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Traumatic brain injury (TBI) is associated with an increased risk of cognitive, psychiatric, and neurodegenerative complications that
may develop after injury. Increased microglial reactivity following TBI may underlie chronic neuroinflammation, neuropathology, and
exaggerated responses to immune challenges. Therefore, the goal of this study was to force turnover of trauma-associated microglia
that develop after diffuse TBI and determine whether this alleviated chronic inflammation, improved functional recovery and attenu-
ated reduced immune reactivity to lipopolysaccharide (LPS) challenge. Male mice received a midline fluid percussion injury (mFPI)
and 7d later were subjected to a forced microglia turnover paradigm using CSF1R antagonism (PLX5622). At 30d postinjury (dpi),
cortical gene expression, dendritic complexity, myelin content, neuronal connectivity, cognition, and immune reactivity were assessed.
Myriad neuropathology-related genes were increased 30dpi in the cortex, and 90% of these gene changes were reversed by microglial
turnover. Reduced neuronal connectivity was evident 30dpi and these deficits were attenuated by microglial turnover. TBI-associated
dendritic remodeling and myelin alterations, however, remained 30dpi independent of microglial turnover. In assessments of func-
tional recovery, increased depressive-like behavior, and cognitive impairment 30dpi were ameliorated by microglia turnover. To inves-
tigate microglial priming and reactivity 30dpi, mice were injected intraperitoneally with LPS. This immune challenge caused
prolonged lethargy, sickness behavior, and microglial reactivity in the TBI mice. These extended complications with LPS in TBI mice
were prevented by microglia turnover. Collectively, microglial turnover 7dpi alleviated behavioral and cognitive impairments associ-
ated with microglial priming and immune reactivity 30dpi.
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Significance Statement

A striking feature of traumatic brain injury (TBI), even mild injuries, is that over 70% of individuals have long-term neuropsychiat-
ric complications. Chronic inflammatory processes are implicated in the pathology of these complications and these issues can be
exaggerated by immune challenge. Therefore, our goal was to force the turnover of microglia 7 d after TBI. This subacute 7d postin-
jury (dpi) time point is a critical transitional period in the shift toward chronic inflammatory processes and microglia priming. This
forced microglia turnover intervention in mice attenuated the deficits in behavior and cognition 30dpi. Moreover, microglia pri-
ming and immune reactivity after TBI were also reduced with microglia turnover. Therefore, microglia represent therapeutic targets
after TBI to reduce persistent neuroinflammation and improve recovery.
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Introduction
Traumatic brain injury (TBI) increases the prevalence of neuro-
psychiatric illness, with 15–30% of TBI patients experiencing
cognitive decline, often comorbid with depression (Jackson et al.,
2004; Himanen et al., 2006; Fleminger, 2008; Till et al., 2008;
Silver et al., 2009; Wang et al., 2012). Furthermore, TBI correlates
with increased risk of neurodegenerative diseases including
chronic traumatic encephalopathy (CTE) and Alzheimer’s dis-
ease (Bachstetter et al., 2015; Faul and Coronado, 2015; Lifshitz
et al., 2016; Schaffert et al., 2018). In clinical studies of TBI, ele-
vated metabolic activity, white matter abnormalities, and reac-
tive microglia were detectable months after injury (Brooks
et al., 2000; Ramlackhansingh et al., 2011; Johnson et al., 2013).
Functional MRI analyses showed chronically activated microglia/
macrophages in former NFL players with a history of concussions
(Coughlin et al., 2015) and inflammation was detectable before
cognitive impairment (Coughlin et al., 2017). PET studies revealed
microglial activation in the thalamus that was associated with
lower cognitive processing speed (Ramlackhansingh et al., 2011).
Thus, it is plausible that chronic neuroinflammation andmicroglia
dysfunction underlie these complications.

Microglia interpret signals from the periphery and may
become primed after trauma (Norden et al., 2014). Following
TBI, microglia priming is evident by increased gene expression
of antigens (MHCII and CD11c), DAMPs, PAMPs (TLR2 and
TLR4), scavenging and innate immunity (CD14, CD22, CD68;
Norden et al., 2015). Primed microglia are hyper-responsive to
immune challenges including lipopolysaccharide (LPS; Norden
et al., 2015; Witcher et al., 2015). Indeed, primed microglia 30 d
postinjury (dpi) were hyper-reactive to LPS challenge resulting
in exaggerated microglial expression of IL1b , impaired cogni-
tion, and protracted sickness and depressive-like behaviors
(Fenn et al., 2014; Muccigrosso et al., 2016). Collectively, TBI-
induced microglial priming may contribute to chronic inflam-
mation and functional decline.

Chronic microglial activation and neuropsychiatric dysfunc-
tion are detected in multiple models of TBI. For example,
controlled cortical impact (CCI) elicited CD681 microglia
detectable up to one year following injury (Loane et al.,
2014). Repeated closed-head injury in mice increased Iba-11

(microglia) labeling that corresponded with deficits in hip-
pocampal-dependent learning 12–18months after injury
(Mouzon et al., 2014). Furthermore, diffuse models of TBI
lead to increased MHCII and CD68 expression, and altered
microglia morphology in the cortex and hippocampus in
mice (Fenn et al., 2014; Muccigrosso et al., 2016; Witcher
et al., 2018). Recent single-cell RNA sequencing (scRNAseq)
of the cortex 7 dpi showed unique clusters of trauma-associ-
ated microglia that were influenced by type 1 interferons
(IFNs). This IFN pathway was robustly elevated during the
subacute phase of injury (7 dpi) when there was a transition
from acute to chronic inflammation with increased primed
profiles of microglia (Witcher et al., 2021). Moreover, these
TBI-associated microglia clusters were involved in dendritic
remodeling, suppression of neuronal homeostasis, and cog-
nitive impairment (Witcher et al., 2021). Administration of
the CSF1R antagonist, PLX5622, is an established interven-
tion to eliminate microglia (Elmore et al., 2015; McKim
et al., 2018; Najafi et al., 2018; Witcher et al., 2018; Weber
et al., 2019). As such, functional and cognitive deficits associ-
ated with diffuse TBI-induced chronic inflammation have
been reversed by PLX5622-mediated elimination of micro-
glia before TBI (Witcher et al., 2018, 2021). Thus, trauma-

induced microglial priming represents an important target
for intervention.

CSF1R antagonists have been used to force microglia turn-
over (Najafi et al., 2018; O’Neil et al., 2018), in which the remain-
ing microglia self-renew following cessation of antagonism to
repopulate the brain (Huang et al., 2018; Weber et al., 2019;
Zhan et al., 2019). Forced microglial turnover in the chronic
phase of CCI attenuated inflammation, reactive microglia (Nos2)
and cognitive deterioration (Henry et al., 2020). Another CCI
study involving microglia turnover showed regenerated micro-
glia provided a reparative role in the hippocampus and were
mediated by interleukin-6 (Willis et al., 2020). Therefore, the
goal of this study was to force turnover of primed microglia that
develop after diffuse TBI using CSF1R antagonism and deter-
mine whether this alleviated chronic inflammation, enhanced
functional recovery, and attenuated immune reactivity.

