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Abstract

Macrophages are crucial for neuroinflammatory responses following traumatic brain injury (TBI), encompassing
various subtypes, such as border-associated macrophages (BAMs) that contribute to both brain damage and
repair. However, the pathophysiological relevance of subtype-specific molecular markers is poorly understood.
This study investigated the role of the BAM marker mannose receptor C-type 1 (MRCT, also known as CD206)
during the early phase of TBI using controlled cortical impact (CCl). MRCT gene expression was up-regulated,
peaking between 3 to 7 days post-injury (dpi), and MRC1 protein expression predominantly localized to BAMs.
To assess pathophysiological relevance, MRC1-deficient (MRC1-KO) and wild-type littermates (MRC1-WT) were
examined following CCl for early neurological deficits, brain structural damage, intracerebral hematoma, and
neuroinflammatory marker expression. At 5 dpi, MRC1-KO mice showed increased brain lesion volume and
hippocampal neuron loss, with minor differences in neurological deficits compared to MRC1-WT mice. Intracerebral
hematoma size increased in male but remained unchanged in female MRC1-KO mice. Immunostaining revealed
no genotype-specific effects on GFAP™ astrocytes, while the number of perilesional CD68* macrophages/
microglia were reduced in MRC1-KO mice. Analysis of neuroinflammatory gene markers revealed an overall
reduction in MRC1-KO mice. Sex-specific regulation was observed for the M2-like macrophage/microglia marker
Arg1, with decreased expression in male and increased expression in female MRC1-KO compared to MRC1-

WT mice. In conclusion, lack of MRC1 exacerbated brain tissue damage following experimental TBI. Reduced
CD68+ macrophages/microglia and neuroinflammatory marker expression suggests impaired neuroinflammatory
response in MRC1-KO, indicating MRC1 expression on BAMs contributes to beneficial early neuroinflammatory
response following TBI.
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Introduction

Traumatic brain injury (TBI) is a leading cause of death
and disability worldwide [1]. Survivors frequently expe-
rience long-term neurological impairment, and a high
incidence for co-morbidities including neuropsychiatric
and dementia disorders has been reported [2-5]. Despite
significant advancements in surgical interventions and
the neuro-intensive care management of TBI, therapeu-
tic options targeting the pathogenic mechanisms of TBI
remain limited [6, 7] and clinical trials testing potential
drugs for treating TBI were not or only moderately suc-
cessful [8—10]. The translation of pharmacological inter-
ventions from animal models to human patients TBI
research presents numerous challenges beyond the inher-
ent heterogeneity and complexity of human TBI. These
challenges include differences in brain size and structure,
the white to gray matter ratio between species [11] as well
as temporal aspects of pathobiological processes [12].
Human brains have a significantly larger cortical surface
area and gyrification compared to rodent models, which
influence the manifestation and propagation of injuries.
This limitation has been partially addressed through the
use of large animal models, such as pigs [13, 14]. Further-
more, the human brain's extended-range connectivity
and more advanced neural networks may exhibit differ-
ent responses to both injury and potential treatments.
Nonetheless, mouse models still display several core
pathological changes similar to human TBI, making them
valuable for investigating cellular and molecular mecha-
nisms [15, 16]. Among these core features are neuronal
cell death, changes in cerebral blood flow, oxygenation,
mitochondrial metabolism, disruption of the blood—
brain barrier (BBB), and progressive brain tissue dam-
age [17]. The rapid onset and sustained activation and
accumulation of inflammatory cells is another core fea-
ture of TBI, and this process is primarily driven by brain-
resident microglia and astrocytes, along with peripheral
immune cells that infiltrate the brain. Together, they cre-
ate a highly inflammatory environment, followed by yet
incompletely understood processes to resolve inflamma-
tion and enable reparative actions such as scar formation
and functional recovery [18, 19].

