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Traumatic brain injury (TBI) can lead to significant neuropsychiatric problems and neurodegenerative pathologies,
which develop and persist years after injury. Neuroinflammatory processes evolve over this same period. Therefore,
we aimed to determine the contribution of microglia to neuropathology at acute [1 d postinjury (dpi)], subacute
(7 dpi), and chronic (30 dpi) time points. Microglia were depleted with PLX5622, a CSF1R antagonist, before midline
fluid percussion injury (FPI) in male mice and cortical neuropathology/inflammation was assessed using a neuropa-
thology mRNA panel. Gene expression associated with inflammation and neuropathology were robustly increased
acutely after injury (1 dpi) and the majority of this expression was microglia independent. At 7 and 30 dpi, however,
microglial depletion reversed TBI-related expression of genes associated with inflammation, interferon signaling, and
neuropathology. Myriad suppressed genes at subacute and chronic endpoints were attributed to neurons. To under-
stand the relationship between microglia, neurons, and other glia, single-cell RNA sequencing was completed 7 dpi, a
critical time point in the evolution from acute to chronic pathogenesis. Cortical microglia exhibited distinct TBI-asso-
ciated clustering with increased type-1 interferon and neurodegenerative/damage-related genes. In cortical neurons,
genes associated with dopamine signaling, long-term potentiation, calcium signaling, and synaptogenesis were sup-
pressed. Microglial depletion reversed the majority of these neuronal alterations. Furthermore, there was reduced
cortical dendritic complexity 7 dpi, reduced neuronal connectively 30 dpi, and cognitive impairment 30 dpi. All of
these TBI-associated functional and behavioral impairments were prevented by microglial depletion. Collectively,
these studies indicate that microglia promote persistent neuropathology and long-term functional impairments in
neuronal homeostasis after TBI.
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Significance Statement

Millions of traumatic brain injuries (TBIs) occur in the United States alone each year. Survivors face elevated rates of cognitive
and psychiatric complications long after the inciting injury. Recent studies of human brain injury link chronic neuroinflam-
mation to adverse neurologic outcomes, suggesting that evolving inflammatory processes may be an opportunity for interven-
tion. Here, we eliminate microglia to compare the effects of diffuse TBI on neurons in the presence and absence of microglia
and microglia-mediated inflammation. In the absence of microglia, neurons do not undergo TBI-induced changes in gene
transcription or structure. Microglial elimination prevented TBI-induced cognitive changes 30 d postinjury (dpi). Therefore,
microglia have a critical role in disrupting neuronal homeostasis after TBI, particularly at subacute and chronic timepoints.

Introduction
Traumatic brain injury (TBI) is a leading cause of neurologic
and neuropsychiatric disability in the United States (Gualtieri
and Cox, 1991; Millis et al., 2001; Silver et al., 2009). For instance,
TBI patients are 5–10 times more likely to develop symptoms of
depression compared with the general population (Kumar et al.,
2018; Singh et al., 2018) and 30% of TBI patients show detectable
cognitive decline (Himanen et al., 2006; Salmond et al., 2006; Till
et al., 2008; Ramlackhansingh et al., 2011). Recent development
of PET-detectable ligands that bind to activated microglia
allowed for in vivo approximation of inflammation after TBI.
Elevated binding of PK11195 at benzodiazepine receptors on
microglia was detected in TBI patients up to 17 years postinjury
and was associated with impaired cognitive processing speed
(Ramlackhansingh et al., 2011). Coughlin et al. (2017) studied
former National Football League players and found chronically
activated microglia/macrophages evident up to 10 years after
retirement and detectable before cognitive impairment, which is
common in former professional football players. There are no
targeted pharmacologic therapies to prevent TBI-related neuro-
psychiatric sequelae, however aberrant changes in microglial ho-
meostasis persist months to years after injury in humans and
may represent an opportunity for therapeutic intervention.

Chronic derangements in microglial structure and CNS
inflammation are modeled in rodent models of TBI. Repeated
closed-head injury in mice resulted in increased Iba1 (microglia)
labeling and white matter damage that corresponded with deficits
in hippocampal-dependent learning 12–18months after injury
(Mouzon et al., 2014). CD681 microglia were detected in the
lesion site one year after focal controlled cortical impact (CCI)
injury (Loane et al., 2014) and increased MHCII and CD68 label-
ing was detected 14–30d after diffuse brain injury in both rats
(Ziebell et al., 2012) and mice (Fenn et al., 2014). Inflammatory/
primed MHC-II1 microglia were evident 30d postinjury (dpi); li-
popolysaccharide (LPS) challenge 30dpi led to exaggerated micro-
glial production of IL-1b , impaired cognitive performance, and
protracted sickness and depressive-like behaviors (Fenn et al.,
2014; Muccigrosso et al., 2016). Microglia are involved in several
homeostatic processes including synaptic pruning (Schafer et al.,
2012), immune surveillance (Nimmerjahn et al., 2005), and debris
clearance (Neumann et al., 2009); therefore, chronic disruption of
microglial homeostasis may underlie neuropsychiatric complica-
tions and neurodegenerative diseases following injury.

Myriad histologic evidence suggests dynamic structural asso-
ciations between neurons and microglia after TBI. Microglia as-
sociate with axons immediately following TBI in pigs (Wofford
et al., 2017) and dynamically interact with neurons in a species-
dependent manner (Lafrenaye et al., 2015; Gorse and Lafrenaye,
2018). In addition to process convergence, a subset of microglia
undergoes a structural transition and become rod-shaped in the

cortex of mice and rats following midline fluid percussion
injury (FPI; Ziebell et al., 2012). Rod microglia align closely
with apical dendrites of Layer V pyramidal neurons following
FPI (Witcher et al., 2018). This morphology appears in other
contexts, including chronic viral infection (pigs) and in normal
human aging (Ji et al., 2016; Bachstetter et al., 2017). The func-
tional significance of microglia-neuron structural interactions
after TBI is unknown.

The overarching goal of this study was to determine whether
microglia drive neuropathology after diffuse TBI. We previously
showed that eliminating microglia via CSF1R antagonism before
injury and up to 7 dpi prevented diverse immune and inflamma-
tory gene expression after midline FPI (mFPI; Witcher et al.,
2018). The aims of the current study were 2-fold: (1) to under-
stand the role of microglia in progression of neuropathological
gene expression from acute (1 dpi) and subacute (7 dpi) to
chronic (30 dpi) phases of injury; and (2) to understand whether
microglia mediate neuronal transcriptional, structural, and phys-
iological responses to injury. CSF1R antagonism was used to
deplete CNS microglia before injury and bulk and single-cell
cortical gene expression, neuronal plasticity, electrophysiology,
and cognitive function were assessed. Our resulting data indicate
that microglia are the critical mediators of chronic inflammation
and suppress neuronal homeostasis at transcriptional, structural,
physiological, and functional levels.

Materials and Methods
Mice
Adult (8- to 10-week-old) male C57BL/6 mice were purchased from
Charles River Breeding Laboratories. For neuronal tracing and dendritic
spine analysis, Thy1-YFP-H mice were purchased from The Jackson
Laboratory (B6.Cg-Tg-Thy1-YFP-HJrs/J; stock number 003782). Mice
were housed in groups of four and kept under a 12/12 h light/dark cycle
with ad libitum access to food and water. All procedures were per-
formed in accordance with the National Institute of Health Guidelines
for the Care and Use of Laboratory Animals and the Public Health
Service’s Policy on Humane Care and Use of Laboratory Animals and
Guide for the Care use of Laboratory Animals and were approved by
The Ohio State University Institutional Laboratory Animal Care and
Use Committee.

PLX5622 administration
PLX5622 was provided by Plexxikon Inc. and formulated in AIN-76A
rodent chow by Research Diets at a concentration of 1200mg/kg.
Standard AIN-76A diet was provided as a vehicle control. Mice were
provided ad libitum access to PLX5622 or vehicle diet for 14d to deplete
microglia before TBI. Mice were maintained on the experimental diets
for the duration of the study. This dose and time was validated in our lab
to deplete;96% of microglia in C57BL/6 mice (McKim et al., 2018).

mFPI
Mice received a midline diffuse TBI using a FPI apparatus (Custom
Design & Fabrication) as we previously described (Fenn et al., 2014,
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2015; Rowe et al., 2016; Witcher et al., 2018). This diffuse injury occurs
in the absence of a contusion or tissue cavitation and causes diffuse axo-
nal injury in the neocortex, hippocampus, and dorsolateral thalamus
(Kelley et al., 2006, 2007; Bachstetter et al., 2013; Fenn et al., 2014). In
brief, a midline craniectomy was performed with a 3 mm outer diameter
trephine and a rigid Luer-loc needle hub was secured over the craniec-
tomy. After recovery, injury was induced by filling the injury hub with
saline and imposing a 10-ms pulse of saline (1.2 atmospheres; 670–
720mV) onto the dura through the hub (Witgen et al., 2006; Lifshitz et
al., 2007b; Fenn et al., 2014; Rowe et al., 2016). Immediately after injury,
the hub was removed, dural integrity was confirmed, and mice were
evaluated for injury severity using the self-righting test (Lifshitz et al.,
2007a). Mice were euthanized immediately if dural integrity was com-
promised. Self-righting inclusion criteria were based on our previous
work with C57BL/6 mice (Witcher et al., 2018). Only mice with a mod-
erate TBI were used (200–540 s). In these studies, control mice were na-
ive and uninjured.