Materials and Methods
Mice
Adult (six to eight weeks old) male C57BL/6 mice were purchased from
Charles River Laboratories. Mice were housed in groups of four under a
12/12 h light/dark cycle with ad libitum access to food and water.
Individual treatment groups were allotted based on body weight before
surgery and injury procedures. All procedures were performed in ac-
cordance with the NIH Guidelines for the Care and Use of Laboratory
Animals and were approved by The Ohio State University Institutional
Animal Care and Use Committee.

Midline fluid percussion injury (mFPI)
Mice received a midline diffuse TBI using a FPI apparatus (Custom
Design & Fabrication) as described previously (Fenn et al., 2014, 2015;
Rowe et al., 2016; Witcher et al., 2018). Briefly, mice were anesthetized
in an isoflurane chamber at 2–3% with a flow rate of 0.8 l/min. While
anesthetized the surgical site was shaved and mice were maintained
under anesthesia through fixation to a mouse stereotaxic (Stoelting Co,
catalog #51731) with a gas anesthesia mask attachment (Stoelting Co,
catalog #51609M). Once secured to the stereotaxic surgical sites were
prepped with alternating swaps of iodine, 70% EtOH, and iodine once
more. Mice then received a 3-mm craniectomy between the landmark
sutures bregma and l and a rigid Luer-loc needle hub was secured over
the craniectomy site. Following this procedure, mice were moved to a
heated (37°C) recovery cage and monitored until fully conscious
(upright, responsive, walking). After recovery, mice were briefly re-anes-
thetized in an isoflurane chamber at 5% (flow rate 0.8 l/min) for 2min,
removed from the induction chamber, and the Luer-loc hub was filled
with saline. The injury device was then attached to the hub and once a
positive toe-pinch response was elicited (;30 s), a 10-ms pulse of saline
(1.2 atm; 670–720mV) was imposed on the dura (Kelley et al., 2007;
Fenn et al., 2014; Lifshitz et al., 2016; Rowe et al., 2016). Immediately af-
ter injury, the hub was removed, dural integrity was confirmed, and
mice were evaluated for injury severity using the self-righting test
(Lifshitz et al., 2007; Witcher et al., 2018). Only mice with an intact dura
and mild to moderate TBI were used (e.g., 200–540 s for self-righting
time). In these studies, control mice were naive and uninjured. These na-
ive controls (i.e., no craniectomy) were selected based on the 2� 2 ex-
perimental design of the study and the endpoint of 30 dpi.

Postoperative/injury care
Mice with TBI were monitored for 1 h postinjury then allowed to
recover overnight in a heated recovery cage with accessible food and
hydrogel. The next day, mice were returned to their home cage. Based
on our experimental design, no analgesics were provided in these stud-
ies. Mice were weighed and checked for signs of lethargy (lack of move-
ment) and infection (redness and pus around the incision site) daily for
the first 7 dpi and then once every other day for the duration of the
experiments. Removal criteria included a loss of 20% of baseline body-
weight, sustained lethargy, paralysis, or surgical site infection. In the
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current experiments, no TBI-injured mice met this exclusion criteria.
Wound clips (7 mm) used to close the incision site were removed
between 10 and 14dpi.

Isolation of cells from bone marrow and spleen
Cells were isolated from bone marrow and spleen as described previ-
ously (McKim et al., 2016). Tissues were collected immediately following
CO2 asphyxiation. Spleens and femurs were collected in ice-cold PBS
and mechanically disrupted through 70-mm nylon cell strainers. To col-
lect bone marrow, the epiphyses of femurs were cut off and the marrow
was flushed onto the 70-mm strainers with ice-cold PBS before disrup-
tion. Strainers were rinsed with PBS and samples were pelleted at
600� g for 6min. Cell pellets were disrupted by vortex, washed with
PBS, and the total number of cells was determined by the addition of
counting beads (Thermo Fisher Scientific, catalog #01-1234-42) followed
by flow cytometry.

Isolation of brain myeloid cells
CD11b1 cells were isolated from whole brain homogenates as described
previously (Wohleb et al., 2011, 2013, 2014) with minor modifications.
In brief, brains were manually homogenized using Potter homogenizers
and resulting homogenates were centrifuged at 600� g for 6min.
Supernatants were removed and cell pellets were resuspended in 70%
isotonic Percoll (GE-Healthcare, catalog #45-001-747). A discontinuous
isotonic Percoll density gradient was then layered as follows: 50%, 35%,
and 0% (PBS). Samples were centrifuged for 20min at 2000� g, and cells
were collected from the interphase between the 70% and 50% Percoll
layers. These cells were referred to as enriched brain CD11b1 cells based
on previous studies demonstrating that viable cells isolated by Percoll
density gradient yields.90% CD11b1 cells (Wohleb et al., 2012).

Flow cytometry
Staining of cell surface antigens was performed as previously described
(Wohleb et al., 2012; McKim et al., 2016). In brief, Fc receptors were
blocked with anti-CD16/CD32 antibody (BD Biosciences, catalog
#553144). Cells were washed and then incubated for 15min at room tem-
perature (RT) with the appropriate antibodies for: brain myeloid cells
(CD45, BD Biosciences, catalog #550994 and CD11b, eBiosciences, catalog
#17011283), bone marrow cells (Cd11b, Ter119, BD Biosciences, catalog
#553673, B220, BD Biosciences, catalog #552772, Ly6C, BD Biosciences,
catalog #560525, Ly6G, BD Biosciences, catalog #5511460) and spleen
cells (Ter119, B220, CD3, Ly6C, Cd11b, Ly6G, BD Biosciences,
catalog #557596). Cells were washed and resuspended in PBS for
analysis. Antigen expression was determined using a modified
Becton-Dickinson FACSCalibur ninne-color three laser cytometer
(BD Biosciences). Data were analyzed using FlowJo software (ver-
sion 10.1; BD Biosciences) and positive labeling for each antibody
was determined based on isotype-stained controls. Nonspecific
binding was assessed using isotype-matched antibodies.

PLX5622-mediated elimination and repopulation of microglia
A paradigm of forced microglial turnover was used (O’Neil et al., 2018;
Henry et al., 2020) with modifications. In brief, CSF1R antagonist
PLX5622 (Plexxikon) was formulated in AIN-76A rodent chow by
Research Diets Inc. at a concentration of 1200ppm or ;1200mg/kg.
Standard AIN-76A diet was provided as control. At 7 dpi, mice received
ad libitum access to PLX5622 or vehicle diet for 7 d. This dosage
depleted over 95% of microglia in C57BL/6 mice (McKim et al., 2018;
Weber et al., 2019; Witcher et al., 2021). After 7 d of depletion, PLX5622
containing diets were removed and mice were returned to standard
rodent chow for the duration of the experiment. Mice were afforded
over twoweeks for the repopulation of PLX5622-sensitive cells (micro-
glia and tissue macrophages).

