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Abstract

and the ER stress response.

Aging is the greatest known risk factor for most neurodegenerative diseases. Myelin degeneration is an early
pathological indicator of these diseases and a normal part of aging; albeit, to a lesser extent. Despite this, little

is known about the contribution of age-related myelin degeneration on neurodegenerative disease. Microglia
participate in modulating white matter events from demyelination to remyelination, including regulation of (de)
myelination by the microglial innate immune receptor triggering receptor expressed on myeloid cells 2 (TREM2).
Here, we demonstrate Trem2-deficiency aggravates and accelerates age-related myelin degeneration in the
striatum. We show TREM2 is necessary for remyelination by recruiting reparative glia and mediating signaling that
promotes OPC differentiation/maturation. In response to demyelination, TREM2 is required for phagocytosis of large
volumes of myelin debris. In addition to lysosomal regulation, we show TREM2 can modify the ER stress response,
even prior to overt myelin debris, that prevents lipid accumulation and microglial dysfunction. These data support
a role for Trem2-dependent interactions in age-related myelin degeneration and suggest a basis for how early
dysfunctional microglia could contribute to disease pathology through insufficent repair, defective phagocytosis,
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Introduction

Aging is the greatest known risk factor for various
dementias and neurodegenerative diseases includ-
ing Alzheimer’s disease (AD). Although pathological
hallmarks of AD invariably include extracellular beta-
amyloid (AP) plaques, neurofibrillary tangles, and glial
activation, proteomic studies and genetic network anal-
yses have recently highlighted changes in myelination,

fStephanie J. Bissel and Bruce T. Lamb contributed equally to this
work.

*Correspondence:

Bruce T.Lamb

btlamb@iu.edu

IStark Neurosciences Research Institute, Indiana University, School of
Medicine, Indianapolis IN 46202, USA

’Department of Medical and Molecular Genetics, Indiana University,
School of Medicine, Indianapolis IN 46202, USA

M BMC

oligodendrocytes, and neurofilaments as players in AD
[43, 68]. White matter degeneration has been shown to be
an early clinical and pathological marker of AD and may
even precede AP plaques [18, 38]. Further, white matter
tracts have been identified as vulnerable foci during aging
[12, 13, 26]. Despite this, the molecular mechanisms of
white matter degeneration have been a drastically under-
studied component of both aging and AD pathogenesis.
Myelin volume reaches a maximal at around age 45-50
and then begins a steady decline until death [67]. This
reduction in myelin volume can coincide with the emer-
gence of pronounced AD pathology. Myelin degeneration
has been implicated in contributing to and exacerbat-
ing amyloid deposition, tau aggregation, chronic neuro-
inflammation, and axonal damage [17, 18, 56]. Over the
last decade, an abundance of evidence points toward
the immune response and inflammation as integral
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contributors to AD pathology and age-related myelin
degeneration, implicating microglia as critical modula-
tors of disease progression.

In the healthy adult CNS, microglia, amongst other
glia, serve to maintain and support white matter via three
broad events: demyelination, oligodendrogenesis, and
remyelination [34, 41]. Their ability to respond to and
engage myelin damage is crucial for proper debris clear-
ance during demyelination [9, 36]. Along with astrocytes,
microglia participate in the complex interplay of inflam-
matory and anti-inflammatory signaling during oligoden-
drogenesis [19, 34, 41]. They release chemokines such as
CXCL1, IL-1B, and CXCL12 to recruit oligodendrocyte
precursor cells (OPCs) to areas of demyelination, cyto-
kines like TNF-« and IL-6 to support OPC proliferation,
and trophic factors such as brain-derived neurotrophic
factor (BDNF), insulin growth factor 1 (IGF-1), and
galectin-3 (gal-3) to promote differentiation of OPCs into
mature myelinating oligodendrocytes [15, 29, 46, 51].
Failure of any of these steps leads to unresolved damage
and lack of subsequent remyelination.

Aging can exert a pronounced impact on glia and their
functions. In the diseased or aging CNS, there are a host
of morphological, transcriptomic, and functional changes
to glial populations. Microglia and astrocytes display
a diminished ability to respond to damage, impaired
phagocytosis and debris clearance, reduced trophic sup-
port, and increased aberrant activation and inflammation
[7, 25]. Oligodendrocytes are exceedingly susceptible
to this inflammation and oxidative stress, resulting in a
reduction in their regenerative capacity and remyelin-
ation efficiency [14, 16, 61]. Importantly, evidence sug-
gests that microglia considerably regulate the other two
glial populations [41, 44, 51]. These microglial pheno-
typic changes are highly dynamic and heterogenous and
are dependent on brain region, pathology, and age [25,
30, 69]. Identification of microglial subtypes such as
white matter-associated microglia (WAM) and disease-
associated microglia (DAM) has implicated the innate
immune receptor Triggering Receptor Expressed on
Myeloid Cells 2 (TREM2) as a crucial modulator of these
transition states in both aging and disease [33, 57].

In the brain, TREM2 is located predominantly on
microglia and is highly expressed in white-matter regions
[22]. TREM2 activity is linked to a variety of diseases that
display white matter-pathology such as Nasu-Hakola dis-
ease (NHD), frontotemporal lobar degeneration (FTLD),
and multiple sclerosis (MS) [3, 10, 37, 50]. Further,
TREM2 is necessary for damage-associated lipid sensing
that initiates a cascade of microglial responses to myelin
damage [48, 64]. These responses include microglial acti-
vation, migration, and expansion at sites of demyelination
followed by subsequent phagocytosis and lipid metabo-
lism [8, 10, 48, 52]. In addition, TREM2 expression
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increases with age, making it of particular interest to
investigate how it influences age-related myelin degen-
eration [22].

Recent white matter studies investigating TREM?2 have
largely focused on the changes to microglia in response
to induced demyelination. There has been less emphasis
on how TREM2 may impact and contribute to progres-
sion of age-related demyelination. Moreover, a large
portion of these studies utilize various chemical modi-
fiers (e.g., lysolecithin, cuprizone, etc.) to initiate exac-
erbated demyelinating phenotypes that may not entirely
reflect typical demyelination. The regions analyzed in
these studies have also been relatively limited to white
matter present in the hippocampus, cortex, and corpus
callosum. Given the impact of region and age on the
functional heterogeneity of both microglia and TREM2,
it remains important to consider the results in other con-
texts to determine if they are broadly applicable. While
these studies provide useful insight, these limitations
make these studies difficult to interpret cohesively. Thus,
it is important to elucidate which white-matter outcomes
are a consequence of age, region, TREM2, and additive
effects of these variables.

Here, we use aged wild-type C57BL/6] (WT) and
Trem2-knockout (Trem2~/~) mice to assess the effect of
TREM2 on white matter degeneration, glial populations,
and signaling. Due to its increased age-related vulner-
ability, disease relevance, and importance as a signaling
hub, the striatum was selected as an important region of
interest [12, 13, 26, 69]. Further, we use primary microg-
lial cells from WT and Trem2~'~ mice to assess myelin
phagocytosis and dissect the mechanisms by which
TREM2 impacts the microglial response. In this study, we
aim to answer the following questions: (1) how TREM2
modifies age-related myelin degeneration; (2) which
cell types are affected; (3) what aspects in the response
TREM2 mediates?

