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A B S T R A C T   

Background: There is a need for early therapeutic interventions after traumatic brain injury (TBI) to prevent 
neurodegeneration. Microglia/macrophage (M/M) depletion and repopulation after treatment with colony 
stimulating factor 1 receptor (CSF1R) inhibitors reduces neurodegeneration. The present study investigates 
short- and long-term consequences after CSF1R inhibition during the early phase after TBI. 
Methods: Sex-matched mice were subjected to TBI and CSF1R inhibition by PLX3397 for 5 days and sacrificed at 5 
or 30 days post injury (dpi). Neurological deficits were monitored and brain tissues were examined for histo- and 
molecular pathological markers. RNAseq was performed with 30 dpi TBI samples. 
Results: At 5 dpi, CSF1R inhibition attenuated the TBI-induced perilesional M/M increase and associated gene 
expressions by up to 50%. M/M attenuation did not affect structural brain damage at this time-point, impaired 
hematoma clearance, and had no effect on IL-1β expression. At 30 dpi, following drug discontinuation at 5 dpi 
and M/M repopulation, CSF1R inhibition attenuated brain tissue loss regardless of sex, as well as hippocampal 
atrophy and thalamic neuronal loss in male mice. Selected gene markers of brain inflammation and apoptosis 
were reduced in males but increased in females after early CSF1R inhibition as compared to corresponding TBI 
vehicle groups. Neurological outcome in behaving mice was almost not affected. RNAseq and gene set enrich-
ment analysis (GSEA) of injured brains at 30 dpi revealed more genes associated with dendritic spines and 
synapse function after early CSF1R inhibition as compared to vehicle, suggesting improved neuronal mainte-
nance and recovery. In TBI vehicle mice, GSEA showed high oxidative phosphorylation, oxidoreductase activity 
and ribosomal biogenesis suggesting oxidative stress and increased abundance of metabolically highly active 
cells. More genes associated with immune processes and phagocytosis in PLX3397 treated females vs males, 
suggesting sex-specific differences in response to early CSF1R inhibition after TBI. 
Conclusions: M/M attenuation after CSF1R inhibition via PLX3397 during the early phase of TBI reduces long- 
term brain tissue loss, improves neuronal maintenance and fosters synapse recovery. Overall effects were not 
sex-specific but there is evidence that male mice benefit more than female mice.   

1. Introduction 

Traumatic brain injury (TBI) is a major cause of death and disability 

and represents a severe medical and socioeconomic burden (Dewan 
et al., 2018). Age and sex have been associated with a negative outcome, 
complications and chronic symptoms after TBI (Hosomi et al., 2021). 
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Despite the identification of neuroprotective drugs in animal models of 
TBI and decades of clinical research, therapeutic options are limited to 
surgical interventions and symptomatic relief (McConeghy et al., 2012), 
owing to the complexity of pathophysiological processes comprising 
cerebral ischemia, impaired cerebral blood flow, blood brain barrier 
disruption, brain edema, oxidative stress, mitochondrial dysfunction, 
and neural cell death (Abdul-Muneer et al., 2015; Akamatsu and Hanafy, 
2020; Schäfer et al., 2014; Werner and Engelhard, 2007). TBI pathology 
is associated with a clinically relevant neuroinflammation which de-
velops early and persists for months to years after TBI (Morganti-Koss-
mann et al., 2019; Ramlackhansingh et al., 2011). Neuroinflammation is 
mediated by different types of brain resident cells, most notably 
microglia and astrocytes (Karve et al., 2016). Together with peripheral 
immune cells, that infiltrate the injured brain tissue, they generate a 
highly inflammatory environment at injury sites, which is detrimental 
for neuronal survival but necessary to facilitate tissue clearance, glial 
scar formation, and neural repair (Bolte and Lukens, 2021; Schäfer and 
Tegeder, 2018). Microglia/macrophages (M/M) play a central role 
during early and late phases of TBI mediating both beneficial and 
detrimental processes. These dual functions have been attributed to 
opposing polarization states, i.e. M1 and M2 (Donat et al., 2017; Loane 
and Kumar, 2016), but there is now consensus that microglia do not 
display distinct M1 or M2 phenotypes but rather display a mixed 
phenotype after brain injury (Jassam et al., 2017; Morganti-Kossmann 
et al., 2019; Ransohoff, 2016). 

Microglia depletion strategies are considered promising translational 
therapies for neurological disorders including TBI (Green et al., 2020; 
Han et al., 2019). In particular, the small molecule inhibitors PLX3397 
and PLX5622 that target the colony stimulating factor 1 receptor 
(CSF1R) that is pivotal for survival and proliferation of microglia, are 
able to deplete microglia in the brain (Elmore et al., 2014). Adminis-
tration of CSF1R inhibitors prior to experimental TBI revealed important 
insights into the function of M/M during brain injury progression (Ritzel 
et al., 2021; Wang et al., 2020; Willis et al., 2020; Witcher et al., 2021; 
Witcher et al., 2018). In addition, M/M depletion in the subacute or in 
the chronic phase of TBI followed by microglia repopulation after 
discontinuation of the CSF1R inhibitor PLX5622 was shown to reduce 
neuropathology and neurological deficits in mice (Bray et al., 2022; 
Henry et al., 2020). 

These and other studies identified small molecule inhibitors of 
CSF1R as powerful tools in brain injury research and highlighted the 
potential value of microglia depletion and repopulation in developing 
therapeutic approaches and proposed that repopulated microglia 
resolve ongoing neuroinflammation (Green et al., 2020; Han et al., 
2019; Waisman et al., 2015). As mentioned, previous studies using 
CSF1R inhibitors in experimental TBI focused on pre-treatment strate-
gies (Ritzel et al., 2021; Wang et al., 2020; Willis et al., 2020; Witcher 
et al., 2021; Witcher et al., 2018), or administration at subacute or 
chronic time-points (Bray et al., 2022; Henry et al., 2020). However, 
little is known about the consequences of post-traumatic administration 
of CSF1R inhibitor during the acute and early phases of TBI. Moreover, 
sex-specific effects, which are known to play a role in TBI as well as 
microglia functions (Caplan et al., 2017; Han et al., 2021; Newell et al., 
2020; Villapol et al., 2017), have not yet been investigated in response to 
CSF1R inhibition after TBI. 

In the current study, we addressed the existing need for early ther-
apeutic interventions and tested the hypothesis that CSF1R inhibition 
during the early phase of TBI reduces pathological short- and long-term 
sequelae, also considering sex as a biological variable. Therefore, we 
subjected male and female C57Bl/6 mice to TBI using the controlled 
cortical impact (CCI) model and treated them for 5 days with the CSF1R 
inhibitor PLX3397 or vehicle. We investigated short- and long-term ef-
fects, using behavioral, histopathological, and molecular analyses 
including global transcriptomics. 

2. Material and Methods 

2.1. Animals and TBI experiments 

Adult, 12–14 weeks-old, male and female C57BL6/J mice (Janvier 
Germany) were housed and maintained in a controlled environment (12 
h dark/light cycle from 7:00 am to 19:00 pm, 22 ± 1 ◦C, 50 ± 5 % 
humidity) with food and water ad libitum. All experiments were per-
formed according to the institutional guidelines of the Johannes 
Gutenberg University, Mainz, Germany, approved by the Animal Care 
and Ethics Committee of the Landesuntersuchungsamt Rheinland-Pfalz 
(protocol number G19-1–027), and in accordance with the ARRIVE 
guidelines. TBI/sham experiments were performed during daytime from 
8:00 am to 18:00 pm in a randomized manner regarding TBI or sham 
surgery. Mice were treated essentially as described (Ritter et al., 2021), 
with carprofen for analgesia 30 min prior to anesthesia induced with 4 
vol% isoflurane for 90 s and maintained with 2.1 vol% isoflurane for the 
whole procedure. After reaching satisfied depth of anesthesia, lidocaine 
was applied subcutaneously to the temples and the heads were immo-
bilized in a stereotactic frame (Kopf Instruments). The temperature was 
maintained at 37 ◦C using feedback heating (Hugo Sachs, March-
Hugstetten, Germany). A 1 cm skin incision was cut along the midline 
and a craniotomy of 4 × 4 mm was drilled above the right parietal 
cortex, and the displaced bone fragment was flapped laterally while 
keeping the dura mater intact. The cortical impact was applied using a 
Benchmark™ Stereotaxic Impactor (Leica Biosystems, Wetzlar, Ger-
many): impactor tip diameter: 3 mm, velocity: 6 m/s, duration: 200 ms, 
displacement: 1.5 mm. After hemostasis, the displaced skull bone frag-
ment was placed back to the burr hole and sealed with tissue glue, then 
the skin incision was sutured. Sham mice received isoflurane anesthesia, 
skin incision, and sutures, but no skull drilling, and impact. (Mice were 
placed in a temperature (36 ◦C) controlled incubator (IC8000, Draeger, 
Luebeck, Germany) after surgery, woke up within 10 min, and trans-
ferred back to the home cages after 90 min. Parameters including rectal 
temperature and duration of operation were recorded (Supplementary 
information, Table S1). All animals survived the CCI/sham procedure 
until the end of the observation periods. 