Iba1, P2RY12, and GFAP immunofluorescence
Iba1 and GFAP were labeled as previously described (Witcher et al.,
2018). In brief, mice were perfused with PBS followed by 4% formal-
dehyde. Brains were removed and postfixed for 24 h and dehydrated
in 30% sucrose for 48 h. Tissue was snap-frozen in isopentane, cryo-
sectioned at 30 mm, and sections were stored in cryoprotectant.
Somatosensory cortical sections were washed in PBS and blocked
(0.1% Triton X-100, 5% BSA, and 5% NDS). Next, sections were
incubated overnight with primary antibodies for anti-Iba1 (rabbit
anti-Iba1, 1:1000, Wako catalog #019-19471, RRID:AB_2665520),
anti-P2RY12 (rabbit anti-P2RY12, 1:1000, AnaSpec, EGT Group cat-
alog #55043A, RRID:AB_2298886), or anti-GFAP (goat anti-GFAP,
1:500, Abcam catalog #ab53554, RRID:AB_880202) diluted in 0.1%
Triton X-100, 1% BSA, and 1% NDS in PBS. Next, sections were
washed and incubated with an appropriate fluorochrome-conjugated
secondary antibody (donkey anti-rabbit or goat; Alexa Fluor 488/
594/647; Invitrogen). Sections were mounted on charged slides and
cover-slipped with Fluoromount (Beckman Coulter).

Microscopy and analysis
Fluorescent labeling within the somatosensory cortex was visualized and
imaged using an EVOS FL Auto 2 imaging system (Thermo Fisher
Scientific). Imaging parameters were kept constant throughout each experi-
ment. To determine percent-area of Iba1 or GFAP labeling, single-channel
images were converted to eight-bit TIFF format and constant thresholds
were used to quantify positively labeled pixels (ImageJ Software). To count
number of microglia, images of Iba1 and P2RY12 labeling were merged and
double-positive cells were counted. Values from four to six images per
mouse were averaged, and these values were used to calculate group aver-
ages and variance for each injury or treatment group (P2RY12 labeling not
shown; over 99% of cells were double-positive). Investigators were blinded
to injury/treatment group before all microscopy and throughout image
analysis.

Cortical microdissociation for NanoString
RNA was extracted from microdissected regions of cortex containing
hypertrophied and rod-shaped microglia (Witcher et al., 2018). At time
of killing, brains were rapidly removed and snap-frozen in dry ice-cooled
isopentane. Fresh-frozen tissue was cryosectioned at alternating thick-
nesses of 30mm and 200mm onto charged slides. Thin sections, or guide
slides, were labeled for CD11b (1:300, biotinylated) and visualized using
an ABC solution (Vector Laboratories) and a diaminobenzidine (DAB)
peroxidase substrate kit (Vector Laboratories). Labeled guide slides were
used to identify regions of interest in the frozen thick sections, which
were then microdissected, immediately lysed, and RNA was extracted
(PicoPure RNA extraction kit, Thermo Fisher Scientific). RNA integrity
was confirmed by Agilent BioAnalyzer and preamplification cycles were
determined using expression of housekeeping genes (Gapdh, Actb);
n= 5–9 mice per experimental group.

NanoString gene expression analysis
Gene expression was quantified using the NanoString neuropathol-
ogy panel, with 30 added custom genes (NanoString Technologies).

Technical normalization was first performed to positive and negative
controls per manufacturer’s protocols. Housekeeping genes were
validated based on strong correlation with total counts, and seven
were used to normalize data (Aars, Asb7, Ccdc127, Cnot10, Csnk2a2,
Lars, Mto1). Data were normalized and differential expression test-
ing was performed using DESeq2 in R (Love et al., 2014). Pathway
analysis was performed using ingenuity pathway analysis (IPA;
QIAGEN). Raw RCC files and normalized count matrix are available
in NCBI’s Gene Expression Omnibus (GEO; GSE160651); raw and
normalized counts are provided in Extended Data Figure 1-2; p val-
ues below 0.05 were considered statistically significant. Genes were
determined to be PLX dependent if p, 0.05 for Veh-Con versus
Veh-TBI comparison but p. 0.05 (not significantly different) for
Veh-Con versus PLX-TBI. If p, 0.05 for both Veh-Con versus Veh-
TBI and Veh-Con versus PLX-TBI comparisons, the gene was deter-
mined to be PLX independent. Two outliers were removed from this
analysis because of technical errors during the NanoString nCounter
assay (one oversaturation, one undersaturation).

Cortical dissociation for single-cell sequencing
Mice were perfused with ice-cold PBS, brains were rapidly removed, and
the cortex was microdissected. The cortex was dissociated using the Adult
Mouse Brain Dissociation kit for mouse and rat per manufacturer’s
instructions with minor modifications (Miltenyi Biotec). Artificial CSF
(aCSF; as described below) was used to make up enzyme solutions.
Dissected cortex was immediately placed into prewarmed (37°C) Enzyme
P solution, Enzyme A solution was added, and tissue was dissociated in C-
tubes at 37°C using a gentleMACS dissociator (Miltenyi Biotec). Density
centrifugation was used to remove myelin debris, remaining red blood
cells were lysed, and cell viability and concentration was determined using
a hemocytometer. Cortices from three mice per group (Veh-Con, Veh-
TBI, PLX5622-Con, PLX5622-TBI) were pooled into each sample. This
experiment was performed in two replicates, such that six mice were used
for each experimental group. Approximately 3000–7000 cells were recov-
ered from each cortical homogenate.

10� Genomics single-cell RNA sequencing
Single-cell cortical suspension was loaded onto a 10� chip and run on a
Chromium Controller to generate gel-bead emulsions (10� Genomics).
Protocol for UMI barcoding, cDNA amplification, and library construction
followed the 10� Genomics Single Cell 39 v2 reagent kit protocol. Library
quality was determined by Agilent High Sensitivity DNA BioAnalyzer chip
and was sequenced using an Illumina HiSeq. Sequencing reads were
aligned to the mm10 mouse genome and count matrices were generated
using CellRanger (10� Genomics). Raw FASTQ files and count matrices
are available in the NCBI GEO (GSE160763). Low-quality cells (doublets,
low counts, high counts) were filtered using Seurat in R (Butler et al.,
2018). Cell types were assigned to each cluster based on significantly
increased gene expression. Tmem1191 microglia, Gja11 astrocytes,
Plp11 oligodendrocytes, and Meg31 neurons and were extracted
from the full dataset and further analyzed. Cluster-specific expression
and differential expression between experimental groups were deter-
mined using Seurat (p-adj, 0.05). Extended Data Figure 3-2 contains
raw output from analyses determining cluster-specific markers and dif-
ferential expression between Veh-Con and Veh-TBI groups for each
cell type.

To determine reversal by PLX5622, genes affected by TBI were deter-
mined to be (1) reversed if expression returned to baseline (Veh-Con)
levels in the PLX-TBI group and if Veh-TBI versus PLX-TBI were signif-
icantly different from one another; (2) partially reversed if expression
returned to baseline (Veh-Con), but was not significant between Veh-
TBI and PLX-TBI; (3) and unaffected if PLX-TBI was significantly
altered from baseline in the same direction as Veh-TBI.

Compound action potential (CAP) recording
CAPs were recorded from the corpus callosum in ex vivo slice prepara-
tions as previously described (Reeves et al., 2005). In brief, mice were
anesthetized with isoflurane, euthanized, and brains were rapidly dis-
sected into ice-cold cutting solution containing the following: 250 mM
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sucrose, 25 mM D-glucose, 2.5 mM KCl, 24 mM NaHCO3, 1.25 mM

NaH2PO4, 2.0 mM CaCl2, 1.5 mM MgSO4, and 1.0 mM kynurenic acid
(pH 7.3–7.4). Whole-brain coronal slices (400mm) were prepared using
a Vibratome (VT1200S, Leica). Brain slices with intact corpus callosum
were transferred to chambers filled with aCSF (bubbled with 95% O2

and 5% CO2) containing the following: 124 mM NaCl, 3 mM KCl, 24 mM

NaHCO3, 1.25 mM NaH2PO4, 2 mM CaCl2, 1.0 mM MgSO4, and 10 mM

D-glucose (pH 7.3–7.4), allowed to recover at 37C for 30min, then
moved to room temperature for at least 1 h. Slices were transferred to a
submerged chamber at room temperature and a gravity perfusion system
was used for solution exchange (2–3 ml/min) with oxygenated aCSF
during recording. Borosilicate glass electrodes filled with aCSF (1.5–3
MV) were positioned in the center of the corpus callosum on one hem-
phisphere to record CAPs evoked by electrical stimulation through a cus-
tom-made twisted nichrome wire stimulating electrode placed in the
corpus callosum of the other hemisphere. The distance between the elec-
trodes was ;1.5 mm. Differing stimulation intensities (0–2mA, 21
steps, 200 mS, every 5 S) were applied to evoke CAPs and to create in-
tensity-response plots. CAPs were low-pass filtered at 1 kHz and digi-
tally sampled at 50 kHz. All data were digitized using an Axopatch
200B amplifier, Digidata 1440A, and pClamp 10.6 software (Molecular
Devices). Data were monitored on-line and analyzed off-line from typi-
cal traces using Clampfit 10.6 software; n= 6 mice per group; peak val-
ues from three to four slices per mouse were averaged to generate N1,
N2, and N2/N1 ratios. Mouse averages were then used to calculate
group means and error. The representative traces were evoked with
maximum stimulation.