Materials and methods

Models

Wild-type C57BL/6] (B6; referred to as WT in text)
(Stock #: 000664) and Trem2 ™'~ (Stock #: 027197) mice
were obtained from Jackson Laboratory. Male and female
mice aged postnatal day 3-5 for were utilized for in vitro
experiments, while mice aged 6, 12, and 18 months were
used for in vivo experiments. Mice were housed with up
to five mice per cage and fed a 9% fat diet (Teklad Global,
2019 S) throughout the aging process.

Mice were housed in Indiana University School of
Medicine (IUSM) animal facilities, which are accred-
ited by the Association and Accreditation of Laboratory
Animal Care. Animals were maintained according to the
National Institutes of Health Guide for the Care and Use
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of Laboratory Animals. Experiments were approved by
the IUSM Institutional Animal Care and Use Committee.

Tissue processing

Mice were anesthetized with ketamine/xylazine and
perfused with ice-cold PBS between 11AM-1PM to
minimize circadian effects. Brains were removed and
separated into two hemispheres to be used for immuno-
histochemistry and protein or RNA analyses.

The hemispheres to be used for immunohistochemis-
try were drop-fixed in 4% PFA for 24—48 h at 4°C, then
transferred and stored in 30% sucrose in PBS at 4°C until
the brains sunk. Brains were embedded in O.C.T com-
pound (Tissue-Tek, 4583) and cryosectioned into 30-pum
free-floating sections. Sections were stored in 0.05%
sodium azide in PBS at 4°C until use.

The hemispheres used for protein analyses were micro-
dissected into cortical and white-matter containing
regions (striatum, corpus callosum, cerebellum/brain-
stem). Brain tissues were snap frozen in liquid nitrogen
and stored at -80°C until use. Frozen microdissected-
regions were homogenized in ice-cold T-PER Tissue
Protein Extraction Reagent (Thermo Fisher, 78510) sup-
plemented with phosphatase inhibitor cocktail (1:100,
Sigma, P5726) and protease inhibitor cocktail (1:100,
Sigma, P8340) at a 1 mg:10mL tissue weight to reagent
volume. Homogenization was carried out on ice using
a PowerGen 125 homogenizer (Fisher) at 75% of max
speed for 1 min followed by sonication using a SLPe
Digital Sonifier (Branson) at a continuous 30% amplitude
for 10 s. Homogenized white-matter samples were spun
down at 15,000 rpm using an Eppendorf 5424R centri-
fuge at 4°C for 30 min, then supernatants were aliquoted
and stored at -80°C until use.

Myelin extraction, purification, and pHrodo tagging
Myelin was extracted and purified from 3-month-old
male and female C57BL/6] mice (n=6) using estab-
lished protocols [1]. Each brain was quickly extracted
and homogenized in ice-cold myelin lysis buffer (10
mM HEPES, 5 mM EDTA, 0.3 M sucrose with prote-
ase inhibitor). Homogenized lysate was transferred to
ultra-clear centrifuge tubes (Beckman Coulter, 344057)
and ice-cold 0.32 M sucrose was layered underneath fol-
lowed by 0.85 M sucrose underneath both layers. Tubes
were then centrifuged at 75,000 g at 4°C for 30 min with
low acceleration and deceleration. Myelin was collected
at the 0.32 M and 0.85 M sucrose interfaces, then resus-
pended in 5mL of water and spun at 12,000 g at 4°C for
10 min with high acceleration and deceleration three
times. The purified myelin was then resuspended in PBS
and adjusted to a concentration of 1 mg/mL. Myelin was
stored at -80°C until use.
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A portion of the myelin to be used for phagocytosis
experiments was tagged with the pH-sensitive pHrodo
Red, succinimidyl ester (Thermo, P36600) according to
manufacturer’s instructions. Residual untagged pHrodo
was removed through vortexing in 1mL methanol fol-
lowed by centrifugation at max speed. This step was
repeated until the supernatant turned clear. pHrodo-
tagged myelin was then washed three times in PBS and
finally resuspended at the original volume to achieve
1 mg/mL. The pHrodo-tagged myelin was then stored at
-80°C until use.

Aggregated fibrillar AB1-42 preparation and pHrodo
tagging

Lyophilized human AB,_,, (Anaspec, AS-20276, 1 mg)
was brought to room temperature and then reconstituted
in 100mM NaOH and gently vortexed for 1 min until dis-
solved. The solution was then neutralized and brought to
a concentration of 1 mg/mL using 1x PBS. The fibrilliza-
tion process was carried out immediately after on half the
solution by further dilution to 0.5 mg/mL in 1x PBS. The
diluted proportion was incubated at 37 °C for 24 h with
shaking. The undiluted remainder was stored at -80 °C.

A portion of the fibrillar AB;_,, to be used for phago-
cytosis experiments was tagged with the pH-sensitive
pHrodo Red, succinimidyl ester (Thermo, P36600)
according to manufacturer’s instructions. The pHrodo-
tagged fibrillar Ap,_,, was resuspended to a final concen-
tration of 1 mg/mL and stored at -80°C until use.

Western blotting

Homogenized brain lysates were prepared as described
above, then protein concentrations were measured
using the Pierce BCA Protein Assay kit (Thermo Scien-
tific) according to the manufacturer’s protocol. Proteins
were denatured at 95°C for 10 min in a solution con-
taining 1x NuPAGE sample reducing agent (Invitrogen)
and 1x NuPAGE LDS sample buffer (Invitrogen). 20 pg
of total protein per sample were loaded into NuPAGE
4-12% Bis-Tris gels and run at a constant 160 V for 1 h
in 1x MES Running Buffer (Thermo Scientific). Proteins
were transferred onto 0.45-pm Immobilon-FL PVDF
membranes (Millipore) in 1x Transfer Buffer containing
methanol overnight at 4 °C. Membranes were washed
in 0.1% Tween-20 in PBS, blocked in Intercept Block-
ing Buffer (LI-COR, 927-70001) for 1 h at room tem-
perature, and incubated with the appropriate primary
antibody overnight at 4 °C. The following primary anti-
bodies were used: MBP (1:2000, Abcam, ab7349), dMBP
(1:1000, Millipore, AB5864), CNPase (1:500, Abcam,
ab6319), SMI-31 (1:1000, Biolegend, 801602), SMI-32
(1:1000, Biolegend, 801702), and loading control B-actin
(1:20000, Sigma, A1978). Membranes were washed three
times before incubation with the corresponding near-IR
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secondary antibodies (1:5000, LI-COR) in blocking buffer
for 1 h at room temperature. Membranes were washed
three times and visualized using an Azure 600 western
blot imager (Azure Biosystems). Images were analyzed
with Image Studio software (LI-COR) to measure band
densiometry and normalized to loading controls.

Immunohistochemistry

30-pum free-floating sections were prepared as described
above, then washed and permeabilized in 0.1% Triton-
X100 in PBS followed by antigen retrieval using 10mM
sodium citrate, pH 6.0 at 95 °C for 10 min. Sections were
allowed to cool to room temperature, washed in PBS, and
blocked in 10% goat serum containing 0.3% Triton-X100
in PBS for 1 h at room temperature with rotation. Sec-
tions were then incubated with combinations of the fol-
lowing primary antibodies in blocking buffer overnight
at 4 °C: Iba-1 (Wako, 019-19741), GFAP (Thermo Scien-
tific, 13-0300), MBP (Abcam, ab7349), Olig2 (Millipore,
AB9610), CC1 (Millipore, OP80), PLP (Novus Biologi-
cals, NB100-74503), CD68 (Bio-rad, MCA1957). All pri-
mary antibodies were used at a dilution of 1:500. Sections
were washed three times before incubation with the cor-
responding Alexa Fluor-conjugated species-specific sec-
ondaries (1:1000, Thermo Scientific) in blocking buffer
for 1 h at room temperature. Staining for CD68 followed
a modified protocol that included extending the primary
and secondary incubations two-fold. Lipofuscin was
visualized by exploiting autofluorescence using 488 nm
excitation. Sections were washed three times, mounted
on slides, and imaged using a Leica DMi8 inverted fluo-
rescence microscope.