2.2. Experimental design and pharmacological treatment 

In total 80 mice were investigated in two independent cohorts with 
survival times of 5 days (cohort 1) or 30 days (cohort 2) after TBI, 
respectively (Fig. 1A, 6A, created with BioRender.com). In each cohort, 
mice were assigned randomly to four experimental groups with equal 
sex distribution (TBI + PLX3397, n = 12; TBI + vehicle, n = 12; sham +
PLX3397, n = 8; sham + vehicle, n = 8). Chow was purchased from 
Research Diets and animals from both cohorts received ad libitum either 
PLX3397 (290 mg/kg) or vehicle chow starting 90 min after the CCI/ 
sham procedure for 5 days. The efficiency of dietary PLX3397 admin-
istration in adult mice was shown before with a 50 % reduction after 3 
days and an elimination after 21 days of treatment (Elmore et al., 2014). 
Mice from cohort 2 were returned to the vehicle chow diet until 30 dpi. 
Food intake was determined daily from 1 dpi to 5 dpi (Supplementary 
information, Fig. S1, Table S2) and body weight of mice was determined 
at 1 dpi, 3 dpi, and 5 dpi (Supplementary information, Fig. S2, Table S3). 
Mice were killed at 5 dpi (cohort 1) or 30 dpi (cohort 2). Two experi-
menters performed the animal experiments in each cohort, one for 
surgery and one for drug administration and behavior. The latter were 
blind to the surgical procedure and treatment, subsequent data collec-
tion and analyses. 

2.3. Evaluation of neurological deficits (NSS) and behavioral monitoring 

Behavioral monitoring to assess neurological deficits was carried out 
in the same order as the CCI/sham surgeries during daytime from 9:00 
am to 15:00 pm by experimenters blind to experimental groups. NSS was 
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used to assess neurological deficits comprising balance, motor ability 
and general behavior one day before TBI and at different time points 
after TBI (Hummel et al., 2020). The minimum neurological score was 
0 (no impairment) and the maximum was 12 (severe neurological 
dysfunction). Pre-scoring yielded almost zero scores, as expected. 
Sensorimotor coordination was tested by the Rotarod task (RR) as pre-
viously described (Hummel et al., 2020). Briefly, mice were tested on an 
accelerating RotaRod (Panlab RotaRod, Harvard Apparatus, Holliston, 
MA) and the latency to fall (height 18.5 cm) was recorded. The best 
value from two trials per animal and time point was analyzed. Animals 
completed four training trials one day before TBI, followed by two trials 
to determine the pre-injury rotarod performance. Post-injury perfor-
mance was tested at 1 dpi, 3 dpi, 5 dpi, (cohort 1 + cohort 2) 14 dpi and 
30 dpi (cohort 2) and the longest latency to fall in two trials was taken as 
best performance and scored. The general locomotor activity of mice 
was examined in an open field test (OFT) maze (40 × 40 × 40 cm, 

330–350 Lux) using a video tracking system (EthovisionXT, Noldus, 
Wageningen, Netherlands) before and at different time points after TBI 
(cohort 1: pre-OP, 1 dpi, 3 dpi, and 5 dpi; cohort 2: pre-OP, 1 dpi, 3 dpi, 5 
dpi, 14 dpi, and 30 dpi). Mice were placed in the center of the arena, 
locomotion was recorded for 3 min, and the travelling distance was 
determined using EthovisionXT14 software. 

2.4. Brain sectioning and histopathology 

Mice were decapitated in deep anesthesia using isoflurane at 4 vol% 
at 5 dpi or 30 dpi. Brains were collected and frozen in powdered dry ice, 
stored at − 20 ◦C, and coronal brain sections were prepared using a 
cryotome (HM 560 Cryo-Star, Thermo Fisher Scientific, Walldorf, Ger-
many). Brains were cut to 12 µm thick sections at 16 consecutive levels 
and collected in 500 µm intervals on glass slides (Superfrost Plus) from 
Bregma + 3.14 mm to − 4.36 mm. Brain tissues from intermediate 

Fig. 1. CSF1R inhibition attenuates M/M accumulation in the early phase of TBI (A) Experimental design of 5 days survival groups (cohort 1, equal sex ratio). 
Neurological Severity Score (NSS), rotarod performance (RR) and open field test (OFT) were conducted at 1 day before TBI, at 1, 3 and 5 dpi. Animals received 
PLX3397 (290 mg/kg body weight) or vehicle chow for 5 days. At 5 dpi, brains were dissected and processed for histology, mRNA and protein analyses. (B) anti- 
CD68/anti-GFAP double-immunostaining showing that PLX3397 attenuated M/M accumulation but did not affect astrogliosis at 5 dpi. (C) Brains from sham mice 
treated with PLX3397 or vehicle did not show M/M accumulation or astrogliosis. (D, E) Counts of CD68+ M/M and GFAP+ astrocytes showing that CSF1R inhibition 
attenuated M/M accumulation regardless of sex TBI: n = 6, sham: n = 4, per group. Two-Way ANOVA followed by Holm Šídák s multiple comparisons test (D, E). 
Values from individual animals and mean ± SEM are shown. *indicates PLX3397 vs vehicle, ****p < 0.0001, #indicates TBI vs sham, ##p < 0.01, ####p < 0.0001, 
ns = not significant. Scale: 100 µm (B, C). 
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sections (60 µm, 8 × 4) were collected from Bregma + 0.64 mm to 
− 2.86 mm, cut along the midline to separate the ipsilesional and 
contralateral hemispheres, and upper quadrants of the sections con-
taining the lesioned and perilesional brain tissue (cortex, striatum, 
dorsal hippocampus, thalamus) were collected (Supplementary infor-
mation, Fig. S3), frozen with liquid nitrogen, and processed for RNA 
and/or protein extractions and RNA-sequencing. 

Cresyl violet staining was carried out to perform brain volumetry and 
to determine the structural brain damage. Briefly, brain sections were 
60 min air-dried, rehydrated for 2 min in 70 % ethanol, and stained for 
10 min with a cresyl violet solution (10 mg/ml, 20 % Ethanol, Merck). 
Sections were washed in distilled water, dehydrated, hyalinized and 
mounted. Hematoxylin-Eosin (H&E) staining was performed to assess 
the area of hematoma according to standard protocols. Briefly, brain 
sections were air-dried and sequentially rehydrated, stained with H&E 
solution (Morphisto), dehydrated, hyalinized and then mounted. 

For immunohistochemistry, brain cryosections were air-dried for 30 
min, fixed for 10 min in 4 % PFA and incubated in blocking solution (5 % 
goat serum, 0.5 % bovine serum albumin, and 0.1 % Triton X-100 in 
PBS) for 60 min at RT. Primary antibodies were diluted in blocking so-
lution and applied at 4 ◦C overnight. After extensive washing in PBS, 
highly cross-adsorbed secondary antibodies were diluted in blocking 
solution 1:500 and applied for 60 min. Afterwards, sections were 
washed with PBS, counterstained with 4′,6-Diamidino-2-phenyl-indol 
-dihydrochlorid (DAPI, 1:10.000, Sigma-Aldrich) and mounted. Pri-
mary, secondary antibodies, and dilutions are provided as Supplemen-
tary information (Table S4). 

TdT-mediated dUTP-biotin nick end labeling (TUNEL) combined 
with immunohistochemistry was used to identify apoptotic cells. Brain 
cryosections were air dried, fixed in 4 % PFA for 20 min, rinsed in 0.1 % 
sodium citrate solution containing 0.1 % Triton X-100 and 3 % H2O2, 
washed in PBS, and incubated with TUNEL solution (#11684809910, 
Roche, Mannheim, Germany) in a water bath for 60 min at 37 ◦C. After 3 
washes in PBS, the sections were blocked, incubated with primary an-
tibodies specific to CD68 and NeuN, respectively, and processed as 
described above. 