Macrophages/microglia (M/M) are primary mediators
of both beneficial and detrimental aspects of inflamma-
tion following TBI, a phenomenon attributed to their
polarization into functionally distinct phenotypes. Tra-
ditionally, these phenotypes were classified as either
pro-inflammatory (M1) or anti-inflammatory (M2) [20].
However, this dualistic classification is not anymore
compatible with the wide repertoire of M/M subsets
discovered in the recent years [21-24]. Among the sub-
sets which have attracted considerable interest are cen-
tral nervous system (CNS)-associated macrophages, also
referred to as border-associated macrophages (BAMs)
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[25-27]. BAMs are located at the interface between the
CNS and the periphery, occupying locations such as the
leptomeninges, perivascular spaces, and the choroid
plexus. They potentially function as sentinel cells, moni-
toring the CNS environment and providing an initial
immunological defense [28—32]. Indeed, data from ani-
mal models suggest that BAMs are involved in immune
surveillance, antigen presentation and drainage, recruit-
ment of peripheral immune cells, brain tissue clearance,
and repair, and associate with onset and progression of
various CNS diseases including acute brain injury [25,
33]. Despite ongoing work, the heterogeneity and, most
notable, the contextual functional diversity of brain mac-
rophages are only just beginning to be explored, as dem-
onstrated by groundbreaking studies utilizing single cell
RNA sequencing [34], and multi-omics studies including
spatial transcriptomics [35]. Consequently, investigating
the heterogeneity of their temporal dynamics, and their
specific contributions to TBI progression and recovery is
crucial to offer perspectives for therapeutic approaches.

Among the markers of brain tissue-resident macro-
phages and BAMs is the mannose receptor C-type 1
(MRC1/CD206, here referred to as MRC1), a member
of the C-type lectin (CLEC) family [36—38]. MRC1 binds
to and internalizes a variety of ligands including those
bearing damage-associated or pathogen-associated pat-
terns [39]. MRCI1 has been demonstrated to play a role in
endocytosis, pinocytosis, and phagocytosis under healthy
and pathological conditions in different cell types such as
macrophages, immature dendritic cells, and liver sinusoi-
dal endothelial cells [36, 40—42]. Interestingly, a soluble,
membrane-cleaved variant of MRC1 has been associated
with the pro-inflammatory activation of macrophage
[43], and elevated serum levels of soluble MRCI1 are
correlated with severity of some inflammatory diseases
[44-46].

In the present study, we investigated whether MRC1
contributes to early pathophysiological processes fol-
lowing TBI. We subjected adult male and female MRC1
knock-out (KO) mice and their wild-type (WT) litter-
mates to the controlled cortical impact (CCI) model of
TBI, performed behavioral monitoring over 5 days after
injury, followed by histopathological, and molecular
analyses including the quantification of structural brain
damage, intracerebral hematoma formation, neuroin-
flammatory gene and protein expression markers at 5
days post injury (dpi).

Methods

Animals and TBI experiments

All animal experiments were carried out in accordance to
the ARRIVE guidelines, the institutional guidelines of the
Johannes-Gutenberg-University, Mainz, Germany, and
were approved by the animal Care and Ethics Committee
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of the Landesuntersuchungsamt Rheinland-Pfalz (proto-
col 23 177-07/G19-1-027).

In this study, adult, 8—12 weeks old, male and female
mannose receptor c-type 1 knock-out (MRC1-KO) and
mannose receptor c-type 1 wild-type (MRC1-WT) mice
(BJ.192P2-Mrc1lMnz/]) [47] were used. MRC1-KO and
their WT littermates were obtained from heterozygous
breeding in the animal facility of the University Medical
Center of the Johannes-Gutenberg-University, Mainz,
Germany. Genotyping was performed using small ear
punches obtained during the marking process, follow-
ing a standard protocol (Protocol 24,213: Standard PCR
Assay Mrcl <tm1Mnz >alternatel, version 1.2, Jackson
Laboratory). All animals were re-genotyped from tail
tip material after euthanasia to confirm the genotype.
In addition, brain tissue samples from a previous cohort
consisting of 50 adult, 10 weeks old, male C57BL6/N
mice (protocol 23 177-07/G14-1-037) were used to exam-
ine the time-dependent regulation of Mrcl gene expres-
sion and brain distribution of MRC1 + cells [48].

