057. (C) Force at 150 Hz p= 0.0171. (D) Female TGF-β 19–20months p= 0.0001. Sex-matched
comparisons of male TREM2R47H/+ to WT using Mann-Whitney test: Male TGF-β 19–20months p= 0.0286. See Table S3 for details on the ANOVA analysis.
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months, but not at 4 months (Fig. 6D). Further, C2C12 myotubes
after 3 days of differentiation exposed to 10% CM for 48 hours
from male (but not female) TREM2R47H/+ marrow-flushed long
bones were slightly smaller in the average diameter, but fre-
quency distributions demonstrate no differences in the distribu-
tion of myotube diameters exposed to either male or female
TREM2R47H/+ compared to WT bone CM (Fig. S5). These data sug-
gest that the changes in skeletal muscle phenotype seen in
TREM2R47H/+ animals are likely not associated with alterations
of the bone-muscle crosstalk and may be due to other
mechanisms.

Discussion

AD is the most common form of dementia worldwide, and dis-
ease prevalence is projected to grow over the next 30 years.(60)

AD is most prominently known for impacting memory, but AD
patients also exhibit decreases in BMD and skeletal muscle func-
tion.(6,9,61,62) Thus, the impact of AD goes beyond the brain. Nev-
ertheless, there is limited understanding of the mechanisms that
contribute to bone fragility and muscle weakness in AD patients.
Preclinical studies using mouse models of AD have not conclu-
sively demonstrated that bone fragility and skeletal muscle
weakness seen clinically can be explained by the central neuro-
degeneration of the brain. Neuroinflammation and myeloid cells
of the brain have been shown to contribute to AD pathogenesis,
andmany of these pathways andmechanisms are also present in
cells of the bone and skeletal muscle. But whether these mecha-
nisms also contribute to the bone and muscle loss seen clinically
independent of the pathology in the brain has been unexplored.

This study focused on themusculoskeletal abnormalities asso-
ciated with a TREM2 variant, known to contribute to neuroin-
flammation and central pathology in AD via functional changes
in microglia, myeloid cells of the brain.(63) Previous studies of
Nasu-Hakola disease, which is a neurodegenerative disease that
also presents with bone cysts, have demonstrated that amino
acid substitutions in the TREM2 receptor can cause brain and
bone disease simultaneously.(64) However, no AD-associated
mutations in TREM2 known to contribute to central neurodegen-
eration have been shown to influence bone or muscle. TREM2
expression inhibits osteoclast differentiation and resorption,(65)

but it remains unclear whether amino acid variants known to
alter TREM2 signaling associated with AD may also alter osteo-
clast function. Further, there is no existing literature on the role
of TREM2 in skeletal muscle aging.

In the present study, we used a mouse model of a genetic risk
factor for AD carrying the TREM2 R47H variant, which lacks the
ability to develop central neurodegeneration in the absence of
additional mutations, as shown in previous work.(34,35,66) Our
data using this model of AD risk factor has identified a potential
mechanism by which bone loss, but not muscle loss, may be
explained in AD patients preceding neurodegeneration diagno-
sis. Global hemizygous expression of the R47H variant used in
this study mimics what is seen clinically and allows to better
translate the potential effect size of the TREM2 R47H variant on
bone andmuscle. Our data demonstrates this variant only causes
bone loss after 13 and 20months of age in female and male ani-
mals, respectively, with aminimum effect in females at 4 months,
suggesting the effect of the variant on bone volume is age-
dependent and is not involved in skeletal development or
maturation.

Late-onset Alzheimer’s disease (LOAD), with which the TREM2
R47H variant is associated, is typically found in patients ≥65 years
of age.(28) This suggests that age-related changes (eg, cellular
senescence/senescence-associated secreted proteins, increased
inflammation) that may contribute to TREM2-mediated risk for
AD in the brain may also be active in contributing to bone loss
and fragility.

Our study identified a poignant sex-dependent effect of the
TREM2 R47H variant on both bone and muscle. Clinical evidence
demonstrates that AD is more prevalent in female compared to
male sex, but the mechanism remains unclear. BMD and body
composition analysis only showed differences in female, not
male, TREM2R47H/+ animals across 20 months of age, which
prompted us to further investigate the female phenotype by
assessing an intermediate time point. Although male animals
experience cancellous bone loss and mechanical strength
changes at 20months of age, female animals had much more
pronounced changes in bone volume and strength at 13months
of age, and milder differences in cortical bone volume at 20
months of age with no effect on strength. Cortical bone loss
was most rapid in the TREM2R47H/+ animals between 4 and 13
months of age, where the marrow cavity was larger, the cortical
bone was thinner, but the cross-sectional area was larger.
Between 13 and 20months, the female TREM2R47H/+ cross-
sectional area and periosteal surface become smaller compared
to WT. These patterns suggest that age-related periosteal expan-
sion/endocortical resorption in the cortical bone are happening
between 4 and 13months of age in the female TREM2R47H/+ ani-
mals. Then between 13 and 20months of age, these patters stall
out and WT animals catch up to conclude with a similar level of
bone loss at 20months of age. These differential rates of bone
loss between TREM2R47H/+ and WT female mice may explain
the lack of difference in the mechanical properties between
female TREM2R47H/+ and WT femurs at 20 months of age. How-
ever, although male TREM2R47H/+ animals did not have differ-
ences in cortical bone volume at 4 and 20months of age, there
were mild increases in ultimate stress and failure force as mea-
sured by three-point bending only at 20months of age. The only
bone loss found in male TREM2R47H/+ animals was in the cancel-
lous bone of the distal femur, which was only seen at 20months
of age. This suggests that changes in TREM2 signaling in male
cells may not impact bone as strongly compared to the females,
and may explain why, although ERα mRNA levels and phospho-
CREB protein levels were increased in male TREM2R47H/+ osteo-
clasts, there was no effect on bone volume.