Images were collected at 20x magnification from 2 ran-
domly selected areas within the striatum per section, 3
sections per animal, 4-5 animals per genotype at each
age. Iba-1 was quantified as total cellular counts, per-
centage of stained area, and cell size. GFAP was quanti-
fied as percentage of stained area normalized to the total
amount of myelin (via MBP) staining to account for sec-
tion-to-section variability in myelin as astrocytes prefer-
entially localize to the white matter. MBP was quantified
as percentage of stained area and as percent fragmented
using size exclusion to only quantify the smaller frag-
ments as a percent of total MBP area. Olig2 and CC1
were quantified as total cellular counts. Oligodendrocyte
precursor cells were defined as cells with single positivity
of Olig2. Mature oligodendrocytes were defined as cells
that had double positivity for Olig2 and CC1 using colo-
calization analysis. All analyses were conducted using Fiji
(Image]J) and the plug-ins included.

Electron microscopy
Mice at 12- and 18-months of age were perfused with ice-
cold PBS. Brains were extracted and then immediately
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fixed in a 3% glutaraldehyde in 0.1 M cacodylate buffer
solution, pH 7.4 at 4°C. Fixed brains were then sectioned
coronally (30-um thick) using a Leica vibratome. Striatal
regions were further isolated into 3 mm x 3 mm regions
of interest in the same fixative solution. After primary
fixation, samples were washed in 0.1 M cacodylate buf-
fer and postfixed in 1% osmium tetroxide in 0.1 M cac-
odylate buffer for at least 1 h. The fixative solution was
removed. Sections were rinsed in 0.1 M cacodylate buffer
before being dehydrated via a series of graded alcohols
from 70 to 100%. After two changes into 100% acetone,
the sections were placed in a 50:50 mixture of acetone
and EMbed 812 resin (Electron Microscopy Sciences)
media overnight. The following day, sections were placed
into pure EMbed 812 resin for at least 4 h followed by a
final change into fresh resin. Samples were left to polym-
erize in a 60°C oven for 12-18 h. Blocks were then thin-
sectioned using a Diatome diamond knife (Electron
Microscopy Sciences) at 70—-90 nm (silver to pale gold
using color interference), placed on nickel mesh grids,
and dried on filter paper for a minimum of an hour. The
sections were stained with uranyl acetate stain (Electron
Microscopy Sciences) for contrast, dried, and viewed on
a Tecnai Spirit TEM (FEI) equipped with an AMT CCD
camera.

Images were collected at both 4800x and 9300x mag-
nifications in 4-5 randomly selected regions/image per
animal; 3 animals per genotype at each age. All analyses
sampled > 150 axons per animal. The lower magnification
images were used for axonal counts and characterization.
The higher magnification images were used to quantify
g-ratio and myelin thickness. Image analysis was carried
out using MyelTracer software [32].

ELISAs

Homogenized white-matter lysates were prepared as
described above. IGF-1, BDNE, and gal-3 concentrations
were quantified using the following single analyte detec-
tion kits: Quantikine ELISA mouse/rat IGF-1 kit (R&D
Systems, MG100), U-PLEX mouse BDNF kit (Meso Scale
Diagnostics, K1526WK), and a sandwich ELISA Galec-
tin-3 mouse kit (Invitrogen, EMLGALS3). Protein con-
centrations of cytokines including CXCL1, IL-1f, TNF-a,
IL-5, and IL-6 were quantified by multiplex analyses
using V-PLEX Proinflammatory Panel 1 mouse kit (Meso
Scale Diagnostics, K15048D). All plates were prepared
according to the manufacturer’s protocol. The Meso Scale
Diagnostics plates were read using the MESO Quick-
Plex SQ 120 instrument. All other plates were read on a
Biotek Synergy H1 microplate reader using the appropri-
ate wavelength absorbance. The multiplex ELISAs were
evaluated using an increased sample size to account for
the inherent variability over singleplex ELISAs.
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Primary culture

Brains were extracted from P2-P4 pups and microdis-
sected in 0.5% glucose in PBS on ice to remove the
midbrain, meninges, and residual vasculature. Brain tis-
sue was then gently triturated in ice-cold DMEM/F-12
(Gibco) using a p1000 pipet tip followed by a p200 pipet
tip three times each before being filtered through a 70 um
nylon cell strainer and subsequently centrifuged at 400
x g for 8 min. Supernatant was removed, and the pellet
was carefully resuspended in cell culture media contain-
ing: DMEM/F-12, 10% Defined FBS (Cytiva), 1x Gluta-
MAX (Gibco), 5% Penicillin/Streptomycin (Gibco), and
1x sodium pyruvate (Gibco). The suspension was then
equally distributed into poly-d-lysine (PDL)-coated T75
flasks with 25mL of culture media and incubated at 37°C
with 5% CO,. A full culture media change was performed
24 h after plating followed by half culture media changes
every 3-5 days as needed. Microglia were harvested
10-13 days post-plating, determined by presence of
mature cell populations, and placed in fresh media. Har-
vesting was performed by shaking at ~200 rpm at 37°C
for 2 h, followed by collection of media that was then
spun down at 400 x g for 8 min. The supernatant was
removed, and the cell pellet was resuspended in media.
Cells were then plated onto PDL-coated Nunc 96-Well
Optical-Bottom Plates (Thermo Scientific,165305) at
a density of 35,000 cells/well for phagocytosis assays
or PDL-coated Nunc 6-Well Plates (Thermo Scien-
tific, 140675) at a density of 750,000 cells/well for RNA
analysis. Microglia were allowed to rest in the incubator
18-24 h before use.

Phagocytosis assay

Cells previously plated on a 96-well plate were washed
with serum-free culture media to remove debris, unat-
tached cells, and residual serum. Fresh serum-free media
was then added to the wells at a volume of 150uL for
3—4 h for serum starvation. pHrodo-tagged myelin or
fibrillar AP, prepared as described above, was diluted
in 50uL serum-free media adjusted to achieve concen-
trations ranging from 1 to 5 mg/mL and added to each
well for a total of 200uL volume/well. The plate was then
placed in the incubator and analyzed at 30-minute to
1-hour intervals over 6 total hours using a Biotek Syn-
ergy H1 microplate reader at an excitation and emission
wavelength of 560 nm & 590 nm, followed by imaging on
a Leica DMi8 fluorescent microscope at coordinates ran-
domly preset before myelin treatments. Untreated cells,
media only, and media with diluted pHrodo were used as
normalization controls to account for background effects
during absorbance measurement. Technical replicates
(n=4-6 wells/treatment) were averaged together to give
a single mean for each biological replicate. Biological
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replicates (n=3-4) were comprised of different groups of
cells from either separate flasks or experiments.