MRC1-WT or MRC1-KO mice were housed and main-
tained at controlled environmental conditions (22 +1 °C,
50+5% humidity, 12 h light/dark cycle) with access to
water and food ad libitum. Animals were kept in groups
of two per cage. CCI and sham surgeries of MRC1-WT
and MRC1-KO mice were performed during daytime
essentially as described [49] and analgesic treatment with
Carprofen (4mg/kg bodyweight) was applied to all mice
regardless of the experimental group at least 30 min prior
to surgery. Anesthesia was induced by 4 vol% isoflurane
for 90 s and maintained with 1.5-2.1 vol% isoflurane for
the whole surgical procedure. After loss of all relevant
reflexes, either CCI or sham surgery was performed.
Only CCI mice were subjected to Lidocain-hydrochlo-
ride subcutaneously to the temples and mice were fixated
in a stereotactic frame (Kopf instruments, California,
U.S.A.) by shore-bars. Sham animals remained unfixed in
prone position during the operation. Bepanthen® eye and
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nose ointment was applied to eyes and anal region. Body
temperature was maintained at 37 °C using a feedback
heating plate (Thermostar, RWD life science, San Diego,
U.S.A.) during the entire procedure. After surgery all
animals were transferred into a temperature (37 °C) con-
trolled incubator (IC8000, Draeger, Luebeck, Germany)
and placed back fully awake and orientated to their home
cages after two hours. Surgical parameters such as opera-
tion time and rectal temperature were recorded before
and during surgery and were not different between geno-
types (supplementary information, table S1). One male
MRC1-KO animal died shortly after CCI and therefore
did not reach the planned survival time of 5 days after
trauma.

Experimental design

In total 48 MRC1-WT or -KO mice underwent CCI
or sham procedure and were behaviorally assessed
over a survival time of 5 dpi followed by histological
and molecular analyses (Fig. 1). Mice were randomly
divided into four experimental groups with equal sex
distribution. The CCI groups (CCI+MRCI-WT and
CCI+MRC1-KO) consisted of 16 animals and the sham
groups (sham+ MRC1-WT and sham + MRC1-KO) con-
sisted of 8 mice. Calculation of animal numbers in CCI
groups was based on the assumption that a 20% change
in brain lesion size as the main outcome parameter is rel-
evant. The probability of type-1 error was set to a=0.05,
and the probability of type-2 error was set at f=0.2. One
experimenter performed all surgical procedures without
knowledge of the genotype, while other experimenters
blinded to genotype and surgical procedure assessed the
animal’s behavior and performed subsequent data collec-
tion and analysis.

Behavioral assessment
All behavioral experiments that serve to evaluate neu-
rological deficits were performed during daytime in the
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Fig. 1 Experimental study design. 5 dpi survival. Neurological Severity Score (NSS) and Rotarod performance (RR) were conducted at 1 day before CCl,
at 1,3 and 5 dpi. At 5 dpi, animals were euthanized, brains were dissected and processed for histological and molecular biological analyses. Created with

biorender.com
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same order as the CCI/ sham surgeries. To assess neuro-
logical functions such as motor skills, coordination, bal-
ance and general behavior, a neurological severity score
(NSS) was performed one day before surgery (pre-score)
and 1, 3 and 5 days post-injury, essentially as described
[50]. The minimum score is 0, while the highest possible
score is 12. Higher score indicates a more serious injury.
The pre-score was performed to exclude neurologically
impaired animals and to create baseline for each animal.
No animal had to be excluded because of neurological
abnormalities.