2.5. Histopathological analyses 

Sections stained with cresyl violet or H&E were imaged using a 
bright field microscope (Stemi 305, Zeiss). Quantification of lesion 
volume, hippocampal granule cell layer (GCL) thickness or length, and 
dorsal hippocampal area were carried out using Zen software (Zeiss, 
RRID:SCR_013672), hematoma area was determined using ImageJ 
software (RRID: SCR_003070). Brain lesion volume and brain tissue loss 
were defined as the area lacking violet staining and the lesion volume 
was quantified by outlining the non-stained or missing tissue on the 
injured hemisphere (Villapol et al., 2012) and summation of lesion re-
gions from 16 sections multiplying the intervals between two sections 
(500 µm). The relative lesion volume at 5 dpi or brain tissue loss at 30 
dpi was calculated by dividing the lesion volume by the total ipsilateral 
hemisphere volume (Villapol et al., 2012), calculated from 16 sections 
as described above. 

GCL thickness was measured at 5 dpi in the dorsal hippocampus 
between Bregma levels − 1.2 mm to − 1.8 mm on two sections along the 
suprapyramidal blade (Hummel et al., 2020). At 30 dpi, GCL length 
instead of thickness was used because of long-term changes of hippo-
campus morphology. The dorsal hippocampal area was determined on 
three sections (distance 500 µm) from Bregma levels − 1.06 mm to 
− 2.16 mm according to Paxinos and Franklin‘s mouse brain atlas. Values 
are expressed in % relative to the contralesional GCL or hippocampus, 
respectively. 

Immunohistochemical images were captured using a confocal scan-
ning microscope (LSM Examiner, Zeiss) by investigators blind to 
experimental randomization using identical acquisition parameters for 
each staining combination. Quantitative assessments were done with 

Image J (ImageJ, RRID:SCR_003070) with adequate threshold setting 
followed by the “analyze particle” plugin. Manders’ colocalization co-
efficients were determined to analyse the overlap of IL-1β immuno-
labelling with CD68 or GFAP immunolabelling using the ImageJ plugin 
JACoP and adequate threshold settings. 

2.6. Immunoblotting 

Brain tissue samples collected during cryosectioning were homoge-
nized using ice-cold RIPA buffer [50 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 1 mM EDTA, 1 % (v/v) NP-40, 0.1 % (v/v) sodium dodecyl sulfate, 
complete protease inhibitors (Roche)] and Lowry protein assay (BioRad) 
was used to quantify protein concentrations. For western blotting, 30 µg 
protein for each sample was separated by SDS-PAGE (12 %) and trans-
ferred to nitrocellulose membranes (Perbio Science). Membranes were 
blocked in 2.5 % skim milk for 60 min at RT, incubated with primary 
antibodies at 4 ◦C overnight, and secondary infrared dye-conjugated 
antibodies diluted 1:15,000 in blocking solution at RT for 60 min. Pri-
mary and secondary antibodies and dilutions are provided in the Sup-
plementary information (Table S4). 

Protein bands and optical densities were revealed and quantified 
using the near-infrared laser scanning Odyssey SA Imaging System de-
vice and Image Studio software (LI-COR, RRID: SCR_014579). IgG dot 
blots were used to evaluate BBB integrity essentially as described 
(Hummel et al., 2021). Briefly, proteins lysed in RIPA buffer (2 µl per 
dot, 1 µg/µl) were dropped onto nitrocellulose membrane, incubated 
with goat anti-mouse IgG IRDye800CW (1:15,000, LI-COR Biosciences, 
Cat#827–08364, RRID:AB_10793856), and the fluorescent signal was 
detected and analyzed as described above. 

2.7. Gene expression analysis 

Brain samples were collected as described in section 2.4 and gene 
expressions were quantified using a target specific standard curve of 
mRNA copies (Thal et al., 2008). RNeasy and QuantiTect Reverse 
Transcription Kits (Qiagen) were used for mRNA extraction and cDNA 
synthesis. SYBRgreen Kit and Maxima Hot Start Kit (Scientific) with 
primer and probes were used for quantitative polymerase chain reaction 
(qPCR) analysis (Light Cycler480, Hoffmann-La Roche AG RRID: 
SCR_012155) and 1 µg cDNA was used for each target per reaction in 
duplicate. Absolute values of gene expression were quantified and then 
normalized to absolute value of the reference gene cyclophilin A (PPIA). 
Sequences of applied primer pairs are provided in the Supplementary 
information (Table S5). 

2.8. RNA sequencing and analysis 

Total RNA of brain samples were acquired from cryosections as 
described in section 2.4 containing lesioned and perilesional regions 
(cortex, striatum, dorsal hippocampus, thalamus, Supplementary infor-
mation, Fig. S3). Total RNA was purified using RNAeasy Kit (Qiagen), 
the quantity was assessed with the Qubit 2.0 and quality was checked 
using a RNA 6000 Nano chip on Agilent’s bioanalyzer. Barcoded mRNA 
seq libraries were prepared from 400 ng total RNA using a NEBNext® 
Poly(A) mRNA Magnetic Isolation Module and NEBNext® Ultra™ II 
RNA Library Prep Kit for Illumina® with a final amplification of 12 
cycles. Library concentrations were quantified using Invitrogen’s Qubit 
HS DNA assay and average library size was analyzed on Agilent’s 2100 
Bioanalyzer using a HS DNA chip. Sequencing was performed at Novo-
gene (Cambridge, UK) on an Illumina NovaSeq 6000 sequencing system 
using a sequencing depth of 30 Mio paired end (150 cycles) reads per 
sample. Sample quality was assessed with demultiplexed fastq.gz files. 
Sequenced reads were trimmed for adapter sequences and processed 
using Qiagen’s software CLC Genomics workbench (v21.0.5) with CLC’s 
default settings for RNASeq analysis. Reads were aligned to GRCm38 
genome (Waterston et al., 2002), using a minimum read length of 50 bp. 
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The expression value unit is TPM. Results were displayed with ArrayStar 
17 (Lasergene) including the number of mapped reads, target length, 
source length and position, strand, genes and gene IDs, annotated ac-
cording to the mm10 assembly. Genes were filtered for at least 7 valid 
values out of 20 samples with normalized reads > 0.1 to exclude low 
expression genes. Data were log2 transformed, and results were dis-
played as scatter plots, MA-plots and Volcano plots. The P value was set 
at 0.05 and adjusted according to the False Discovery Rate (FDR). The q- 
value was set at 0.1. Hierarchical clustering was employed to assess gene 
expression patterns using Euclidean distance metrics. Results were dis-
played as heat maps with dendrograms. 

Key regulated genes (based on P-value, fold change and abundance) 
were further analysed for gene ontology annotation enrichments using 
the web tool Gorilla (http://cbl-gorilla.cs.technion.ac.il/) (Eden et al., 
2009) and gene set enrichment analyses (GSEA) (https://www.gsea-m 
sigdb.org) (Subramanian et al., 2005) to assess functional implications 
of up- or downregulated genes and to obtain a gene ranking and heat 
map of the leading edge 50 up- and downregulated genes. GSEA ranked 
gene lists are based on fold difference and P value. RNAseq data have 
been deposited as GEO dataset with the provisional accession number 
GSE196121. 

2.9. Statistical analysis 

Data were analysed using GraphPad Prism software (version 9.0). 
Data distribution was analysed by Shapiro-Wilk normality test and QQ 
plots and outliers were identified by Rout’s test as specified in the figure 
legends. Two-way ANOVA was used for multiple group comparisons 
(followed by Holm-Šídák post hoc test) and groups of male and female 
mice were analysed separately (Fig. 1, Fig. 2, Fig. 4B, Fig. 5C, Fig. 6G, H, 
Fig. 7). Pairwise comparisons of parametrically distributed values from 
histopathological analyses including only TBI mice were analysed by 
Student‘s unpaired two-tailed t test or the Welch’s t test depending on SD 
variance, non-parametrically distributed values were analysed by Mann- 
Whitney U test (Fig. 3, Fig. 4D, Fig. 6C-E). Behavioral data of NSS, RR 
and OFT from pre-op, 1 dpi, 3 dpi, and 5 dpi were pooled from cohort 1 
and cohort 2, while data of 14 dpi and 30 dpi were from cohort 2 only, 
and two-way ANOVA with mixed effect analyses followed by Holm- 
Šídák post hoc test, were applied due to the unequal sample size at 
different time-points (Fig. 8). Linear correlations between two sets of 
data were performed using the Pearson correlation coefficients (Fig. 4E, 
F, Fig. 5D, E) and the Manders’ colocalization coefficients was calcu-
lated using the ImageJ plugin JACoP (Fig. 5C). Data points for individual 
animals are shown as mean ± SEM, p < 0.05 was considered statistically 
significant. Full statistics are reported in the Supplementary information 
(Table S1-S3 and Table S6-S15). 