RNA analyses

400uL TRIzol LS Reagent (Ambion) was added to brain
tissue or primary microglial cells plated as described in
phagocytosis assay, placed on an orbital shaker to incu-
bate for 2 min, and a cell scraper was used to ensure all
cells were collected. RNA was isolated using the RNeasy
Plus Universal kit (QIAGEN, 73404) using the manu-
facturer’s protocol. Isolated RNA was then quantified
using a Nanodrop spectrophotometer. Samples with low-
quality measurements (260/280 or 260/230<1.7) were
repurified using the Clean & Concentrator-5 kit (Zymo
Research, R1016). cDNA synthesis was then carried out
from 500ng total RNA using the High-Capacity RNA-to-
c¢DNA kit (Applied Biosystems) according to manufac-
turer’s suggested thermocycler settings. RT-qPCR was
then performed using Tagman Gene Expression assays
(Applied Biosystems) for Cd68 (Mm03047343_ml),
CtsL (Mm00515597_m1), Gus (Mm00659592_m1), Glb1
(MmO00515342_m1), Lgals3 (Mm00802901_m1l), Hspas
(Mm00517691_m1), and Ddit3 (Mm00492097 ml) in
96-well plates on an Applied Biosystems QuantStudio
6 Flex Real-Time PCR system. Data was analyzed using
QuantStudio software (Applied Biosystems) using the
AACT method calculated with reference ACTs from
non-treated samples for each genotype using Gapdh
(Applied Biosystems, 4352339E) as a housekeeping gene.
All samples were run in duplicate.

Statistical analyses

All statistical analysis and plotting of data was carried out
using Graphpad Prism software (version 10.0.0). Experi-
ments were sex-matched when possible, however no sex
differences were observed, so male and female data are
grouped for analysis. At least two independent experi-
ments were performed for each analysis unless otherwise
stated. Details of data measurement and collection are
outlined under the relevant method. Specific statistical
tests and other information applicable to the analyses are
included in the figure legends.

Results

Trem2-deficiency exacerbates age-related myelin damage
in the striatum

To explore the role of TREM2 in age-related myelin
degeneration, we characterized myelin dynamics in
the striatum of 6- to 18-months old wildtype C57BL/6]
(WT) and Trem2~/~ mice. We first analyzed total myelin
area across age using immunohistochemistry for myelin
basic protein (MBP), one of the most abundant proteins
in myelin. We found WT striatum displayed increased
MBP staining from 6- to 18-months but did not reach
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significance (Fig. 1A-B). Interestingly, Trem2~/~ mice
showed increased MBP staining from 6-months to
12-months that plateaued by 18-months of age. There
was no significant difference in the total area of myelin
between the genotypes at any age. Since myelin frag-
ments and splits as it degenerates, we asked if increased
myelin fragmentation could account for the increased
myelin area in Trem2~'~ mice by quantifying the area
comprised of fragmented myelin as a percent of total
myelin area (Fig. 1A insets, 1C) [49, 58, 66]. The percent
fragmentation in Trem2~/~ mice significantly increased
with age (Fig. 1C). However, in WT mice, increased
fragmentation only became apparent at 18-months of
age. Despite this, Trem2~/~ mice contained significantly
more fragmentation compared to WT mice at the later
timepoints.

6 Month

12 Month
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To confirm if protein levels of other structural compo-
nents of myelin were likewise impacted by Trem2 and/
or age, western blot analyses were performed using an
antibody against 2',3’-Cyclic-nucleotide 3’-phospho-
diesterase (CNPase), a membrane-associated enzyme
involved in myelin formation/maintenance [27]. WT
mice exhibited age-related increases in CNPase with only
the 18-month timepoint showing a significant increase
compared to Trem2~'~ mice (Fig. 1D-E). Myelin frag-
mentation was also confirmed using an antibody against
degraded myelin basic protein (dMBP), which detects a
pathologically exposed epitope of myelin (amino acids
81-87;QDENPVYV). Age-related increases in myelin deg-
radation were observed in both WT and Trem2~/~ mice
from 6- to 12-months of age. However, myelin damage in
WT mice plateaued by 18-months of age, while damage

@ B6
B C M Trem2”

Myelin Area Myelin Fragmentation
ek
*
. 1
N " s s *Hkk
1
40 o © m 4

w

% MBP Area
[

% Area MBP Fragmentation

°

6 Month 12 Month 18 Month 6 Month 12 Month 18 Month

D 6Month  12Month 18 Month
B6 Trem2* B6 Trem2+* B6 Trem2” _ .0 na
CNPase | % S| —-l — == ] - ] e
awmesp [ [ [ [ [ (e

25kDa

MM“ SSRSEy .

B-Actin [N e[ ] [t S]] [t o]t |- 202

Fold Change
(CNPase/B-actin)
5

6 Month 12 Month 18 Month

20kDa MBP

(dMBP/B-actin)
N
s o

Fold Change

°

6 Month 12 Month 18 Month

15kDa MBP
1

1.5 Hkk K

Fold Change
(MBP/B-actin)
Fold Change
(MBP/B-actin)

6 Month 12 Month 18 Month

6 Month 12 Month 18 Month

Fig. 1 Trem2-deficiency exacerbates age-related myelin damage in the striatum. (A) Representative fluorescent images of striatal white matter from 6-,
12-,and 18-month-old B6 and Trem2~~ mice stained for MBP (gray) with binary insets highlighting the fragmentation. (B) Quantification of MBP percent
area and (C) fragmentation in 6-, 12-, and 18-month striatum. (D) Representative western blot analysis and (E) densiometric quantification of white mat-
ter proteins CNPase, dMBP, and MBP in white matter homogenates from 6-, 12-, and 18-month-old B6 and Trem2~™~ mice. Immunoblot quantification
was normalized to 6-month B6 samples. All experiments used n=4 (equal males and females) per group. Two-way ANOVA with Tukey's post-hoc test
(*P<0.05, **P<0.01,***P<0.001, ****P<0.0001) was used for statistical analysis. Error bars represent SEM
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in Trem2™'~ mice continued to increase (Fig. 1D-E). In
addition, Trem2~'~ mice had significantly higher levels of
myelin damage at both ages compared to WT mice.

As MBP exists in multiple isoforms ranging from
14 kDa to 21.5 kDa that are believed to have different
roles in (re)myelination and cytoskeletal remodeling,
we also evaluated two major isoforms of MBP to deter-
mine if any isoforms showed predominance [27]. Protein
expression levels of the larger~20 kDa MBP isoform,
thought to correspond to early myelin development,
showed an age-related reduction in Trem2~'~ mice from
12- to 18-months of age [6]. At the 18-month timepoint,
Trem2~/~ mice had significantly lower concentrations
of the ~20 kDa MBP isoform compared to WT mice
(Fig. 1D-E). The second smaller MBP isoform of ~ 15 kDa
has been suggested to be involved in remyelination [6].
Trem2~'~ mice displayed a progressive reduction in lev-
els of the ~15 kDa MBP isoform from 6- to 18-months
of age, while WT mice only showed decreased levels at
18-months of age (Fig. 1D-E). At the 18-month time-
point, Trem2~/~ mice had significantly less ~ 15 kDa MBP
isoform compared to WT mice. It has been reported that
Trem?2 deficiency results in exacerbated myelin degenera-
tion in models of MS, neuromyelitis optica syndrome dis-
order, and AD in the corpus callosum, optic tracts, and
frontal lobe [8, 52, 64, 70]. Our results are consistent with
these reports; however, we show Trem?2 deficiency does
not exacerbate cortical white matter degeneration during
aging (Fig. 1SA-C). Together, these results demonstrate
age-related myelin damage in the striatum that is aggra-
vated in the absence of Trem2.