Rotarod test (RR) was conducted to evaluate motor
coordination and balance as previously described [50].
Briefly, mice were placed on an accelerating RotaRod
(Panlab RotaRod, Harvard Apparatus, Holliston,
MA) and the latency to fall was recorded. Pre-score one
day prior to surgery included four training trials, fol-
lowed by two test trials to quantify the pre-surgery RR
performance. After CCI/ sham surgery RR performance
was tested at the same time points as NSS and included
two runs on the RR and the longest latency to fall out
of the two trials was recorded and taken as best perfor-
mance of the day.

Brain sectioning and histopathological analyses

Mice were deeply anesthetized with 4 vol% Isoflurane
and euthanized by decapitation after an observation
period of 5 days. Brains were carefully removed from
the skull, frozen in powdered dry ice and stored at -20°C.
Using a cryotome (HM 560 Cryo-Star, Thermo Fisher
Scientific, Walldorf, Germany) coronal sections were cut
and collected as previously described in detail [51]. The
collected samples were later processed for RNA extrac-
tion and qPCR analyses.

To perform brain volumetry and assess structural dam-
age, cresyl violet staining and hematoxylin—eosin (H&E)
staining for hematoma assessment were performed as
previously described [51] and the sections were imaged
using a microscope equipped with a bright-field camera
(Stemi 305, Zeiss, Oberkochen, Germany). Zen soft-
ware (Zen blue lite, Zeiss, RRID:SCR_013672) was used
to quantify lesion volume and granule cell layer (GCL)
width and Image] software (RRID: SCR_003070) was
used to measure the size of the hematoma area [51].
Briefly, brain lesion volumes were determined by identi-
fying areas lacking violet staining or missing tissue in the
injured hemisphere from 16 consecutive brain cryosec-
tions and subsequently multiplying the intervals between
two sections (500 pum). The percentage lesion volume
was then calculated by dividing the lesion volume by the
total ipsilateral hemisphere volume [52] to avoid possible
sex- and genotype-dependent confounding effects due to
differences in absolute hemispheric volumes (supplemen-
tary information, table S3). GCL width was measured in
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the dorsal hippocampus at three pre-defined locations in
two consecutive sections (~Bregma level - 1.82 mm to
- 2.18 mm) in the suprapyramidal blade of the dentate
gyrus of each animal and section. Ipsi- and contralateral
GCL were measured and values are expressed in % ipsile-
sional relative to the contralesional GCL width.

Analysis of the H&E images involved conversion
to 8-bit and thresholding using Image]. Hematomas
were assessed based on the size of the hematoma area.
Intensely pink areas were selected using the magic wand.
For each animal, four consecutive sections (~Bregma
level +0.14 mm to -1.36 mm) were measured, and the
mean area average was calculated and expressed in mm?,
Immunofluorescence staining was performed on cryo-
sections, air-dried for one hour, fixed for 10 min in 4%
PFA and then incubated in blocking solution, composed
of 5% normal goat serum, 0.5% bovine serum and 0.1%
Triton X-100 in PBS, for 1h at room temperature. Pri-
mary antibodies (Table 1) were diluted and applied in
blocking solution over night at 4°C. Next day sections
were first washed in PBS, then incubated with second-
ary antibodies (Table 2) also diluted in blocking solution
for 2h at room temperature and afterwards mounted in
ImmunoMount (ThermoFisher Scientific, Massachu-
setts, USA). Immunostainings of brain sections including
the fluorophore-conjugated primary antibodies BV421-
MRC1/CD206 or BV421-CD68 was performed after
incubations with non-fluorophore-conjugated primary
antibodies and subsequent fluorophore-conjugated sec-
ondary antibody incubations. To control for non-specific
antibody binding, fluorophore-conjugated secondary
antibodies were applied to brain sections in the absence
of the primary antibodies, as well as BV421-conjugated
isotype controls for BV421-MRC1/CD206 and BV421-
CD68 (both rat IgG2a, k).

