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NEUROSCIENCE

Brain injury accelerates the onset of a reversible age-
related microglial phenotype associated with
inflammatory neurodegeneration
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Lipofuscin is an autofluorescent (AF) pigment formed by lipids and misfolded proteins, which accumulates in
postmitotic cells with advanced age. Here, we immunophenotyped microglia in the brain of old C57BL/6 mice
(>18 months old) and demonstrate that in comparison to young mice, one-third of old microglia are AF, char-
acterized by profound changes in lipid and iron content, phagocytic activity, and oxidative stress. Pharmaco-
logical depletion of microglia in old mice eliminated the AF microglia following repopulation and reversed
microglial dysfunction. Age-related neurological deficits and neurodegeneration after traumatic brain injury
(TBI) were attenuated in old mice lacking AF microglia. Furthermore, increased phagocytic activity, lysosomal
burden, and lipid accumulation in microglia persisted for up to 1 year after TBI, were modified by APOE4 geno-
type, and chronically driven by phagocyte-mediated oxidative stress. Thus, AF may reflect a pathological state in
aging microglia associated with increased phagocytosis of neurons and myelin and inflammatory neurodegen-

eration that can be further accelerated by TBI.

INTRODUCTION

Microglia have an exquisite ability to react and respond to environ-
mental changes and stimuli to maintain neuronal homeostasis. As
we age, the accumulation of a lifetime of intrinsic and extrinsic
stressors gradually increases microglial dysfunction that negatively
affects neurological function. Phenotypically, the changes that
occur in postmitotic microglia with advanced age include increased
cytokine and reactive oxygen species (ROS) production, impaired
autophagic and metabolic function, and dysregulated phagocytic
behavior, which may be further exaggerated in response to injury
or disease (I-3). One cellular feature, lipofuscin (LF), may reflect
dysfunction in all these respective pathways (4-6). LF is an auto-
fluorescent (AF) lipopigment formed by lipids, metals, and mis-
folded proteins (7). Although LF granules and associated AF have
long been considered a secondary consequence of the brain aging or
neurodegenerative disease, there is a mounting evidence that LF
may precipitate these changes and play a more active role in neuro-
degeneration (8).
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Microglia are known to be relatively long-lived cells that show
gradual turnover with limited self-renewal capacity in the aging
brain (9, 10). This low rate of homeostatic cell division may
prevent the dilution of LF aggregates within the aging microglia
population. The buildup of LF in microglia is itself considered a
marker of proliferative senescence (3, 11, 12); however, causal
mechanisms have yet to be established. Microglial surveillance is
vital for neuronal health and is closely linked to formation of LF
through homeostatic phagocytosis of environmental debris, apo-
ptotic cells, and excess synapses (7, 13). However, pathological
phagocytosis of neurons and myelin by microglia is also associated
with brain damage (14, 15), yet it is unclear whether the chronic
progression of neurodegeneration and/or white matter disease
caused by traumatic brain injury (TBI) are driven by pathological
phagocytic activity. Whereas numerous studies have shown that
LF and AF in microglia are markedly increased with normal
aging (16), the functional relationship between lipid-laden micro-
glia in age-related neurological dysfunction and brain injury has
yet to be described. Here, we use flow cytometry and a simple
gating strategy to identify AF microglia in the aging brain that
defines hallmark phenotypic features, functional properties, and
transcriptomic signatures of this unique and dysfunctional micro-
glial population. We demonstrate that pharmacological elimination
of AF microglia results in partial reversal of age-related neurological
dysfunction and TBI severity. We also demonstrate that moderate-
level TBI increases long-term pathological phagocytosis of myelin-
ated neurons, accelerating lipid accumulation and associated in-
flammatory pathology. These features are modified by APOE4
genotype and mediated by phagocyte-mediated oxidative stress
mechanisms late after TBI.
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RESULTS

Age-related AF microglia have a unique functional
phenotype associated with increased phagocytosis of
neurons and myelin

We first identified the functional phenotype of naturally occurring
AF microglia (fig. S1 for gating strategy). Young adult male C57BL/
6 mice (3 months old) were used as a reference to identify AF* and
AF™ microglial populations in aged 18-month-old male C57BL/6
mice by flow cytometry (Fig. 1A). Approximately one-third of mi-
croglia in aged mice were AF™ (Fig. 1, A and B). Older AF"® micro-
glia had equivalent levels of AF as younger microglia, whereas there
was a greater than ~3-fold increase in AF in old AF™ microglia
(Fig. 1C). Compared to young and old bulk populations, old AF™
microglia exhibited signs of hypertrophy and increased granularity
as indicated by forward and side scatter properties (fig. S2, A and B).
To confirm whether AF could be attributed to LF, we examined in-
tracellular lipid content, lipid peroxidation, and iron accumulation.
Using either BODIPY 493/503 or Lipi-Blue probes to measure
neutral lipids, we found that old AF™ microglia contain significantly
high levels of lipid (Fig. 1D and fig. S2C). Lipid peroxidation was
increased in old AF™ microglia relative to the AF' subset as evi-
denced by a lower reduced/oxidized ratio (Fig. 1E), whereas iron
content was higher in the old AF™ subset (Fig. 1F).

To determine whether age-related AF is associated with increas-
es in phagocytosis, we examined several measures of phagocytic ac-
tivity. Intracellular detection of endogenous neuronal marker
microtubule-associated protein 2 (MAP2) in microglia revealed
higher levels in old AF™ relative to AF" (Fig. 1G). Moreover, com-
pared to the AF'" subset, a significantly higher percentage of AF™
microglia engulfed fluorescently labeled [i.e., Thyl-green fluores-
cent protein (GFP) reporter] apoptotic feeder neurons by ex vivo
assay (Fig. 1H). Intracellular detection of the myelin antigen,
myelin 2',3"-cyclic nucleotide 3'-phosphodiesterase (CNPase), con-
firmed these findings (Fig. 1I). We validated the phagocytosis assays
using neonatal microglial cultures in vitro in combination with im-
munocytochemistry (ICC) (fig. S3) and flow cytometry (fig. S4) ap-
proaches. Consistent with the increased ingestion of cargo, LC3II"
autophagosome formation was significantly greater in old AF™ mi-
croglia (fig. S2D). These data are consistent with the hypothesis that
age-related microglial AF is associated with LF accumulation, which
is either attributable to or accelerating the engulfment of neuronal
and myelin debris.

LF accumulation is cytotoxic and can potentiate inflammation
and oxidative stress (7). Old AF™ microglia had higher protein ex-
pression of the phagocyte reduced form of nicotinamide adenine
dinucleotide phosphate oxidase (NOX2) (Fig. 1J) and higher ROS
production, as measured by dihydrorhodamine (DHR) 123
(Fig. 1K). Intracellular cytokine production of the proinflammatory
mediator tumor necrosis factor (TNF) was also higher in AF" mi-
croglia (fig. S2E), confirming the association between AF, LF, and
inflammatory activity. Old AF™ microglia also had higher glucose
demands, increased mitochondrial membrane potential, and lower
cytosolic pH (fig. S2, F to H), which indicates that naturally occur-
ring age-associated AF microglia have an altered metabolic profile.
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Microglial AF and its associated functional alterations are
evident at middle age and driven by APOE4 genotype

As previously reported by others (17), microglial AF increases lin-
early with age. We observed similar trends in postmortem human
brain sections (fig. S5), in which AF Ibal™ cells can also be seen in
greater densities in the gray matter compared to white matter cor-
tical regions. Qualitative analysis of gray and white matter microglia
in aged mice is consistent with our findings in humans (fig. S6).
These results suggest a proximal relationship between neuronal
cell bodies and AF microglia, independent of age.

Middle age is seen as an axial stage in life in which biological
changes can significantly alter future neurological and functional
outcomes. Given that chronic inflammation in middle age can
lead to cognitive problems later in life (18), and apolipoprotein
E4 (APOE4) is demonstrated to be the strongest risk factor gene
for Alzheimer's disease (AD) (19), we examined the contribution
of APOE genotype to microglial AF and function at this stage in
the life span. Young (12- to 16-week-old) and middle-aged (40-
to 44-week-old) mice harboring wild-type Apoe, human APOE3
(hAPOE3), and hAPOE4 genotypes were evaluated. No significant
differences were seen in microglia counts at young age; however, the
brains of hAPOE3 and hAPOE4 mice had fewer microglia than wild-
type Apoe mice at middle age (Fig. 2A). Unexpectedly, we found
that cellular granularity and AF were significantly increased in
hAPOE4 versus hAPOE3 microglia, independent of lipid levels, as
measured by BODIPY stain (Fig. 2, B to D). However, we also show
that hAPOE4 genotype significantly increased CD68 and lysosomal-
associated membrane protein 1 (Lampl) protein expression (Fig. 2,
E and F) and production of the proinflammatory cytokine TNF
(Fig. 2G) in middle-aged microglia. An engulfment assay using
living SLICK-YFP (single-neuron labeling with inducible Cre-me-
diated knock-out—yellow fluorescent protein) neurons freshly iso-
lated from the cortex revealed greater phagocytosis of neurons as
a function of both middle-aged and APOE4 genotype (Fig. 2H).
We validated the phagocytic activity of these microglia with intra-
cellular staining for anti-YFP (Fig. 2I) and colabeling with myelin
CNPase (Fig. 2]). Further experiments demonstrated that hAPOE4
genotype also modified the AF phenotype at old age (16 to 20
months old; fig. S7). Together, we found that APOE4 accelerates
the development, severity, or onset of the microglial AF phenotype
as early as middle age, which may have implications for the patho-
genesis of neurodegenerative disease.