3. Results 

3.1. CSF1R inhibition attenuates M/M accumulation in the early phase of 
TBI 

Male and female mice were subjected to the CCI model of TBI or 
sham procedure and were fed with either the CSF1R inhibitor PLX3397 
chow (290 mg/kg) or vehicle chow (Elmore et al., 2014) for 5 days 
(Fig. 1A). No major differences were observed in food consumption 
between TBI PLX3397 vs TBI vehicle groups over the 5 days of drug 
administration, but mice of the TBI groups eat less than sham mice as 
determined at 1 dpi (Supplementary information, Fig. S1, Table S2). 
Body weight curves showed an initial reduction after TBI that normal-
ized over 5 days in both the PLX3397 and vehicle chow-fed groups 
(Supplementary information, Fig. S2, Table S3). 

At 5 dpi, both CD68+ M/M and GFAP+ astrocytes were markedly 
increased at perilesional sites (Fig. 1B) compared to corresponding sites 
from sham animals (Fig. 1C). CSF1R inhibition by PLX3397 reduced the 
number of CD68+ M/M by approximately 50 % in male and 35 % in 

female mice, and the number of Iba1+ M/M by approximately 50 % both 
in male, and female mice, as compared to the corresponding vehicle 
treatment groups (Fig. 1D, Supplementary information, Fig. S4, 
Table S6). The number of GFAP+ astrocytes in TBI or sham mice was not 
affected by PLX3397 treatment (Fig. 1E). 

To further characterize the consequences of M/M attenuation in our 
TBI model, we examined a panel of gene expression markers for M/M, 
astrocytes, and apoptosis by qPCR at 5 dpi (Fig. 2, Supplementary in-
formation, Table S5 and Table S9). The TBI-induced up-regulation of the 
M/M markers Cd68, Aif1, Fcgr1, Tnfa, Arg1, Mrc1, C1qa (Fig. 2A-G) and 
the PLX3397 target Csf1r (Fig. 2H) were attenuated by approximately 
50 %. The effects on Tnfa in males and Arg1 in females need to be 
cautiously interpreted as TBI*PLX3397 interaction was not significant 
based on ANOVA statistics (Supplementary information, Table S9). 
CSF1R inhibition also decreased M/M gene marker expression in sham 
animals, albeit inconsistently. Mrc1 expression was significantly 
reduced both in male and female sham mice whereas Aif1 and Csf1r 
expressions were reduced only in sham males (Fig. 2F, H). The apoptosis 
gene marker Bax showed a reduced expression in male TBI mice after 
CSF1R inhibition but not the apoptosis marker Casp3. Hence, apoptosis 
markers were inconclusive, possibly related to peak expression of Casp3 
at earlier post-traumatic time-points in the CCI model of TBI (Yakovlev 
et al., 1997) (Fig. 2I, J). Conversely, expressions of Il1b and Il1r1 were 
clearly increased after TBI but were not affected by PLX3397 treatment 
(Fig. 2K, L) suggesting a non-M/M source. Finally, Gfap expression was 
strongly up-regulated in response to TBI but PLX3397 treatment did not 
affect the expression levels of this astrocyte activation marker (Fig. 2M). 
Consistent with the mRNA expression and immunohistochemical data, 
immunoblots of brain lysates showed an approximately 50 % reduction 
of Iba1 protein levels (encoded by the Aif1 gene), whereas GFAP 
expression was not altered after CSF1R inhibition in TBI mice (Fig. 2N- 
P). These results demonstrate that CSF1R inhibition by dietary admin-
istration of PLX3397 attenuates the TBI-induced M/M accumulation 
during the early phase of TBI. 

3.2. CSF1R inhibition does not attenuate structural damage but neuronal 
apoptosis and M/M proliferation at 5 dpi 

We next determined the brain lesion volume (Fig. 3A, B) and the 
thickness of the ipsilesional hippocampal GCL (Fig. 3C, D), that is a 
reliable neuropathological parameter for a brain damage remote of the 
direct injury site in our TBI model (Hummel et al., 2020; Ritter et al., 
2021). Brain volumetry did not reveal a difference in the relative lesion 
volume between PLX3397- and vehicle-treated TBI mice (Fig. 3A, B). 
Likewise, the GCL thickness was diminished after TBI both in PLX3397- 
and vehicle-treated mice and did not differ in male or female TBI mice as 
compared to corresponding vehicle groups (Fig. 3C, D). Thus, CSF1R 
inhibition during the early phase of TBI did not affect the structural 
brain damage at 5 dpi. CSF1R inhibition by PLX3397 was found to 
trigger apoptosis of microglia in vivo (De et al., 2014) but our qPCR 
results rather showed reduced Bax gene expression after CSF1R inhibi-
tion in male mice (Fig. 2I). Apoptosis also occurs in neurons after TBI 
and contributes to secondary brain injury (Akamatsu and Hanafy, 2020). 
To assess the extent of apoptosis in M/M and neurons after CSF1R in-
hibition at 5 dpi, anti-CD68/anti-NeuN double-immunostaining along 
with TUNEL staining was performed (Fig. 3E-H). We found overall 
decreased numbers of TUNEL+ cells in perilesional brain regions of 
PLX3397 vs vehicle treated TBI animals (Fig. 3E, F). The vast majority of 
TUNEL+ cells expressed the neuronal marker NeuN (Fig. 3G, H). Occa-
sionally, regardless of PLX3397 or vehicle treatment after TBI, we 
observed TUNEL+/NeuN+ cells in direct vicinity or engulfed with 
CD68+ M/M suggesting the phagocytic uptake of apoptotic neurons 
(Fig. 3G, H, higher magnification of boxed regions). However, we found 
no TUNEL+/CD68+ cells devoid of NeuN immunostaining. We infer that 
CSF1R antagonism inhibited M/M proliferation rather than inducing 
apoptosis of established M/M. It is unlikely, that we missed a premature 
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Fig. 2. CSF1R inhibition attenuates M/M accumulation in the early phase of TBI (A-M) mRNA expression of M/M, astrogliosis, and apoptosis related markers at 5 
dpi. Values are expressed relative to the reference Ppia. TBI: n = 6 per group, sham: n = 3–4, per group. (N) Immunoblot showing expression of the M/M marker Iba1, 
the astrocyte marker GFAP, and the reference GAPDH. TBI-induced Iba1 expression, but not GFAP expression, was attenuated after PLX3397-treatment. (O, P) Iba1 
and GFAP relative to the reference GAPDH and normalized to sham vehicle. TBI: n = 6, sham: n = 3–4, each group. Two-Way ANOVA followed by Holm Šídák‘s 
multiple comparisons test (A-M, O, P). Two sham samples were not detectable and were excluded (B, P). Values from individual animals and mean ± SEM are shown. 
*indicates PLX3397 vs vehicle, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. #indicates TBI vs sham, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, 
ns = not significant. 
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fast on– and offset of apoptosis in the PLX3397 group that was finished 
before 5 dpi. To examine proliferation, perilesional brain regions from 
TBI animals were examined after double-immunostaining for the M/M 
marker Iba1 and the proliferation marker Ki67 (Fig. 3I, J). Indeed, 
CSF1R antagonism inhibited M/M proliferation. The percentage of 
Iba1+ cells expressing Ki67 cells was strongly reduced both in male and 
female mice (Fig. 3K). Hence, CSF1R inhibition did not affect structural 
brain damage but attenuated neuronal apoptosis and M/M proliferation 
during the early phase of TBI. 