RNA extraction and NanoString gene expression analysis
At 30dpi, cortical samples were dissected, flash-frozen, homogenized
and RNA was extracted (Tri-Reagent, Sigma). RNA integrity was con-
firmed by Agilent BioAnalyzer and preamplification cycles were
determined using expression of housekeeping genes (Gapdh). Gene
expression was quantified using the NanoString neuropathology

panel with 30 added genes (760 genes; Witcher et al., 2021).
Technical normalization was performed to positive and negative
controls and data were validated using housekeeping genes (Aars,
Ccdc127, Csnk2a2, Fam104a, Lars, Mto1) based on strong correla-
tion with total counts (R2 . 0.8). Data were normalized and differ-
ential expression testing was performed using DESeq2 in R (Love et
al., 2014). In brief, EstimateSizeFactors in DESeq2 was used for nor-
malization to housekeeping genes. The DESeq design parameter
included two variables: one controlling for NanoString cartridge
and a second for experimental group (four levels: CON-Veh, CON-
Repop, TBI-Veh, TBI-Repop). Results tables were generated for
pairwise comparisons of interest (i.e., TBI-Veh vs CON-Veh; TBI-
Repop vs TBI-Veh). Genes were considered significant if p, 0.05.
Heatmap was generated using pheatmap in R with scale = “row,”
which centers and scales values by gene such that colors reflect Z-
scores rather than absolute values. Statistically significant genes
were subsequently used for Ingenuity Pathway Analysis (IPA;
QIAGEN). Gene names and fold changes were submitted to com-
pare expression patterns in our dataset to IPA’s database. IPA
results for canonical pathways (p, 0.05; composite z score. 2)
were considered significant. Upstream regulators were further fil-
tered for activation z scores (positive or negative) that were associ-
ated with either increased or decreased signaling.

Iba-1 and MBP immunofluorescence
Mice were transcardially perfused with PBS followed by 4% paraformal-
dehyde (PFA). Brains were removed, postfixed, and dehydrated in
30% sucrose. Cortical sections (30 mm) were collected, blocked
(0.1% Triton X-100, 5% BSA, and 5% NDS) and incubated with pri-
mary antibodies for either anti-Iba1 (rabbit anti-Iba1, 1:1000, Wako
catalog #019-19471, RRID:AB_2665520) or anti-MBP (rabbit anti-
MBP, 1:500, ThermoFisher catalog #Mm01266402_m1). Next, sec-
tions were washed and incubated with a fluorochrome-conjugated
secondary antibody (donkey anti-rabbit; Alexa Fluor 488/594/647;
Invitrogen catalog #A-21 206/R37119/A-31573). Fluorescent label-
ing was visualized and imaged using an EVOS FL Auto 2 imaging
system (Thermo Fisher Scientific). To determine percent area of
Iba11 labeling, single-channel images were converted to eight-bit
TIFF format and constant thresholds were used to quantify posi-
tively labeled pixels (ImageJ software). To determine the percent of
MBP1 myelinated cortex (van Tilborg et al., 2017) the area of Mbp1

labeling in the cortex was traced and divided from the total area of
the image � 100. Values from four to six images per mouse were
averaged and used to calculate group averages and variance for each
injury or treatment group. IHC data were analyzed by an investiga-
tor blinded to treatment groups.

Compound action potential (CAP) recording
CAPs in the corpus callosum were recorded in ex vivo slice preparations
as described previously (Witcher et al., 2021). In brief, coronal brain sec-
tions (400mm) were collected and transferred to chambers containing ar-
tificial CSF (aCSF), allowed to incubate at 37°C for 30min, then RT for
1 h. A gravity perfusion system was used for solution exchange (2–3 ml/
min) with oxygenated aCSF in a submerged chamber at RT. Borosilicate
glass electrodes filled with aCSF (1.5–3 MV) were positioned ;1.5 mm
apart to record electrically stimulated CAPs. Stimulation intensities (0–
2mA, 21 steps, 200 mS, every 5 s) were applied to create intensity-response
plots. Data were digitized using an Axopatch 200B amplifier, Digidata
1440A, and pClamp 10.6 software (Molecular Devices), and Clampfit 10.6
software. Peak values from three sections per mouse were averaged to gen-
erate N1 and N2 values used to calculate group means and error. Area
under the curve (AUC) was calculated to synthesize evoked stimulus
recordings into a single metric. CAP recording data were analyzed by an
investigator blinded to treatment groups.

DiI staining and dendritic spine analysis
To assess neuronal plasticity, cortical dendritic spine density and mor-
phology were determined as described previously (Erion et al., 2014;
Hao et al., 2016). In brief, coronal brain sections (1 mm) were collected

Bray et al. · Microglial Turnover Improves Recovery after TBI J. Neurosci., May 18, 2022 • 42(20):4215–4228 • 4217

https://scicrunch.org/resolver/AB_2665520


using a rodent brain matrix and fixed in 4% PFA for 1 h. Sections were
washed and 19dioctadecyl-3,3,393-tetramethlindocarbocyanine perchlo-
rate (DiI) crystals were applied for 48–72 h at RT then were washed,
mounted, and coverslipped. For analysis, a series of z-stacks were taken
from cortical Layer IV/V using a Leica SP8 confocal microscope (Leica
Biosystems). Neuronal morphology was assessed with Imaris software
7.0 (Bitplane, Oxford Instrument Company). Dendritic spine counts
were calculated from 3D construction using semi-automatic filament
tracing.

Cognitive and depressive-like behavior
To assess cognitive function following TBI, novel object location (NOL)
and novel object recognition (NOR) were determined as previously
described (Witcher et al., 2021). These tests involved four 10-min phases
each separated by 24 h: habituation (no objects), acclimation (two
objects), location (two objects, one new location), and recognition (two
objects, with one new object). Discrimination index in the location and
recognition trials was determined [(timenovel – timefamiliar)/timetotal] �
100 (Denninger et al., 2018). To measure depressive-like behavior
30dpi, tail suspension test (TST) was performed as described previously
(Corona et al., 2013; Fenn et al., 2014). In brief, mice were suspended by
their tail in a 32� 33� 33 cm box and the duration of immobility was
determined over a 5-min period. Trials for each behavior were video-
taped and analyzed by an investigator blinded to treatment groups.

LPS challenge and behavior
Mice were injected (intraperitoneally) 30 dpi with saline or LPS
(0.5mg/kg; serotype 0127:B8; Sigma-Aldrich). Unmotivated locomotor
and motivated social interaction were assessed 24 h following saline or
LPS injection to evaluate sickness behavior. Activity was measured in
separate, 5min trials in an open field apparatus (40� 40� 25 cm;
Omnitech Electronics), in which a novel juvenile mouse was added to
the apparatus for the social exploration trial. All video trials of locomo-
tive behavior (moving around the cage, grooming) and social interac-
tion (anogenital sniffing, trailing) were analyzed by an investigator
blinded to treatment groups.

RNA extraction and qPCR
A coronal brain section (1 mm) was collected using a brain matrix
and RNA was extracted using the TriReagent protocol (Sigma-Aldrich),
normalized by concentration, and reverse-transcribed to cDNA. The
Applied Biosystems Taqman Gene Expression assay-on-demand proto-
col and recommended probes for each gene of interest was used for
quantitative real-time PCR. Target gene (Ccl2, Mm00441242_m1; Il1b ,
Mm00434228_m1; Tlr4, Mm00445273_m1) and reference gene (Gapdh,
Mm99999915_g1) expression was determined using a QuantStudio 5
(Thermo Fisher Scientific) and data were analyzed using the compara-
tive threshold method (DDCt) with data expressed as fold change from
control.

Statistical analysis
GraphPad Prism software was used for ANOVA of histologic, behav-
ioral, and electrophysiological data. One-way, two-way, three-way or
repeated-measures ANOVA was used to determine main effects and
interactions between factors. Bonferroni’s test for multiple comparisons
was used for post hoc analysis when main effects and/or interactions
were determined. a priori comparisons were determined by Student’s t
test; p, 0.05 was considered significant.