Microglia depletion and repopulation reverse the age-
related AF phenotype and transcriptomic signature

LF is undegradable but can be efficiently diluted during cell division
(20). Previous work demonstrated that forced microglial turnover in
aged mice can reduce histological markers of LF content (21). To
expand on this finding, we followed a similar microglial deple-
tion/repopulation protocol by administering the colony-stimulating
factor 1 receptor (CSF1R) antagonist, PLX5622, to 18-month-old
male C57BL/6 mice in chow for 3 weeks, followed by 4 weeks of
repopulation (Fig. 3, A and B). No statistically significant differenc-
es were seen in the number of brain-resident microglia in the aged
brain after repopulation (Fig. 3C). PLX5622-mediated depletion
and repopulation eliminated the AF™ subset in old mice, as evi-
denced by decreased cellular AF, granularity/size, and cytokine
and ROS productions (Fig. 3D and fig. S8).
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Fig. 1. Functional characterization of age-associated AF microglia identifies a LF phenotype associated with increased phagocytic activity. (A) Representative
dot plots showing CD45™CD11b* microglia with AF low (AF'°) and AF high (AF™) properties in young and old mice, respectively. (B) Microglia counts in young and old
brain hemispheres, including for each AF subset, are shown. (C) The level of AF in each bulk microglial population and subset is quantified using the mean fluorescence
intensity (MFI) of the empty fluorescein isothiocyanate (FITC) channel. Representative histograms are shown next to the relative MFI quantification of (D) lipid content, (E)
lipid peroxidation levels, and (F) iron accumulation in microglia as demonstrated using fluorogenic dyes. Phagocytic activity was measured by (G) intracellular detection
of the neuronal marker MAP2, (H) fluorescence of neuronal SLICK-YFP (single-neuron labeling with inducible Cre-mediated knockout-yellow fluorescent protein) reporter
mice, and (I) intracellular detection of the myelin marker, myelin CNPase. (J and K) Oxidative stress was measured by intracellular protein expression of NOX2 and pro-
duction of ROS using dihydrorhodamine (DHR) 123. N = 5 per group. Fluorescence minus one (FMO) controls are shown in gray, while microglial populations are color-
coded according to bar graph. A vertical fiducial line is included for reference. AF, autofluorescence; Max, maximum; Ox, oxidation; Red, reduction; SSC, side scatter; ns, not
significant. Nonparametric data were analyzed using Mann-Whitney test (*P < 0.05 and **P < 0.01).
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Fig. 2. APOE4 genotype promotes the emergence of the AF phenotype at middle age. (A) Representative dot plots show the immune profile in the brains of young
and middle-aged Apoe, hAPOE3, and hAPOE4, quantified on the right. Representative histograms depict the relative level of cell granularity (B), autofluorescence (C), lipid
accumulation (D), CD68 (E), and Lamp1 (F) protein expression and intracellular cytokine production of TNF (G) in CD45™CD11b* microglia across ages and genotypes. (H)
Ex vivo neuronal engulfment assay shows a significant increase in the percent of microglia that phagocytized live SLICK-YFP neurons, quantified on the right. Validation of
internalized myelinated cortical neurons was performed using intracellular detection of anti-YFP (I) and anti-myelin CNPase (J) in phagocytic (SLICK-YFP*) and nonpha-
gocytic (SLICK-YFP™) microglial populations within the same brain. N=6 to 7 per group. MA, middle-aged; Y, young; ns, not significant.. Data were analyzed using one-way
analysis of variance (ANOVA) with Bonferroni post hoc correction for multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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Fig. 3. Transcriptomic signature of old, AF microglia is partially rejuvenated following elimination and 4 weeks of repopulation. (A) Timeline of experimental
design for the acute 4-week microglial repopulation period is shown. Tx, treatment. (B) A representative dot plot depicts the subsets and group conditions of FACS-sorted
microglia that were evaluated downstream by RNA-seq. After 4 weeks of repopulation, the (C) number of microglia and (D) MFl in the FITC channel (i.e., relative autofluor-
escence) was measured. (E) PCA plot of whole transcriptomes for each microglial subset/group is shown. (F) Heatmap showing DEGs (false discovery rate < 0.1) comparing
old AF" versus old AF'°, orold PLX5622 (PLX) versus old AFM Expression is shown as row-scaled log,, abundance. Select top-ranked DEGs from (G) old AF" versus old AF"®
and (H) old PLX5622 versus old AF" comparisons. (I) Expression of gene sets for key functional pathways were analyzed using SLEA. Samples were z-scored on the basis of
expression of selected gene sets compared to a sample-specific null distribution. ns, not significant. Data are represented from two independent experiments (N=6to 8
mice per group). Data (C and D) were analyzed using one-way ANOVA with Bonferroni post hoc correction for multiple comparisons (**P < 0.01, ***P < 0.001,

and ****P < 0.0001).
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To characterize the transcriptomic signature of AF subsets, RNA
sequencing (RNA-seq) was performed on fluorescence-activated
cell sorting (FACS)-sorted microglia. Principal components analy-
sis (PCA) on whole transcriptomes revealed that each microglial
subset was distinct along the first two principal components
(PCs), with old, repopulated microglia clustering closely to young
microglia on PC1 and PC2 (Fig. 3E). In contrast, old microglia
subsets exhibited substantially more heterogeneity as seen by their
intragroup spread along both PC1 and PC2. PC2 also predominant-
ly separated AF™ and AF" microglia. To define the transcriptional
signature of old AF™ microglia, we identified differentially ex-
pressed genes (DEGs) between old AF™ and old AF" or old
PLX5622 and old AF™ microglia. Hierarchical clustering of DEGs
underscored that old PLX5622 microglia had decreased expression
of a gene module associated with old AF™ and old AF microglia
(Fig. 3F). The AF™ gene signature in old mice included up-regula-
tion of Pvrig, an immune checkpoint receptor (22) and AD risk en-
hancer in macrophages (23), and Ptpnl4, a potent regulator of
suppressor of cytokine signaling 7 (SOCS7) (24), and down-regula-
tion of Cd74, Senp3, and Kynu (Fig. 3G). A module of DEGs was
also identified as up-regulated in old PLX5622 microglia, down-reg-
ulated in old AF™, and mixed expression in young (Fig. 3H). Up-
regulated genes in old PLX5622 microglia included Cxcl13, which is
overexpressed upon microglial repopulation (25), and C3 and
Lgals3, which may be part of an anti-inflammatory subset of
disease-associated microglia (DAM) (26). Microglial Lgals3 has
also been shown to produce anti-inflammatory and neuroprotective
actions following acute ischemic injury (27) and in amyotrophic
lateral sclerosis (28).

We tested whether transcriptional signatures could explain func-
tional differences in old AF" microglia by performing sample-level
enrichment analysis (SLEA) on gene sets for phagocytosis, ROS bi-
osynthesis, autophagy, and DAM/senescence pathways (Fig. 31).
The autophagy pathway was decreased in old PLX5622 microglia
but similar in old and young microglia. Phagocytosis, ROS biosyn-
thesis, and DAM senescence pathways were more highly expressed
in old AF™ and AF"" microglial populations and attenuated in old
PLX5622 microglia. Gene expression for these functional pathways
was not significantly different between old AF™ and old AF*® micro-
glia. These findings not only corroborate our earlier work showing a
normal age-related increase in the expression of DAM-associated
genes in the brain (29) and our preceding immunophenotyping
results (Fig. 1), but also suggest that some functional differences
between old AF subsets are not transcriptionally regulated.

Forced turnover of microglia in old mice restores motor
function and cognitive performance

Given that depletion and repopulation of old microglia reversed
several features associated with the AF phenotype and repro-
grammed transcriptional networks, we next investigated whether
forced microglial turnover could modify age-related neurological
dysfunction using a diverse battery of behavioral tests (Fig. 4A).
At 4 weeks after repopulation, significant gains in forelimb grip
strength were seen in old PLX5622-treated mice (Fig. 4B, Repop
group). Age-related deficits in motor coordination using a
rotarod test were apparent in old mice, but there was no effect of
repopulation on overall performance at either end point (Fig. 4C),
consistent with earlier findings (29). Next, we evaluated gait dynam-
ics, and microglial repopulation partially reversed age-related

Ritzel et al., Sci. Adv. 9, eadd1101 (2023) 8 March 2023

deficits in regularity index, stand, stride length, and body speed pa-
rameters (Fig. 4, D to H, Repop group). There were no effects on
swing speed or step cycle (fig. S9, A and B). Because cerebellar dys-
function can be an underlying cause of uncoordinated forelimb
movement, we also examined the age-related cytokine milieu in
the cerebellum. Significant reductions in interleukin-4 (IL-4), IL-
9, IL-10, vascular endothelial growth factor, macrophage CSF (M-
CSF), induced protein 10 (IP-10), macrophage inflammatory
protein la (MIP-1a), MIP-1b, and TNF were found after microglial
repopulation in old mice (fig. S10). These changes in cerebellar cy-
tokine concentrations represented a return to young adult levels.
Unexpectedly, gains in forelimb gait function persisted for up to
12 weeks after repopulation (Fig. 4, I to P) and mirrored those
seen in the hindlimbs (fig. S11). Together, our data suggest that re-
setting the inflammatory milieu of brain regions involved in motor
function can alleviate age-associated deficits in gait performance.

To better understand the longer-term benefits of forced turnover
in old mice on neurological function, we examined cognitive, social-
ization, and depression-like behaviors at 12 weeks after repopula-
tion (Fig. 4I). In cognitive testing, microglial repopulation in old
mice increased the interaction with the novel object during the
choice phase of the novel object recognition (NOR) test, indicating
that forced turnover of old microglia improved declarative memory
(Fig. 4Q). Age-related depression—like behaviors were also reduced
following microglial repopulation in old mice as evidenced by in-
creased mobility in both the tail suspension (TS) (Fig. 4R) and
forced swim (FS) tests (Fig. 4S). Furthermore, age-related deficits
in social recognition (SR), or preference for social novelty, were par-
tially reversed in old mice with forced microglial turnover (Fig. 4T).
A PCA analysis of this behavioral dataset (Fig. 4,1 to T) demonstrate
the stability of the rejuvenating effects that eliminating AF microglia
has on neurological function (fig. S12).

The beneficial effects of forced turnover of AF microglia
persist for months

We then investigated whether elimination of the AF™ subset was
sustained late after repopulation or if the phenotype eventually re-
emerges with advanced age (Fig. 5A). Age-related reductions in mi-
croglia number/yield were partially mitigated in old mice at 12
weeks after repopulation (Fig. 5B). Young and old repopulated mi-
croglia showed stable decreases in cell size and granularity com-
pared to vehicle (Veh)—treated control groups (fig. S13, A and B,
respectively). Flow cytometry measurements of AF, lipid accumula-
tion, and iron content were each significantly attenuated at 12 weeks
after repopulation, an effect only observed in aged mice (Fig. 5, C to
F). A significant decrease after repopulation was also seen in micro-
glial production of proinflammatory cytokines and ROS, as mea-
sured by 2,7-dichlorofluorescein diacetate (DCF) (Fig. 5, G to I,
respectively). Consistent with this change in microglial phenotype,
cellular alterations in metabolic function were also stably reversed
late after forced turnover (fig. S13, C to E). These results demon-
strate that the beneficial effects of forced repopulation on microglial
phenotype are long-lasting.