Images were taken using a fluorescence microscope
(BZ-X 800, KEYENCE, Osaka, Japan). Acquisition
parameters were individually adjusted to achieve best
image quality. The analysis of the triple immunostain-
ing (anti-CD68/anti-GFAP/anti-NeuN) was conducted
with Image] software (Image], RRID:SCR_003070) and
three brain sections (~ Bregma level: - 1.8 mm to — 2.8
mm) for each animal using adequate threshold setting
followed by the “analyze particles”-function. The results
were presented either as immunopositive cell number/
mm? or as % area of immunopositive cells depending on
the analyzed cell type. The analyses of the midline region
were conducted from two brain sections (~Bregma
level: + 0.14 mm and - 0.46 mm) and manual counting of
anti-MRC1 immunostained cells along the midline from
images acquired using a confocal microscope (LSM5
Exciter, Zeiss, 20 x objective). Results were presented as
MRC1" cells/mm midline length.
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Table 1 Primary antibodies for immunofluorescence stainings
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Target Host Dilution Manufacturer RRID Additional information
CD68 Rat 1:300 BD Bioscience AB_2744447 BV421-labelled
(monoclonal)

Collagen Type 1 (polyclonal) Rabbit 1:100 Rockland AB_2074625

ER-TR7 (monoclonal) Rat 1:50 Santa Cruz AB_1122890

Iba1 (polyclonal) Guinea-pig 1:500 Synaptic Systems AB_2493179

GFAP Rabbit 1:1000 DAKO AB_10013382

(polyclonal)

Ki-67 (D3B5) (monoclonal) Rabbit 1:500 Cell Signaling Technology AB_2687446
MRC1/CD206(monoclonal) Rat 1:300 BioLegend AB_10900988 FITC-labelled
MRC1/CD206 Rat 1:100 BioLegend AB_2562232 BV421-labelled
(monoclonal)

MRC1/CD206 Rat 1:500 BioLegend AB_10900233

(monoclonal)

NeuN Guinea pig 1:2000 Synaptic systems AB_2924930

(polyclonal)

NeuN (polyclonal) Rabbit 1:750 Abcam AB_10711153

Table 2 Secondary antibodies for immunofluorescence
stainings

Secondary Host Reactivity Dilution Manu-  RRID
antibody facturer

Alexa Fluor goat guinea pig 1:500 Life Tech- AB_2535757
633 highly nologies

Cross- GmbH

absorbed

Alexa Fluor goat rabbit 1:500 Life Tech- AB_143157
568 cross- nologies

absorbed GmbH

Alexa Fluor goat rat 1:500 Life Tech- AB_2534121
568 cross- nologies

adsorbed GmbH

Alexa Fluor goat rabbit 1:500 Life Tech- AB_2576217
488 highly nologies

Cross- GmbH

adsorbed

Gene expression analyses

Brain tissue samples from the right upper quadrant,
encompassing the lesion and perilesional tissue, were
obtained during histological sectioning. The samples
were rapidly frozen in liquid nitrogen, stored at-80°C,
and subsequently processed for RNA extraction, cDNA
synthesis using 1 pug RNA, and qRT-PCR as previ-
ously described [51] using RNeasy Kit and QuantiTect
Reverse Transcription Kits (both Qiagen, Hilden, Ger-
many) in accordance with the manufacturer's instruc-
tions. Target specific standard curves of mRNA copies
were used to quantify gene expressions including qRT-
PCR amplification factor efficiencies (E) calculations for
each gene according to the equation E= 107 Y/slope [53 54].
SYBR Green and PrimaQuant with matching primers
were used for polymerase chain reaction (qPCR) analy-
ses (Light Cycler480, Hoffmann-La Roche AG, RRID:
SCR_012155). Samples were analyzed in duplicates using
1pl of cDNA for each target per reaction. First absolute

Table 3 Primer pairs

Gene name, Oligonucleotide sequences 5'-3"  Gene bank

(amplicon (fw: forward, rev: reverse) number

size, bp)