Neuronal tracing and dendritic spine analysis
Dendritic complexity was determined as previously described with
minor modifications (Hao et al., 2016; Chunchai et al., 2018). In brief,
Thy1-YFP-H mice were used because 10–12% of Layer V cortical neu-
rons express YFP and allow for visualization of small neuronal structures
(Feng et al., 2000). Mice were injured, perfused, fixed, and brains were
sectioned through the cortex at 30mm thickness. A series of z-stacks
were taken from cortex Layer IV/V using a Leica SP8 confocal micro-
scope (Leica Biosystems). Neuronal morphology was analyzed by Imaris
software 7.0 (Oxford Instruments). Three neuronal cells per brain sec-
tion and three brain sections per mouse with n=6 mice per group were
assessed. Whole neurons were traced and Sholl analysis of process
branching/complexity was performed using Imaris software. The num-
ber of intersections were plotted against the Sholl radius and the area
under the curve was calculated from the 3D construction. In addition, to
determine dendritic spine density, the three tertiary segments were used
to randomly measure dendritic spine density. YFP1 dendrites were
quantified per 10-mm dendritic segment and further classified as mush-
room or stubby spines using Imaris.

Rotarod and wire hang assessments of locomotor activity
Accelerating Rotarod testing was performed as previously described
(Fenn et al., 2014). In brief, latency to fall off of the accelerating Jrotarod
was determined. Rotation speed started at 4 rpm and accelerated to
40 rpm over 200 s. Mice had three attempts per day, which were aver-
aged. Training was 3 d before mFPI and the final day counted as baseline
performance. Mice were tested 1 dpi and weekly following TBI. The hor-
izontal bar-hang test was performed as previously described (Deacon,
2013). In brief, the front paws were placed on a 6-mm diameter stiff wire
elevated over a pad and latency for mouse to escape onto a platform
20 cm away was determined. No mice fell from the wire during this test;
n= 6 mice per experimental group.

Novel object location (NOL) and recognition
NOL and recognition were determined as previously described
(Denninger et al., 2018) with minor modifications. 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). Trials were videotaped
and time spent investigating each object was measured by a blinded
reviewer. Discrimination index was calculated for both location and

recognition trials as follows: [(timenovel – timefamiliar)/timetotal] � 100;
n=10 per experimental group.

Experimental design and statistical analysis
Number of mice per experiment including number of slices/cells/images
analyzed are included in the methods for each experiment above.
Statistical analysis for NanoString and scRNA-sequencing (scRNAseq)
using DESeq2 or CellRanger respectively are described above. IBM SPSS
Statistics (version 24) was used for ANOVA of histologic, behavioral,
and electrophysiological data. One-way, two-way, or repeated-measures
ANOVA was used as-appropriate to determine main effects and interac-
tions between factors. Least squares difference (LSD) was used for post
hoc analysis when main effects and/or interactions were determined and
p, 0.05 was considered statistically significant.

Results
Microglia-dependent and microglia-independent differential
gene expression in the cortex changes over 1, 7, and 30 dpi
We previously reported that depletion of microglia with the
CSF1R antagonist PLX5622 reversed mRNA expression of
inflammatory-related genes and attenuated the formation of
unique rod-shaped microglia in the cortex 7 dpi (Witcher et al.,
2018). Here, we sought to determine the contribution of micro-
glia to cortical neuropathology at acute (1 dpi), subacute
(7 dpi), and chronic timepoints (30 dpi). Here, microglia were
depleted using oral administration of PLX5622 for 14 d before
TBI (Fig. 1A) and mice were maintained on experimental diet
(Veh or PLX5622) for the duration of the experiment. At each
endpoint, the brain was collected, sectioned, and labeled with
anti-Iba1. As expected (Elmore et al., 2014; Witcher et al.,
2018), there was a robust reduction in the number of Iba11

microglia with PLX5622 administration at baseline (F(1,31) =
1658, p, 0.001; Fig. 1B,C) and at 1, 7, or 30 dpi (F(3,31) = 4.3,
p= 0.015). Sections were co-labeled with P2RY12 and over 99% of
Iba11 cells were also P2RY121 (data not shown). Overall, micro-
glia were depleted for the duration of PLX5622 administration.

In a separate experiment, the brain was collected and fresh-
frozen guide sections were labeled with anti-CD11b to visual-
ize microglia. Based on the identification of reactive or rod-
shaped microglia on guide sections, corresponding cortical
regions from adjacent thick sections were microdissected
while frozen. Analysis of neuropathology-associated gene
expression (NanoString Neuropathology nCounter panel, 760
genes plus 30 custom genes) in these microdissected cortices
postinjury showed that differential gene expression was influ-
enced by injury, time, and microglial depletion (Fig. 1D). For
example, there were 114 differentially expressed genes (76
increased and 38 decreased) at 1 dpi. At 7 dpi there were 61
differentially expressed genes (40 increased and 21 decreased)
and at 30 dpi there were 29 differentially expressed genes (18
increased and 11 decreased). Figure 1D highlights the TBI-
induced genes that were PLX independent (white bars) or PLX
dependent (p, 0.05, black bars). At 1 dpi, only 33% of the
genes influenced by TBI were reversed by microglial depletion.
The contribution of TBI-induced genes that were influenced
by microglial depletion (PLX5622) was increased to 66% at
7 dpi and to 80% by 30 dpi. Taken together, acute gene expres-
sion after TBI was predominately microglia independent,
while persistent changes in neuropathological mRNA expres-
sion were dependent on microglia.

Next, IPA was used to identify canonical signaling pathways
and upstream regulators for these differentially expressed genes
(Krämer et al., 2014) Raw outputs from IPA are included in
Extended Data Figure 1-3. IPA comparison analysis was then
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Figure 1. Microglia-dependent and microglia-independent differential gene expression in the cortex changes over 1, 7, and 30 dpi. A, Adult C57BL/6 mice were provided
diets formulated with either vehicle (Veh) or a CSF1R antagonist (PLX5622) for 14 d. Next, mice were uninjured (Con) or were subjected to mFPI (TB1; n = 4). Mice were
maintained on vehicle or PLX diet for the duration of the experiment. At each endpoint (1, 7, or 30 dpi), mice were perfused, fixed, and cortical tissue was cryosectioned
and labeled for Iba1 (microglia). B, Representative images of Iba1 labeling in the lateral cortex. Scale bar: 50mm. C, Quantification of average number of Iba11 microglia
per 20� field. In a separate experiment, mice were provided diets formulated as above for 14 d before TBI (n = 5–9). Mice were killed 1, 7, or 30 dpi. Brains were flash-
frozen fresh and cryosectioned at either 30 or 200 mm. The 30-mm sections were labeled for CD11b and used to identify cortical regions of interest. The 200-mm sections
were dissected while frozen and immediately lysed for RNA extraction. RNA copy number was determined using NanoString Neuropathology panel plus. D, The number of
differentially expressed genes (increased or decreased) by TBI and influenced by time or PLX5622. E, IPA comparison analysis of canonical pathways and upstream regula-
tors of the differentially expressed genes based on z score (p-adj, 0.05). Orange indicates high relative z score while blue indicates low relative z score. F, Heatmap
shows average z score of microglial signature genes that were differentially expressed following PLX5622 administration. Extended Data Figure 1-1 shows (1) representa-
tive images of GFAP labeling in the lateral cortex (scale bar: 50mm); and (2) quantification of average GFAP1 percent-area. Raw and normalized counts are provided in
Extended Data Figure 1-2, and IPA results are available in Extended Data Figure 1-3. Bars represent the mean 6 SEM. Means with (p) are significantly different from Veh-
Con (p, 0.05).
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used to compare pathway changes across postinjury time points
(1, 7, 30 dpi) and treatment conditions (Veh, PLX5622; Fig. 1E).
As expected, canonical pathways associated with neuroinflam-
mation were maintained 1, 7, and 30dpi. Other significant ca-
nonical pathways that were increased at the acute and subacute
time points (1 and 7 dpi) included p38 signaling, NO and ROS
production, and HMGB1 signaling. There was a suppression of
LXR/RXR pathways after TBI in both the acute and subacute
phases of injury. These pathway-level effects of TBI were amelio-
rated by microglial depletion.

IPA analysis of upstream regulators (p, 0.05; absolute z
score. 2) revealed similar effects of TBI and microglial deple-
tion. This analysis predicts signaling pathways that may explain
observed patterns in gene expression. Expression patterns at
acute and subacute time points (1 and 7 dpi) were consistent
with elevated cytokine (IL-6, TNF, IL-1b ) and interferon
(IFNa, IFNb , IFNg ) signaling. Of these, TNF-associated genes
remained elevated 30 dpi compared with controls. There was a
TBI-associated suppression of APOE and SOCS1 pathways at 1
and 7 dpi. Overall, these expression patterns after TBI were not
present in mice without microglia and showed opposite expres-
sion patterns relative to controls (Fig. 1E, bottom panel).