The decreased cortical bone volume likely contributes to the
decreased mechanical properties seen at 13 months of age in
the female TREM2R47H/+ animals, although the changes in the
material properties and a decrease in the endocortical mineral
apposition rate suggest the effect of the TREM2R47H/+ variant
may go beyond the cell-intrinsic effect of the mutation on oste-
oclasts and may also impact osteoblast/osteocyte function. This
has been described in a clinical case study of Nasu-Hakola dis-
ease where a male patient had a mutation in TREM2 with abnor-
mal mineralization patterns in the trabecular bone.(32)

Interestingly, this case study sample also had a higher BMD in
the trabecular bone. Although the mutation in TREM2 found in
this case study is different from the R47H model reported here,
our findings suggest alterations to TREM2 signaling may impact
osteoblasts. On the other hand, previous work in TREM2/DAP12
signaling in osteoclasts has demonstrated that a total loss of
TREM2 signaling causes increases in osteoclasts as measured
by histomorphometry, but no changes in osteoblasts in mice.(25)
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These data suggest that the changes to intracellular cell signal-
ing as a result of variants in TREM2may alter the paracrine signal-
ing environment impacting osteoblasts. Osteoblasts are not
known to express TREM2, hence osteoclast–osteoblast paracrine
interactions may mediate effects on bone material properties
and dynamic histomorphometry observed in our data. Further-
more, whether TREM2 and the R47H variant also play a role in
osteocytes remains unknown. RNA sequencing (RNAseq) data
shows TREM2 is expressed, albeit at low levels, in osteocytes
and in the osteocytic cell line IDG-SW3, suggesting there may
be some cell-intrinsic effects of the TREM2 R47H mutation in this
cell type,(67) although no evidence of TREM2 protein being pre-
sent in osteocytes has been reported. Therefore, we cannot rule
out the possibility that part of the TREM2R47H/+ mice phenotype
is due to direct consequences of the expression of the variant in
osteocytes. Future studies will address the contribution of these
cells to the phenotype of mice expressing the TREM2 variant.

In an attempt to find the mediator between osteoclasts and
skeletal muscle, we measured the circulating levels of TGF-β, a
growth factor known to be deposited in bone by osteoblastic
cells and released by osteoclasts following bone resorption.
However, osteocytes, which are a differentiated osteoblast
embedded in the bone and create an interconnected network,
are also known to be significantly impacted by TGF-β. Previous
work has shown that the osteocyte network and bone volume
are negatively impacted in a sex-dependent manner by loss of
TGF-β signaling using a Tβ2R�/� mouse model; however, an
effect was seen in male and not female animals, suggesting that
either a different receptor is involved or that other mechanisms
are contributing to our observed phenotype beyond loss of
TGF-β signaling.(68) Other work has also defined a role for TGF-β
signaling in bone material strength, suggesting the potential
involvement of osteocytes on the effects of the growth factor.(69)

Yet whether this effect is sex dimorphic or consistent with the
data presented herein remains unclear. Further, we show herein
an age-related decreases in circulating TGF-β levels, but osteo-
cyte scoring shows no difference in the number of osteocytes
in the cortical compartment of the femur. Therefore, our data
does not provide conclusive evidence for or against direct conse-
quences of the TREM2 R47H variant on osteocytes. Rather, future
studies will need to define whether TREM2 is expressed in oste-
ocytes at the protein level, if this expression changes with age,
if TREM2 interacts with TGF-β in osteocytes, and whether the
R47H variant alters osteocyte function directly or indirectly.

The data presented in our study suggest the R47H variant may
alter intracellular osteoclast signaling in a sex-dependent man-
ner. In female animals, the R47H variant seems to modify the
interaction of TREM2 signaling with ERα-mediated estrogen sig-
naling via Akt. Changes in cyclin D1 also indicate the R47H vari-
ant may alter Wnt/β-catenin signaling, which is consistent with
previous studies in TREM2 knockout models.(25) AD is thought
to be more common in females compared to males, which sug-
gests that sex-dependent prevalence of AD may be explained
by changes in ERα signaling. Consistent with previous reports
in macrophages that cell differentiation and activity is only
mildly impacted by the R47Hmutation, osteoclast differentiation
wasmildly increased only inmale osteoclasts.(30) Future work will
be needed to directly evaluate whether osteoclast activity is also
sex-dependent. However, why increased AD prevalence in
women is dependent on geographic location or other sex-
dependent risk factors remains uncertain.(70,71) In a mouse
model of APOE4 expression, another strong genetic risk factor
for AD, TREM2 expression and microglial response to plaque in

the brain was also different between female and male ani-
mals.(72) Although these data were generated in microglia of
the brain, they suggest that TREM2 signaling may contribute to
sex-dependent differences in risk and pathology of AD, and our
data suggest that this may be true in multiple tissues including
bone and muscle.