3.3. M/M attenuation compromises brain tissue clearance during the 
early phase of TBI 

The absence of beneficial effects on structural brain damage after 
CSF1R inhibition may result from the dual role of M/M in TBI. M/M 
actions such as phagocytosis may have beneficial effects on neuronal 
survival (Herzog et al., 2019; Lan et al., 2017) but may also exacerbate 
BBB and brain tissue damage (Haruwaka et al., 2019; Jolivel et al., 
2015). We therefore assessed BBB integrity and intracerebral hematoma 
after TBI. Anti-mouse IgG dot blots using protein lysates from injured 
hemispheres demonstrated increased amounts of IgG as a proxy of IgG 
extravasation after BBB damage (Fig. 4A) but no differences were 
detected between PLX3397 and vehicle TBI mice (Fig. 4B). Intracerebral 
hematoma visualized by H&E staining showed that hematoma were 
restricted to the damaged ipsilesional brain tissue and were apparently 
increased following M/M reduction via CSF1R inhibition (Fig. 4C). This 
was confirmed by quantification of the hematoma area in consecutive 
sections (Fig. 4D). Since the clearance of intracerebral hematoma in-
volves microglia (Lan et al., 2017), we asked whether reduced numbers 
of M/M in CSF1R antagonized mice may compromise hematoma 
removal. In agreement with this hypothesis, hematoma area was nega-
tively associated both with Cd68 mRNA expression or counts of perile-
sional CD68+ M/M (Fig. 4E, F). Thus, M/M attenuation after CSF1R 
inhibition did not affect BBB integrity but compromised brain tissue 
clearance resulting in larger intracerebral hematoma areas at 5 dpi. 

3.4. Pro-inflammatory IL-1β expression persists despite reduction of M/M 
in the early phase of TBI 

CSF1R inhibition reduced M/M accumulation along with the gene 
expression of several M/M markers at 5 dpi (Fig. 2). However, gene 
expressions of pro-inflammatory IL-1β and the corresponding receptor 
IL-1R1 were not affected by M/M attenuation (Fig. 2 K, L). As IL-1β is 
strongly induced after brain injury and negatively impacts clinical out-
comes of TBI (Alam et al., 2020; Bodnar et al., 2021), we sought to 
clarify the cellular origin of IL-1β in our TBI model (Fig. 5). Triple- 
immunostaining using antibodies specific to IL-1β, CD68, and GFAP 
followed by co-localization analyses (Fig. 5A-C) revealed that anti-IL-1β 
immunoreactivity was predominantly localized to GFAP+ astrocytes but 
not to CD68+ M/M. In addition, correlation analyses showed that Il1b 
mRNA expression was positively associated with Gfap mRNA expression 
(Fig. 5D), but not with Cd68 mRNA expression (Fig. 5E). These results 

suggest IL-1β expression predominantly in astrocytes that was therefore 
able to withstand the M/M attenuation in the early phase of TBI. 

3.5. Early CSF1R inhibition improves long-term brain tissue maintenance 
with subtle regional sex-specific differences 

To study long-lasting effects of early CSF1R inhibition, the second 
cohort of mice was subjected to TBI and dietary PLX3397 administration 
for 5 dpi, followed by discontinuation of drug treatment up to sacrifice at 
30 dpi, a time point regarded as chronic phase (Fig. 6A). Anti-CD68/ 
anti-GFAP double-immunostaining confirmed ongoing inflammatory 
activity and astroglial scar formation in the perilesional brain tissue as 
well as repopulation of the perilesional brain tissue by M/M (Supple-
mentary information, Fig. S5). Histological examination by cresyl violet 
staining at 30 dpi showed brain tissue loss and the formation of a lesion 
cavity, which extended into the hippocampus that showed an atrophic 
appearance including the GCL (upper arrow in Fig. 6B) as compared to 
the contralesional hemisphere (Fig. 6B). The relative brain tissue loss 
was reduced after early CSF1R inhibition, both in male and female mice, 
showing that early PLX3397 treatment improved long-term brain tissue 
maintenance (Fig. 6C). GCL length measurements revealed a better 
preservation of the GCL in the ipsilesional hippocampus both in 
PLX3397-treated TBI male and female mice as compared to vehicle mice 
(Fig. 6D). Similarly, the dorsal hippocampal area was larger in PLX3397- 
vs vehicle-treated TBI mice, however, this difference was significant in 
male mice only (Fig. 6E). Cresyl violet-stained brain sections also 
showed increased cell density in the ipsilesional thalamus (lower arrow 
in Fig. 6B). Infiltration of this remote area of the primary injury and 
lesion cavity site by M/M and neurodegeneration are long-lasting fea-
tures of the CCI model of TBI in rats (Donat et al., 2016; Glushakov et al., 
2018). Therefore, we performed anti-CD68/anti-NeuN double-immu-
nostaining and counted M/M and neurons in the ipsilesional and con-
tralesional thalamus from TBI animals (Fig. 6F-H). In the ipsilesional 
thalamus from TBI animals, the number of CD68+ M/M was strikingly 
increased, while the number of neurons was strongly decreased 
compared to the contralesional thalamus (Fig. 6G-H). Early CSF1R in-
hibition by PLX3397 reduced the numbers of CD68+ M/M and increased 
numbers of NeuN+ neurons at this chronic stage of TBI. The differences 
reached statistical significance in male but not in female mice (Fig. 6G, 
H). Taken together, early CSF1R inhibition after TBI improved long-term 
brain tissue maintenance with subtle regional sex-specific differences. 

3.6. Early CSF1R inhibition after TBI results in sex-specific long-term 
change in candidate marker genes 

Next, we performed gene expression analyses by qPCR at 30 dpi 
using the same set of markers as at the early time-point at 5 dpi (Fig. 7A- 
M, Supplementary information, Table S5 and Table S14). The results 
revealed M/M repopulation of the injured brain after early CSF1R in-
hibition. The vast majority of candidate marker genes were still strongly 
increased in TBI vs sham indicating ongoing inflammation. Some can-
didates were still lower in PLX3397-treated male TBI mice as compared 

Fig. 3. CSF1R inhibition does not attenuate structural damage but neuronal apoptosis and M/M proliferation at 5dpi (A) Cresyl-violet stained sections showing 
structural brain damage in PLX3397 and vehicle treatment TBI groups at 5 dpi. (B) Lesion volume at 5 dpi, values (n = 6 per group) is expressed in % relative to the 
volume of the ipsilesional hemisphere. (C) Image enlargements showing the ipsi- and contralesional GCL of the hippocampus. Arrows point to decreased thickness of 
the ipsilesional GCL. (D) Ipsilesional GCL thickness in PLX3397 and vehicle treatment TBI groups (n = 6 per group). Values are expressed in % relative to con-
tralesional GCL thickness. (E, F) Triple-fluorescent TUNEL/anti-NeuN/anti-CD68 staining showing reduced numbers of TUNEL+ cells in the perilesional brain tissue 
in PLX3397 vs vehicle treatment TBI groups at 5 dpi (male TBI + PLX3397/+vehicle: n = 4–5; female TBI + PLX3397/+vehicle: n = 4). (G, H) Triple fluorescent 
TUNEL/anti-NeuN/anti-CD68 staining showing that the majority of TUNEL+ cells are NeuN+ neurons (white arrows). Image enlargements from boxed regions show 
engulfment of TUNEL+ neurons by CD68+ M/M. (I, J) anti-Ki67/anti-Iba1 immunostaining in the ipsilesional brain tissue of TBI + PLX3397 vs TBI + vehicle groups. 
Arrows point to cells shown in image enlargements. (K) Histogram showing a lower percentage of Iba1+ cells expressing Ki67 cells in PLX3397 vs vehicle treated TBI 
groups (male TBI + PLX3397/+vehicle: n = 5–6, female TBI + PLX3397/+vehicle: n = 6), Student‘s unpaired two-tailed t test or Welch’s t test (B, D, F, K). One 
outlier was identified by Rout’s test and excluded (K). Values from individual animals and mean ± SEM are shown. *indicates PLX3397 vs vehicle, *p < 0.05, **p <
0.01. Scales: 1 mm (A), 100 µm (E, I, J), 50 µm (G, H), 25 µm (G, H enlargements). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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to vehicle treatment, whereas such differences were not observed or 
oppositely regulated in PLX3397 treated female TBI mice. Specifically, 
this applied to the M/M marker Cd68, Mrc1 (Fig. 7A, F), the apoptosis 
markers Bax and Casp3 (Fig. 7I, J), and the astrocyte marker Gfap 
(Fig. 7M), and to Il1b and Il1r1 (Fig. 7K, L). However, TBI*PLX3397 
interaction based on ANOVA statistics was insignificant for Mrc1 and 
Bax in males, and for Gfap in males and females, which requires cautious 
interpretation for the attenuated up-regulation of these genes after TBI 
and PLX3397 treatment (Supplementary information, Table S14). 
Overall, the results suggested that early CSF1R inhibition after TBI 

resulted in sex-specific long-term changes and long-lasting benefits for 
males, but rather not for females. 