Gene expression patterns with and without PLX5622 confirm
the histologic evidence of microglial depletion. Figure 1F shows
a heat map of microglia-related genes affected by TBI and PLX at
1, 7, or 30dpi. For instance, there was a main effect of PLX5622
(p, 0.05) on the majority of microglia-related genes including
Tmem119, Cx3cr1, Csf1r, C1qc, Trem2, and Itgam (CD11b). Of
the microglia-related genes, Il10ra, Gpr84, Cd68, Cd14, Ccr5,
Cd33, and Nlrp3 were increased by TBI (p, 0.05) and attenu-
ated in mice in which microglia were depleted before TBI. Of
note, some other microglia/myeloid genes, Ccr7, Il1b, H2-Eb1,
and Ccl2, were increased by TBI (p, 0.05) independent of
PLX5622. Some microglia-related genes increased in the PLX-
TBI mice compared with PLX-Con mice by 30dpi, including
Cd68, Cd14, and Trem2. This may be related to a relative expan-
sion of microglia in the brain of PLX-TBI mice by 30 dpi (Fig.
1C). Collectively, the majority of inflammatory responses attrib-
uted to microglia were blocked 1 dpi and remained low 7 and
30dpi when microglia were depleted before and after TBI.

Inflammatory mRNA expression in the cortex evolves over 1,
7, and 30 dpi
Related to the data presented in Figure 1, the heat map in
Figure 2A highlights the interaction between TBI and time on
genes associated with the neuropathology with sections reflect-
ing genes significantly (p, 0.05) differentially expressed at 1
(top), 7 (middle), and 30 (bottom) dpi. Figure 2B reflects genes
differentially expressed at multiple timepoints. Overall, there
are effects of injury, time, and microglial depletion (PLX5622).
The highest level of differential mRNA expression in the cortex
was at 1 dpi. Acutely, TBI increased several inflammation-
related (Cd14, Cd68, Gpr84, Myd88, Tnf), interferon-related
(Irf7, Ifi2712a), and chemokine-related (Ccl12, Ccl3, Cxcl10,
Cxcl16) transcripts compared with controls (p, 0.05). These
TBI-associated increases 1 dpi were attenuated by PLX5622
(p, 0.05). Nonetheless, a higher level of gene expression (66%;
Fig. 1D) was unaffected by PLX. For instance, TBI increased
Icam1, Ptgs2, Ccl2, Cd44, Gfap, Atf3, Osmr, Nex, collagen com-
ponents (Col4a1, Col4a2, and Col6a), and matrix-metallopro-
teinases (Mmp12, Mmp14, and Mmp19). The increases in these
genes at 1 dpi were unaffected by microglial depletion. Thus,

much of the differential expression of mRNA in the cortex
1 dpi was independent of microglia.

Over time, however, the number of genes that were influ-
enced by TBI and microglia were increased. This was apparent
in the heat map, which was organized by time (Fig. 2A). Genes
differentially expressed 7 and 30 dpi are summarized in Figure
2C,D and the Barres Laboratory Brain RNA-seq Mus musculus
dataset (http://www.brainrnaseq.org) was used to approximate
which cell type expressed each gene (Zhang et al., 2014). At
7 dpi, several inflammation-related (Cd14, Cd68, Gpr84,
Clec7a, Itgax, Tlr4, Trem2), interferon-related (Irf7, Ifi2712a),
and chemokine-related (Ccl12, Ccl3, Cxcl10, Cxcl16) tran-
scripts were increased compared with controls (p, 0.05) and
reversed by the depletion of microglia (p. 0.05). There were
also several genes decreased in the cortex 7 dpi (p, 0.05)
including genes associated with neurons (Adcy8, Cxc3rl, Drd2,
Htr1a, Ngf, Slc18a3, and Trpv1), which were prevented by the
depletion of microglia (p. 0.05).

At 30 dpi, several transcripts related to innate immunity
(Cd14, Cd68, Gpr84, Itgax, Tlr4, Trem2) were increased by TBI
compared with controls (p, 0.05) and reversed by the depletion
of microglia (p. 0.05). There were also several genes decreased
in the cortex 30 dpi (p, 0.05) including neuron-associated tran-
scripts (Avp, Drd1, Drd2). These reductions were again reversed
by the depletion of microglia before TBI (p. 0.05).

Another notable observation at 30dpi was that there were
several genes augmented in the TBI-PLX group compared with
Veh-TBI. These data may indicate there was compensation/
expansion of astrocytes after TBI when microglia were depleted.
In support of this notion, there was higher relative mRNA
expression of Aldh1l1, Cd44, Gfap, and Aqp4 (p, 0.05; Fig. 2D)
in the PLX-TBI group compared with the Veh-TBI group.
Extended Data also shows increased GFAP labeling in the TBI-
PLX group compared with the TBI-Con group 30dpi (Extended
Data Fig. 1-1).

Single-cell sequencing of cortical cells after TBI. Cortical
mRNA analysis showed a robust contribution of microglia to
neuroinflammatory pathways that persisted over time
postinjury
These data also indicate that persistent inflammation in the suba-
cute and chronic time points after TBI, which may affect sur-
rounding neurons, oligodendrocytes and endothelial cells. To
investigate this hypothesis, a single-cell sequencing approach was
used to determine cell type-specific gene expression within the
cortex 7 dpi with and without microglial depletion (Fig. 3A).
Pooled single-cell suspensions were generated from microdis-
sected cortices and the 10� Genomics pipeline was used to per-
form single-cell mRNA sequencing. Distinct CNS cell types were
evident by clustering based on cell-selective gene expression (Fig.
3B,C). For instance, microglia (Tmem119), astrocytes (Gja1), oli-
godendrocytes (Plp1), neurons (Meg3), and endothelial cells
(Ly6c1) all formed distinct clusters (Fig. 3C). The distribution of
all 36 000 sequenced cells across all four experimental groups
(Veh-Con, Veh-TBI, PLX-Con, PLX-TBI) is represented in the
dot plot in Figure 3D and Extended Data Figure 3-1. Extended
Data Figure 3-1 highlights the difference in number of microglia
between Veh-treated and PLX-treated groups. In addition,
microglia (12,181 cells) and neuron (2878 cells) populations
were subclustered for further analysis. Dot plots of subclusters
show distribution of cells by experimental group for microglia
(Fig. 3E) and neurons (Fig. 3F).
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Trauma-associated mRNA signatures and increased type-1
interferon signaling evident in cortical microglia after TBI
First, subclustering of microglia revealed 10 (0–9) distinct micro-
glial clusters determined by each cell’s transcriptome (Fig. 4A).
Clusters are presented in Figure 4B with the total number of cells
per cluster and the proportion of cells derived from each

experimental group (Veh-Con, Veh-TBI, PLX-Con, PLX-TBI).
Here, PLX5622 and TBI -dependent gene expression patterns
were evident. A representative heat map of the gene expression
defining each cluster is provided (Extended Data Fig. 4-1). The
pie charts (Fig. 4C) reflect the proportion of microglia from each
experimental condition per cluster. Genes from overrepresented

Figure 2. Evolving inflammatory mRNA expression in the cortex 1, 7, and 30 dpi. Adult C57BL/6 mice were provided diets formulated with either vehicle (Veh) or PLX5622 (PLX) for 14 d
before TBI (n= 5–9). Mice were maintained on vehicle or PLX diet for the duration of the experiment. Mice were killed 1, 7, or 30 dpi. Brains were flash-frozen fresh and cryosectioned at either
30 or 200mm. The 30-mm sections were labeled for CD11b and used to identify cortical regions of interest. The 200-mm sections were dissected while frozen and immediately lysed for RNA
extraction. RNA copy number was assessed using the NanoString Neuropathology panel. A, Heatmap of average z scores of differentially expressed genes influenced by TBI, time, or PLX5622.
B, Table of genes increased or decreased 7 dpi and influenced by PLX5622. C, Table of genes increased or decreased 7 dpi and influenced by PLX5622. D, Table of genes augmented by TBI-PLX
compared with TBI-vehicle at 30 dpi. All genes in the tables were differentially expressed (TBI and PLX, p, 0.05).
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clusters in each experimental group are listed and were expressed
significantly higher in those microglia compared with all other
microglia (p-adj, 0.05). For instance, cluster 3 (green) was pre-
dominantly represented in microglia from the cortex of Veh-

Con mice (Fig. 4B,C). Cluster three microglia expressed higher
levels of the homeostatic microglial genes including Cx3cr1 and
Tgfbr1. Cluster 2 microglia (army green) accounted for ;50% of
PLX-Con and PLX-TBI microglia and were enriched in the Veh-

Figure 3. Single-cell RNA sequencing of cortex 7 dpi. A, Adult C57BL/6 mice were provided diets formulated with either vehicle (Veh) or PLX5622 (PLX) for 14 d. Next, mice were uninjured
(Con) or were subjected to mFPI (TB1). Mice were maintained on vehicle or PLX diet for the duration of the experiment. Mice were killed 7 dpi, and the cortex was microdissected and enzy-
matically digested into a single-cell suspension. Cortices from three mice were pooled from each group; data reflect two replicate experiments (n= 6 mice per group). Single cells were run on
a 10� genomics chromium controller, mRNA from individual cells was barcoded, and cDNA libraries were generated and sequenced. Sequencing results were aligned to the mouse mm10 ge-
nome and doublets and low-quality cells were removed. Clustering and differential expression was generated using Seurat in R. B, tSNE clusters show individual cell types identified based on
marker gene expression. C, tSNE plots highlight primary CNS cell types by marker gene expression: astrocytes (Gja1), endothelial cells (Ly6c1), oligodendrocytes (Plp1), microglia (Tmem119), and
neurons (Meg3). D, tSNE highlights distribution of all cells across experimental groups. Subclusters of microglia (E) and neurons (F) were selected based on expression of Tmem119 and Meg3, respec-
tively. tSNE plots highlight distribution of experimental groups within subclusters. tSNE plots in Extended Data Figure 3-1 represent distribution of cells across the four experimental groups: (1) Veh-
CON, (2) PLX-CON, (3) Veh-TB1, and (4) PLX-TB1. Results from cluster expression analysis and differential expression for cell type subsets is available in Extended Data Figure 3-2.