Results
PLX5622-mediated elimination and repopulation of myeloid
cells
The goal of this study was to force turnover of “trauma-associ-
ated” or primed microglia that develop after diffuse TBI
(Witcher et al., 2018, 2021) and determine whether this allevi-
ated chronic inflammation, enhanced functional recovery and
attenuated immune reactivity 30 dpi. This forced turnover ex-
perimental design (Fig. 1D) is similar to approaches published

previously in murine models of aging (O’Neil et al., 2018;
Najafi et al., 2018) and psychological stress (Weber et al.,
2019). As originally described (Elmore et al., 2014, 2015), this
CSF1R antagonist causes significant elimination of microglia
of C57BL/6 mice by 7 d (McKim et al., 2018; Witcher et al.,
2018, 2020). Moreover, cessation of PLX5622 leads to the self-
renewal of microglia within days (Huang et al., 2018; Zhan et
al., 2019) and these microglia fully repopulate within 21 d
(Elmore et al., 2015; Najafi et al., 2018; Weber et al., 2019).
Hence, this process of elimination and repopulation of micro-
glia is termed forced turnover.

For initial controls, we first confirmed that oral administra-
tion of PLX566 (1200 ppm) significantly reduced the number of
microglia based on cell surface expression of CD11b and CD45.
Figure 1B,C shows that the 7-d administration of PLX5622
resulted in over 97% reduction in the percentage of CD11b1/
CD45lo microglia in the brain (p, 0.0001). Next, we forced
microglial turnover after TBI, starting at 7 dpi and ending 30dpi
(Fig. 1D). Iba-1 histology was used to assess elimination at 14 dpi
(7 d of PLX) and repopulation at 30dpi (16 d after PLX cessa-
tion). Figure 1E,F shows that this PLX5622 protocol was efficient
in the elimination of microglia based on the robust reduction in
Iba-1 expression in the cortex (Iba-11 % area). These data paral-
lel the cell surface expression of CD11b and CD45 shown in
Figure 1B,C. In addition, Figure 1E,G shows subsequent repopu-
lation of microglia in the cortex by 30dpi (Iba-11 % area).
Notably, the TBI-Veh group had the highest percentage of Iba-
11 area in the cortex 30 dpi, compared with all other groups
(p, 0.05).

It is important to note that PLX5622 can affect a percentage
of peripheral myeloid cells, mostly CSF1R1 tissue macrophages
(Lee et al., 2018; Lei et al., 2020). Thus, we assessed the percent-
age of immune cells in the bone marrow and spleen with this
forced turnover protocol at the 30d end point. TBI groups were
not included in this experiment. For the bone marrow analyses
(Fig. 1H,I), there were no difference the cell percentages of
monocytes (Ter119–, Cd11b1, Ly6C1, Ly6G–), granulocytes
(Ter119–, Cd11b1, Ly6C1, Ly6G1), B-cells (Ter119–, Cd11b–,
B2201), or other lymphocytes (Ter119–, Cd11b–, B220–) between
vehicle and PLX-Repop groups. The same results were appa-
rent in the spleen (Fig. 1J,K). There were no differences in the
cell percentages of monocytes (Ter119–, Cd11b1, Ly6C1,
Ly6G–), granulocytes (Ter119–, Cd11b1, Ly6C1, Ly6G1), B-
cells (Ter119–, Cd11b–, B2201), or T-cells (Ter119–, Cd11b–,
CD31) between vehicle and PLX-Repop groups. While it is
possible that myeloid cells in the periphery were affected by
PLX elimination, they were at baseline numbers with the cessa-
tion of PLX at 30 d. Last, it is important to note that peripheral
myeloid cells, such as monocytes, are turned over naturally by
the immune system (e.g., bone marrow or self-renewal) at a sig-
nificantly higher rate compared with microglia.

Forced microglial turnover attenuated persistent
neuropathology-related mRNA expression in the cortex
30 dpi
We recently reported that microglia depletion before TBI ablated
cortical inflammation (Witcher et al., 2021). The subacute phase
of inflammation (7 dpi) was characterized by increased IFN
responses and evidence of microglial priming (Witcher et al.,
2021). Thus, we aimed to use a forced microglia turnover design
to target the “primed” or “trauma associated” microglia that de-
velop following diffuse TBI. Moreover, we aimed to determine
whether this forced turnover after TBI prevented chronic
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Figure 1. PLX5622-mediated elimination and repopulation of brain myeloid cells. A, Adult male C57BL/6 mice were provided diets formulated with either vehicle or a
CSF1R antagonist (PLX5622; PLX) at for 7d. Brain myeloid cells were enriched by Percoll isolation, and the percentage of microglia were determined in the brain (n = 3). B,
Representative bivariate dot plots of CD11b/CD45 labeling of Percoll-enriched cells. C, Number of microglia (CD11b1/CD45low) in the brain, normalized to control counting
beads. D, Adult male C57BL/6 mice were subjected to mFPI (TBI) or left as uninjured controls (CON). At 7 dpi, mice were provided diets formulated with either vehicle or a
CSF1R antagonist (PLX5622; PLX) for 7 d and then returned to standard chow 14 dpi. At 30 dpi (16 d of microglia repopulation), microglial histology (Iba-11 labeling) was
determined. E, Representative images of Iba-11 labeling in the cortex 14 dpi (PLX-Depletion) and 30 dpi (PLX-Repop). Percent area of Iba-11 microglia (F) 14 dpi and (G)
30 dpi (n = 6). In a parallel experiment using this design, the percentage of cells in the bone marrow and spleen were determined at the 30-d endpoint (16 d of repopula-
tion). H, Representative bivariate dot plots of Ly6C/Ly6G labeling of Terr119–/Cd11b1 cells isolated from the bone marrow after 16 d of repopulation. I, Percentage of mono-
cytes, granulocytes, B-cells, and other lymphocytes in the bone marrow after 14 d of repopulation (n = 6). J, Representative bivariate dot plots of Ly6C/Ly6G labeling of
Ter119–/Cd11b1 cells isolated from the spleen after 16 d of repopulation. K, Percentage of monocytes, granulocytes, B-cells, and T-cells in the spleen after 16 d of repopula-
tion (n = 6). Bars represent the mean 6 SEM. Means with * are significantly different from control (p, 0.05).
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microglia-mediated inflammation and improved functional
recovery.

To address these objectives, we forced microglial turnover af-
ter TBI starting at 7 dpi and ending 14dpi, with repopulation
until 30dpi (Fig. 2A). Cortical neuropathology was assessed
30dpi using a NanoString neuropathology panel (Fig. 2B–E).
There were 53 genes related to neuropathology and inflamma-
tion that were differentially expressed in the cortex 30 dpi (padj ,
0.05). Of these, 44 genes were increased, and 9 genes were
decreased in the cortex 30 dpi (relative z score, padj , 0.05; Fig.
2B). TBI-induced increases in pro-inflammatory genes including
C1qc, Tlr2, Mecp2, Cybb, and S100b were reversed by forced
microglial turnover (padj , 0.05; Fig. 2B). Several astrocytic
associated genes, including Aqp4 and Gfap and were increased
30dpi and restored by microglial turnover (padj , 0.05; Fig. 2B).
Furthermore, genes associated with excitatory glutamatergic trans-
mission (Gria1, Gria2a, Gria2d, Slc17a6), neurodegenerative

conditions including dementia (Sncb), epilepsy (Cntnap2, Scn1a),
and serotonin deficiency associated with psychological disorders
(Ddc) were increased 30dpi and reversed with microglial turnover
(padj, 0.05; Fig. 2B).