Reduction of myelin integrity, accumulation of myelin
debris, and axonal damage persists with age in striatum of
Trem2-deficient mice

To probe white matter changes at a more granular level,
transmission electron microscopy was performed on stri-
atum from mice at 12- and 18-months of age (Fig. 2A).
General myelin integrity was assessed by measuring
the ratio of the inner axonal diameter relative to the
total fiber diameter (including myelin sheath), known
as the g-ratio. A significant decrease in g-ratio, indicat-
ing improved myelin integrity, was observed in WT mice
between 12- and 18-months of age, while no change was
seen in Trem2~~ mice (Fig. 2B). However, compared
to WT mice, there were significantly higher g-ratios
observed at both ages in Trem2~'~ mice (Fig. 2B). G-ratio
often gives an incomplete picture and fails to account
for other pathological features that may skew ratios in
either direction, so we also assessed myelin thickness.
Myelin thickness measurements showed similar results
as the g-ratio, but further revealed an age-related decline
in myelin thickness in both WT and Trem2~'~ mice
(Fig. 2C).
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We next plotted both g-ratio and myelin thickness as
a function of axon diameter to provide clarity on the
level of myelination for individual axons and the cor-
relations between genotypes at each age. Of note, there
were no significant differences in axon counts or diam-
eters observed between groups at either age (Fig. S2A-
B). At 12-months of age, Trem2~/~ mice showed a
relatively higher g-ratio that became more pronounced
across the mid- to large-diameter axons compared to
WT mice. (Fig. 2D). Likewise, reduced myelin thick-
ness was observed in Trem2~'~ mice compared to WT
mice (Fig. 2E). While there was minimal difference in
the trends of either metric between the genotypes by
18-months of age, the Trem2~/~ mice had a denser group
of high g-ratio, low myelin thickness axons at smaller
diameters relative to WT mice (Fig. 2D-E). Across
age, the g-ratio in Trem2~/~ mice remained relatively
unchanged with a progressive reduction in the myelin
thickness of small-diameter axons (Fig. S2E-F). However,
WT mice showed a marginal shift toward higher g-ratio
accompanied by a slight reduction in the myelin thick-
ness of small- to mid-diameter axons (Fig. S2C-D). A
common morphological characteristic of remyelination
is presence of axons with thin myelin sheaths that dis-
play an increase in g-ratio [20, 53]. Further, reported data
indicate remyelination preferentially begins with small-
to mid-diameter axons [20]. Both features were observed
in WT mice (Fig. S2C-D), indicating some level of remy-
elination in the smaller axons. Thus, Trem2 deficiency
negatively impacts myelin recovery.

Given that persistent white matter damage can lead to
ultrastructural changes in the myelin sheath [12, 58, 66],
we classified prominent pathological features and quan-
tified them as a percentage of the total axons surveyed
(Fig. 2F-G). Strikingly, even at 12-months of age, upwards
of 60% of the axons in Trem2~'~ mice exhibit pathology.
Axons were initially categorized as intact myelinated
or unmyelinated to determine general levels of demy-
elination from 12- to 18-months of age. Trem2~'~ mice
on average lost~7% more intact myelinated axons than
WT mice, however both genotypes had a similar~5%
increase in unmyelinated axons. Next, we quantified
axons with vesiculation or degenerating myelin sheaths.
Vesiculated sheaths form during the process of demy-
elination as a consequence of de-adhesion of myelin
from the membrane [49, 66]. These vesicles are linked to
swelling that continues to separate the sheath from the
axon, ultimately leading to degeneration of the sheath
[49, 66]. Only minor changes in the proportion of vesicu-
lated sheaths were seen between the ages in either geno-
type, but by 18-months of age, Trem2~'~ mice had nearly
double the proportion of vesiculated sheaths relative to
WT mice. The rate of sheath degeneration was also simi-
lar in WT and Trem2~/~ mice, but by 18-months of age,
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Fig. 2 Reduction in myelin integrity, myelin debris accumulation, and axonal damage persists with age in striata of Trem2-deficient mice. (A) Representa-
tive transmission electron micrographs of striatal white matter from 12- and 18-month-old B6 and Trem2~~ mice (9300x). Quantification of g-ratio (B)
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ratios (D) and myelin thickness (E) to axonal diameters in 12- and 18-month-old mice. Bars represent medians. Dotted lines represent 95% confidence in-
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(*P<0.05, ***P<0.0001) was used for statistical analysis. Error bars represent SEM

Trem2~/~ mice maintained more degenerating sheaths a slight decrease in WT mice, leading to a comparative
than WT mice. Degenerating sheaths can contribute to  two-fold increase in the level of debris in Trem2~'~ mice.
production of myelin debris, so we also quantified the Lastly, we analyzed the number of degenerating axons,
amount of myelin debris. The percentage of myelin debris ~ which are marked by the appearance of darkened axons
progressively worsened in Trem2~/~ mice, in contrast to  due to high electron density as a result of a collapse in
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microtubule organization [58]. We found that the pres-
ence of degenerating axons was consistently higher in
Trem2~~ mice and progressively worsened, while WT
mice exhibited a slight decrease.

Chronic demyelination and/or inflammation can lead
to and exacerbate axonal damage [49, 52, 65]. Since we
observed unresolved, persistent demyelination coupled
with a larger comparative increase in proportions of
ultrastructural pathological features in Trem2~'~ mice,
we were prompted to investigate axonal integrity. Neu-
rofilaments serve as integral structural components in
axons and are present in variably phosphorylated and
nonphosphorylated forms of low, medium, and high
molecular weight where the latter is classically used to
identify damaged and demyelinated axons. Using western
blot analyses to quantify expression of both phosphory-
lated (SMI-31) and nonphosphorylated (SMI-32) neuro-
filaments, we observed increases in SMI-32 in both WT
and Trem2~/~ mice from 6- to 12-months of age. Curi-
ously, SMI-32 returned to baseline levels in WT mice,
and this was accompanied by an increase in SMI-31 at
18-months of age (Fig. 2H-I). The mechanisms orches-
trating axonal repair are not entirely clear; however, stud-
ies modulating TREM2 activation in MS models report
similar recoveries in SMI-32, thus implicating a more
direct role for TREM2 in facilitating the repair of axo-
nal damage [10, 62]. Further, the fluctuations in SMI-32
mirror other changes observed including the reduc-
tion in dMBP (Fig. 1D-E) and presence of degenerating
axons (Fig. 2F-G). Together, these observations suggest
absence of Trem?2 leads to persistent axonal damage in
the striatum.

Trem2 deficiency alters striatal glial response and shifts
oligodendrocyte populations to predominantly non-
mature phenotypes

Aging and Trem?2 deficiency have both been shown to
have a pronounced impact on glial numbers and func-
tion which could contribute to myelin degeneration
[55]. Thus, we investigated whether the chronic myelin
damage observed during aging in Trem?2 deficiency also
coincides with alterations in striatal glial populations.
Using immunohistochemistry (Fig. 3A-B), we quantitated
microglia, astrocytes, and oligodendrocytes.