3.7. Early CSF1R inhibition results in subtle short- and long-term changes 
in neurological outcome 

Time-courses of neurological deficits were assessed using a neuro-
logical severity score (NSS), the rotarod test, and the open field test 
(OFT) (Fig. 8). Consistent with previous findings in our TBI model, the 
NSS reached a peak at 1 dpi and decreased from 1 dpi to 30 dpi in all TBI 

Fig. 4. M/M attenuation compromises brain tissue clearance during the early phase of TBI (A) anti-IgG dot-blots showing increased IgG in brain lysates from 
ipsilesional TBI vs sham at 5 dpi. (B) IgG intensities, values are expressed relative to sham vehicle (TBI: n = 6, sham: n = 4, per group) (C) H&E staining showing 
intracerebral hematoma (arrows) in the ipsilesional brain tissue of TBI + PLX3397 and TBI + vehicle groups. (D) The hematoma area is increased in TBI + PLX3397 
vs TBI + vehicle (n = 6 per group). (E, F) Linear correlation analysis by Pearson correlation coefficients showing a negative correlation between Cd68 expression or 
CD68+ M/M counts and hematoma area (n = 6 per group). Two-Way ANOVA followed by Holm Šídák‘s multiple comparisons test (B), Student‘s unpaired two-tailed t 
test or Welch’s t test (D). Values from individual animals and mean ± SEM are shown. *indicates PLX3397 vs vehicle, ***p < 0.001. # indicates TBI vs sham, ##p <
0.01, ###p < 0.001, ####p < 0.0001. Scale: 500 µm (C). 
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Fig. 5. Pro-inflammatory IL-1β expression persists despite M/M reduction in the early phase of TBI (A, B) IL-1β/CD68/GFAP triple-immunostaining in the perile-
sional brain tissue at 5 dpi showing that IL-1β is rather localized to GFAP+ astrocytes than CD68+ M/M. (C) Manderś colocalization coefficients showing strong IL-1β 
overlap with GFAP+ astrocytes but not with CD68+ M/M, n = 6 per group. (D) Linear correlation analysis by Pearson correlation coefficients showing positive 
correlation between Il1b and Gfap expression (n = 6 per group). (E) Linear correlation analysis by Pearson correlation coefficients showing no correlation between 
Il1b and Cd68 expression (n = 6 per group). Two-Way ANOVA followed by Holm Šídák‘s multiple comparisons test (C). Values from individual animals and mean ±
SEM are shown, *indicates IL-1β/CD68 compared to IL-1β/GFAP, ****p < 0.0001, ns = not significant. Scale: 50 µm (A, B). 
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groups (Hummel et al., 2020). NSS remained almost zero throughout the 
time-course in sham mice (Fig. 8A, B). The NSS was lower in PLX3397- 
treated male TBI mice at 1 dpi and 3 dpi as compared to the corre-
sponding vehicle-treated mice but the benefit was not maintained at 

later time-points. In female TBI mice, CSF1R inhibition had no effect in 
the early phase and worsened the NSS in the chronic phase of TBI at 30 
dpi as compared to vehicle (Fig. 8B). In the rotarod test, there was no 
difference between PLX3397- and vehicle-treated male TBI mice 

(caption on next page) 
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(Fig. 8C), but again, PLX3397 worsened motor deficits in female TBI 
mice (Fig. 8D). In the OFT, we did not observe any effects of TBI and 
CSF1R inhibition during the early phase of TBI from 1 dpi to 5 dpi 
(Fig. 8E, F). PLX3397-treated TBI males were somewhat less active than 
the vehicle comparators (Fig. 8E) while female TBI mice showed a 
tendency to increased activity (Fig. 8F). Overall, CSF1R inhibition had 
rather subtle short- and long-term effects on behavioral readouts 
without convincing evidence for an improvement of neurological 
outcome. 

3.8. Transcriptomic profiles indicate that early CSF1R inhibition improves 
long-lasting neuronal maintenance and recovery 

To better characterize long-term changes at the molecular level, we 
studied global transcriptomes by RNAseq analysis and compared TBI 
mice treated with PLX3397 or vehicle, 10 mice per group, each con-
sisting of 5 males and 5 females. Therefore, analyses were done with all 
mice to reveal drug effects, and further analyses compared males and 
females separately to reveal sex differences of drug responses, M/M 
attenuation and repopulation (Fig. 9). Top 16 genes according to P/q- 
value included prominent synaptic genes (Tmem132d, Prkcz, Camk2a, 
Fam163b, Brinp1, Pip4k2c, Ptk2b, Lrrc4) (Fig. 9A, Supplementary infor-
mation Fig. S10 shows top 50 regulated genes). GSEA revealed leading 
edge differentially expressed genes (Fig. S6) in PLX3397-treated TBI 
mice as compared to vehicle TBI mice and enriched gene sets of spine 
morphogenesis, synaptic vesicle exocytosis, and glutamate receptor 
signaling, postsynaptic membrane, among other similar terms (Supple-
mentary information Fig. S7 and Fig. S8). Genes involved in oxidative 
phosphorylation, oxidoreductase processes and ribosomal structures 
were enriched in vehicle treated mice (Supplementary information 
Fig. S7 and Fig. S9). 

The data suggest that M/M reduction and repopulation via early 
CSF1R inhibition improved neuronal maintenance and recovery 
particularly at the level of synapses. Oppositely, high oxidative phos-
phorylation plus high ribosomal biogenesis in vehicle-treated TBI mice 
suggest increased abundance of metabolically highly active immune or 
glial cells. Comparisons of males and females separately shows an ex-
pected loss of significance owing to lower sample sizes (Fig. 9A). Key 
candidates Tmem132d and Prkcz were upregulated in both sexes 
(Fig. 9B, C), among others (Fig. 9D). The loss of overall significance was 
stronger in females than males (Fig. 9A) suggesting that males benefited 
more from the treatment at this late time point at 30 dpi. Indeed, further 
comparisons of genes which were differentially regulated in females but 
not in males were involved in immune processes, phagocytosis and 
related gene ontology terms. Comparisons of PLX3397-treated female vs 
male mice revealed higher expression of extracellular signalling mole-
cules or receptors such as CD36, clotting factors and metalloproteases 
and extracellular matrix components such as collagen species in female 
mice (Supplementary information Fig. S10 and Fig. S11). There were no 
comparable differences between vehicle-treated female and male mice 
except for few X-chromosome localized genes. Gene ontology analyses 
for genes which were higher expressed in PLX3397-treated female vs 

PLX-treated male mice showed an enrichment of GOcc “extracellular 
matrix” and related terms. Similar results were obtained by filtering for 
genes that were upregulated in female PLX3397-treated versus female 
vehicle-treated mice but were downregulated or not regulated in PLX- 
treated male over vehicle-treated male mice. The data suggest sex- 
specific differences of the drug response or of its persistence at this 
late time point of 30 dpi. 

4. Discussion 

This experimental study investigated short- and long-term effects of 
M/M attenuation during the early phase of TBI using CSF1R inhibition 
via PLX3397. We used a clinically relevant approach with early, short- 
course posttraumatic drug administration and considered sex as a bio-
logical variable. We found no early brain tissue protection despite a 
marked M/M reduction at 5 dpi but stronger indices of neuronal 
maintenance and recovery in the chronic phase of TBI, i.e. long after the 
drug discontinuation. The results suggest long-lasting recovery-permis-
sive effects after early CSF1R inhibition and M/M repopulation and this 
therapeutic benefit was stronger in males than in females. 

M/M duality after different types of CNS injuries is an accepted 
concept. While the removal of cell debris and dead cells by M/M helps 
restoration, phagocytosis may also affect viable neurons after brain 
injury (Neher et al., 2013), and the release of neurotoxic substances by 
M/M can exacerbate neuronal injury and cell death (Donat et al., 2017). 
Therefore, the failure of PLX3397 to attenuate early structural brain 
damage at 5 dpi despite M/M attenuation by around 50 % seems sur-
prising. Either the degree of attenuation was insufficient, or the atten-
uation seriously impaired beneficial tissue clearance, or M/ 
M− independent mechanisms critically contributed to the damage. 