Old AF microglia have an exacerbated neuroinflammatory
response to TBI

The improvements seen in functional measures that typically
decline or become exaggerated with advanced age led us to hypoth-
esize that elimination of AF™ microglia may have a protective effect
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Fig. 4. Forced turnover of micro-
glia has lasting beneficial effects
on neurological function in aged
mice. (A) Timeline of experimental
design for the acute 4-week micro-
glial repopulation period is shown.
(B) Forelimb grip strength was
quantified for each treatment phase.
(C) Rotarod performance, as deter-
mined by latency to fall, is shown for
each phase. (D) Representative
graphical print view of the CatWalk
XT automated gait analysis system at
4 weeks after repopulation. Catwalk
gait analysis parameters for (E) reg-
ularity index, (F) stand, (G) stride
length, and (H) body speed. (1)
Timeline of experimental design for
the chronic 12-week microglial re-
population period is shown. (J) Rep-
resentative graphical print view at 12
weeks after repopulation. Catwalk
gait analysis parameters for (K) reg-
ularity index, (L) stand, (M) stride
length, (N) swing, (O) step cycle, and
(P) body speed. Data were derived
from combined forelimb values for
all stand, stride length, swing, and
step cycle parameters. (Q) Time
spent interacting with a novel object
during the choice phase of the novel
object recognition (NOR) task at 12
weeks after repopulation is shown.
Time spent immobile during (R) tail
suspension (TS) and (S) forced swim
(FS) tests demonstrate significant re-
ductions in depressive-like behavior
at 12 weeks after repopulation. (T)
Time spent interacting with a novel
mouse during sequence 3 of the SR
test is shown. N =10 to 11 per group
(B), 11 to 21 per group (C, combined
from two independent experiments),
10 to 11 per group (E to G), and 9 to
10 per group (K to T). BW, body
weight; Elim, elimination; Repop, re-
population; ns, not significant.. Data
were analyzed using two-way
ANOVA with Tukey's post hoc cor-
rection (B, C, and E to H) and one-way
ANOVA with Bonferroni post hoc
correction (K to T) for multiple com-
parisons (*P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0001).

on the aged brain's response to injury. To test this hypothesis, we
subjected old mice (18 months old) to moderate-level controlled
cortical impact (CCI) or sham surgery at 4 weeks following micro-
glial repopulation (Fig. 6A). At 72 hours after injury, TBI-induced
microglial proliferation and leukocyte extravasation were signifi-
cantly attenuated in old repopulated mice relative to sham and
Veh controls, as evidenced by lower cell counts (Fig. 6B). TBI-
induced productions of ROS and IL-1pB, including p16™*?
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protein expression, were all significantly reduced in old repopulated
microglia compared to sham or injured Veh control (Fig. 6, C to E).
To measure the impact of TBI on the inflammatory milieu in the
perilesional cortex, we examined cytokine concentrations using
multiplex enzyme-linked immunosorbent assay (ELISA). TBI
caused an increase in eotaxin, monokine induced by gamma inter-
feron (MIG), MIP-2, IL-1a, granulocyte CSF (G-CSF), and M-CSF
concentrations in Veh, but not PLX5622-treated TBI mice (Fig. 6F).
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Fig. 5. Reductions in AF-related phenotype persist for months after microglial repopulation in aged mice. (A) Timeline of experimental design for the chronic 12-
week microglial repopulation period is shown. (B) Representative dot plots of young and old microglia at 12 weeks after repopulation. Quantification of microglia counts
per hemisphere is shown. Representative histograms and quantification of the AF-related phenotype as measured by MFI of (C) FITC AF, (D and E) lipid content, (F) iron
accumulation, (G and H) proinflammatory cytokine production, and (I) ROS production. PLX5622 treatment (i.e., elimination and repopulation) showed enduring de-
creases in all AF-related microglial biomarkers. N =4 to 6 per group. FMO controls are shown in gray, young groups are shown with no outline, old groups are shown with
bold outlines, and treatment groups are color-coded according to bar graph and figure legend (Veh in red and PLX5622 in blue). A vertical fiducial line is included for
reference. ns, not significant. Data were analyzed using two-way ANOVA with Tukey post hoc correction for multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001,

and ****P < 0.0001).
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Fig. 6. Forced turnover of micro-
glia in aged mice decreases sensi-
tivity to TBI. (A) Timeline of
experimental design immediately
before sham and TBI surgery. (B)
Representative dot plots of immune
populations in the ipsilateral brain
hemisphere at 3 days after TBI.
Quantification of CD45™CD11b*
microglia and CD45"'CD11b*-infil-
trating myeloid cell counts per
hemisphere are shown for aged,
surgery, and treatment groups. (C) A
representative histogram of
DHR123"* microglia is shown next to
the relative MFI quantification of ROS
production. In the associated histo-
gram, young groups are shown with
no outline, old groups are shown
with bold outlines, and treatment
groups are color-coded according to
bar graph and figure legend (Veh in
red and PLX5622 in blue). A vertical
fiducial line is included for reference.
Representative dot plots depicting
(D) IL-1B production and (E) p16 ex-
pression in microglia are shown next
to quantification of cell frequencies.
(F) Cytokine protein concentrations
in the peri-lesional cortex as mea-
sured by ELISA. No differences were
seen between sham control groups
after treatment, and so data for both
sham groups were combined. For all
cytokines (M-CSF, G-CSF, eotaxin, IL-
1a, MIG, and MIP-2), TBI acutely in-
creased concentrations in Veh but
not PLX5622-treated groups. N =3 to
4 per sham and 6 to 7 per TBI group.
ns, not significant. Data were ana-
lyzed using two-way ANOVA with
Tukey post hoc correction (B to E)
and one-way ANOVA with Bonferroni
post hoc correction (F) for multiple
comparisons (*P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001).
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These results suggest that the presence of AF™ microglia exacerbates
acute ROS and cytokine levels following TBI in old mice.

Elimination of AF microglia in old mice reduces chronic
phagocytosis and inflammatory activity following TBI

To determine whether attenuated microglial responses to TBI were
stable over time, we injured old mice (18 months old) at 12 weeks
following microglial repopulation and evaluated inflammatory cell

Ritzel et al., Sci. Adv. 9, eadd1101 (2023)
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functions at 2 weeks after injury (Fig. 7A). While the number of mi-
croglia did not differ significantly between groups after injury, the
total number of CD45™ myeloid cells and lymphocytes recruited to
the injured, ipsilateral hemisphere was markedly reduced in repop-
ulated old mice (Fig. 7B). TBI-induced expression of the lysosomal
marker, CD68, was attenuated in repopulated ipsilateral microglia
compared to both contralateral (intact uninjured hemisphere) and
injured Veh controls (Fig. 7C). Moreover, the lipid accumulation
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Fig. 7. Forced turnover of micro-
glia in aged mice reduces chronic
inflammation and emergence of
the AF-related phenotype after
TBI. (A) Timeline of experimental
design immediately before sham
and TBI surgery. (B) Representative
dot plots of immune populations in
the ipsilateral and contralateral (in-
ternal control) brain hemispheres at
2 weeks after TBI. Quantification of
CD45™CD11b* microglia (left), infil-
trating CD45"CD11b* myeloid
(center), and CD45"CD11b™ lym-
phocyte (right) counts per hemi-
sphere is shown for aged, injury, and
treatment groups. (C) A representa-
tive histogram of CD68* microglia is
shown next to the MFI quantification
of this phagocytosis marker. (D) A
representative histogram shows the
relative level of neutral lipids in mi-
croglia from each hemisphere after
TBI. (E) Representative dot plots
depict the percentage of Lipi-Blue+
microglia after TBI. The frequency of
lipid droplet-containing microglia is
quantified. (F) A representative his-
togram shows the relative level of
ROS production in microglia as
measured by DCF probe. (G) Cyto-
kine protein concentrations in the
peri-lesional cortex as measured by
ELISA. No differences were seen
between sham control groups after
treatment, and so data for both sham
groups were combined. N = 3 to 4
per contralateral and 6 to 7 per ipsi-
lateral (i.e., TBI) group. FMO controls
are shown in gray, contralateral
groups are shown with no outline,
ipsilateral groups are shown with
bold outlines, and treatment groups
are color-coded according to bar
graph and figure legend (TBI + Veh in
red and TBI + PLX5622 in blue).
Contra, contralateral; Ipsi, ipsilateral;
ns, not significant.. Data were ana-
lyzed using two-way ANOVA with
Tukey post hoc correction (B to F)
and one-way ANOVA with Bonferroni
post hoc correction (G) for multiple
comparisons (*P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001).
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and ROS levels seen in the control group after TBI were significantly
reduced in repopulated old microglia (Fig. 7, D to F). Additional
staining confirmed the sustained attenuation of TBI-induced lyso-
somal-phagocytic functions in repopulated microglia (fig. S14). TBI
caused an elevation in IP-10 and MIG tissue concentrations in the
perilesional cortex that were also less pronounced in repopulated
mice (Fig. 7G). These data suggested that the absence of AFM
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microglia in old mice was associated with lower levels of brain-in-
filtrating leukocytes and reduced lysosomal biogenesis and lipid ac-

cumulation after TBI.
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Elimination of AF microglia in old mice improves
neurobehavioral outcomes and reduces chronic
neurodegeneration after TBI

To validate our previous findings, we also performed neurobehavio-
ral testing to assess functional outcomes of old mice up to 2 weeks
after TBI (Fig. 7A). Compared to injured Veh control old mice, re-
populated old mice also exhibited significantly better preservation
of spatial working (Fig. 8A) and recognition (Fig. 8, B and C)
memory in the Y-maze and NOR tests, respectively, indicating
that forced turnover of AF microglia can preserve long-term cogni-
tive function after TBI.