We observed a smaller population of IBA1" microglia
in Trem2~'~ mice than in WT mice at both ages; how-
ever, by 18-months of age, there was an age-related
decrease in both genotypes (Fig. 3C). This observa-
tion contrasts with other studies that report age-related
increases in microglia, particularly in white-matter
regions such as the corpus callosum and cerebellum [52,
57]. We also detected an increase in microglia in the cor-
pus callosum of our WT mice (Fig. S1D-E). In support of
a decreasing microglial population in the striatum with
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age, other reports have similarly shown that age-related
increases are not uniform and can decrease in regions
like the substantia nigra and striatum [40, 59]. As TREM2
is also essential for activation, migration, and expansion
of microglia in response to demyelination and aging [8,
10, 52, 65], microglial activation states may addition-
ally influence the regional differences. To investigate the
effect of TREM2 on the microglial response in the stria-
tum, we assessed their activation using measures of the
area of IBA1* cell bodies and number of CD68* cells (Fig.
S3A-C). At 12-months of age, WT microglia were on
average larger than their Trem2-deficient counterparts,
indicating some level of activation, and by 18-months
of age these differences diminished (Fig. S3B). Consis-
tent with increased activation at 12-months of age, there
was a larger number of CD68" WT microglia, localized
predominantly alongside the white matter tracts, that
similarly diminished by 18-months of age (Fig. S3A, C).
The apparent activation at 12-months of age that dissi-
pates by 18-months of age coincides with pathology and
is congruent with an initial expansion and subsequent
reduction in the microglial population. This suggests that
TREM2 promotes a region-specific microglial response
to white matter damage and subsequent phagocytic acti-
vation during age-related degeneration.

To account for potential changes in the presence of
fibrous astrocytes that preferentially localize to the white
matter, GFAP" area was normalized to MBP* area. WT
mice exhibited an age-related increase in white matter-
associated GFAP™ astrocytes that was significantly ele-
vated compared to Trem2~/~ mice by 18-months of age
(Fig. 3D). Of note, GFAP-positivity is commonly used
to assess astrocyte reactivity. The lack of astrocytes in
Trem2-deficient white matter implies that, in the context
of aging and/or degenerating white matter, TREM2 influ-
ences astrocyte activation and/or recruitment.

To assess oligodendrocyte cell populations, oligo-
dendrocyte precursor cells (OPCs) were defined as
Olig2"CC1~ cells, while mature oligodendrocytes were
identified as Olig2"CC1* cells. The number of OPCs
decreased in WT mice from 12- to 18-months, but
no statistical differences were observed between the
genotypes (Fig. 3E). The stalled myelin loss and partial
remyelination observed in WT mice suggests that OPC
differentiation led to the reduced OPC populations. We
found no correlative increase in the mature oligoden-
drocyte population at 18-months of age in WT mice,
however the number of mature oligodendrocytes in
Trem2~'~ mice declined by 18-months of age and was
significantly lower than WT mice (Fig. 3F). Given this,
we infer cell death likely also occurred in WT mice some-
time after 12-months of age but recovered by 18-months
of age. This may also explain the visual shift in Olig2*
cells from outside the white matter tracts at 12-months
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Fig. 3 Trem2-deficiency alters striatal glial numbers and shifts oligodendrocyte populations to predominantly non-mature cells. (A) Representative fluo-
rescent images of microglia (IBA1; red) and astrocytes (GFAP; green) and (B) of total oligodendrocytes (Olig2; green) and mature oligodendrocytes (CC1;
red) in the striatum of 12- and 18-month-old B6 and Trem2™~ mice (40x). (C-D) Quantification of microglia and astrocytes in 12- and 18-month-old B6
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of age to largely within the tracts, with CC1-positivity, at ~ Trem2 deficiency promotes dysfunctional signaling

18-months of age in WT mice, while the opposite shift associated with impaired OPC differentiation and

was observed in Trem2~/~ mice. This implies TREM2  maturation in the striatum

may impact oligodendrocyte survival and/or recruitment = Remyelination occurs via the process of oligodendro-

and differentiation. genesis, which is orchestrated by migration of OPCs to
areas of damage, proliferation of these OPCs, and sub-
sequent differentiation and maturation into myelinating
oligodendrocytes [19]. Oligodendrogenesis is driven by
a fine-tuned interplay of cytokines and trophic factors



McCray et al. Acta Neuropathologica Communications

that mediate each step and are released predominantly by
microglia and astrocytes (Fig. 4A) [51]. Since we observed
that Trem2 deficiency reduced the mature oligoden-
drocyte population and altered microglia and astrocyte
numbers in striatal white matter, we asked whether these
alterations were accompanied with or caused by impair-
ment in the signaling that promotes oligodendrogenesis.
Cytokines supporting migration showed age-related
changes in CXCL1 and IL-1p concentrations and Cxcl12
expression in WT and Trem2~'~ mice, but, other than
IL-1B, these migration factors did not differ between the
two genotypes at any age (Fig. 4B-D). Next, we investi-
gated signals associated with proliferation which also
showed little change in the absence of Trem2 other
than an increase in TNF-a concentrations in WT mice
at 18-months of age (Fig. 4E-G). As CXCL1, IL-1pB, and
TNEF-a are involved in OPC migration and proliferation,
the increases were likely driven in response to alterations
in the OPC population and not TREM2 [45, 47]. Their
release and subsequent increase parallel the comparable
OPC counts between the genotypes at 12 months and the
reduction in WT mice by 18 months (Fig. 3E). Together,
this suggests TREM2 has no overt effect on OPC migra-
tion or proliferation. Lastly, we examined differentiation
and maturation signaling, which revealed Trem2-depen-
dent changes in BDNE, IGF-1, and Gal-3. Compared to
Trem2~~ mice, BDNF concentrations were higher in
WT mice at all ages (Fig. 4H). Similarly, IGF-1 concen-
trations were higher in WT mice at 12- and 18-months
of age (Fig. 4I). Gal-3 concentrations increased with age
in both WT and Trem2~'~ mice, but WT mice showed
larger comparative increases compared to Trem2~/~ mice
(Fig. 4]). Interestingly, these results suggest, following the
onset of more pronounced age-related myelin damage,
that Trem2~'~ microglia lack a sufficient response rather
than an absence of one. This indicates differentiation and
maturation signaling is influenced by TREM2.

Deficits in phagocytosis of myelin are volume- and time-
dependent in Trem2-deficient microglia

Reports have shown that TREM2 is a crucial regulator
of various processes involved in demyelination, includ-
ing lipid sensing and phagocytosis [8, 10, 52, 64]. A criti-
cal step in proper remyelination is the removal of myelin
debris by phagocytes. Without adequate and efficient
debris clearance, oligodendrogenesis is hindered and
(re)myelination remains incomplete [35, 36]. To fur-
ther explore TREM2-dependent defects in the microg-
lial response to myelin, we evaluated multiple steps in
phagocytosis from uptake to processing using a phago-
cytosis assay with WT or Trem2™/~ primary microg-
lia. Functional outcomes of TREM2 are known to have
both a context- and stage-dependent response, where in
certain situations it is beneficial and others detrimental
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[4, 31, 39, 40]. Due to this, we first sought to establish if
microglia uptake of myelin differed from another com-
mon aging/degenerative element such as amyloid beta
(A). Primary microglia isolated from WT and Trem2~'~
mice were treated with either 5 pg/mL myelin or fibril-
lar AB,_4,, and uptake was assessed via fluorescence over
six hours (Fig. 5A). Trem2~/~ microglia showed a clear
deficit in myelin uptake at all timepoints post-treatment
compared to WT microglia (Fig. 5B). However, we did
not observe significant differences in the uptake of fibril-
lar AB,_,, between the two genotypes (Fig. 5C).