(i) Drug dose or efficacy: Owing to massive inflammatory activation 
post-injury, the M/M reductions might have been insufficient to achieve 
brain tissue protection during the acute phase of TBI. However, even this 
short period increased the hemorrhage. Elimination of M/M might have 
led to overall stronger effects including hemorrhage, but evaluation of 
early post-traumatic therapeutic effects using a post-traumatic treat-
ment period of 5 days makes it impossible to simultaneously assess the 
efficacy of complete elimination of microglia. Hence, designs addressing 
short-term efficacy and designs addressing total depletion are mutually 
exclusive. Indeed, elimination of microglia before TBI in a model of fluid 
percussion injury (FPI) improved neuronal maintenance (Wang et al., 
2020). However, in the same model, the pre-injury depletion of micro-
glia prevented acute inflammatory processes but did not attenuate the 
model-specific axotomy of neurons (Witcher et al., 2018). Similarly, 
microglia depletion did not influence acute axonal degeneration after 
optic nerve injury and simultaneous depletion of microglia and pe-
ripheral macrophages even compromised nerve regeneration (Hilla 
et al., 2017). 

(ii) Impairment of beneficial tissue clearance: Our results indicate 
that M/M attenuation during the early phase of TBI compromises 
beneficial tissue clearance, because we found larger intracerebral he-
matoma in PLX3397 treated TBI mice at 5 dpi, likely resulting from a 

Fig. 6. CSF1R inhibition during the early phase of TBI improves long-term brain tissue maintenance (A) Experimental design of 30 days survival groups (cohort 2, 
equal sex ratio). Neurological Severity Score (NSS), rotarod performance (RR) and open field test (OFT) were conducted 1 day before TBI, at 1, 3, 5, 14, and 30 dpi. 
PLX3397 (290 mg/kg body weight) or vehicle chow was administered for 5 days and then exchanged to vehicle chow until 30 dpi. After a survival time of 30 days, 
brains were processed for histology, mRNA and protein analyses. (B) Cresyl-violet staining of sections showing brain tissue loss at 30 dpi. Arrows point to the 
ipsilesional GCL and to a high cell density area in the thalamus, respectively. Image enlargements showing the ipsilesional GCL of the hippocampus in PLX3397 vs 
vehicle TBI groups. (C) Brain tissue loss at 30 dpi, values (n = 6 per group) are expressed in % relative to the volume of the ipsilesional hemisphere. (D) Ipsilesional 
GCL length in PLX3397 vs vehicle treatment TBI groups (n = 6 per group), values are expressed in % relative to contralesional GCL length. (E) Ipsilesional dorsal 
hippocampal area in PLX3397 vs vehicle treatment TBI groups (n = 6 per group), values are expressed in % relative to contralesional hippocampal area. (F) anti- 
CD68/anti-NeuN immunostaining showing M/M infiltration of the ipsilesional thalamus and neurodegeneration, which were not observed in the contralesional 
thalamus. (G, H) Histograms showing reduced numbers of CD68+ M/M in male PLX3397- vs vehicle-treatment TBI groups (n = 5 per group). Student s unpaired two 
tailed t test or Mann-Whitney U test (C, D, E). Two-Way ANOVA followed by Holm ̌Sídák s multiple comparisons test (G, H). Values from individual animals and mean 
± SEM are shown. *indicates PLX3397 vs vehicle, *p < 0.05, **p < 0.01, # indicates TBI vs sham, ####p < 0.0001, ns = not significant. Scale: 1 mm (B), 50 µm (F). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. Early CSF1R inhibition after TBI results in sex-specific long-term changes in candidate marker genes (A-M) mRNA expression of M/M, astrogliosis, and 
apoptosis related markers at 30 dpi. Values are expressed relative to the reference Ppia. TBI: n = 5–6 per group, sham: n = 3–4, per group. Two-Way ANOVA followed 
by Holm Šídák‘s multiple comparisons test (A-M). One sample was below detection threshold for Arg1 assay and two outlier were identified by Rout’s test and 
excluded (E). Values from individual animals and mean ± SEM are shown. *indicates PLX3397 vs vehicle, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. # 

indicates TBI vs sham, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, ns = not significant. 
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failure of brain tissue and debris clearance (Brockhaus et al., 1996; 
Hanlon et al., 2019; Neumann et al., 2009). Brain tissue clearance 
critically depends on microglia (Lan et al., 2017) and we propose that 
the reduced numbers of M/M explains the larger intracerebral hema-
toma in PLX3397 treated TBI mice at 5 dpi. 

We further observed that some M/M approached and internalized 
apoptotic neurons both in PLX3397- and vehicle-treated mice, consis-
tent with previous findings that the phagocytic capacity of microglia is 
not directly dependent on CSF1R signaling (Delaney et al., 2021). 
Therefore, CSF1R inhibition does not impair phagocytosis per se and an 
overall M/M decrease likely explains the increased hematoma area in 
PLX3397-treated mice in our TBI model. 

(iii) M/M− independent effects: Inflammatory mechanisms not 
originating from M/M can trigger injury progression during the early 
phase of TBI (Witcher et al., 2021). Notably, we observed that CSF1R 
inhibition did not affect gene expression of IL-1β and its receptor IL-1R1 
despite marked M/M reduction at 5 dpi. IL-1β is strongly induced after 
brain injury, with negative impact on clinical outcomes of TBI (Alam 
et al., 2020; Bodnar et al., 2021). Consequently, anti-IL-1β antibody- 
mediated neutralization shows protective effects in experimental TBI 
(Clausen et al., 2009). M/M are a major source of IL-1β. However, in our 
model, using immunostaining, IL-1β was localized in reactive astrocytes 
in the perilesional tissue, which is in agreement with previous findings 
in a rat weight-drop model of TBI (Lu et al., 2005), and that IL-1β 
signaling in astrocytes induces neuronal cell death (Thornton et al., 
2006). IL-1β immunostaining of astrocytes might be contributed by IL- 

1β scavenging (Bourke et al., 2003) but our results rather favor the 
hypothesis that astrocytes indeed generate and release IL-1β because IL- 
1β immunoreactivity and gene expression persisted under PLX3397 
treatment and thereby contribute to neuronal injury during the early 
phase of TBI. 

Irrespective of the failure to reduce IL-1β, CSF1R inhibition reduced 
neuronal cell death during the early phase of TBI. This was evidenced by 
decreased gene expression of the pro-apoptotic regulator Bax and 
reduced numbers of TUNEL+ neurons at 5 dpi in male TBI. However, no 
differences were observed for Casp3, possibly related to peak expression 
of this marker at earlier post-traumatic time-points in the CCI model of 
TBI (Yakovlev et al., 1997), whereas peak expression of Bax was 
observed from 4-6 dpi (Wennersten et al., 2003). Reduced neuronal 
apoptosis was also reported in experimental TBI at 3 dpi following pre- 
injury administration of PLX3397 (Wang et al., 2020), suggesting the 
involvement of neurotoxic M/M− derived factors such as the pro- 
inflammatory cytokine TNFα which was reduced in the PLX3397- 
treated TBI groups. TNFα is involved in neuronal apoptosis after TBI 
(Bermpohl et al., 2007) that was shown to trigger cell death via Bax 
(Guadagno et al., 2013) and synergistically promotes neuronal cell 
death together with IL-1β in vitro (Chao et al., 1995; Ye et al., 2013). 
Nevertheless, PLX3397-mediated attenuation of TNFα and Bax signaling 
and reduction of neuronal apoptosis after CSF1R inhibition was appar-
ently still insufficient to reduce the structural brain damage at 5 dpi in 
our study. We therefore propose that impaired brain tissue clearance 
and persistent pro-inflammatory signaling independent of M/M may 