Next, we performed an unbiased histopathological assessment of
AF microglia in the context of neurodegeneration. TBI-induced
lesion volumes in old mice were significantly reduced in repopulat-
ed mice, as measured using cresyl violet (Fig. 8D). Stereological
quantification of surviving neurons in the dentate gyrus region of
the hippocampus revealed significantly greater preservation of
neurons in the repopulated brain compared to injured Veh controls
(Fig. 8E). These changes were associated with a significant reduc-
tion in Ibal®™ microglia/macrophages (Fig. 8, F and G) in the
injured cortex of old mice. Consistent with our previous findings,
we observed reduced numbers of CD68" microglia/macrophages
and AF phagocytes (Fig. 8, H to L, respectively) in the repopulated
brain compared to injured Veh controls. Together, these data
support the notion that old AF™ microglia contribute to age-
related neuropathology.

Phagocytosis and lipid accumulation are hallmarks of
posttraumatic chronic microglial activation in young mice,
which is mediated by oxidative stress

Our results in old mice implied that TBI can exacerbate the AF phe-
notype in microglia, characterized by increased phagocytic activity
and lipid accumulation. To examine this in more detail, we evalu-
ated microglia along these phenotypic measures at chronic stages of
TBI (i.e., 1 year after injury) in young C57BL/6 mice (3 months old).
Microglia from chronically injured mice were significantly more
likely to engulf apoptotic feeder neurons (Fig. 9A) and had signifi-
cantly increased lipid content (Fig. 9B) than age-matched sham or
young controls. Further analysis confirmed that microglia engulf-
ment of neurons resulted in increased myelin uptake (Fig. 9C)
and expression of CD68 (Fig. 9D). Moreover, microglia, which con-
tained high levels of lipid, also contained high levels of iron
(Fig. 9E), consistent with LF. Thus, the AF microglial immunopath-
ological features are chronically altered after TBI.

Last, we attempted to elucidate an injury-dependent mechanism
through which the development of this pathological AF microglial
phenotype is accelerated after TBI. Because LF is exacerbated by ox-
idative stress and given the close association between phagocytosis
and ROS production, we used transgenic mice that have a genetic
deletion of the microglial Hv1 proton channel, which is required for
NOX2 activity in phagocytes (30). At 1 year after TBI, microglia
from Hvl-knockout mice failed to show a chronic, injury-related
increase in phagocytosis, lipid content, and oxidative stress
(Fig. 10, A to D). Hvl-knockout mice had significantly better func-
tional outcomes, including grip strength (Fig. 10E), SR (Fig. 10, F
and G), and depressive-like behavior (Fig. 10H). In the NOR test,
wild-type mice spent considerably less time interacting with the
novel object after chronic TBI compared to Hvl-knockout mice
(Fig. 10, I and J). A PCA analysis of this behavioral dataset

Ritzel et al., Sci. Adv. 9, eadd1101 (2023) 8 March 2023

(Fig. 10, E to J) demonstrates the attenuation of long-term neuro-
logical deficits caused by the genetic ablation of Hv1 (fig. S15). To-
gether, these data provide proof-of-principle evidence that
phagocytic ROS intrinsically drives the emergence of the age-asso-
ciated and chronic AF phenotype.

DISCUSSION
Here, we present the first detailed immunophenotypic analysis of
naturally occurring, age-associated AF microglia in the brain.
This subpopulation of microglia in older mice adopt a unique dys-
functional phenotype defined by increases in phagocytosis, oxida-
tive stress levels, lysosomal content and autophagy markers, lipid
and iron accumulation, metabolic alterations, proinflammatory cy-
tokine production, and senescent-like features. These age-associat-
ed changes in AF microglia were not regulated at the transcriptional
level but were more pronounced under pathological conditions
(e.g., APOE4) and were reversed with pharmacologically mediated
cell replacement/turnover. Furthermore, we demonstrated that TBI
accelerates the age of onset and tissue-wide distribution of this AF
phenotype via a phagocyte-driven oxidative stress mechanism.
Our immunophenotypic characterization of age-related AF mi-
croglia converges on the recently described lipid droplet-accumu-
lating microglia, or LDAM, which increase with age, have a
proinflammatory phenotype, and are also associated with neurode-
generation (31). However, because the cellular organelles known as
lipid droplets, which are involved in energy storage, were identified
on the basis of neutral lipid staining, it was notable that no link was
made between LDAM and LF-associated autofluorescence, which
also contains neutral lipids, localizes in and around lysosomes,
and increases with age and neurodegeneration. In a related study,
Burns et al. (17) demonstrated that the AF signal in microglia in-
creases linearly with age and is commensurate with the size and
complexity of Lamp1-positive lysosomal storage bodies. Proteomic
analysis of AF-positive microglia showed enrichment endolysoso-
mal, autophagic, and metabolic pathways, including up-regulation
of lysosomal degradation enzymes and proteins involved in phago-
some maturation. The authors found that myelin, Fc receptor—me-
diated, and Triggering Receptor Expressed on Myeloid cells 2
(TREM2)-mediated phagocytosis were not dominant mechanisms
contributing to AF accumulation. Rather, they found that genetic
disruption of lysosomal function accelerated the accumulation of
storage bodies in AF" cells and led to impaired microglia physiology
and cell death. Although there is strong support for the role of ly-
sosomal enzymes in the degradation of ingested material in neuro-
degenerative diseases (e.g., lysosomal storages disorders),
converging transcriptomic and proteomic data also suggest that
AF microglia have functional differences in phagocytic capacity
highlighted by an up-regulation of biological pathways involved
in the endocytosis process. However, few studies to date have dem-
onstrated an increase in microglial phagocytosis in normal aged
mice despite numerous reports of increased CD68 expression, ele-
vated NOX2 activity, DAM-like gene signatures, and accompanying
synaptic loss and myelin thinning (32). Our discovery that age-as-
sociated AF microglia exhibit a sustained increase in phagocytic ac-
tivity is consistent with these features and provides a mechanistic
convergence between aging and posttraumatic neurodegenera-
tive disease.
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Fig. 8. Increased neurological recovery and neuroprotection after TBI following PLX5622-mediated repopulation is associated with attenuation of injury-
induced AF phenotype. A behavioral and neuropathological assessment was performed on old TBI mice after a 12-week repopulation period. (A) The percentage of
spontaneous alternations in the Y-maze at 7 days after TBI is shown for each group. (B) Time spent interacting with the left and right objects during the sample phase of
the NOR test at 7 days after TBI is shown. (C) Time spent interacting with a novel object during the choice phase of the novel object task is shown. (D) Histological analysis
of brain at 2 weeks after TBI. Representative images and lesion volume quantification of cresyl violet—stained brain sections demonstrate significantly smaller volumes in
the PLX5622-treated group. (E) Stereological counts of cresyl violet—stained neurons in the dentate gyrus of the ipsilateral hippocampus. (F, I, and J) In situ analysis of
Iba1™ microglia in the perilesional cortex at 2 weeks after TBI. TBI increased the number of (G) Iba1* microglia/macrophages and (H) CD68" phagocytes per view. The
number of AF particles in (K) Iba1™ and (L) CD68" cells was quantified. TBI increased the AF particle count in phagocytes of Veh-treated but not PLX5622-treated groups.
N =6to 7 per group (A to C) and 8 per group (D to L). ns, not significant. Data were analyzed using Student's t test (A, D, and E) and two-way ANOVA with Tukey post hoc
correction (B, C, and G to L) for multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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Fig. 9. TBl accelerates development of the AF-related phenotype and chronically increases microglial phagocytosis of apoptotic neurons and myelin. Microglial
phagocytosis of neurons was assessed by ex vivo engulfment of apoptotic cortical neurons isolated from SLICK-YFP transgenic reporter mice. (A) Representative dot plots
of microglia expressing YFP at 1 year after TBI. Quantification of phagocytic microglia is shown (right). (B) A representative histogram of BODIPY* microglia at 1 year after
TBI is shown next to the MFI quantification of this neutral lipid marker. (C) A representative histogram shows the relative protein expression of myelin CNPase in YFP~
phagocytic and nonphagocytic microglia at 1 year after TBI. (D) A representative histogram shows the relative expression level of the phagocytosis marker CD68 in YFP*
and YFP™ microglia. The MFI of CD68" microglia is quantified. (E) A representative histogram shows the relative level of intracellular iron deposition in subsets of microglia
that are low and high in neutral lipid content at 1 year after TBI. N = 4 to 7 per group. FMO controls are shown in light gray, while all other groups are shown with bold
outline as color-coded according to the bar graph axis labels. A vertical fiducial line is included for reference. CTL, control; SH, sham; ns, not significant.. Data were
analyzed using one-way ANOVA with Bonferroni post hoc correction for multiple comparisons (A and B) and Student'’s t test (C to E) (*P < 0.05, **P < 0.01,

and ****P < 0.0001).

LF accumulates in postmitotic cells at a rate that occurs inversely
to longevity (20). Lipid-laden neural cells can be visualized adjacent
to blood vessels or deeper in the brain cortical and striatal parenchy-
ma of aging mice and have distinct phenotypes associated with in-
flammation and senescence (33). Because laboratory mice live a
relatively sanitary life devoid of the pathological hallmarks associat-
ed with neurodegenerative disease in humans, it was thought that
LF accumulation was just a consequence of time (34). However, ev-
idence that microglia within amyloid plaques in humans show in-
creased LF deposition implies that this feature is pathological (35).
In contrast, proliferative cells have been shown to efficiently dilute
LF aggregates during cell division, showing low or no accumulation
of the pigment (7). The accumulation of LF (i.e., AF phenotype) in
microglia may then be indicative of replicative senescence, which
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may occur naturally or following waves of injury-induced prolifer-
ation. It is reasonable to consider that microglial turnover or prolif-
eration in aged mice may effectively dilute LF within the brain or
cell population, respectively. A reversal of age-related cognitive
and synaptic deficits in old mice following microglia elimination
and repopulation (i.e., replacement/turnover) can be achieved
using short-term treatment with the CSFIR inhibitor, PLX5622
(29). In addition, whereas microglial turnover has been demonstrat-
ed to reduce AF, partially reverse the aging microglia transcriptome
(21), and improve amyloid pathology (36), several questions remain
as to the linkage of these changes and which specific populations, if
any, are responsible for promoting these age-related neuropatholo-
gies. Our findings suggest that AF microglia are dysfunctional, neu-
rotoxic cells that display a senescent-like phenotype. Notably,
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Fig. 10. Hv1-driven oxidative WT sham

WTTBI

Hv1 KO sham Hv1 KO TBI

250k

stress promotes induction of the
AF-related microglia phenotype
and worsens long-term functional
recovery after TBI. Injured Hv1™/~
(KO) and wild-type (WT) littermate
control mice were behaviorally eval-