Since TREM2 has also been linked to regulation of
lysosomal function and lipid and cholesterol metabo-
lism, we sought to dissect the role TREM2 plays during
the processing and subsequent metabolism of myelin
debris by analyzing expression of genes associated with
microglial activation or lysosomal activity (Cd68, CtsL,
Gns, GIbl, and Lgals3) [8, 21, 48]. Myelin treatment of
primary Trem2~'~ microglia led to downregulation of
the activation- and lysosomal-linked genes, whereas
these genes were upregulated in WT microglia (Fig. 5D).
When querying these genes in Ap-treated microglia, only
CtsL expression was significantly reduced in Trem2~'~
microglia compared to WT microglia (Fig. 5D). This
finding supports our observation that TREM2-deficient
microglia can uptake AP similarly to WT microglia and
suggests there are negligible deficits in processing Af.
Furthermore, this directed transcriptomic analysis sug-
gests that the dysfunctional response of Trem2-deficient
microglia may largely be a myelin/lipid-specific deficit.

The endoplasmic reticulum (ER) and the unfolded pro-
tein response (UPR) are implicated in lipid metabolism
and homeostasis [28]. Since our in vitro data revealed
a myelin-specific deficit in uptake and processing for
TREM2-deficient microglia, we queried expression of
genes related to the ER/UPR response (Hspa5 and Ddit3).
Hspa5 expression is connected to positive regulation of
pathways associated with survival, while Ddit3 expression
drives pro-apoptotic pathways [28]. After treatment with
myelin, Trem2~/~ microglia failed to upregulate Hspa5
but not Ddit3, whereas WT microglia showed the oppo-
site trend (Fig. 5D). As seen with the other gene inter-
rogations, AP treatment did not reveal any differences
in the ER/UPR response of microglia between the two
genotypes. This suggests impaired ER/UPR responses
contribute to the overall dysfunction of Trem2-deficient
microglia during demyelination.

A sustained microglial response is essential to ade-
quately address persistent demyelination and mount-
ing levels of debris. As our in vivo data showed
persistent demyelination and increased myelin debris
in striatal white matter of TREM2-deficient mice, we
investigated whether the inability of TREM2-deficient
microglia to confront and resolve white matter damage
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myelin (B) or fibrillar AR, ,, (C) uptake by B6 and Trem2”" primary microglia. Measurements were taken every hour over 6 h. Data were analyzed by
repeated measures ANOVA with Sidak'’s correction (*P<0.05, **P<0.01, ***P < 0.001, ****P < 0.0001). Error bars represent SD. (D) gPCR analysis of microg-
lial activation, lysosomal, and ER stress genes relative to untreated genotype controls (dotted line) at the end of the 6-hour treatment. Student’s t-test
(*P<0.05, **P<0.01, **P<0.001, ****P<0.0001) was used for statistical analysis. Error bars represent SEM. (E) Fluorescent quantification in RFU during a
phagocytosis assay of increasing concentrations of myelin (1 mg and 2.5 mg) over a 6-hour treatment. Repeated measures ANOVA with Sidak’s correction
(**P<0.01, ***P<0.001, ****P < 0.0001) was used for statistical analysis. Error bars represent SD

is influenced by the duration of phagocytosis, the vol- with a comparative reduction in uptake only occur-
ume of myelin debris, or both. To do so, we tested the ring five hours into the assay, whereas the higher myelin
capacity of microglia to confront varying debris loads concentration (2.5 pg/mL) led to an observable reduc-
over time. At the lower myelin concentration (1 pg/  tion in uptake at three hours (Fig. 5E). Exploration of
mL), Trem2~/~ microglia remained relatively competent ~ concomitant alterations in the lysosomal and ER/UPR
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response as a function of myelin debris volume revealed
Trem2~/~ microglia treated with the lower myelin con-
centration (1 pg/mL) only altered expression of the ER/
UPR gene Ddit3 (Fig. S4A-B). However, at the higher
myelin concentration (2.5 pg/mL), Trem2~'~ microglia
exhibited similar trends as the 5 pg/mL analysis in all
genes but GI/b1 (Fig S4A-B). Taken together, these data
suggest that Trem2-deficient microglia can become both
progressively overwhelmed when confronting low lev-
els of myelin debris over time and/or increasingly dys-
functional when confronting mounting levels of myelin

debris.

Discussion

Recent aging studies have identified white matter regions
such as the cerebellum, corpus callosum, and striatum
as particularly vulnerable to aging [12, 13]. Addition-
ally, a recent study revealed while there is a shared set
of aging signatures across white matter regions, there
are highly compartmentalized regional effects that con-
fer susceptibility to degenerative diseases [26]. Likewise,
the functional outcome of TREM2 activity is also highly
contingent on region and pathological context [4, 31,
39]. Here, we explored how TREM2 modifies age-related
myelin degeneration in the striatum. We found a robust
level of myelin damage and demyelination evident early
in Trem2~/~ mice that persisted with age. While we also
observed age-related damage in WT mice, it was less pro-
nounced and progressed more slowly. These data corrob-
orate other reports of exacerbated myelin degeneration
in Trem2-deficient models and further validate Trem2-
dependent protection during aging and in the striatum.
Importantly, in many metrics of damage measured, the
increases seen in WT mice by 18-months were not sig-
nificantly different than the levels observed in Trem2~/~
mice at 12-months. This indicates the absence of TREM2
accelerates the onset of age-related degeneration. WT
mice also show some level of recovery from both axo-
nal and myelin damage. Additionally, there were compa-
rable levels of cortical white matter damage between the
genotypes. Together, these observations suggest that the
Trem2-mediated outcomes could be region-dependent
and potentially striatum-specific.

Prior work has documented that age-related decreases
in remyelination efficiency are due to impaired OPC
recruitment and differentiation [14, 61]. Proteomic
analysis of aging OPCs indicates an increasing inability
to respond to signaling during oligodendrogenesis [16].
Importantly, modulation of TREM2 activity can lead to
improved remyelination [10, 65]. Moreover, at sites of
demyelination in models of MS and AD, Trem2-deficient
microglia have been shown to secrete less neurotrophic
factors [52, 64]. We sought to provide further insight into
which aspects of remyelination TREM2 plays a role. We
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found no indication that TREM2 mediates OPC migra-
tion and proliferation signaling in the striatum, indicating
that any impact is likely age related.

Remyelination induced by oligodendrocyte demyelin-
ation and/or cell death typically proceeds in two ways:
OPCs are triggered to migrate and differentiate, or sur-
viving oligodendrocytes are signaled to remyelinate [23,
53]. Our data indicate that the mature oligodendrocyte
deficit in Trem2~'~ mice was largely due to the inabil-
ity to initiate signaling to promote OPC differentiation.
Supporting this, we found significantly elevated levels of
OPC differentiation factors IGF-1, BDNF, and Gal-3 in
WT mice but not Trem2~'~ mice [45, 47]. It is thought
that phagocytosis of myelin debris by microglia is cru-
cial for triggering downstream signaling pathways and
release of factors that promote OPC differentiation [15,
54]. Thus, the signaling deficit observed in Trem2~/~
mice could be due to lack of myelin phagocytosis, which
is apparent by the presence of increased debris, and not
modulation via TREM2. However, recent work suggests
microglia can promote remyelination independent of its
role in myelin phagocytosis [2]. Together, our data sug-
gest that TREM?2 mediates facets of OPC differentiation
and maturation signaling in response to demyelination.
Although, the exact mechanism remains unclear, and the
set of conditions necessary to induce signaling warrants
further investigation.