Fig. 8. Neurological outcome in behaving mice was almost not affected (A, B) NSS in male and female mice (higher scores indicate increased severity). (C, D) 
Rotarod performance in male and female mice (higher latency indicates better performance).TBI: n = 12 (pre-op, 1 dpi, 3 dpi, and 5 dpi), 6 (14 dpi and 30 dpi), per 
group, sham: n = 7–8 (pre-op, 1 dpi, 3 dpi, and 5 dpi), 3–4 (14 dpi and 30 dpi), per group. One outlier was identified by Rout’s test and excluded (C, F). Two-Way 
ANOVA with mixed-effects model followed by Holm Šídák‘s multiple comparisons test (A-F). Values from individual animals and mean ± SEM are shown. *indicates 
PLX3397 vs vehicle, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns = not significant. 
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Fig. 9. Transcriptomic profiles indicate that early CSF1R inhibition improves long-lasting neuronal maintenance and recovery Mice were treated with PLX3397 (n =
5 male, 5 female) or vehicle chow (n = 5 male, 5 female) for 5 days after TBI and then with vehicle chow until 30 dpi. Brain tissue of the ipsilesional hemisphere from 
TBI mice (upper quadrant) was collected at 30 dpi and subjected to RNAseq analysis. (A) Volcano plots of differential gene expression in PLX3397 vs vehicle treated 
mice. The X-axis shows the log2 difference (i.e. fold difference). Genes reduced in PLX3397-treated mice are negative and upregulated genes positive. The Y-axis 
shows the negative logarithm of the P-value. The left plot included male and female mice (n = 10 per group), the middle and right panel compared males only or 
females only, respectively (n = 5 per group). Top 150 candidate genes according to P-value are highlighted in red. (B) VENN diagram of differentially expressed genes 
in PLX3397 vs vehicle treated mice (n = 10 m-f groups, male only (n = 5) and female only (n = 5). The criterion for gene inclusion was a negative LogP value of >
2.5. Two genes met the criterion in all three groups, Tmem132d and Pkrcz. (C) Exemplary scatter plots of candidate genes which were upregulated in PLX3397 treated 
mice. Genes were selected on the basis of the P-value, q-value and pathway enrichment i.e. more than one subtype of a gene (e.g. Prkcz, Prkce) or direct interaction 
(Calm1, Camk2a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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dominate over anti-apoptotic effects of M/M attenuation during the 
early phase of TBI. Our results are consistent with a recently proposed 
framework for future preclinical and clinical trials to tailor rather than 
block the immune response and to limit the acute pro-inflammatory 
response just to the level required for clearance of debris and danger 
signals (Simon et al., 2017). 

Although CSF1R inhibition did not prevent early structural brain 
damage at 5 dpi, the early post-traumatic treatment reduced long-term 
brain tissue loss, improved hippocampal integrity, and attenuated 
thalamic neurodegeneration at 30 dpi. The protective effects on brain 
tissue loss and GCL structural integrity were evident both in male and 
female mice, whereas hippocampal atrophy, thalamic neuro-
degeneration, and the concomitant thalamic infiltration by CD68+ M/M 
were significantly attenuated only in male mice. Sex-specific differences 
in clinical and experimental TBI have been described in several studies 
and also relate to M/M responses (Biegon, 2021; Morganti-Kossmann 
et al., 2019; Späni et al., 2018). Notably, sex-biased depletion efficacy 
upon PLX3397 treatment was reported despite equal drug concentra-
tions in the brain (Berve et al., 2020; Easley-Neal et al., 2019). While we 
found little evidence for sex-specific PLX3397 efficacy after TBI at 5 dpi, 
PLX3997 decreased Aif1 and Csf1r expression in male sham mice but not 
in female sham mice. However, minor differences of PLX3397 efficacy at 
5 dpi do not readily explain the stronger benefit of PLX3397 treatment in 
male mice at 30 dpi. To clarify this question, further studies of the 
temporal and regional characteristics of sex-specific effects of CSF1R 
inhibitors with regard to depletion efficacy and neuroprotection are 
required including prolonged CSF1R inhibitor administration which has 
been shown to eliminate ~ 99 % of microglia in male mice (Elmore 
et al., 2014). Overall, our findings are consistent with recent studies 
demonstrating beneficial effects of microglia depletion via CSF1R in-
hibitors prior to experimental TBI or peri-operatively or continuously 
extending CSF1R inhibition into the subacute or chronic phases of TBI 
(Ritzel et al., 2021; Wang et al., 2020; Willis et al., 2020; Witcher et al., 
2018). 

Data from RNAseq and GSEA suggest that early CSF1R inhibition 
leads to long-term beneficial effects at the neuronal and synaptic levels, 
because up-regulated genes in the PLX3397 TBI group associated with 
the GO terms spine morphogenesis, synaptic vesicle exocytosis, and 
glutamate receptor signaling, among others (Supplementary informa-
tion, Fig. S7). Among the key candidate genes are Camk2a and Camk2b, 
encoding for CaMKIIα and CaMKIIβ which form a dodecameric holo-
enzyme with pivotal functions in activity-dependent structural and 
synaptic plasticity (Hojjati et al., 2007; Incontro et al., 2018; Jourdain 
et al., 2003; Shibata et al., 2021). Members of the protein kinase C (PKC) 
family, including PKMζ encoded by Pkrcz (Hernandez et al., 2003), were 
also found among the upregulated genes and play critical functions in 
memory storage. Deficits in neuronal PKC signal cascades are one of the 
earliest abnormalities in the brains of Alzheimer’s disease patients (Sun 
and Alkon, 2014). Other genes that were upregulated in the PLX3397 
groups are also linked to synaptic plasticity, neurotransmission, learning 
and memory, and have been associated with neurological disorders as 
for example LRCC4 encoding for NGL-1 (Um et al., 2018), or Ptk2b 
encoding for Pyk2 (Mastrolia et al., 2021; Salazar et al., 2019). Since TBI 
has been found to first reduce synapse density followed by synaptic 
recovery within few weeks (Norris and Scheff, 2009; Scheff et al., 2005), 
and to trigger molecular and cellular mechanisms that interfere with 
synapse maintenance and rebuilding (Jamjoom et al., 2021), our results 
suggest that early CSF1R inhibition improves long-term neuronal and 
synaptic maintenance and recovery. Interestingly, long-term elimina-
tion of microglia after diphtheria toxin-driven neuronal injury (Rice 
et al., 2015) or in the FPI model of TBI (Witcher et al., 2021) increased 
spine densities. Microglia elimination also prevented FPI-induced 

neuronal connectivity deficits and impairment of cognitive functions 
(Bray et al., 2022; Witcher et al., 2021) suggesting that repopulated 
microglia in our TBI model are rather silent or permissive in terms of 
synapse formation and modelling. However, it should be considered that 
enhanced synaptic re-organization could not only promote brain repair 
but also an imbalance between excitatory and inhibitory neurotrans-
mission and thereby increase the risk of post-traumatic epilepsy (Hunt 
et al., 2013). 

In this study, the vehicle TBI group expressed more genes encoding 
for ribosomal proteins than the PLX3397 TBI group suggesting high 
metabolic and proliferative cellular activity. We favor the possibility 
that these up-regulations are due to M/M. In support of this, single-cell 
RNAseq indicated that microglia resistant to CSF1R inhibition expressed 
an overabundance of mRNA encoding ribosomal proteins in the FPI 
model of TBI (Witcher et al., 2021). In addition, our results from GSEA 
revealed in vehicle vs PLX3397 TBI mice at 30 dpi more genes associated 
with oxidative phosphorylation, electron transfer activity, and oxido-
reductase activity. This result suggests higher production of reactive 
oxygen, nitrogen species and oxidative stress which can alter neuronal 
excitability via modification of synaptic proteins, uptake and release of 
neurotransmitters and ion gradients (Ansari et al., 2008; Beckhauser 
et al., 2016; Love, 1999). The RNAseq results that point to increased 
oxidative metabolism in the vehicle group are supported by recent 
findings showing anti-oxidative stress effects of the CSF1R inhibitor 
PLX5622 in the chronic phase of TBI (Henry et al., 2020). Along this line, 
early administration of minocycline, which has potent anti- 
inflammatory and anti-oxidant properties, reduces long-term synapse 
loss after experimental TBI (Celorrio et al., 2022). Our results thus 
provide further evidence for a close association between M/ 
M− mediated inflammation, oxidative stress, and synapse loss in TBI. 

Neurodegenerative models also provide evidence that subsets of 
microglia, or microglia-deficient or silencing genes such as Grn, 
encoding for progranulin, contribute to synaptic pruning (Lui et al., 
2016). Data from TBI models are rare, but experiments modeling other 
types of brain injury suggest that microglia and other immune cells are 
crucial for the formation and strengthening of new synaptic connections 
(Simon et al., 2017). In experimental stroke, prolonged contacts be-
tween microglia and synapses lead to the disappearance of synapses 
(Wake et al., 2009). Therefore, M/M may contribute to ongoing 
restructuring of synapses after TBI, perhaps preventing the production of 
certain types of synapses, and resulting in a net reduction (Jamjoom 
et al., 2021). 

In conclusion, this study shows that early post-traumatic adminis-
tration of the CSF1R inhibitor PLX3397 for 5 days attenuates long-term 
neurodegeneration. However, PLX3397 attenuated M/M only by 50 % 
and both beneficial and detrimental functions of M/M were affected 
during the early phase of TBI. Overall effects were not sex-specific but 
several indices of better long-term treatment response in males are 
provided that warrant further considerations. 
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