Next, each differentially expressed gene was examined using
the Barres laboratory’s Brain RNAseq search engine (www.
brainrnaseq.org). This search engine provided additional infor-
mation to which CNS cell primarily expressed the genes of inter-
est. Figure 2C shows that 48 genes induced by TBI were reversed
by forced turnover and five genes (Igfr1, Fas, Arrb2, Clec7a, Slca10)
were unaffected by turnover. The 48 differentially expressed genes
after TBI were associated with microglia, astrocytes, neurons, and
endothelia. Moreover, the majority of genes increased 30dpi and
reversed by forced turnover were associated with neurons (Gria1,
Gria2a, Gria2d, Slc17a6, Nts, Negr1, Sncb, Cck). Overall, the turn-
over of microglia after TBI influenced the mRNA profile of several
cell types including microglia, astrocytes, and neurons.

Figure 2. Forced microglial turnover attenuated persistent neuropathology-related mRNA expression in the cortex 30 dpi. A, Adult male C57BL/6 mice were subjected to mFPI (TBI) or left as
uninjured controls (CON). At 7 dpi, mice were provided diets formulated with either vehicle or a CSF1R antagonist (PLX5622; PLX) for 7d and then returned to standard chow 14 dpi. At 30 dpi
(16 d of microglia repopulation), cortical mRNA expression (NanoString neuropathology panel) in the cortex was determined (n= 6). B, Heatmap shows the relative z score of mRNA that was
differentially expressed by TB1 and influenced by PLX-Repop. Means with * are significantly different from CON-Veh (p, 0.05) and means with ª are significantly different from both CON-Veh
and TB1-Veh (p, 0.05). C, Pie chart represents genes unaffected (5 genes) or restored (48 genes) following microglial turnover after TBI. Select genes are shown and annotated if the gene is
predominately expressed by a primary cell-type (Brain RNAseq, www.brainrnaseq.org). IPA of (D) significant upstream regulators (composite z score, p, 0.05) and (E) significant canonical
pathways (activation z score, p, 0.05) of the differentially expressed genes based on their respective z score are shown.
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IPA of upstream regulators (p, 0.05; composite z score. 2)
indicated gene expression patterns post-TBI consistent with cyto-
kine and IFN signaling (Stat3), growth factors (Igf, Pdgf), homeo-
stasis (Hif1a, Lep), metabolism (Hbb-b1/2), and cAMP signaling
(CREB; Fig. 2D). Canonical pathways (p, 0.05; activation z
score. 2) associated with neuroinflammation, synaptogenesis
and calcium signaling were increased in the cortex 30dpi (Fig.
2E). Collectively, the neuropathological mRNA profile in the cor-
tex 30dpi was reversed by the forced turnover of microglia.

Forced turnover of microglia attenuated deficits in neuronal
connectivity 30 dpi
Our previous transcriptome profiling studies indicated that
microglia mediate chronic inflammation (30 dpi) and neuro-
nal pathology after diffuse TBI (Witcher et al., 2018, 2021).
Furthermore, increased dendritic remodeling in the cortex
7 dpi and impaired neuronal connectivity 30 dpi were
blocked by microglial ablation (PLX5622 mediated) before
TBI (Witcher et al., 2021). Here, the influence of TBI and
forced microglial turnover on dendritic complexity (dendri-
tic volume, area, and spine density), neuronal connectivity,
and myelin basic protein (MBP) content were assessed 30 dpi
(Fig. 3A). Figure 3B shows representative DiI1 labeling of
cortical dendrites. Spine volume (F(1,52) = 5.2, p, 0.04; Fig.
3C) and spine area (F(1,52) = 6.5, p, 0.02; Fig. 3D) were
increased by TBI 30 dpi. These increases in spine volume
and area, however, were unaffected by microglial turnover.
Dendritic spine density was also unaffected by TBI and micro-
glia turnover 30 dpi (Fig. 3E). Thus, the persistent alterations
in dendritic morphology 30 dpi in the cortex were not influ-
enced by the forced turnover of microglia.

Because diffuse TBI impacts axons that project throughout
the cortical layers and into the corpus callosum (Ramos et al.,
2008), we examined whether microglial turnover restored
neuronal connectivity 30 dpi. Here, CAPs were stimulated and
recorded from the corpus callosum of ex vivo brain slices (Fig.
3A). Representative tracings show distinct N1 and N2 changes
of the action potential between CON-Veh and TBI-Veh mice
30 dpi (Fig. 3F). N1 represents fast-conducting fibers (large,
myelinated) and N2 represents slow-conducting fibers (small,
unmyelinated). The N1 and N2 components of the action
potential are shown at 30 dpi (Fig. 3G–K).

Figure 3G shows that the N1 component of CAPwas influenced
by TBI (F(1,16) = 4.4, p, 0.03), Repopulation (F(1,16) = 83.3,
p, 0.001), and an interaction between TBI � Repopulation
(F(1,16) = 2.9, p, 0.04). These interactions were evident in the AUC
analysis of the N1 amplitude (Fig. 3I). Post hoc analysis shows that
the N1 amplitude in the AUC was increased in the CON-Repop
group compared with the CON-Veh group (p, 0.0001; Fig. 2I).
Moreover, the N1 amplitude in the AUC was reduced in the TBI-
Veh group compared with all other groups (p, 0.03) including
the TBI-Repop group (p, 0.001; Fig. 3I). Thus, the N1 amplitude
was reduced by TBI 30dpi and increased by the repopulation of
microglia.

Figure 3H shows that the N2 component of CAP was influ-
enced by TBI (F(1,16) = 5.2, p, 0.04). These differences were evi-
dent in the AUC analysis of the N2 amplitude (Fig. 3J). Post hoc
analyses confirmed that the N2 amplitude was decreased in TBI-
Veh mice compared with all other treatment groups (p, 0.0004)
including the CON-Veh group (p, 0.003; Fig. 3J). The N2 val-
ues were not different between the CON-Veh, CON-Repop, and
TBI-Repop treatment groups. Collectively, there were reductions

in CAPs in both the N1 and N2 fibers 30 dpi that were no longer
detected after the forced turnover of microglia.

Alterations in myelin and corresponding white matter dam-
age are other issues related to brain injury that may adversely
affect neuronal plasticity and connectivity (Marion et al., 2018).
To assess potential differences in white matter, MBP labeling was
determined in the cortex 30 dpi (van Tilborg et al., 2017). The
proportion of MBP1 labeling in the cortex was increased 30dpi
(F(1,23) = 5.840, p, 0.03; Fig. 2K,L). While there was a main
effect of TBI on increased MBP1 labeling in the cortex, this was
unaffected by microglia turnover. Overall, forced turnover of
microglia improved TBI-associated deficits in neuroconnectivity
(N1 and N2 components of action potential) that were inde-
pendent of dendritic remodeling or MBP content in the cortex.