Oligodendrogenesis is a dynamic, tightly coordi-
nated process principally mediated by interactions with
microglia and astrocytes [19, 41, 47]. During remy-
elination, microglia are preferentially involved in OPC
migration, differentiation, and maturation signaling
[41, 46, 51]. Interestingly, in WT mice, our data show
microglial activation coincided with the initial onset of
white matter damage that resolved to a phenotype asso-
ciated with reparative signaling by 18-months of age.
This recapitulates a crucial phenotypic transition from
phagocytic ‘pro-inflammatory’ microglia during migra-
tion and proliferation to regenerative ‘anti-inflammatory’
microglia during differentiation and maturation [15, 41,
46]. TREM2 is known to modulate transition states of
microglia into a variety of region- and context-dependent
subtypes such as WAMs and DAMs [33, 57]. Accord-
ingly, our data support the idea that this transition from
pro-inflammatory to regenerative microglia may be facil-
itated by TREM2.

Astrocytes have been reported to predominantly sup-
port OPC proliferation and mature oligodendrocyte
survival [47, 51]. Additionally, microglia can recruit and
activate astrocytes through factors like TNF-a, IL-6, and
IL-1p that induce a reparative phenotype [11, 29, 34].
Our data show that these signals overlap with an increase
in astrocytes in WT mice. In line with this, we saw a
positive correlation between the increased presence of
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reactive astrocytes and mature oligodendrocyte count.
Since we did not observe this in mice lacking TREM2,
this implicates TREM2 in modulating the recruitment of
reparative astrocytes. Although, given the signaling com-
plexity during remyelination, further validation of these
phenotypes and functional outcomes in both microglia
and astrocytes is necessary.

Microglial functions influence a host of other extrinsic
factors that can also inhibit OPC differentiation, such as
myelin debris clearance [9, 35, 36]. Myelin debris clear-
ance is a critical step in remyelination, and inefficient
removal can hinder the remyelination process [35, 36].
Additionally, age-related myelin degradation has been
shown to have a particular burden on the phagocytic
capacity of microglia, causing lysosomal dysfunction and
accumulation in the lysosome [42, 56, 60]. Our data show
that Trem2~/~ mice exhibited significant myelin frag-
mentation, increased debris volume, and further axonal
demyelination with age. There was also lack of activated
and CD68* microglia, particularly those elongated and
engaged with the white matter tracts (Fig. S3A), that
likely promoted and contributed to these outcomes. Fur-
thermore, accumulation of unprocessed myelin debris
and lipids was greater in Trem2-deficient microglia than
WT microglia (Fig. S3D), which can greatly limit phago-
cytosis and impact available cholesterol [8, 21, 64].

Cholesterol synthesis in aging white matter is dimin-
ished in oligodendrocytes and astrocytes [7, 16].
Therefore, for OPCs to differentiate and remyelinate,
exogenous cholesterol in the form of myelin debris must
be recycled by microglia [5, 9]. Studies investigating
TREM2 loss-of-function mutations or Trem2 deficiency
in models of NHD and MS found lysosomal dysfunction
and dysregulated lipid metabolism in microglia [21, 48].
Accordingly, in vitro, we found Trem2-deficient microg-
lia displayed reduced myelin uptake coinciding with
an inability to upregulate lysosomal genes. Phagocytes
overloaded with lipids due to extensive damage or dys-
functional phagocytosis can exhibit ER stress and subse-
quent UPR activation [21, 24, 28, 48]. Following myelin
phagocytosis, we found microglia from both genotypes
upregulated UPR genes; although WT microglia upreg-
ulated the pro-survival pathway, while Trem2-deficient
microglia upregulated the pro-apoptotic pathway. More-
over, reports show TREM2 maintains the metabolic
fitness of microglia via mTOR activation and signal-
ing [63]. Impaired mTOR signaling is also associated
with increased ER stress-induced apoptosis [21, 28, 63].
Importantly, our data show upregulation of genes asso-
ciated with the apoptotic UPR pathway still occurred in
Trem2-deficient microglia, even at low levels of myelin
debris and without apparent phagocytic deficits or overt
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lipid accumulation. This demonstrates, apart from lipid-
induced ER stress, that TREM2 can also modify the ER
stress response.

A common response to lipid-induced ER stress is the
formation of lipid droplets to maintain homeostasis [21,
48]. Recent publications have identified the emergence
of lipid-laden and lipid droplet-accumulating microglia
(LDAMs) during aging that are associated with defects in
phagocytosis [42, 60]. We found a comparative increase
in lipid droplets per cell and denser inclusions indica-
tive of accumulation in Trem2-deficient microglia (Fig.
S4C). As LDAMs increase during aging, in conjunction
with increasing myelin degeneration, the lipid burden
microglia encounter may mediate later dysfunction. Not
surprisingly, we found Trem2-deficient microglia con-
fronted with increasing volumes of myelin debris led to
a hastened time to phagocytic deficit. Additionally, while
Trem2-deficient microglia had no overt issues with lyso-
somal gene regulation at a comparatively lower volume
of myelin debris, defects in uptake still manifested given
enough time. These UPR, lysosomal, and lipid droplet
differences at low versus high volumes of myelin implies
other selective pathways are activated based on severity
and duration. This hypothesis is supported by discrep-
ancies reported in lipid droplet accumulation between
different contexts (e.g. chronic vs. acute) [9, 21, 24, 48].
Taken together, this suggests that TREM2 beneficially
aids microglia from being overwhelmed during age-
related degeneration.

Conclusion

We demonstrated Trem2-deficiency aggravates and
accelerates age-related myelin degeneration in the stria-
tum. We show this is driven primarily by microglia in
two ways: (1) failure to promote conditions permissive
to remyelination; and (2) phagocytic deficits in response
to demyelination. We identified that TREM2 mediates
signaling involved in OPC differentiation/maturation
and recruitment of reparative astrocytes. In addition to
lysosomal regulation, we show TREM2 can beneficially
modulate the ER stress response prior any observable
functional microglial deficits or overt pathology. Col-
lectively, as white-matter degeneration progresses with
age, the compounding effect of inadequate remyelination
conditions in the absence of TREM2 prompts phagocytic
deficits that contribute to overwhelming the microglia,
further exacerbating pathology. Importantly, our in vitro
data revealed there is a debris threshold where Trem2-
deficient microglia remain functionally competent for
longer durations. As such, targeting/promoting TREM2
function early may augment reparative signaling and pre-
vent overt debris accumulation that leads to premature
microglial dysfunction, thus delaying the onset of pathol-
ogy. Notably, experiments targeting mTOR, the ER, or
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cholesterol transporters reduced lipid droplet accumula-
tion and restored functionality in microglia [21, 48]. Our
work in conjunction with others shows that modulation
of TREM2 function may not only improve phagocyto-
sis, but also augment reparative glial phenotypes and
mediate differentiation/maturation signaling to improve
remyelination.
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