200k

150K

% NeuN* microglia

uated at 11 months after TBI, and

microglia were immunophenotyped
at 12 months. (A) A representative

dot plot of microglia containing
NeuN antigen at 1 year after TBI in
WT and Hv1 KO mice. Quantification
of phagocytic microglia is shown
(right). (B) A representative histo-

FMO

WT sham
WT TBI

Hv1 KO sham
Hv1 KO TBI

14,000
10,500

MFI of CD68*
~
[=]
(=}
o

(microglia)

w
o
=3
o

gram shows the relative expression
level of the lysosomal marker CD68
in microglia. The MFI of CD68-posi-
tive microglia is quantified (right). (C)
The relative level of neutral lipids in
microglia is shown at 1 year after TBI.
The MFI of BODIPY* microglia is
quantified (right). (D) A representa-
tive histogram shows the relative
level ROS production in microglia
and MFI quantification of DHR123™"
microglia is shown (right). (E) Fore-
limb grip strength was significantly
reduced in WT but not Hv1 KO mice
after TBI. (F) The percent of time
spent interacting with a mouse
versus object, and (G) time spent in-
teracting with a novel stranger
mouse versus familiar mouse in the
SR test. (H) Time spent immobile
during the FS test is shown for all
groups. (I) The time spent interacting
with left versus right objects during
the sample phase and (J) the time
spent interacting with a novel versus
familiar object during the choice
phase of the object recognition test.
N =3 to 5 per group (A and B) and 7 I
to 10 per group (C to J). ns, not sig-
nificant. Data were analyzed using
one-way ANOVA (A to D and E to H)
and two-way ANOVA (I and J) with

MFI of BODIPY 493/503*
(fold change)

% of Max ———»

- ln’ o m’ 1 * m;

BODIPY493/503

m

Grip force/strength
(g/g of BW)

% Time spent with

mouse vs. object

20+

90+

[=2]
o
1

w
o
1

4,

1.2

o
o

o

(fold change)
F-

MFI of DHR123*

% of MaX ——p

@
I

801

60

40-

20+ 50+

% Time spent with
novel vs. familiar mouse
Forced swim
time immobile (s)

o
1

o
L
1

%
"
Rz
@
2

2,

O@

%
S,
%
&

%

4‘06’))
%

';(@sk« 0}@0«
o
\“.,a:\

F\

4
"’»@6
o

4
X

Ly
%4,

4,
Ly
4
Ly
(74

dedkokk ns

I Novel
[ Familiar

N
(3]

Bonferroni post hoc correction for
multiple comparisons (*P < 0.05

Time (s) with

(sample phase)
o o o &
1 1

and ****P < 0.0001).

Time (s) with
(choice phase)

left vs. right object

pharmacological depletion of microglia in aged mice effectively
eliminated the AF population, partially restoring cellular and neu-
rological functions.

The particular source of microglial LF during aging and chronic
injury is not entirely clear. One intriguing possibility is that LF-con-
taining neurons are phagocytosed by microglia. In this scenario, the
indigestible AF material would be transferred from one cell type to
another but would likely remain undigested and exacerbate the
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inflammatory activation or senescent-like profile of the host micro-
glia. To this end, our human brain analyses revealed large numbers
of AF cells with neuronal morphology in the cortex of older sub-
jects, which was not obvious in aged mice. The functional state of
aging postmitotic neurons containing AF is not well understood
outside of studies on lysosomal storage diseases but deserves
wider attention.
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We observed that AF levels and lysosomal burden were more
regularly associated with increases in cell granularity (i.e., side
scatter) than cell size (i.e., forward scatter). Thus, ameoboid or hy-
pertrophic microglial morphologies may indicate a pre-AF" state.
LF accumulation may be a driving factor for, or a consequence of,
the increased phagocytosis of neurons and myelin. One might
surmise that LF burden, arising from defective autophagy, may
induce an exhausted state that limits endocytic processes rather
than an actively surveilling, phagocytic state. However, these
changes are in line with the gene networks activated in microglia
in AD and other neurodegenerative conditions, where increases
in microglial LF/AF have also been demonstrated (7, 8). Our find-
ings appear to confirm the existence of a DAM-like gene signature,
validated at the protein and functional level, in a subset of brain mi-
croglia found in normal aged mice. The finding that TBI accelerates
this complex phenotype lends further credence to the notion of
brain injury-induced immune senescence. While TBI itself is a
risk factor for AD, it remains to be seen whether the emergence
of DAM genes involved in autophagy, lipid metabolism, and phago-
cytosis in AD are spurred on by an increased conversion of micro-
glia to an AF phenotype.

Age-associated mechanisms of the composite AF phenotype are
lacking. The ¢4 allele of the APOE gene is a genetic risk factor for
athlerosclerosis, stroke, and dementia (37) and is primarily ex-
pressed by astrocytes and microglia within the brain (38). These
cells have since been shown to play key roles in secondary neuro-
degeneration after TBI and in the pathogenesis of AD. Recent
work using human inhibitory postsynaptic currents carrying
APOE3 and APOE4 genotypes suggests that lipid imbalances can
impair essential processes in differentiated astrocytes and microglia
(39). Given its role in lipid transport and metabolism, we were sur-
prised that middle-aged hAPOE4 microglia did not exhibit elevated
lipid levels compared to hAPOE3 microglia. However, our assess-
ment was limited to neutral lipids and did not consider other
lipid types. Regardless, all other aspects of the AF phenotype were
exacerbated in hAPOE4 microglia at middle age, including in-
creased phagocytosis of living cortical neurons and myelin. Thus,
our findings demonstrate that older microglia exhibit greater en-
gulfment of not only apoptotic neurons but otherwise living,
healthy neurons too. These data provide a potential link between
APOE and pathological phagocytic behavior such as impaired clear-
ance of protein aggregates or dysregulated synaptic loss and white
matter degradation in older age.

The present study also demonstrated the close association of AF
microglia with neuroinflammation, neurodegeneration, and neuro-
logical decline in aged mice. To date, there is no method available to
selectively deplete LF/AF microglia that would support causality.
However, our finding that AF microglia have a neurotoxic pheno-
type that can promote cytokine-mediated tissue inflammation, leu-
kocyte recruitment, hippocampal neuron loss, and functional
decline provides a plausible explanation for age-related inflamma-
tory-driven neuropathologies in animals. Moreover, because falls at
ground level are the leading cause of TBI in older individuals (40)
and forced microglial turnover ameliorated gait deficits, the pres-
ence or abundance of AF microglia may not only worsen
outcome but also increase risk.

Our finding that moderate-to-severe TBI at young maturity or
old age can promote and intensify the emergence of microglial
AF is consistent with the notion of accelerated immune aging and
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suggests an inducible and shared phenotype that exists along a con-
tinuum of neurodegenerative disease risk or severity. Sustained in-
creases in expression of the lysosomal marker CD68 and positive
regulator of phagocytosis, NOX2, have previously been shown in
chronically injured mice as late as 1 year after TBI (41). Moreover,
microglial phagocytosis of both living and apoptotic neurons and
synapses was evident for up to 8 months after TBI, coincident
with decreased synaptic protein expression in neurons (42). An
age-related increase in chronic engulfment of neuronal and
myelin antigens late after TBI has also been demonstrated, and
these changes were accompanied by an age-related increase in the
tissue expression of DAM genes, microglial ROS production, white
matter loss, and hippocampal neuron death (43). Thus, the AF phe-
notype may identify a subset of dysfunctional or neurotoxic micro-
glia responsible for these molecular signatures within heterogenous
cell and tissue samples. While up-regulation of the c-Fos gene seen
in our bulk cell RNA-seq data may indicate that cell damage oc-
curred during the isolation procedure (44), there is no clear evi-
dence that DAM networks or senescence pathways are composed
of fast response genes, suggesting that these are stable biomarkers
associated with the AF phenotype. Moreover, we have validated
these transcriptional pathways at the functional and protein level.
A direct comparison between AF microglia from normal aged,
chronic TBI, and other neurodegenerative disease states is required
to better understand the homology of phenotypic features and in-
flammatory signatures. However, because these studies may be
fraught with confounding factors of age, genotype, comorbities,
and disease staging, careful consideration is needed.

The observation that oxidative stress mediates autophagic dysre-
gulation and formation of LF with advanced age is rationale and
supported in the literature. ROS have been demonstrated to contrib-
ute to LF buildup and proinflammatory activation in neural cells,
peripheral macrophages, and microglia (5, 20, 45-48). That a
similar phenomenon occurs after brain injury is not well document-
ed despite evidence for persistent basal elevation of NOX2, ROS
production, oxidative stress, autophagic dysregulation, loss of pro-
teostasis, and proinflammatory phenotype (49-52). NOX2-defi-
cient mice exhibit acute neuroprotection and fewer neurological
deficits after TBI (53, 54). Experimental manipulation of ROS pro-
duction, the oxidative stress response, and autophagy have likewise
been demonstrated to attenuate neuroinflammation, neuronal loss,
and functional impairment. AF™ microglia produced higher levels
of NOX2 and ROS, but whether it was the cause or consequence of
LF was not clear. Using mice deficient in Hvl, a proton channel
present on phagosomes that facilitates sustained NOX2-mediated
ROS production in phagocytes, we had previously showed that neu-
roinflammation and neurodegeneration were significantly reduced
after TBI (55). Here, we show that Hv1 chronically drives oxidative
stress in phagocytes, promotes engulfment of neuronal debris, in-
creases LF, and worsens neurological outcome. It is possible that
APOE4 genotype and oxidative stress work synergistically to
augment the age-related injury AF phenotype, but further investi-
gation is required.

In summary, our data suggest that AF reflects a pathological state
in aging microglia associated with phagocytosis and inflammatory
neurodegeneration that can be further accelerated by TBI. This
newly immunophenotypically defined AF microglial population
may serve as a useful imaging biomarker of DAM/senescence that
may be otherwise underrepresented or difficult to detect in whole
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tissue or bulk cell molecular analyses given its largely posttranscrip-
tional/translational underpinnings. Mechanistically, APOE4 geno-
type at middle and old age and chronic injury—induced oxidative
stress promote the AF phenotype. Last, pharmacological interven-
tion can eliminate the AF microglial signature, reduce inflammatory
burden, improve neurological function, and prophylactically
protect the brain against severe head impact.