Cognitive deficits and depressive-like behavior 30 dpi were
ameliorated by microglial turnover
Depressive-like behavior and cognitive decline are two impair-
ments that influence functional recovery after TBI. For instance,
cognitive dysfunction after diffuse TBI in mice was evident in
the Barnes maze, NOL, and NOR tasks 30 dpi (Muccigrosso et
al., 2016; Witcher et al., 2021). Thus, we sought to determine
whether microglial turnover improved behavioral and cognitive
recovery 30 dpi (Fig. 4A). Mice were injured or left as controls
and were subjected to the turnover protocol at 7 dpi.

In the first experiment, depressive-like behavior was assessed
by the TST 30 dpi (Fig. 4B). There was a main effect of TBI on
time spent immobile (F(1,40) = 15.7, p, 0.0004). This TBI-associ-
ated immobility was dependent on microglial turnover (interac-
tion, F(1,40) = 5.9, p, 0.03). Post hoc analysis confirmed that the
TBI-Veh group spent the most time immobile (p, 0.05; Fig.
4B). Time spent immobile was not different between the
CON-Veh, CON-Repop, and TBI-Repop treatment groups.
Collectively, depressive-like behavior 30 dpi was attenuated by
the forced turnover of microglia.

In a second experiment, cortical and hippocampal function
were assessed using the NOL and NOR memory tasks (Antunes
and Biala, 2012; Denninger et al., 2018; Witcher et al., 2021). In the
same mice, NOL was assessed 30dpi and then NOR was assessed
1 d later (i.e., 31dpi). The first phase of the test examined location
and the second phase examined recognition recall. There were no
significant differences in total time spent exploring the objects
between the four experimental groups during either task (Fig. 4C,
F). NOL was influenced by TBI and forced microglial turnover
(interaction, F(1,44) = 12.69, p, 0.001). Post hoc analysis confirmed
that TBI-Veh mice investigated the object in the novel location for
less time compared with all other groups, including the TBI-PLX-
Repop mice (p, 0.0003; Fig. 4D). These interactions were also evi-
dent in the discrimination index for NOL, as TBI-Veh mice spent
more time with the object in the familiar location compared with all
other groups (p, 0.0003; Fig. 4E).

Similar to NOL, there was also an interaction between TBI
and forced microglial turnover for recognition of a novel object
(interaction, F(1,37) = 24.37, p, 0.0001). Post hoc analysis con-
firmed that TBI-Veh mice investigated the novel object for less
time compared with all other groups (p, 0.0001; Fig. 4G). TBI-
Veh mice also had a diminished discrimination index for the
novel object compared with all other groups (p, 0.0001; Fig.
4H). TBI-PLX-Repop mice did not have reductions in either
time spent investigating the novel object or discrimination index.
Collectively, the cognitive impairment in NOL/NOR evident
30 dpi was attenuated by forced microglial turnover.

Bray et al. · Microglial Turnover Improves Recovery after TBI J. Neurosci., May 18, 2022 • 42(20):4215–4228 • 4221



Immune reactivity 30 dpi was reduced by forced turnover of
microglia
One functional consequence of microglia priming after TBI is
immune reactivity to peripheral immune challenge. For example,
we previously reported that immune challenge with LPS 30 dpi
caused an exaggerated inflammatory cytokine response in the

brain, associated with prolonged sickness behavior and cognitive
impairment (Fenn et al., 2014; Muccigrosso et al., 2016). Thus,
we examined whether forced turnover of microglia attenuated
the increased immune reactivity of TBI mice to LPS challenge.
Mice were injured or left as controls and were subjected to
the turnover protocol at 7 dpi. At 30 dpi, mice were injected

Figure 3. Forced turnover of microglia attenuated deficits in neuronal connectivity 30 dpi. A, Adult male C57BL/6 mice were subjected to mFPI (TBI) or left as uninjured controls (CON). At
7 dpi, mice were provided diets formulated with either vehicle or a CSF1R antagonist (PLX5622) for 7 d and then returned to their standard rodent chow at 14 dpi. At 30 dpi (16 d of microglia
repopulation), mice were killed, and tissues were collected for analysis of dendritic spines, MBP, or CAPs. B, Representative cortical images of DiI1 dendrites 30 dpi from each treatment group
are shown (n= 6). Bar graphs represent (C) dendritic spine volume, (D) dendritic spine area, and (E) dendritic spine density. F, CAPs were stimulated and measured from ex vivo preparation of
the corpus callosum (n= 4) and representative N1 and N2 tracings of CAP from control and TB1 mice 30 dpi are shown. Graphs represent average recording amplitude across a range of stimu-
lus intensities for (G) N1 and (H) N2. AUC determined for the (I) N1 and J) N2 amplitudes. K, Representative cortical images of MBP1 labeling 30 dpi from each treatment group (n= 6). L,
Percent MBP1 labeling in cortical sections. Graphs represent mean6 SEM. Means with * are significantly different from CON-Veh (p, 0.05) and means with † are significantly different from
both CON-Veh and PLX-Repop (p, 0.05).
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intraperitoneally with saline or LPS and several behavioral and
biochemical parameters were assessed (Fig. 5A).

In the assessment of lethargy, locomotor activity was reduced
by LPS at each time point (F(1,63) = 77.8, p, 0.0001; Fig. 5B).
There was no effect of the repopulation of microglia in the con-
trol, uninjured groups, on locomotor activity. For instance, the
control mice (CON-Veh-Saline, CON-Repop-Saline) had the
same baseline locomotion during the testing that was independ-
ent of microglial turnover. Post hoc analyses indicate TBI-Veh-
LPS mice had reduced locomotor activity compared with all
groups at 12 h (p, 0.05) and 24 h post-LPS (p, 0.0001; Fig. 4B,
C). Both TBI-Repop-LPS and CON-Veh-LPS groups returned to
baseline activity by 12 h after LPS, so only the TBI-Veh-LPS
mice had extended lethargy after LPS injection.

In the motivation to engage in social behavior with a juvenile
(i.e., social exploratory behavior), there was an LPS-dependent
reduction at 4 h (F(1,63) = 29.6, p, 0.001), 8 h (F(1,63) = 24.0,
p, 0.001), and 12 h (F(1,62) = 9.13, p, 0.004; Fig. 5D). Again,
there was no effect of the repopulation of microglia in the con-
trol, uninjured groups, on social exploratory behavior. For exam-
ple, the control mice (CON-Veh-Saline and CON-Repop-Saline)
had the same baseline social interaction during the testing that
was independent of turnover. Post hoc analysis confirmed that
TBI-Veh-LPS mice had reduced social exploratory behavior
compared with all other groups 24 h post-LPS (p, 0.02; Fig.

5E). TBI-PLX-Repop mice returned to baseline social explora-
tory behavior by 24 h and were at the same levels as CON-Veh-
LPS mice. Taken together, only the TBI-Veh-LPS mice had
prolonged lethargy and social withdrawal after LPS challenge,
these behavioral deficits were not present in control mice or TBI
mice that had the intervention of forced microglial turnover.