1604 • J. Neurosci., February 17, 2021 • 41(7):1597–1616 Witcher et al. · Microglia Mediate Neuronal Dysfunction after TBI

https://doi.org/10.1523/JNEUROSCI.2469-20.2020.f3-1
https://doi.org/10.1523/JNEUROSCI.2469-20.2020.f3-2


TBI group. Cluster 2 highly expressed mRNA encoding ribo-
somal proteins, which may suggest increased proliferative or
metabolic burden. Cluster 7 was also enriched by PLX treat-
ment. Cluster 7 expressed proliferative-related genes including

ubiquitin-conjugating enzyme E2C (Ube2c) and centromere
protein A (Cenpa), and cytoskeletal components including
tubulin-related and actin-related genes. Thus, clusters 2 and 7
may represent active turnover of microglia.

Figure 4. Trauma-associated mRNA signatures and increased type-1 interferon signaling evident in cortical microglia after TB1. Adult C57BL/6 mice were provided diets formulated with ei-
ther vehicle (Veh) or PLX5622 (PLX) for 14 d. Next, mice were uninjured (control) or were subjected to mFPI (TB1). Mice were maintained on vehicle or PLX diet for the duration of the experi-
ment. Mice were killed 7 dpi, and single cells were isolated and sequenced as described in Figure 3. A, tSNE reflects subclustering of Tmem1191 microglia (12,181 cells) from all samples. B,
Distribution of microglia from each experimental condition across the 10 microglial clusters. C, Pie-graphs reflect proportion of each experimental condition in each microglial cluster. Top genes
expressed significantly more in a given cluster than in all other microglia are shown. D, Dot plot shows relative and proportional expression of microglial signature (Tgfbr1, P2ry12, Cx3cr1,
Tmem119), neurodegenerative-associated (Trem2, Apoe, Clec7a, Cd52), and interferon-related genes (Ifitm3, Irf7, Ifi27l2a, Stat1). E, Subset of genes increased (top) and decreased (bottom) in
Veh-TB1 compared with Veh-Con (p-adj, 0.05). F, IPA (upstream regulators) of significantly differentially expressed genes between Con-Veh and TB1-Veh (p-adj, 0.05). G, Clusters enriched
in specific experimental groups. Heatmap in Extended Data Figure 4-1 reflects top genes expressed by each Tmem1191 microglia cluster.
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The effect of TBI on the microglial subclusters was associated
with increased inflammation and type-1 interferon signaling. For
instance, cluster 6 (blue) was predominately derived from micro-
glia from Veh-TBI cortices, which highly expressed interferon-re-
sponsive genes (Ifitm3, Isg15, Ifi27l2a) and other immune-related
genes (Ccl12, Cd63, Cd52,H2-D1, andH2-K1). Furthermore, clus-
ter 8 (purple) was also enriched in the Veh-TBI group and con-
tained increased interferon-related (Ifi27l2a) and damage-
associated genes (Cd52, Flt1, Tsmb4x, Apoe). In addition, cluster 9
(pink) was enriched in the Veh-TBI and the PLX-TBI groups and
had increased expression of Cd52, Clec7a, Apoe, and Trem2. As
these profiles increased with TBI (7 dpi), clusters with more
homeostatic genes (clusters 3 and 4) that were evident in the Veh-
Con group were proportionally reduced after TBI. These data are
consistent with the increased interferon pathways evident in the
bulk cortical mRNA analysis (Fig. 1E).

Cluster-specific expression patterns are further highlighted in
Figure 4D, which shows genes related to microglial homeostasis
(Tgfbr1, P2ry12, Cx3cr1, Tmem119), genes involved in micro-
glial responses to damage (Trem2, Apoe, Clec7a, Cd52), and
interferon-responsive genes (Ifitm3, Irf7, Ifi27l2a, Stat1). Dot
plots show relative gene expression by cluster (color intensity)
and proportion of cells per cluster expressing a gene (dot size).
Clusters with more inflammatory gene expression had corre-
sponding reduced expression of homeostatic genes as previously
described (Krasemann et al., 2017). For example, the TBI-
enriched cluster, cluster 6, had relative increases in expression of
Cd52, Ifitm3, Irf7, Ifi27l2a and Stat1, with corresponding reduc-
tion in homeostatic genes including Tgfb1, Cx3cr1, and
Tmem119 (Fig. 4D). In addition, the disease-associated cluster
(Krasemann et al., 2017; Deczkowska et al., 2018), cluster 9, had
enriched Trem2, Apoe, Clec7a, Cd52 with corresponding reduc-
tions in homeostatic genes including Tgfb1, Cx3cr1, and
Tmem119 (Fig. 4D).

When Veh-Con and Veh-TBI groups were compared across
all clusters, 66 genes were significantly differentially expressed
(p-adj, 0.05; 43 increased and 23 decreased). A selection of
these TBI-dependent genes is shown in Figure 4E. IPA upstream
regulator analysis of the 66 differentially expressed in microglia
between Veh-Con and Veh-TBI samples was consistent with
increased type-1 interferon signaling at 7 dpi as a function of
TBI. For instance, affected upstream regulators 7 dpi in microglia
included increased IFNA, IRF3, IFNAR, and STAT1. Thus, 7 dpi
there was a robust interferon-associated pattern of expression in
microglia. More specifically, the trauma-enriched cluster 6 was
highly responsive to type-1 interferon signaling. This may reflect
persistent inflammation and cellular damage in the cortex 7 dpi.
Overall, there were 5 clusters of microglia that were enriched
within specific treatment groups (Fig. 4G).

TBI induced inflammatory and reactive astrocyte signature
that was partially prevented by microglial depletion
Further analysis of Gja1 astrocytes revealed seven (0–6) clusters
of cells across all four experimental groups (Fig. 5A). Figure 5B,C
highlights genes strongly expressed in specific astrocyte clusters.
For instance, cluster 5 was associated with high Gfap expression
consistent with reactive astrocytes while Spry2 is implicated in
BDNF signaling and neurite outgrowth. These findings were
consistent with previous reports that astrocytes maintain hetero-
geneous cell surface markers and have myriad functions within
the adult CNS (Morel et al., 2019; Pestana et al., 2020; Götz et al.,
2021).

There were 55 differentially expressed genes in Gja11 astro-
cytes 7 dpi (Veh-Con vs Veh-TBI, p-adj, 0.05). Of these, 27
were increased (Fig. 5D) and 28 were decreased (Fig. 5E) follow-
ing TBI. All differentially expressed genes are represented in
Figure 5D,E where dot plots reflect relative gene expression by
treatment group (color intensity) and proportion of cells per
cluster expressing a gene (dot size). Increased genes included
Gfap, Apoe, and Clu, which are associated with astrocyte reactivity
in injury/disease. Furthermore, expression of genes related to
growth-factor signaling (Vegfa, Fgfr3) and extracellular matrix
remodeling (Bcan) and astrocytic Notch signaling (Lfng, Nrarp)
were decreased. Differentially expressed genes were used for
IPA and three upstream regulators were significantly different
following injury (p, 0.05; Fig. 5F). Notably, TBI induced gene
expression was consistent with increased CEBPB signaling, a
transcription factor that regulates inflammatory gene expres-
sion in astrocytes. Of the 55 differentially expressed genes 7 dpi,
82% (45 genes) of this signature was reversed in the PLX-TBI
group compared with Veh-TBI (p, 0.05; Fig. 5G). Collectively,
these data demonstrated that astrocytes adopted an inflamma-
tory and reactive signature characterized by increased inflam-
matory and reduced homeostatic gene expression that was
attenuated by microglial depletion.

Myelinating oligodendrocytes had transcriptional changes
consistent with myelination and CNS-damage response after
TBI that was attenuated by microglial depletion
Plp11 cells were further analyzed revealing nine (0–8) clusters
(Fig. 6A). Figure 6B,C highlights oligodendrocyte genes increased
in specific populations relative to other Plp11 cells. For instance,
Mobp and Mog were highly expressed in myelinating oligoden-
drocyte clusters (0–4, 6, 8), while Pdgfra was highly expressed in
oligodendrocyte precursor cells (OPCs; cluster 5). Cluster 7 was
comprised of cells expressing genes implicated in oligodendrocyte
maturation (Slc1a1, Gpr17, Bcan) with reduced expression of
myelination genes Mog and Mobp.