MATERIALS AND METHODS

Animals

Young adult (3 months old) and aged (18 months old) male C57BL/
6 mice bred in-house from Charles River Laboratories were housed
on sawdust bedding in a specific pathogen—free facility (12-hour
light/dark cycle). B6(S]L)—Apoetml‘I(APOE%)Adi“j/I (stock no.
027894) and B6.Cg-Apoe™>APOEIAdNI T (st0ck no. 029018), ho-
mozygous for a hApoe4 or hApoe3 gene targeted replacement of
the endogenous mouse Apoe gene, were obtained from the
Jackson Laboratories. Homozygous Hv1l mice breeders were ob-
tained from L. J. Wu's laboratory at Mayo Clinic, Rochester, MN
and maintained in the University of Maryland School of Medicine
at Baltimore animal facility. SLICK-A transgenic mice [the Jackson
Laboratories, B6.Cg-Tg(Thyl-cre/ERT2,-EYFP)AGfng/]; stock no.
007606] were used for phagocytosis studies as previously described
(42). All animals had access to chow and water ad libitium. Animal
procedures were performed in accordance with National Institutes
of Health (NIH) guidelines for the care and use of laboratory
animals and approved by the Animal Care Committee of the Uni-
versity of Maryland School of Medicine.

PLX5622 administration

PLX5622 was provided by Plexxikon and formulated in AIN-76A
rodent chow by Research Diets at a concentration of 1200 parts
per million (56, 57). Standard AIN-76A diet was provided as Veh
control. Mice were provided ad libitum access to PLX5622 or Veh
diet for 3 weeks to deplete microglia. After 3 weeks of depletion,
mice were placed back on normal chow for either 4 or 12 weeks
to allow for repopulation. The dose and time resulted in depletion
of 95% of microglia and significant depletion of CD115/CSF1R-ex-
pressing myeloid cells in other peripheral organs consistent with
previous studies (fig. S16) (58).

Controlled cortical impact

Our custom-designed CCI injury device consists of a microproces-
sor-controlled pneumatic impactor with a 3.5-mm-diameter tip, as
previously described (42, 55). Briefly, mice were anesthetized with
isoflurane evaporated in a gas mixture containing 70% N,O and
30% O, and administered through a nose mask. Mice were placed
on a heated pad, and core body temperature was maintained at
37°C. The head was mounted in a stereotaxic frame, a 10-mm
midline incision was made over the skull, and the skin and fascia
were reflected. A 5-mm craniotomy was made on the central
aspect of the left parietal bone. The impounder tip of the injury
device was then extended to its full stroke distance (44 mm), posi-
tioned to the surface of the exposed dura, and reset to affect the cor-
tical surface. Moderate-level CCI was induced using an impactor
velocity of 6 m/s, a deformation depth of 1 mm, and a dwell time
of 50 ms (43). After injury, the incision was closed with interrupted
6-0 silk sutures, anesthesia was terminated, and the animal was
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placed into a heated cage to maintain normal core temperature
for 45 min after injury. Sham animals underwent the same proce-
dure as CCI mice except for craniotomy and cortical impact. In the
14d and Hv1l TBI cohorts, an injury of moderate severity was
induced by a TBI-0310 Head Impactor (Precision Systems and In-
strumentation) with a 3.5-mm-diameter tip, followed by impact ve-
locity of 4.3 m/s and a displacement depth of 1.2 mm (43).

Flow cytometry and ex vivo functional assays

Following transcardial perfusion with 40 ml of ice-cold sterile phos-
phate-buffered saline (PBS), the intact brain was harvested, and the
ipsilateral hemisphere isolated by removing the olfactory bulbs and
cerebellum. Brain hemispheres were mechanically digested using a
razor blade to mince tissue and were passed through a 70-um filter
using RPMI 1640. Central nervous system tissue was then
enzymatically digested using deoxyribonuclease (10 mg/ml;
Roche), collagenase/dispase (1 mg/ml; Roche), and papain (25 U;
Worthington Biochemical) for 1 hour at 37°C in a shaking CO, in-
cubator (200 rpm). Tissue homogenates were centrifuged at 1500
rpm for 5 min at 4°C. The supernatant was discarded, and the
cells were resuspended in 70% Percoll (GE Healthcare) and under-
laid in 30% Percoll. This gradient was centrifuged at 500g for 20 min
at 21°C. Myelin was removed by suction, and cells at the interface
were collected. Leukocytes were washed and blocked with mouse Fc
block (eBioscience, clone 93) before staining with primary
antibody-conjugated flourophores CD45-eF450 (30-F11), CD11b-
APCeF780 (M1/70), Ly6C—allophycocyanin (APC) (HK1.4), and
Ly6G—phycoerythrin (PE) (1A8) were purchased from eBioscience,
whereas CD45-PerCP-Cy5.5 (30-F11) and CD11b-PerCP-Cy5.5
(M1/70) were purchased from BioLegend. For live/dead cell dis-
crimination, a fixable viability dye, Zombie Aqua (BioLegend),
was dissolved in dimethyl sulfoxide according to the manufacturer’s
instructions and added to cells in a final concentration of 1:50. Data
were acquired on an LSRII using FACsDiva 6.0 (BD Biosciences)
and analyzed using FlowJo (Tree Star). A standardized gating
strategy was used to identify microglia (CD45™'CD11b*Ly6C")
and  brain-infiltrating myeloid cells (CD45™CD11b"),
including monocyte (CD45™CD11b*Ly6C*Ly6G ™) and neutrophil
(CD45™CD11b"Ly6C*Ly6G") populations, as previously described
(59). Cells were also stained with the surface markers CD115
(CSF1R)—-Alexa Fluor 488 (BioLegend, AFS98), CD16/32-APC
(BioLegend, 93), and CD369 (CLEC7A)-APC (BioLegend, RH1).
Cell-specific fluorescence minus one (FMO) controls were used to
determine the positivity of each antibody. To control for normal
age-related autofluorescence, FMO controls were generated by
combining young and aged brain samples or aged brain samples
alone. Microglial AF subsets were delineated using young and
aged microglia for each experiment as described by others (17),
with minor modification. Cell count estimations were performed
using CountBright absolute counting beads (20 pl per test; Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer's
instructions.

Intracellular staining was performed using a fixation/permeabi-
lization kit (BD Biosciences) and the following antibodies: p16™**-
APC (StressMarq Biosciences, SPC-1280D), NOX2-Alexa Fluor
647 (Bioss Antibodies, bs-3889R), glyceraldehyde-3-phosphate de-
hydrogenase—Alexa Fluor 488 (BioLegend, W17079A), Lamp1-
PerCPCy5.5 (BioLegend, 1D4B), Lamp2-PE (BioLegend, M3/84),
NeuN-PE (MilliporeSigma, A60), MAP2-Alexa Fluor 594
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(BioLegend, SMI 52), myelin CNPase-Alexa Fluor 647 (BioLegend,
SMI 91), anti-GFP-PE (BioLegend, FM264G), and CD68-PE-Cy7
(BioLegend, FA-11).

For intracellular cytokine staining, leukocytes were collected as
described above, and 1 pl of GolgiPlug containing brefeldin A (BD
Biosciences) was added to 500 pl of complete RPMI 1640. Cells were
then resuspended in Fc block, stained for surface antigens, and
washed in 100 pl of fixation/permeabilization solution (BD Biosci-
ences) for 20 min. Cells were washed twice in 500 pl of permeabi-
lization/wash buffer (BD Biosciences) and resuspended in an
intracellular antibody cocktail containing cytokine antibodies
[MMP-9-R-PE (StressMarq Biosciences, SMC-396D), TNF-PE-
Cy7 (eBioscience, MP6-XT22), IL-1a—PE (BioLegend, ALF-161),
and IL-1p—PerCP—eF710 (eBioscience, NJTEN3) and fixed.

For ROS detection, leukocytes were incubated with DHR 123
(5 mM; Life Technologies/Invitrogen) or 2',7'-dichlorodihydro-
fluorescein diacetate (DCF, 5 uM; Thermo Fisher Scientific), cell-
permeable fluorogenic probes. Cells were loaded for 20 min at
37°C, washed three times with FACS buffer (without NaAz), and
then stained for surface markers including viability stain. Lipid per-
oxidation was measured using BODIPY 581/591 C11" (Invitrogen).
LC3-associated autophagic vesicles were measured using the
CYTO-ID autophagy detection kit (Enzo Life Sciences) according
to the manufacturer’s instructions. Lysosomes were labeled using
LysoTracker Green DND-26 (Invitrogen). Intracellular myelin
content was stained with FluoroMyelin Red (Invitrogen). Neutral
lipids and lipid droplets were measured using BODIPY 493/503 (In-
vitrogen) and Lipi-Blue (Dojindo, LD01-10). Intracellular iron
levels were measured using FerroOrange (Dojindo). Relative intra-
cellular pH was measured using Protonex Red 600 (5 tM; AAT Bio-
quest). Mitochondrial membrane potential was measured using
MitoSpy Red dye (BioLegend) according to the company's protocol.
Glucose uptake was measured using 2-[N-(7-Nitrobenz-2-oxal,3-
diazol-4-yl) Amino]-2-Deoxyglucose (2NBD)-glucose uptake cell-
based assay kit (Cayman Chemical).

Microglial phagocytosis of apoptotic neurons was performed as
described by Ritzel et al. (42). Briefly, YFP-positive neurons were
isolated from the cortices of an adult SLICK transgenic mouse
and then exposed to heat shock for 5 min at 60°C, washed in
Hanks' balanced salt solution (HBSS), resuspended in 5 ml of
RPMI 1640, and kept on ice. Soon after, 50 ul of feeder YFP-positive
cells were incubated with freshly isolated microglia for 45 min at
37°C. For assays using live feeder neurons, apoptosis was not
induced. Afterward, the cells were washed three times with 1 ml
of PBS, stained and fixed as above, and collected on the cytometer.