One functional aspect of microglial reactivity is prolonged
expression of cytokines and chemokines in the brain after LPS
challenge (Norden et al., 2015). The resolution of the neuroin-
flammatory response to LPS (0.5mg/kg, i.p.) in adult heathy
C57BL/6 mice is between 24–72 h (Wynne et al., 2009; Witcher
et al., 2015; O’Neil et al., 2018). The cortex is a brain region in
which long-term alterations in glial profiles were detected after
diffuse TBI caused by mFPI (Fenn et al., 2014; Witcher et al.,
2021). Thus, mRNA expression of several inflammatory related
genes, Ccl2, Il1b, Tlr4, was determined from coronal brain sec-
tions collected through the cortex at 24 and 72 h post-LPS (Fig.
5F) At 24 h after LPS, was an LPS-dependent increase in mRNA
levels of Ccl2, Il1b, and Tlr4 (F(1,39) = 16.7, p, 0.001, for each).
At 24 h, however, these genes were not influenced by either TBI
or forced turnover.

Figure 4F also shows that there was still an effect of LPS at
72 h on mRNA levels of Ccl2, Il1b, and Tlr4 (F(1,64) = 14.3,
p, 0.001, for each). For Il1b, only the TBI-Veh-LPS group
was significantly different (p, 0.05) from controls (Con-Veh-

Figure 4. Cognitive deficits and depressive-like behavior 30 dpi were ameliorated by microglial turnover. A, Adult male C57BL/6 mice were subjected to mFPI (TBI) or left as uninjured con-
trols. At 7 dpi, mice were provided diets formulated with either vehicle or a CSF1R antagonist (PLX5622) for 7 d, and then returned to standard rodent chow at 14 dpi. At 30–31 dpi (16 d of
microglia repopulation), depressive-like behavior (n= 9) and cognition (n= 12) were assessed. B, Percentage of time immobile in the TST at 30 dpi. In a separate cohort, mice were used in
the NOL and NOR tests. For NOL at 30 dpi, (C) time spent exploring the arena, (D) percentage of time spent investigating the object location, and (E) discrimination index for the object location
were determined. For NOR at 31 dpi, (F) time spent exploring the arena, (G) percent of time spent investigating the novel object, and (H) discrimination index for the novel object were deter-
mined. Graphs represent mean6 SEM. Means with * are significantly different from CON-Veh (p, 0.05).
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Figure 5. Immune reactivity 30 dpi was reduced by forced turnover of microglia. A, Adult male C57BL/6 mice were subjected to mFPI (TBI) or left as uninjured controls.
At 7 dpi, mice were provided diets formulated with either vehicle or a CSF1R antagonist (PLX5622) for 7d, and then returned to their standard rodent chow at 14 dpi. At
30 dpi (16 d of microglia repopulation), mice received an intraperitoneal injection of either saline or LPS (0.5 mg/kg) and locomotor activity and social exploratory behav-
ior were assessed 0, 4, 8, 12, and 24 h later (n = 9). At 24 (n = 6) and 72 h (n = 8) after LPS, a coronal section was collected for mRNA analyses. B, Time spent mobile in
the open field over the 24-h time course. C, Time spent mobile in the open field at 24 h postinjection. D, Social exploratory behavior with a novel juvenile over the 24-h
time course postinjection. E, Social behavior with a novel juvenile at 24 h postinjection. F, mRNA levels of Ccl2, Il1b, and Tlr4 were determined in a coronal brain section
24 and 72 h postinjection. G, Representative images of Iba-11 labeling in the cortex 72 h postinjection. H, Percent area of Iba-11 microglia labeling in the cortex
(n = 5). Bars represent mean 6 SEM. Means with * are significantly different from CON-Veh (p, 0.05) and means with † are significantly different from both CON-Veh
and PLX-Repop (p, 0.05).
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Saline). For Tlr4 mRNA at 72 h, the effect of LPS (p, 0.04)
tended to be influenced by microglia turnover (F(1,64) = 2.3,
p=0.10). Post hoc analysis indicates that the TBI-Veh-LPS group
had the highest expression of Tlr4 mRNA (p, 0.05) compared
with all other groups including TBI-Repop-LPS and Con-Veh
LPS groups at 72 h. Thus, there was prolonged (72 h) mRNA
expression of Tlr4 and Il1b in the cortex of TBI-Veh-LPS mice
that was not present in either control LPS mice or TBI-LPS mice
subjected to forced microglial turnover.

Another functional aspect of microglial reactivity is pro-
nounced microglia restructuring after LPS injection (Fenn et al.,
2014; Norden et al., 2015; Witcher et al., 2015). Therefore, Iba-
11 labeling in the cortex was determined 72 h after LPS (Fig.
5G). The percent area of Iba-11 microglia in the cortex was
increased by TBI (F(1,40) = 30.83, p, 0.001; Fig. 5H). Moreover,
the TBI-Veh-LPS mice had the highest Iba-11 percent area label-
ing in the cortex compared with all other groups (p, 0.003; Fig.
5H). Furthermore, Iba-11 labeling in TBI-Repop-LPS mice was
reduced compared with TBI-Veh-LPS mice. Collectively, pro-
longed sickness behavior and increased microglial reactivity in
TBI mice after LPS injection that was attenuated by the forced
turnover of microglia.

Discussion
We aimed to determine whether forced microglial turnover 7dpi
improved recovery and reduced microglial priming 30dpi.
Evidence is provided that microglial turnover (7d of PLX elimina-
tion, 16d of repopulation; Fig. 2A) subacutely following diffuse TBI
attenuated neuropathology associated mRNA expression in the cor-
tex. Microglial turnover also reduced impaired neuronal connectiv-
ity and attenuated cognitive and behavioral complications 30dpi.
Furthermore, we show novel data that immune hyper-reactivity
to LPS challenge 30dpi was reduced with microglial turnover.
Collectively, postinjury turnover of microglia mitigated functional
deficits associated with diffuse TBI.

A key finding in this study was that microglia turnover
reduced cortical neuropathology-associated mRNA profiles
30 dpi. mFPI causes diffuse axonal injury and inflammation
throughout the neocortex, hippocampus, and thalamus
(Bachstetter et al., 2013; Hylin et al., 2013). We selected
7 dpi to start turnover based on a robust IFN response and
microglia priming in the cortex at this time (Witcher et al.,
2021). This post-TBI turnover of microglia 7 dpi is an origi-
nal design. Activation of IFN are relevant to neurotrauma
(Abdullah et al., 2018; Sen et al., 2020; Todd et al., 2021)
and promote “priming” of macrophages and microglia
(Drokhlyansky et al., 2017; van der Poel et al., 2019) associ-
ated with increased mobilization, antigen processing and pre-
sentation, and debris clearance (Rawji et al., 2016). Here, there
were 53 differentially expressed neuropathology genes in the
cortex 30 dpi and a majority were restored by microglial turn-
over. Restored genes were primarily expressed by neurons
(Cck, Gria1, Nts, Slc17a6) and astrocytes (Aqp4, Gja1, Gfap).
Our interpretation is forced turnover of “trauma-associated
microglia” containing robust IFN-related and priming associ-
ated mRNA profiles (Witcher et al., 2021) was critical for
neuropathological resolution 30 dpi. These data expand our
previous work showing that microglia elimination before TBI
reduced inflammation and improved functional recovery
(Witcher et al., 2021). Furthermore, these data are consistent
with studies showing that microglial turnover in the chronic
phase (30 dpi) of CCI, a penetrating brain injury, attenuated

NOX2 and NLPR3 signaling (Henry et al., 2020). Another
CCI study showed that microglia repopulation increased rep-
arative profiles of microglia in the hippocampus (Willis
et al., 2020). Here, specific microglia profiles were not
determined, and the neuropathology panel was not focused
on growth or repair-related genes. Thus, this warrants
future studies. Collectively, post-TBI turnover of microglia
improved the cortical microenvironment 30 dpi.