Aif1 (144) fw: ATCAACAAGCAATTCCTCGATGA  NM_019467
rev: CAGCATTCGCTTCAAGGACATA

Argl (185) fw: CTCCAAGCCAAAGTCCTTAGAG NM_007482
rev: AGGAGCTGTCATTAGGGACATC

Cd68 (113) fw: CCCACCTGTCTCTCTCATTTC NM_001291058.1
rev: CACATTGTATTCCACCGCC

Cd74(84] fw: CCGCCTAGACAAGCTGACC NM_001042605
rev: ACAGGTTTGGCAGATTTCGGA

Fcgrl (211) fw: CCACAATGATTGGCTGCTACT NM_010186.5
rev: CGTGCCTGAGCAGTGGTA

Gfap (120) fw: CGGAGACGCATCACCTCTG NM_001131020
rev: TGGAGGAGTCATTCGAGACAA

Lyz2 (237) fw: ACTCCTCCTGCTTTCTGTC NM_017372.3
rev: TTGCCATCATTACACCAGTATC

Mmp9(106)  fw: AAGTCTCAGAAGGTGGAT NM_013599
rev: AATAGGCTTTGTCTTGGTA

MrcT (184) fw: GGCTGATTACGAGCAGTGGA NM_008625.2
rev: ATGCCAGGGTCACCTTTCAG

Nos2 (312) fw: TGT GTC AGC CCT CAGAGT AC ~ NM_010927
rev: CACTGA CACTYC GCA CAA

Ppia (146) fw: gCgTCSCTTCgAgCTgTT NM_008907
rev: RAAGTCACCACCCTggCA

Spp1(151) fw: ATGTCATCCCTGTTGCCCAG NM_001204201.1

rev: GACTGATCGGCACTCTCCTG

values of gene expression were quantified and then nor-
malized to absolute value of the reference gene Peptidyl-
prolyl isomerase A (Ppia). Applied primer pair sequences
in alphabetically order are provided in Table 3.

Statistical analysis

GraphPad Prism software (GraphPad Software Inc., ver-
sion 9.0) was used to analyze all data. Data distribution
was analyzed by Shapiro—Wilk normality test. Outliers
were identified by Rout’s test and excluded from further
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Fig. 2 MRC1 gene and protein expression in BAMs is upregulated in the early phase of experimental TBI. Animals were investigated at 5 dpi. A, C Sche-
matic brain sections illustrating the imaged regions of interest (ROI) shown in B and D. B, D Triple-immunostaining of naive mice with antibodies to
MRC1/ER-TR7/collagen in the parietal cortex and midline shows MRC1* cells located adjacent to meningeal fibroblasts (ER-TR7) and large blood vessels
(collagen type 1). E Schematic brain sections illustrating the imaged ROl shown in F and G. F MRC1 was predominantly expressed by cells aligning the
hemispheric midline. Additionally, a small number of vesicle-like MRC1 colocalized with Iba-1 immunopositive cells in the perilesional brain tissue (lower
box). G Midline-associated MRC1 cells were co-immunolabeled for the cell proliferation marker Ki67. H ROl where the material for gPCR was collected
(1), where images were taken (J) and analyses (K) were performed. | CCl leads to a significant increase in Mrc1 mRNA expression at 3 dpi, 5 dpi, and 7 dpi.
One-way ANOVA with Holm Sidék post-hoc test, n=9-10, values from individual animals and mean +SEM are shown (****p <0.0001). J, K MRC1 +cell
number along the midline is increased at 5 dpi compared to naive mice. Values + SEM from individual mice are shown (n=7 per group). Student’s t test,
unpaired, two tailed, ****p <0.0001. L Experimental study design of MRC1-WT versus KO 5 dpi survival. M CCl leads to an upregulation of Mrc1 expres-
sion compared to their corresponding sham group in male and female mice. Rout's test identified one outlier in the female CCI+WT group, which
was excluded from subsequent analyses. Two-way ANOVA with Holm Sidak post-hoc test, CCl: n=7-8, sham: n=4. Values from individual animals and
mean £ SEM are shown. *shows CCl+MRC1-WT versus CCl+MRC1-KO, *p < 0.05, ****p < 0.0001. #shows CCl versus corresponding sham group, #p < 0.05,