FACS of microglia

Living CD45"CD11b*Ly6C™ microglia were sorted (100-um
nozzle/18 psi) using an FACSAria II (BD Biosciences) by the Uni-
versity of Maryland Greenebaum Comprehensive Cancer Center
Flow Cytometry Shared Service Core. Before sorting, brain hemi-
spheres were processed as above using FACS buffer without
sodium azide or fixation. Brain leukocytes were washed and
blocked with mouse Fc block (Thermo Fisher Scientific, clone 93)
before staining with primary antibody—conjugated flourophores.
CD45-eF450 (30-F11), CD11b-APCeF780 (M1/70), and Ly6C-
APC (HK1.4) were purchased from Thermo Fisher Scientific. For
live/dead cell discrimination, the viability dye, 7-aminoactinomycin
D (7-AAD) (BioLegend), was diluted at 5 pl in 100-pl sample. Data
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were acquired, and microglia were sorted by flow cytometry on an
FACSAria IT using FACSDiva 6.0 (BD Biosciences). Purified micro-
glia from individual hemispheres were collected in 300 pl of RNAp-
rotect cell reagent (QIAGEN) with B-mercaptoethanol (Sigma-
Aldrich) into a standard sterile 1.5 ml of ribonuclease-free Eppen-
dorf microcentrifuge tube, vortexed for 30 s, snap-frozen in dry ice,
and then stored in —80°C until RNA extraction. Each tube was later
thawed, vortexed again, and poured over a column using the RNA
kit as described. All microglia were sorted on two separate days
within the same week using the same materials and reagents. On
the first sort day, young bulk (i.e., AF'®), old AF"®, and old AF™ mi-
croglia populations were collected (n = 4 per group). Microglial AF
levels were quantified for each FACS-sorted group (fig. S8). On the
second day, young + Veh, old + Veh, and old + PLX5622 (i.e., 3
weeks elimination + 4 weeks repopulation) bulk microglia popula-
tions were collected (N = 4 per group). Approximately 5000 to
55,000 microglia were collected for each tube per group.

RNA-seq and transcriptomic analysis

FACS-sorted microglia cells were flash frozen in dry ice into 300 pl
of RNAprotect cell reagent (QIAGEN). Total RNA was extracted
using RNeasy mini kit (QIAGEN). RNA samples were sent to the
Institute for Genome Sciences at University of Maryland School of
Medicine for RNA quality test and RNA-seq. The RNA quality was
analyzed using low-input Pico chip on Agilent 2100 Bioanalyzer.
Amplification of cDNA from the total RNA samples were per-
formed using Ovation RNA-seq system kit (Tecan), followed by
low input RNA-seq library preparation. RNA-seq of all libraries
was performed on Illumina HiSeq4000. The data were converted
to FastQ format.

Bioinformatics analyses were performed on the High Perfor-
mance Computing Facility taki CPU cluster at University of Mary-
land Baltimore County. Data quality was analyzed using FastQC
v0.11.8 (available at: http://bioinformatics.babraham.ac.uk/
projects/fastqc/). Ribosomal RNA were filtered using SortMeRNA
v2.1b (60). Transcript-level abundance was quantified using the
quasi-mapping—based mode in Salmon v1.0.0 (61), mapping to
GRCm38 (mm10) mouse reference genome. Transcript-level abun-
dance were aggregated to gene-level abundance using tximport (62),
and DESeq2 (63) was used for differential expression analyses. PCA
was performed using the mixOmics package (64). Tximport,
DESeq2, and mixOmics packages were run in R v3.6.1 in RStudio
v1.2. Pathway enrichment analysis were performed following the
protocols described by Reimand et al. (65). Enriched biological
pathways in each group were identified using g:Profiler (66) based
on Gene Ontology biological process database. The biological
pathway networks were built on the basis of the g:Profiler results
using Cytoscape v3.8.0 (67). SLEA was performed as previously de-
scribed at (https://genomemedicine.biomedcentral.com/articles/
10.1186/gm327). Briefly, the mean expression of 10,000 random
sets of genes the same size as the scored gene set were calculated
as used as the null distribution for each sample. The mean expres-
sion of the scored gene set was then calculated and transformed to z
score based on the null distribution (SLEA score). Gene sets were
used from the Gene Ontology Biological Process database for
phagocytosis (M16307), regulation of autophagy (M10281), and
regulation of ROS biosynthetic process (M15379). DAM/senes-
cence gene set was used from Hu et al. (68).
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Neurobehavioral testing

The following behavior tests were performed with mice and group
information blinded to the operators. To minimize stress and
fatigue, each test was performed on a different day.

Motor function

Rotarod. Locomotor function and coordination were assessed
using a rotarod as previously described (43, 69). The mouse was
placed on a rotarod device (IITC Life Science Inc.), and their
latency to falling off the accelerating rotarod was recorded. The ac-
celeration settings for the device were 4 to 40 rpm over 90 s, with
each trial lasting for a maximum of 300 s. Individual scores from
three trials were averaged and evaluated relative to their baseline
latencies.

Grip strength. Grip strength was measured using a digital grip
strength meter (Bioseb BP, In Vivo Research Instruments, France)
as previously described (43, 69). Forelimb grip strength was mea-
sured from the mouse using both the ipsilateral and contralateral
forepaws together. The mouse was held by its tail, the forelimbs
were placed on the grasping metal wire grid, and the mouse
gripped the wire grid attached to the force transducer. Once the
grip was secured, the animal was slowly pulled away from the bar.
The maximal average force exerted on the grip strength meter by
both forepaws was averaged from 10 trials per day for each mouse.

Gait dynamics. Analysis of gait and posture was performed with
the CatWalk XT automated system as mentioned in our previous
publications (Noldus) (42, 70). Acquisition of data took place in a
darkened room with red light. The CatWalk apparatus records print
position, gait postures, and weight distribution through its green il-
luminated walkway. A minimum of three valid runs, complete
crossings with no turns or scaling of sidewalls, were obtained for
each tested mouse. Runs that did not comply to the preset standards
were excluded from the final analysis. The regularity index (%) ex-
presses the number of normal step sequence patterns relative to the
total number of paw placements. The regularity index is a fractional
measure of interpaw coordination. In healthy, fully coordinated
animals, its value is 100%. Stand (in seconds) is the duration of
contact with the glass plate of the print. Stride length (in centime-
ters) is the distance (in distance units) between successive place-
ments of the same paw. Swing speed (in centimeters per second)
is the speed (in distance units per second) of the paw during
swing (swing speed = stride length / swing). The body speed (in cen-
timeters per second) of a step cycle of a specific paw is calculated by
dividing the distance that the animal's body traveled from one initial
contact of that paw to the next by the time to travel that distance.
Step cycle (in seconds) is the time between two consecutive initial
contacts of the same paw (step cycle = stand + swing).

Cognitive function

NOR task. For testing nonhippocampal-mediated memory, mice
in cohort 3 underwent NOR, as previously described (43, 71). Mice
were tested in an open field apparatus after a 5-min habituation
period on the first day. The time spent with two identical objects
was recorded using ANY-maze software (Stoelting) on the second
day of testing, and one of the familiar objects were switched out with
a novel object on the third day. Testing stopped after each mouse
went through a sum total of 30-s exploration time. Since mice
would inherently prefer to explore novel objects, a preference for
the novel object with an exploration time of more than 15 s was con-
sidered as having intact learning and memory skills.
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Y-maze test. This task was used to assess the hippocampus-de-
pendent spatial working memory of mice as previously described
(55). The Y-maze (Stoelting, Wood Dale, IL) consisted of three
identical arms: Each arm has 35 cm in length, 5 cm in width, and
10 cm in height, at an angle of 120° with respect to the other arms.
One arm was randomly selected as the “start” arm, and the mouse
was placed within and allowed to explore the maze freely for 5 min.
Arm entries (arms A to C) were recorded by analyzing mouse ac-
tivity using ANY-maze software (Stoelting). An arm entry was at-
tributed when all four paws of the mouse entered the arm, and an
alternation was designated when the mouse entered three different
arms consecutively. The percentage of alternation was calculated as
follows: total alternations x 100/(total arm entries — 2). If a mouse
scored significantly greater than 50% alternations (the chance level
for choosing the unfamiliar arm), then this was indicative of spatial
working memory.

Depressive-like behavior

SR task. SR test was performed for assessment of sociability func-
tion, as previously described (42, 55), using a three-chambered rect-
angular apparatus made of Plexiglas with each one at equal size (20
cm by 40 cm by 23 cm). An opening between the walls allows for
free access to each chamber, which contains two identical wire mesh
cup containers. Before testing, each mouse was single-housed over-
night. On the first day, the tested mice were placed in the apparatus
with two empty cups for a 10-min habituation period. On the
second day, a stranger mouse was introduced and randomly
placed inside one of the empty cups in either the left-side or
right-side chamber, while the other cup was left empty. The
tested mouse started from the middle chamber and allowed to
freely explore all three chambers for an exploration period of
10 min. Afterward, a second unfamiliar stranger was placed inside
the previously empty cup. The test subject was once again allowed to
freely explore all three chambers for a period of 10 min. Exploration
time that the subject mice spent with each cup versus stranger
mouse was recorded using ANY-maze software (Stoelting). Since
a socially functional mouse would naturally seek out unfamiliar
mice for interaction, the test subject was considered capable of SR
if index for novel mouse scored higher than 50%.

TS test. The TS test assesses depression-like behavior in mice and
is based on the observation that mice develop an immobile posture
when placed in an inescapable hemodynamic stress of being hung
by their tail. The TS was performed as previously described (57, 72).
Each mouse in cohort 3 was suspended at a height of 28 cm using
3M adhesive tape. The tip of the mouse tail was not wrapped around
the rod while being suspended. The duration of immobility was re-
corded throughout the 5-min test period. The definition of immo-
bility is passive hanging and complete motionlessness. Foam
padding (7.62 cm in depth) was placed under the beam in case
animals fall from the beam during the experiment.

FS test. FS testing is one of the most commonly used assays for the
study of depressive-like behavior in rodents and was performed as
previously described (42, 55). Mice were placed in transparent
plastic cylinder (45 cm in height by 20 cm in diameter) filled with
water (23° + 2°C; 28 cm in depth) for 6 min. The duration of im-
mobility was recorded using ANY-maze software (Stoelting).