Following TBI, there were 39 differentially expressed genes in
myelinating oligodendrocytes (Veh-Con vs Veh-TBI, p-
adj, 0.05). Of these, 15 were increased (Fig. 6D) and 24 were
decreased 7 dpi (Fig. 6E). All differentially expressed genes are
represented in Figure 6D,E where dot plots reflect relative gene
expression by treatment group (color intensity) and proportion
of cells per cluster expressing a gene (dot size). Increased genes
included those encoding tetraspanins (Cd9, Cd81), which are
implicated in oligodendrocyte development, and genes associ-
ated with oligodendrocyte responses to CNS injury/stress (Apod,
Hspa8). Of the 39 differentially expressed genes, 32 were reversed
by microglial depletion (Fig. 6F). While the number of differen-
tially expressed genes in oligodendrocytes was relatively modest,
there were detectable changes following TBI that were dependent
on microglia.

TBI-associated reduction of neuronal homeostasis 7 dpi was
ameliorated by microglial depletion
Next, Meg31 cortical neurons (2878) were analyzed and eleven
(0–10) distinct clusters were identified (Fig. 7A; expression
heatmap shown in Extended Data Fig. 7-1). Figure 7B high-
lights neuron-specific genes (Meg3, Camk2n1) and genes asso-
ciated with projection neurons (Thy1, App), inhibitory neurons
(Gad1), or axonal transport (Kif5a). The proportion of each
cluster derived from the four experimental groups was rela-
tively consistent across clusters (Extended Data Fig. 7-2).
Overall, there were 233 differentially expressed genes in Meg31
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Figure 5. TB1 induced inflammatory and reactive astrocyte signature that was partially prevented by microglial depletion. Adult C57BL/6 mice were provided diets formulated with either ve-
hicle (Veh) or PLX5622 (PLX) for 14 d. Next, mice were uninjured (control) or were subjected to mFPI (TB1). Mice were maintained on vehicle or PLX diet for the duration of the experiment.
Mice were killed 7 dpi, and single cells were isolated and sequenced as described in Figure 3. A, tSNE reflects subclustering of Gja1 astrocytes (10,637 cells) from all samples. B, tSNE plots
highlight gene expression of astrocytic genes across subclusters, with darker color reflecting higher expression. C, Top genes significantly expressed in a given cluster than in all other astrocytes.
Differential gene expression between neurons from Veh-Con and Veh-TBI was determined (p-adj, 0.05). Dot plots reflect genes increased (D) and decreased (E) in Veh-TBI compared with
Veh-CON. Differentially expressed genes between Veh-CON and Veh-TBI were used to determine IPA upstream regulators (F). G, Pie-graph reflects the proportion of these genes whose expres-
sion pattern was reversed (black) or unaffected (white) by PLX5622 administration. Lists reflect genes with lowest p-adj between Veh-Con and Veh-TBI and arrows reflect expression change af-
ter TBI (increased or decreased).
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cortical neurons 7 dpi (Veh-Con vs Veh-TBI). Of these, 95%
(221 genes) were reduced and 5% (12 genes) were increased
7 dpi (p-adj, 0.05; Fig. 7C).

Differentially expressed genes were used for IPA and the
suppression of several canonical pathways was evident (Fig.
7D). For instance, there was suppression of calcium signaling,
synaptogenesis, and synaptic long-term potentiation 7 dpi
(p, 0.00,003, for each). Furthermore, there was increased

synaptic long-term depression and glutamate receptor signaling
7 dpi (p, 0.0001). Upstream regulator analysis in cortical neu-
rons is shown in Figure 7E (p, 0.05; absolute z score. 2).
Neuronal gene expression after TBI was consistent with
reduced expression in regulators associated with growth and
survival (TGFB, MKNK1, IGF1), neurite outgrowth (NRF1),
and regulation of cellular stress (XBP1, ATF6, NFE2L2). Key
genes driving these pathway-level changes are shown (Fig. 7F),

Figure 6. Myelinating oligodendrocytes underwent transcriptional changes consistent with myelination and CNS-damage response after TBI that was attenuated by microglial depletion.
Adult C57BL/6 mice were provided diets formulated with either vehicle (Veh) or PLX5622 (PLX) for 14 d. Next, mice were uninjured (control) or were subjected to mFPI (TB1). Mice were main-
tained on vehicle or PLX diet for the duration of the experiment. Mice were killed 7 dpi, and single cells were isolated and sequenced as described in Figure 3. A, tSNE reflects subclustering of
Plp11 oligodendrocytes (2142 cells) from all samples. B, tSNE plots highlight gene expression of oligodendrocyte genes across subclusters, with darker color reflecting higher expression. C,
Shows top genes significantly expressed by myelinating oligodendrocytes (Mobp1, clusters 0–4, 6, 8), OPCs (cluster 5), and preoligodendrocytes (cluster 7). Differential gene expression
between myelinating oligodendrocytes from Veh-Con and Veh-TB1 was determined (p-adj, 0.05). Dot plots reflect genes increased (D) and decreased (E) in Veh-TB1 compared with Veh-
CON. F, Pie-graph reflects the proportion of these genes whose expression pattern was reversed (black) or unaffected (white) by PLX5622 administration. Lists reflect genes with lowest p-adj
between Veh-Con and Veh-TB1 and arrows reflect expression change after TB1 (increased or decreased).
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with relative gene expression by treatment group (color inten-
sity) and proportion of cells per cluster expressing a gene (dot
size). Genes encoding glutamate AMPA receptor subunits
(Gria2, Gria3, Gria4) were all increased in Veh-TBI compared

with Veh-Con (p-adj, 0.05; Fig. 7E). All other neuronal genes
were suppressed. For example, genes related to calcium home-
ostasis and signaling (Ryr2, Calm1, Caly) were decreased in
cortical neurons after TBI.

Figure 7. TB1-associated reduction of neuronal homeostatic gene expression 7 dpi was ameliorated by microglial depletion. Adult C57BL/6 mice were provided diets formulated with either
vehicle (Veh) or PLX5622 (PLX) for 14 d. Next, mice were uninjured (control) or were subjected to mFPI (TB1). Mice were maintained on vehicle or PLX diet for the duration of the experiment.
Mice were killed 7 dpi, and single cells were isolated and sequenced as described in Figure 3. A, tSNE reflects subclustering of Meg31 neurons (2878 cells) from all samples. B, tSNE plots high-
light gene expression of neuronal markers across subclusters, with darker color reflecting higher expression. Differential gene expression between neurons from Veh-Con and Veh-TB1 was
determined (p-adj, 0.05). C, Number of increased and decreased genes. IPA (D, canonical pathways; E, upstream regulators) of differentially expressed genes between Con-Veh and TB1-Veh
(p-adj, 0.05). F, Dot plot reflects expression of genes used in top pathways affected by TB1 in neurons. G, Pie-graph reflects the proportion of these genes whose expression pattern was
reversed (black), partially reversed (gray), or unaffected (white) by PLX5622 administration. Lists reflect genes with lowest p-adj between Veh-Con and Veh-TB1 and arrows reflect expression
change after TB1 (increased or decreased). Heatmap in Extended Data Figure 7-1 reflects top genes expressed by each Meg31 neuron cluster. Graph in Extended Data Figure 7-2 reflects distri-
bution of Meg31 neurons from each experimental condition across the 11 neuronal clusters.
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The majority of gene expression changes were reversed in
the PLX-TBI group compared with Veh-TBI (p, 0.05). For
instance, the depletion of microglia with PLX5622 attenuated
95% of the TBI-dependent transcriptional changes within
cortical neurons (Fig. 7G). Of the 233 genes differentially
expressed following TBI, the expression pattern of 193 genes
were returned to Veh-Con levels, and 28 were partially
reversed. Select genes from each category are shown (Fig.
7G). Genes related to neuronal plasticity and vesicular traf-
ficking (Nsg1, Syt5, Arf5) and neuronal regulation of micro-
glia (Cx3cl1, Cd200) were suppressed following TBI
(p-adj, 0.05) and reversed by microglial depletion (p ,
0.05). Collectively these data indicate that genes supporting
homeostatic neuronal function were suppressed in a micro-
glia-dependent manner 7 d after TBI.

Reduced dendritic complexity after TBI is attenuated by
microglial elimination
Our current and previous RNA and scRNAseq profiling studies
indicate that microglia mediate chronic inflammation and
potential pathology (Witcher et al., 2018) and that pathways

associated with neuronal homeostasis were reduced. Other
studies show evidence that microglia are involved in dendritic
remodeling and modulating synapses (Schafer et al., 2012).
Therefore, neuronal morphology and spine density were
assessed in the cortex of Thy1-YFP-H mice after TBI (7 dpi)
with or without microglial depletion (Fig. 8A). Here, we show
that neuronal complexity (Sholl intersections) was decreased
in the cortex 7 dpi (F(3,80) = 2.912, p = 0.0273; Fig. 8B–D).
Moreover, this effect was absent in mice in which microglia
were eliminated before TBI. Dendritic spine density in Thy1-
YFP-H mice was also assessed (Fig. 8E) and there was no dif-
ference in total dendritic spine density after TBI (Fig. 8F).
There was, however, a significant reduction in mushroom (or
mature) spines 7 dpi (F(3,57) = 0.4471, p = 0.0169; Fig. 8G) with
a corresponding increase in stubby (immature) spines com-
pared with controls (F(3,57) = 0.4471, p = 0.0245; Fig. 8G). The
reduction in mushroom (mature spines) with TBI (Veh-TBI)
and increase in stubby spines (immature) was not detected in
the PLX-TBI mice with depleted microglia. Taken together,
microglial depletion prevented the TBI-associated remodeling
of cortical dendrites 7 dpi.