Lean mass and muscle strength have been shown to be
decreased in AD patients, but whether this impairment is regu-
lated in a sex-dependent manner remains unclear.(9,10,61) Our
data shows that female TREM2R47H/+ animals weighed less than
WT, and this was driven primarily by decreases in fat mass which
likely had some degree of influence on the mild increase in lean
mass. Surprisingly, female TREM2R47H/+ animals are also stron-
ger, but these changes in body composition and strength is
not likely influenced by changes in activity levels, suggesting
other mechanismsmay be at play. TGF-β is known to be secreted
from the bone matrix via resorption and has been shown to
cause skeletal muscle atrophy in mouse models of high osteo-
clastic resorption.(59,73) Because our female and male animals
experience bone loss by 20months of age, we investigated
whether TGF-β could play a role in these observed changes in
body composition. Interestingly, although significant decreases
in TGF-β in the circulation were seen in both female and male
animals, strength changes were only observed in female animals.
Thus, the mechanism leading to increased muscle strength in
female TREM2R47H/+ mice may be related to the decreased pro-
atrophic signals resulting from lower TGF-β levels, though this
does not explain the lack of effect on male animals, therefore
suggesting that additional unknown mechanisms may be
involved.

Ex vivo muscle contractility measurement demonstrated
increases in the soleus strength, not the EDL, suggesting that
the change in strength may also be muscle specific. Aging skele-
tal muscle is known to undergo fiber-type–specific changes, pri-
marily affecting glycolytic, Type II fibers which are the
predominant fiber type found in the EDL.(74,75) These Type II
fibers that make up the majority of the EDL have been shown
to express more Activin receptor type-2B (ACVRIIB) receptors
for TGF-β and its family members, including activin, myostatin,
and growth differentiation factor 11 (GDF11), than the Type I
fibers that make up a majority of the soleus, making it unlikely
that the decreased TGF-β had a strong effect on the soleus
strength but not the EDL.(76)

OurmRNA expression data demonstrate skeletal muscle fibers
do not express TREM2, and our bone conditioned media experi-
ment suggests bone–muscle crosstalk cannot likely explain our
observed changes in skeletal muscle of female TREM2R47H/+

mice. Thus, another cell type in skeletal muscle may be involved
in this observed phenotype. Macrophages, known to express
TREM2, exist in the skeletal muscle as intramuscular macro-
phages. These macrophages are known to play a role in skeletal
muscle regeneration and repair after injury and exercise, but also
are thought to be involved in age-related skeletal muscle weak-
ness.(77) No data has ever described a role for TREM2 in skeletal
muscle during aging, although changes in intramuscular macro-
phage cell population are known to contribute to age-related
skeletal muscle weakness. Previous work has demonstrated an
increased ratio of M2/M1 macrophages in aged versus young
skeletal muscle, and that these macrophages associate with
intramuscular adipose tissue.(78) Further, it is known that the
soleus muscle has a higher proportion of intramuscular macro-
phages compared to the gastrocnemius.(79) Therefore, it is possi-
ble that intramuscular macrophage function altered due to the
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TREM2 R47H variant may explain the fiber type–specific changes
in skeletal muscle strength. Here we used a model of global
expression of the R47H variant, hence our study does not allow
us to explicitly identify intramuscular macrophages as the cause
of the phenotype, although we cannot exclude macrophages
from consideration as contributors to the phenotype. Therefore,
more work is needed to clearly define the role of the intramuscu-
lar macrophage in muscle weakness and sarcopenia, and future
studies will be needed to address how TREM2 expression, and
the R47H variant, in these intramuscular macrophages may
impact skeletal muscle mass and strength with age.

Overall, this study suggests that mechanisms active in perpet-
uating AD pathogenesis in the brain may also be active in other
tissues that are known to be negatively affected by AD. These
data demonstrate that genetic risk factors known to contribute
to the pathology of AD in the brain can also cause transient bone
loss and fragility, but not muscle weakness, independent of
pathology in the brain in female but not male animals. Further
work will be needed to assess when in the aging process these
mechanisms become detrimental to bone volume and fragility,
and what triggers this degeneration. Additionally, although our
data implicates a role of TREM2 in skeletal muscle strength, more
work is needed to identify what cell types expressing TREM2may
contribute to skeletal muscle strength regulation, and the
mechanism for this interaction. In this study, Aβ plaques, or tau
neurofibrillary tangles were not present, suggesting that other
age-related changes may be triggering TREM2-dependent
degenerative mechanisms in tissues beyond the brain.
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