Multiplex ELISA
Cerebellar tissue and the cortex tissue surrounding the lesion area
were excised. Tissues were loaded into tissue homogenizing tubes
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(Bertin Corp.) on ice with 200 ul of NP-40 cell lysis buffer supple-
mented with 1x Halt protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific) and then homogenized using a Fastprep
FP120 homogenizer (Thermo Savant Bio 101) at 6.5 m/s in a 4°C
cold room for 2 min, with 30 s of incubation on ice at 30-s intervals.
Lysates were transferred into 1.5-ml centrifuge tubes and spun at
13,000 rpm for 10 min at 4°C. Cleared supernatant was collected,
and protein concentration was quantified using Pierce bicincho-
ninic acid (BCA) protein assay kit (Thermo Fisher Scientific). Mul-
tiplex ELISA was performed on a Luminex FlexMAP 3D (Millipore
Sigma) using a premixed 32-plex cytokine magnetic bead panel
(MilliporeSigma) following the kit protocol. Undiluted cleared
tissue lysate (25 pl) was assayed in technical duplicates. Cytokine
concentrations were determined by interpolation to known stan-
dard curves, followed by normalization to total protein concentra-
tion. Samples below the limit of detection were set to the lowest
standard concentration. Analytes that were not within detectable
limits or showed no change after injury are not shown.

Lesion volume, neuronal counting, immunohistochemistry,
and quantification
At 14 days after injury, mice were perfused intracardially with
normal saline, followed by 4% paraformaldehyde solution. The
brain was extracted and embedded in Tissue-Tek OCT compound
(Sakura). Serial sections of 40-pm thickness were placed on Super-
frost Plus slides (Thermo Fisher Scientific). Every eighth section was
selected for analysis beginning from the foremost section. Lesion
volume was performed after staining with FD Cresyl Violet Solution
(FD NeuroTechnologies Inc., catalog no. PS102-01). Quantification
of the lesion volume was performed with the Stereoinvestigator soft-
ware (MBF Biosciences) as previously described (55). By outlining
the missing tissue on the injured hemisphere, the software was able
to estimate lesion volume with the Cavalieri method at a grid
spacing of 0.1 mm. For quantifications of neuronal cell loss post
injury, the optical fractionator method of unbiased stereology was
used in the Stereoinvestigator software as previously described (55,
57). In the dentate gyrus region of the hippocampus, every fourth
section was analyzed for a total of eight sections per mouse, begin-
ning at bregma —2.15 mm and ending at —3.39 mm. The number of
surviving neurons in each field was divided by the volume of the
region of interest to obtain the neuronal cells density expressed in
cells per cubic millimeter

For immunohistochemistry (IHC), brain slices were washed
three times with PBS, followed by blocking in 5% normal goat
serum containing 0.3% Triton X-100 in PBS for 2 hours. The
primary antibodies were added into blocking buffer and incubated
with brain sections overnight at 4°C. Sections were rinsed with PBS
three times and then incubated with secondary antibodies in block-
ing buffer for 2 hours at room temperature, followed by counter-
staining with 4',6-diamidino-2-phenylinodole (DAPI; catalog no.
MBDO0015, Sigma-Aldrich) for 10 min. After washing with PBS, sec-
tions were mounted onto glass slides with coverslips using an anti-
fade Hydromount solution (National Diagnostics). The following
primary and secondary antibodies were used: rabbit anti-Ibal
(1:1000; Wako, catalog no. 019-19741), rat anti-CD68 (1:1000; Bi-
oLegend, catalog no. 137002), Alexa Fluor 546 goat anti-rabbit im-
munoglobulin G (IgG; 1:800; Invitrogen), and Alexa Fluor 647 goat
anti-rat IgG (1:800; Invitrogen). The green channel was left blank
for imaging of AF.
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Eight sections from each mouse in Veh/TBI and PLX5622/TBI
groups were stained and imaged, and a total of N = 8 mice per group
were used in the analysis. Images were acquired using a Leica TCS
SP5 II Tunable Spectral Confocal microscope system (Leica Micro-
systems). For each section, four cortex regions in the ipsilateral side
close to the lesion core were imaged and four regions in the contra-
lateral cortex by identical imaging parameters with three times
zooming in under a 20x lens. Using the NIH Image] software
(1.53), a single view, an area of 258.84 um by 258.84 um with 512
x 512 resolution, was formed by the z-axis projection of 10 layers
covering the entire depth. The number of Ibal* cells, CD68" counts,
or autofluorescence particles was quantified automatically by the
“Analyze Particles” function in Image]J after background subtraction
and signal filtering. For each animal, the mean value of four regions
on the same side was taken into statistical analysis. The signal coloc-
alization of autofluorescence with Ibal or CD68 was confirmed by
the “Orthogonal View” function in ImageJ (43, 57). All IHC exper-
iments were performed with appropriate positive control tissue and
primary/secondary only negative controls. IHC analysis was per-
formed by an investigator blinded to experimental groups.

Postmortem human brain IHC

Human brain tissue for this study was obtained from the Depart-
ment of Pathology and Laboratory Medicine at UT Health
Science Center at Houston. Blocks of tissue were dissected from
the brains of three deceased individuals (14-year-old female, 75-
year-old male, and 97-year-old female). To be consistent with the
animal study, the somatosensory and visual cortex were chosen to
perform the microglia and autofluorescence analysis. Formalin-
fixed paraffin-embedded sections were immunostained with Ibal
antibody using tyramide signal amplification method (Biotium).
Briefly, after deparaffinization, the sections were blocked in 0.3%
hydrogen peroxide and blocking buffer (1% bovine serum
albumin with 0.5% Triton X-100 in PBS), serially, and then the sec-
tions were incubated with anti-human Ibal mouse monoclonal an-
tibody (1:200; FUJIFILM, catalog no. NCNP27). The primary
antibody was detected by horseradish peroxidase—conjugated goat
anti-mouse secondary antibody (1:200) and colorized with
CF488A tyramide dye in amplification buffer. Without autofluores-
cence elimination, the sections were coverslipped using Fluorosh-
ield with DAPI mounting solution (Sigma-Aldrich). To obtain
the representative images, the neocortex and subcortical white
matter was scanned using a Leica THUNDER Imager DMi8
under 10x lens, and the high-magnification images (63x lens)
were also taken from the same regions.

Primary microglia cell cultures

Microglial cultures were prepared from the cerebral cortices of neo-
natal (1- to 2-day-old) C57BL/6 mice, as described in prior publi-
cation (73). Briefly, cortices were dissected from neonates in chilled
ice-cold HBSS, dissociated with 0.25% trypsin-EDTA (Gibco,
catalog no. 25200-056) and evenly distributed in poly-p-lysine—pre-
coated T75 flasks. The mixed glial cells were grown in Dulbecco’s
modified Eagle's medium (DMEM)/F12 (Invitrogen, catalog no.
11320033) supplemented with 10% fetal bovine serum (Invitrogen,
catalog no. 10082147) and 1% penicillin-streptomycin (Invitrogen,
catalog no. 15140-122) at 37°C with 5% CO,. To induce microglia
growth, recombinant murine granulocyte-macrophage CSF (50 ng/
ml; Peprotech, catalog no. 315-03) was added after 48 hours of
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culture. Once the cells had grown to confluence, the flasks were
shaken at 100 rpm for 1 hour at 37°C to isolate microglia. Then,
the isolated microglia were plated in 12-well plates and 8-well
chamber slides for downstream experiments. On the day of exper-
iment, microglia were pretreated with lipopolysaccharide (100 ng/
ml; Escherichia coli O111:B4; Sigma-Aldrich, L2630) for 2 hours
before addition of neural debris from slick mice.

Preparation of feeder neurons for phagocytosis assay

On the day of experiment, transgenic SLICK mice were euthanized.
Immediately after intracardial perfusion with ice-cold normal
saline, a tissue punctum of the cerebral cortex was taken from the
brain (tissue weight, 36 mg) and mechanically dissociated on a 70-
pum cell strainer. The tissue was spun down at 1500 rpm in 4°C
before resuspension in 1 ml of RPMI 1640. For flow cytometry, a
total volume of 100 pl of the resuspended neural debris was
added to each well, with the same volume of RPMI 1640 added to
control groups. For ICC, 10 pl of the resuspended tissue soup was
added to each well. Plates were incubated at 37°C for 2 hours. After
the incubation period with neural debris, we aspirated the remain-
ing medium and rinsed all cells twice with prewarmed PBS before
downstream experiments.

Immunocytochemistry

Microglia were fixed for 20 min with 4% paraformaldehyde in 0.1 M
PBS after treatment with neural debris. The cells were rinsed with
PBS and incubated sequentially in: (i) blocking solution (PBS con-
taining 5% normal goat serum and 0.1% Triton X-100), (ii) primary
antibodies [MAP2 (1:1000; BioLegend, catalog no. 801801), myelin
CNPase (1:1000; BioLegend, catalog no. 836404), and Iba-1 (1:500;
Cell Signaling Technology, catalog n0.17198S)], (iii) PBS, (iv) sec-
ondary antibody(ies) [goat anti-mouse Alexa Fluor 546 (1:1000; In-
vitrogen, catalog no. A11030) and goat anti-rabbit Alexa Fluor 633
(1:1000; Invitrogen, catalog no. A21071)], and (v) DAPI nuclei
marker (1:1000; Sigma-Aldrich). Chamber slides were examined
with a Leica confocal microscope.

Flow cytometry of cultured microglia

The microglia were dissociated with trypsin and collected with com-
pleted DMEM. Cells were centrifuged at 1500 rpm and resuspended
in FACS buffer before being moved to 5 ml of FACS tubes for stain-
ing. Microglia cells were incubated in blocking buffer (CD16/32-
APC; 1:100; BioLegend) on ice for 10 min to block Fc receptor.
Surface antibody cocktails were prepared with CD45/PerCP-Cy5.5
(1:100; BioLegend) and CD11b/APC-Fire 750 (1:100; BioLegend)
including viability dye Zombie Aqua. Intracellular staining was per-
formed with MAP2/Alexa Fluor 594 (1:100) and myelin CNPase/
Alexa Fluor 647 (1:100).

Statistical analysis

Data from individual experiments are presented as means + SEM.
Nonparametric data were analyzed by Mann-Whitney test. One-
way analysis of variance (ANOVA) was used with Tukey's multiple
comparisons test, and group effects were determined by two-way
ANOVA analysis with Sidak's or Tukey's post hoc correction for
multiple comparisons. Behavioral data were analyzed by two-way
repeated measures ANOVA. All behavioral, histological and ex
vivo studies were performed by an investigator blinded to genotype,
treatment, and surgical condition. Statistical analysis was performed
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using GraphPad Prism software v. 9.0 (GraphPad Software, Inc., La
Jolla, CA). P < 0.05 was considered statistically significant.
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