##p <0.01.~shows Sham+MRC1-WT versus Sham +MRC1-KO,~ ~p<0.01

evaluation as indicated in the figure legends. Compari-
son between two groups were calculated by unpaired
student’s t-test for parametric data or Mann—Whitney
U test for non-parametric data. Comparative analyses of
more than two groups were performed by ordinary one-
way analysis of variance (ANOVA) or Kruskal—Wallis test
followed by followed by Holm-Sidik or Dunn’s multiple
comparison post-hoc test, depending on data distribu-
tion. For specific behavioral tests (NSS and RR) and body
weight measurements, where more than two groups are
evaluated at multiple time points, two-way ANOVA fol-
lowed by Holm-Sidék post-hoc test, was performed. Val-
ues are presented as mean + standard error of the mean
(SEM), p<0.05 was considered as statistically significant.

Results

MRC1 gene and protein expression in BAMs is upregulated
in the early phase of experimental TBI

Previous studies reported that MRC1 is expressed by
BAMs in the naive brain [55, 56]. To validate these find-
ings, we performed explorative immunofluorescence
staining in brain cryosections from naive C57BL/6N
(Fig. 2B, D) and MRC1-WT and -KO (supplementary
information, Fig. S2) mice [47]. MRC1 expression in
naive C57BL/6N mice was identified in specific cells
located adjacent to meningeal fibroblasts and large blood
vessels, which were immunolabelled with the ER-TR7
antibody and anti-collagen type 1 [57]. The immunos-
taining of naive MRC1-WT and -KO mice with the mark-
ers anti-MRC1 and -Ibal showed that brain parenchymal
microglia expressing Ibal were devoid of MRC1 immu-
nostaining suggesting that MRC1 is expressed by BAMs
rather than microglia in the naive mouse brain. Brain
sections from MRC1-KO mice did not show any specific
staining above background levels, as expected (supple-
mentary information, Fig. S2B).

Consistent with the findings in naive brain, explorative
immunostaining for the same markers in C57BL/6N
mice following experimental TBI at 5 dpi showed that
MRC1 was predominantly expressed by cells aligning the
hemispheric midline (Fig. 2F). A rare observation was a

vesicle-like MRC1 immunostaining co-localizing with
Iba-1 cells at the perilesional brain tissue (Fig. 2F, arrow
in the lower box). Furthermore, we observed that mid-
line-associated MRC1 cells were co-immunolabeled for
the cell proliferation marker Ki67 (Fig. 2G, arrows). These
explorative observations at 5 dpi, suggested that MRC1 is
primarily expressed on BAMs, which exhibit proliferative
capacity in the early phase of experimental TBI.

To further investigate expression of MRC1, we addi-
tionally examined the mRNA expression regulation of
Mrcl following CCI in ipsilesional brain tissue samples
from male C57BL/6N mice collected at 1, 3, 5, and 7
dpi. Compared to samples from naive, non-injured male
mice, Mrcl mRNA expression was increased at all post-
traumatic time points and this difference reached a sta-
tistically significant level at 3 dpi, 5 dpi and 7 dpi (Fig. 2I).
This result demonstrated that CCI increased the mRNA
expression of MRC1 at early post-traumatic time points,
justifying further investigation into the role of MRC1
in TBI pathogenesis at 5 dpi. Based on these results, we
additionally performed anti-MRC1 immunostaining in
mice at 5 dpi as well as naive mice (Fig. 2J). We found
that the number of MRC1" cells along the midline was
significantly increased at 5 dpi following CCI compared
to naive (Fig. 2K).