Figure 8. Increased dendritic remodeling 7 dpi was dependent on microglia. A, Adult Thy-1 GFP1 mice were provided diets formulated with either vehicle (Veh) or a CSF1R antagonist
(PLX5622) for 14 d. Next, mice were uninjured (Con) or were subjected to mFPI (TB1). Mice were maintained on vehicle or PLX diet for the duration of the experiment. At 7 dpi, mice were per-
fused, fixed, and brains were cryosectioned and mounted on slides for microscopy analysis of dendritic density and morphology (n= 6). B, Representative images of cortical neuron reconstruc-
tions (generated in Imaris) at 7 dpi from each treatment group. C, Sholl analysis of intersections by radius in the cortex. D, Sholl intersections area under the curve. E, Images of Thy-1 GFP 1

dendrites 7 dpi. F, Cortical dendritic spine number. G, Dendritic spine density classified by mature mushroom or immature stubby spines. Bars represent mean6 SEM. Means with p are signifi-
cantly different from Veh-Con group (p, 0.05).
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TBI-associated deficits in CAPs 30 dpi were dependent on
microglia
We provide novel mRNA evidence of inflammation and neuro-
nal pathology 7 and 30dpi and demonstrate that neuronal RNA
expression is influenced by microglia after TBI. The corpus cal-
losum contains axons from neurons in cortical layers that are
injured following diffuse TBI (Ramos et al., 2008). Thus, we
examined neuronal connectivity through the corpus callosum 7
and 30dpi in the presence or absence of microglia (Fig. 9A).
CAPs were stimulated and recorded from ex vivo brain slices
from the corpus callosum (Fig. 9A). Representative tracings
show distinct N1 and N2 components of the action potential,
with control and TBI. These data were interpreted to indicate
that 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 for each treat-
ment group at 7 and 30dpi (Fig. 9B,C).
The N2 CAPs tended to be reduced by
TBI 7 and 30dpi (p=0.08, for each; Fig.
9C). The main effect of TBI was a sup-
pression of the N2/N1 ratio 7 dpi and
30dpi (F(4,32) = 5.5, p=0.002; Fig. 9D).
Post hoc analyses confirmed that the N2/
N1 ratio was decreased in mice subjected
to TBI 7dpi and 30dpi (Veh-TBI groups)
compared with controls (p, 0.001 for
7 dpi; p=0.018 for 30dpi). At 7 dpi, the
suppression of the N2/N1 ratio was unaf-
fected by microglial depletion (PLX-TBI
7dpi vs control p, 0.001). By 30 dpi,
the TBI-induced reduction in N2/N1
ratio was no longer evident in PLX-
treated mice (PLX-TBI 30 dpi vs con-
trol p = 0.712). The effect of TBI and
the reversal by PLX 30 dpi were evi-
dent at the maximum stimulus (2 mA)
and the N2/N1 ratio was at control lev-
els in PLX-TBI mice, but not Veh-TBI
mice (p=0.02; Fig. 9E). Thus, impaired
CAP at a chronic time point after TBI
(30dpi) was dependent on microglia.

TBI-associated deficits in memory
30 dpi were dependent on microglia.
We provide evidence of microglia-
mediated inflammation in the cortex
suppresses neuronal homeostatic gene
expression and structural/electrophy-
siologic function. We next sought to
determine whether cortex-dependent
sensorimotor and cognitive behaviors
were affected by microglia up to 30 dpi
(Fig. 10A). To determine sensorimotor
function, the accelerating Rotarod and
horizontal bar tests were used. These
tests require integration of sensory and
motor inputs and depend on intact
cortical function (Cao et al., 2015).
There were, however, no influences of
either TBI or PLX5622 on sensorimotor
function in the accelerating rotarod
(Fig. 10B) or latency to escape the hori-
zontal bar test (Fig. 10C) after mFPI.
Other sensorimotor behaviors were

also examined, but no long-lasting effects of either TBI or PLX
were detected (data not shown). Thus, there were no major
long-term deficits in locomotion or balance after diffuse TBI.

NOL and novel object recognition (NOR) were determined at
30 and 31dpi, respectively. NOL/NOR are cognitive assessments
that depend on intact hippocampal and cortical function
(Antunes and Biala, 2012). The first phase of the test examined
object location (hippocampal) and the second phase examined
NOR (cortical; Fig. 10A). There were no significant differences
in total time spent exploring in either phases of testing between
the four experimental groups (Fig. 10D,G). In the “location”
phase of testing, there was a tendency for an interaction between
TBI and PLX intervention (F(1,40) = 3.65, p=0.063). Post hoc
analysis confirmed that Veh-TBI mice investigated the novel

Figure 9. TB1-associated deficits in neuronal connectivity 30 dpi were microglia dependent. Adult C57BL/6 mice were pro-
vided diets formulated with either vehicle (Veh) or PLX5622 (PLX) for 14 d. Next, mice were uninjured (control) or were sub-
jected to mFPI (TB1). Mice were maintained on vehicle or PLX diet for the duration of the experiment. A, At 7 and 30 dpi, mice
were killed and CAP was determined from ex vivo preparation of the corpus callosum (n= 6). Representative N1 and N2 trac-
ings of CAP from control and TB1 mice 7 dpi are shown. Graphs reflect average recording amplitude across range of stimulus
intensities for (B) N1, (C) N2, and (D) N2/N1 ratio. Recorded values for maximum stimulus intensity (2 mA) are shown for
(E) N2/N1 ratio. Graphs reflect averages 6 SEM. Means with p are significantly different from Veh-Con group (p, 0.05).
Means with # tend to be significantly different (p= 0.06) from Veh-Con group.
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location for proportionally less time compared with all other
groups, including the PLX-TBI mice (vs Veh-Con p, 0.001; vs
PLX-Con p=0.001; vs PLX-TBI p=0.026; Fig. 10E). These effects
were also evident in the discrimination index for the NOL (Fig.
10F), indicating that the Veh-TBI mice spent significantly more
time with the object in familiar location. Similar to the novel loca-
tion trials, there was an interaction between TBI and PLX admin-
istration (F(1,39) = 18.7, p=0.0001) for NOR aspect of testing. Post
hoc analysis confirmed that Veh-TBI mice investigated the novel

object for less time compared with all other groups, including the
PLX-TBI group (vs Veh-Con p, 0.001; vs PLX-Con p, 0.001; vs
PLX-TBI p, 0.001; Fig. 10H). These differences were reflected in
a suppressed discrimination index for the novel object in Veh-TBI
mice compared with all other groups (Fig. 10I). PLX-TBI mice did
not have these reductions in time spent investigating the novel
object or discrimination index. Collectively, these data indicate
there was TBI related decline in cortical/hippocampal memory
30dpi, which was dependent on microglia.

Figure 10. TB1-associated deficits in NOR 30 dpi were microglia dependent. A, Adult C57BL/6 mice were provided diets formulated with either vehicle (Veh) or PLX5622 (PLX) for 14 d. Next,
mice were uninjured (control) or were subjected to mFPI (TB1). Mice were maintained on vehicle or PLX diet for the duration of the experiment. In the first study (n= 6), mice were subjected
to the accelerating Rotarod and wire-hang test at multiple time points (1, 7, 14, 21, and 28 dpi). In the second study (n= 10), mice were treated as above and NOL and recognition was
assessed 28–31 dpi. B, Latency to fall from the accelerating Rotarod and (C) latency to escape from horizontal bar were determined. In a separate cohort, mice were used in the object location
and recognition tests. At 30 dpi, (D) total time spent exploring, (E) percent of time spent investigating the novel location, and (F) discrimination index for the novel location were determined.
At 31 dpi, (G) total time spent exploring, (H) percent of time spent investigating the novel object, and (I) discrimination index for the novel object were determined. Graphs represent mean6
SEM. Means with p are significantly different from vehicle controls (p, 0.05).
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Discussion
The goals of this study were to determine how microglial contri-
butions to postinjury inflammation and pathology evolved over
time and how microglia influence neuronal dysfunction after dif-
fuse TBI. Novel mRNA data showed that cortical inflammation
evolved from acute (1 dpi) to subacute (7 dpi), then to chronic
(30 dpi) time points after mFPI. Single-cell RNA sequencing of
cortical cells 7 dpi revealed distinct clusters of microglia associ-
ated with inflammation, robust type-1 interferon signaling, and
damage/neuropathology. In addition to characterizing the
inflammatory response, we provide direct evidence of microglia-
mediated inflammation causing neuronal dysfunction after TBI.
Analysis of scRNA-sequenced cortical neurons showed suppres-
sion of genes associated with dopamine signaling, long-term
potentiation, calcium signaling, and synaptogenesis. Microglial
depletion with PLX5622 prevented the majority of these tran-
scripts from being suppressed after TBI. There were functional
deficits in neuronal plasticity 7 dpi and neuronal connectivity
30dpi. These TBI-associated impairments were blocked by
microglial depletion and corroborated by behavioral studies
showing that chronic postinjury cognitive impairment was pre-
vented in mice without microglia.