Related to the points above, our data with forced microglia
turnover are unique in that mFPI was used to elicit a diffuse con-
cussive injury, relevant to over 85% of clinical TBI (McKee and
Daneshvar, 2015; Rowe et al., 2016). While penetrating TBI is
relevant, it induces tissue cavitation, cell loss, and there is a ro-
bust contribution of peripheral leukocytes. Notably, mFPI does
not have this extent of tissue damage or long-term infiltration of
peripheral immune cells (Fenn et al., 2014; Witcher et al., 2018).
Overall, demonstrating that microglial turnover-based interven-
tions are effective in multiple types of TBI is significant and aug-
ments the field of neurotrauma.

Another important finding was that microglial turnover
diminished behavioral and cognitive deficits 30 dpi. Depressive-
like behavior 30dpi was prevented by microglial turnover.
Clinically, those who sustain TBI are at risk for depression and
cognitive comorbidities (Jorge et al., 2004). Memory impairment
in NOR/NOL tasks was detected 30dpi, and these deficits were
attenuated by microglial turnover. These results are consistent
with myriad reports of cognitive impairments in mice post-TBI
(Fenn et al., 2014; Muccigrosso et al., 2016; Witcher et al., 2021).
These cognitive data are consistent with a report showing that
microglial turnover initiated 30 d post-CCI attenuated cognitive
decline (Henry et al., 2020). Overall, there was a microglia com-
ponent to these behavioral and cognitive deficits 30 dpi that was
reversed by microglial turnover.

We interpret the behavioral and cognitive data 30dpi to indi-
cate that inflammation and neuropathology meditated by micro-
glia reduced neuronal plasticity. While TBI influenced dendritic
remodeling, these changes were independent of microglial turn-
over. Increased MBP 30dpi was unexpected, but may represent
increased myelin debris. In fact, increased CSF and serum MBP
are potential biomarkers of TBI in humans (Su et al., 2012;
Wąsik et al., 2020). Because TBI-related changes in dendritic
plasticity and MBP were unaffected by microglial turnover, this
intervention did not reverse all TBI-induced neuropathology.
Microglial turnover, however, was effective in improving neuro-
nal connectivity 30 dpi by preventing reductions in both N1 and
N2 components of action potentials. This is consistent with data
that TBI modifies axons that project through cortical layers and
into the corpus callosum (Ramos-Cejudo et al., 2018). Neuronal
connectivity was reduced in the corpus callosum post-TBI
(Reeves et al., 2016; Marion et al., 2018, 2019) and these deficits
were microglia-dependent (Witcher et al., 2021). Here, TBI-
induced reductions in connectivity were long-lasting (30 dpi)
and there was a selective benefit of microglial turnover on neuro-
nal connectivity compared with dendritic complexity and MBP
content.

There was an effect of microglial turnover on cortical mRNA
expression and N1 amplitude in controls. The mRNA profile
alterations are consistent with data showing that microglia
mRNA profiles were different 21 d after PLX-repopulation
(Elmore et al., 2015). We used a 16-d repopulation paradigm to
remove microglia 7 dpi and allow repopulation to evaluate recov-
ery and immune reactivity 30dpi. Thus, microglia profiles did
not return to baseline expression and some genes were higher in
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the cortex after repopulation compared with controls (Fig. 1E).
There was also a difference in the N1 component of CAP in
CON-Repop versus CON-Veh mice. The impact of this differ-
ence, however, was unclear. For example, compared with CON-
Veh, repopulating microglia in controls had no effect on cortical
spine volume or area, N2 amplitude, or cortical MBP. Moreover,
microglia turnover did not affect baseline (control) assessments
of motor function, cognition, or social behavior. While it is plau-
sible that prolonged use of PLX5622 (or using transgenic CSFR1
mice) has negative side effects in the context of microglia interac-
tions with neurons or endothelia (Delaney et al., 2021), there was
no evidence of a significant confound here. Notably, mice were
only exposed to PLX5622 for 7 d, which limits the potential con-
founds of this CSFR1 antagonist. Thus, the removal of the
trauma-associated and primed microglia outweighed the general
effects of repopulation.

A key finding was that microglial turnover attenuated
immune reactivity of TBI mice 30 dpi. For example, microglial
priming was associated with an exaggerated inflammatory
response to an immune challenge with protracted lethargy, social
withdrawal and depressive-like behavior (Fenn et al., 2014;
Muccigrosso et al., 2016). Our previous data at 7 dpi point to
IFN responses as key mediators for priming microglia (Witcher
et al., 2021). This is consistent with other studies showing IFN
responds to tissue damage and is an alarm system for microglia
(Prinz and Knobeloch, 2012; Barrett et al., 2020). Remnants of
IFN and inflammatory responses remained elevated in the cortex
30dpi based on neuropathology mRNA analyses. This functional
priming of microglia is predicted to increase cytokine responses
to subsequent CNS injuries, stressors, and immune challenges
(Witcher et al., 2015; Kokiko-Cochran and Godbout, 2018).
Notably, most TBI survivors do not experience repeated injuries
throughout life, but will experience multiple infections (Kourbeti
et al., 2012). LPS-induced lethargy and social withdrawal were
extended in TBI-Veh-LPS mice compared with all other groups
(Fenn et al., 2014). The advancement of this study was that
these LPS-associated behavioral deficits 30 dpi were prevented
by microglial turnover. In terms of an exaggerated immune
response, the LPS-induced cytokine mRNA expression in the
brain was not influenced by TBI until 72 h after challenge. It is
unclear why the cytokine mRNA data 24 h was less consistent
with previous studies (Fenn et al., 2014). One explanation is that
mRNA expression in coronal brain sections was determined as
opposed to in isolated microglia. Nonetheless, Il1ß and Tlr4
mRNA were highest in TBI-Veh-LPS groups at 72 h. Moreover,
there was increased structural reactivity of cortical microglia 72 h
post-LPS in the TBI-Veh-LPS group that was attenuated by turn-
over. While there are more parameters to investigate concerning
TBI and immune reactivity, forced microglial turnover attenu-
ated several components of the TBI-associated immune reactivity
to LPS.

CSF1R antagonism will affect other long-lived tissue mac-
rophages in the brain and periphery (Lee et al., 2018; Lei et al.,
2020). Here, there were no differences in monocytes, granulo-
cytes, B-cells, and T-cells in bone marrow or the spleen 30 dpi
with this forced microglia turnover paradigm. Our previous
study showed no effect on monocyte numbers in circulation
after a similar turnover protocol (Weber et al., 2019). Because
these myeloid cells return to baseline levels, this turnover
design has some potential advantages. For example, the profile
of these myeloid cells may be different with repopulation,
which may be beneficial in the context of inflammation and
immune priming.

In summary, microglial turnover 7 d following TBI alleviated
functional impairments associated with microglial priming and
immune reactivity 30dpi. Therefore, microglia represent a thera-
peutic target after TBI to reduce persistent neuropathological
processes and improve recovery.
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