Microglial depletion prevented inflammatory and neuropa-
thology-associated gene expression at subacute (7 dpi) and
chronic (30 dpi) time points after injury, while many acute
(1 dpi) changes were microglia independent. This suggests the
acute transcriptional response to injury may depend on the phys-
ical forces of injury while evolving inflammatory and immune
processes drive progression from subacute to chronic injury.
Critically, microglial depletion with PLX5622 not only influ-
enced genes expressed by microglia, but also genes largely
expressed by other CNS cells including neurons and oligoden-
drocytes. We used the Barres Laboratory Brain RNA-seq Mus
musculus dataset (http://www.brainrnaseq.org) to code genes by
predominant cell type of expression. Increased transcripts were
predominantly expressed by microglia (i.e., Clec7a, Trem2, Tlr4,
Ifi27l2a, Stat1) while suppressed transcripts were attributed to
neurons (i.e., Cx3cl1, Drd1, Drd2, Trpv1) at both 7 and 30dpi.
One limitation of these data is that use of a predetermined neu-
ropathology panel by NanoString can bias these findings, thus
our confirmatory studies using scRNAseq are an important com-
plement. Nonetheless, these data corroborate previous evidence
showing microglia become “primed” after TBI and express
higher levels of innate immune markers (Fenn et al., 2014;
Muccigrosso et al., 2016) and suggest that development of
primed microglia occurs alongside suppression of neuronal tran-
scriptional homeostasis.

Single-cell RNA sequencing demonstrated that interferon-re-
sponsive gene expression was (Sen et al., 2020) a critical pathway
within microglia 7 dpi. Consistent with IPA, trauma-related clus-
ters 6 and 8 were defined by high expression of genes related to
interferon signaling or CNS injury. Microglia respond to type-1
interferons via IFNa receptors (IFNAR1, IFNAR2) and express
myriad interferon response factors (IRFs). Sen et al. (2020)
recently demonstrated that neuronal stress after contusion TBI
causes increased stimulator of interferon genes (STING) expres-
sion in damaged neurons, which in turn promotes neuronal
type-1 interferon release and subsequent microglial cytokine/
chemokine release. STING was separately shown to be expressed
in postmortem human tissue at late postinjury time points
(Abdullah et al., 2018). IFNb knock-out reduced lesion volume,
prevented hippocampal neuron loss, and ameliorated chronic be-
havioral impairments (Barrett et al., 2020). Importantly, these

studies used CCI, which is associated with cortical tissue loss
and blood brain barrier disruption, unlike mFPI, which models
diffuse injury and is not associated with lesion formation.
Nonetheless, similar STING upregulation may occur in the cor-
tex after diffuse TBI, where neurons are injured (Greer et al.,
2011) and there is evidence of cell-membrane permeability
(Lafrenaye et al., 2012) and mitochondrial dysfunction (Harris et
al., 2001). In our scRNAseq dataset we were unable to identify
specific cell types that produced type-1 interferons 7 dpi. More
acute timepoints may better capture interferon expression if it is
transient after injury. Nonetheless, our previous findings showed
that IRF expression was microglia dependent (Witcher et al.,
2018). Here, we show that subsets of microglia were robustly re-
sponsive to IFN signals 7 dpi, which are likely initiated by neu-
rons and glia in response to cellular and mechanical damage
following TBI.

PLX5622-mediated depletion was used to determine the
global contribution of microglia to postinjury neuropathology
and neuronal dysfunction; however, the paradigm was not
designed to be therapeutic and microglia remaining after
PLX5622-mediated depletion have a distinct mRNA profile. For
instance, cluster 2 and 7 microglia were enriched in PLX5622-
treated groups and expressed an overabundance of mRNA
encoding ribosomal proteins (Rpl34, Rpl 32, Rps28, Rps19) or
genes involved in cellular proliferation (Ube2c, Cenpa, tubulin,
and actin components). Ribosomal proteins are implicated in
p53-mediated programmed cell death, tumorigenesis, and abnor-
mal cell proliferation (Guimaraes and Zavolan, 2016). Our data
indicate that PLX causes a state of constant depletion and prolif-
eration of microglia and may explain how microglia can repopu-
late the brain within 1–3 d after PLX5622 has been removed
(Elmore et al., 2014; Rice et al., 2017; Weber et al., 2019). While
consistent PLX5622 administration before and postinjury was a
valuable tool in our studies, other groups have used microglial
depletion and rapid repopulation to reverse microglial dysregula-
tion after murine TBI. Willis et al. (2020) recently demonstrated
in a mouse contusion TBI model that microglial depletion and
subsequent repopulation shifted microglia to a neuroprotective
phenotype, improving learning deficits in an IL6-dependent
manner. In a separate study, microglial depletion and repopula-
tion promoted motor and cognitive behavioral recovery at
chronic postinjury time points (Henry et al., 2020). Therefore,
promoting microglial turnover may have therapeutic benefit.

Single-cell RNA sequencing allows for unprecedented detec-
tion of CNS heterogeneity, but is insufficient to answer all rele-
vant questions. To detect changes in single-cell gene expression,
expression levels must be robust. While we detected differential
expression in major CNS cell types, we were unable to perform
in-depth analysis of small cell populations. Relative cell-type dis-
tribution is skewed based on ease of dissociation: microglia and
astrocytes are overrepresented while neurons and oligodendro-
cytes are underrepresented. Despite these limitations, our pri-
mary conclusions of scRNAseq data are consistent with our
NanoString datasets previously presented and included here
(Witcher et al., 2018).

TBI and microglia-mediated inflammation suppressed over
200 genes in cortical neurons. Genes with reduced expression
included neuronal regulators of microglia (Cd200, Cx3cl1), cal-
cium signaling (Rab3, Calm2, Syt5, Adcyl, Caly), redox signaling
(Prrmcl, SpeXV), and synaptic/dendritic plasticity (Mef2c, Sncb,
Map1b, Nsg1, Aplp, Ndnm, Nell2, Maphs). Microglial depletion
reversed 95% of these neuronal alterations 7 dpi. Furthermore,
the TBI effect in neurons showed evidence of increased protein
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degradation (26s proteasome and glutamate signaling; FMR1) and
suppressed redox regulation (ATF6, HIF1A, XBO1, NFE2l2),
growth/survival (IGFR1, MKNK1, TGFB1, ESRRA), and plas-
ticity (NRF1, ADORA2A). This neuronal suppression pat-
tern is in contrast to astrocytes and oligodendrocytes both in
magnitude and directionality: far fewer genes were differen-
tially expressed compared with neurons and both glial popu-
lations had mixed increased/decreased expression changes in
genes related to reactivity or homeostasis. TBI-induced
changes in neuronal genes and pathways were interpreted to
represent a microenvironment that has higher glutamate sig-
naling with reduced calcium signaling, synaptogenesis, and
dendritic restructuring.

TBI-induced changes in neuronal transcripts were corrobo-
rated by structural, electrophysiological, and behavioral studies.
There was evidence of cortical dendritic restructuring 7 dpi, with
a reduction in overall dendrite complexity and reduction in
mature spines. This time point and location is also when micro-
glia become rod-shaped and align with apical pyramidal den-
drites after mFPI (Witcher et al., 2018). Dendritic complexity
and maturity were not altered by TBI in the absence of microglia.
Expression of complement ligands (C1qa, C1qb) and receptors
(Cd11b) were increased in the NanoString and scRNAseq data-
sets. While we found that spine morphology changes after TBI
is microglia-dependent, it is unclear whether this is comple-
ment-mediated in the context of TBI (Schafer et al., 2012;
Hong et al., 2016; Vasek et al., 2016). We observed a persis-
tent reduction in N2/N1 ratio following injury, which was in
part driven by reduction in N2 amplitude (conduction of
small diameter and/or unmyelinated fibers). These findings
were consistent with previous data collected in rats following
mFPI (Reeves et al., 2005). The extension here is that micro-
glial elimination reversed these CAP impairments 30 dpi,
indicating that microglia-mediated inflammation disrupts ei-
ther fiber integrity or conduction.

A final important discussion point is that the RNA and
functional profiles of reduced neuronal plasticity corre-
sponded with functional deficits in memory. NOL and rec-
ognition depend on both cortical and hippocampal memory
(Vogel-Ciernia and Wood, 2014). Thus, the changes in the
gene level and in dendritic processes were associated with
cortical and hippocampal cognitive impairment 30 dpi.
While we anticipated that the cortical inflammation would
also affect somatosensory parameters, this was not the case.
Cognitive impairments, however, are well established in
rodent models of TBI and there is mild cognitive decline af-
ter diffuse brain injury by 30 dpi (Bachstetter et al., 2015;
Muccigrosso et al., 2016). Here, we show that microglial
depletion was protective in preventing TBI-associated cog-
nitive deficits 30 dpi.

Collectively, these studies provide novel evidence that micro-
glia not only respond to and mediate inflammatory signaling but
influence the neuronal response to TBI. These studies present a
comprehensive picture of microglia as critical mediators of
chronic inflammation that corresponded with suppression of
neuronal homeostasis at the transcriptional, structural, physio-
logical, and functional level.
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