To investigate the relevance of MRC1 in TBI patho-
genesis, we utilized a MRC1-deficient mouse model and
subjected MRC1-WT and MRC1-KO littermates to CCL.
Initially, we examined MRCI1 gene expression in the dif-
ferent experimental groups at 5 dpi (Fig. 2L). Consistent
with the time course results from 1 to 7 dpi, we observed
a significantly increased Mrcl mRNA expression at 5 dpi
in MRC1-WT mice as compared to sham. In addition,
the Mrcl upregulation was observed both in female and
male mice (Fig. 2M). As expected, Mrcl mRNA expres-
sion was almost undetectable in MRC1-KO mice. In
addition, we reconfirmed genotypes using MRC1 immu-
nostaining in brain cryosections (supplementary infor-
mation, Fig. S2).
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Fig. 3 MRC1-KO mice exhibit increased brain tissue loss and hippocampal damage at 5 dpi. A Cresyl-violet stained sections from male and female mice
showing structural brain damage in MRC1-WT and MRC1-KO CCl groups at 5 dpi. Bregma level: -2.06 mm. B Representative image enlargements showing
the ipsi- and contralesional GCL of the hippocampus of male and female MRC1-WT and -KO mice. Arrows point to decreased thickness of the ipsile-
sional GCL. Bregma level: -2.06 mm. C Brain tissue loss at 5 dpi. Values (n=7-16 per group) are expressed in % relative to the volume of the ipsilesional
hemisphere. D Ipsilesional GCL thickness in MRCT-WT and MRC1-KO CCl groups at 5 dpi (n=7-16 per group). Values are expressed in % relative to con-
tralesional GCL thickness. C, D Student’s unpaired t-test or Mann-Whitney U test. Values from individual animals and mean + SEM are shown. *indicates

CCI+MRC1-WT versus CCl+MRC1-KO, *p < 0.05, ns=not significant

MRC1-deficiency exacerbates structural brain damage at

5 dpi

CCI produced substantial brain tissue loss at 5 dpi, pre-
dominantly affecting the cerebral cortex (Fig. 3A). In
addition, an obvious reduction in ipsilesional hippo-
campal GCL width was observed (Fig. 3B). Determina-
tion of brain lesion size by volumetrie in the ipsilesional
hemisphere, combining male and female mice, revealed
increased brain tissue loss, expressed as percentage vol-
ume of the ipsilesional hemisphere, in MRC1-KO mice
compared to MRC1-WT mice (Fig. 3C). When data were
segregated by sex, similar genotype-specific effects were
observed; however, the differences reached the level
of statistical significance only in female mice (Fig. 3C).
Determination of the relative hippocampal GCL width,
combining male and female mice, resulted in a sig-
nificantly increased loss of GCL in MRC1-KO mice, i.e.
decreased ipsi- to contralesional ratio of GCL width
(Fig. 3D). This genotype difference also reached the level
of statistical significance in male mice, but not in female
mice (Fig. 3D). Overall, MRC1-KO mice exhibited an
exacerbated structural brain damage at 5 dpi, with devia-
tions observed after sex segregation.

Lack of MRC1 impairs intracerebral hematoma removal in
male mice

MRC1 is involved in phagocytosis [58], and our previ-
ous study linked phagocytic activity of M/M with the
removal of intracerebral hematoma at 5 dpi in the CCI
model of TBI [51]. H&E-staining was performed to visu-
alize intracerebral hematomas, which were confined to
the cerebral lesion site in both male and female mice at 5
dpi (Fig. 4B). Quantification of the hematoma area in four
consecutive sections across the primary impact region,
ranging from Bregma+0.14 mm to -1.36 mm, suggested
that male MRC1-KO mice exhibited larger hematoma
than male MRC1-WT mice (Fig. 4C). However, this
genotype-specific difference was not observed in female
mice, suggesting sex-specific differences in the activity of
M/M following CCI.

MRC1 deficiency leads to sex dimorphic regulation of
inflammatory gene expression

To investigate consequences of MRC1 deficiency on the
neuroinflammatory response to CCI, mRNA expres-
sion analyses using qPCR was carried out for inflamma-
tory markers, which we considered to be up-regulated

following CCI based on single cell RNA sequencing data
deposited in the CEREBRI atlas [24] (https://shiny.crc.pit
t.edu/cerebri/). We quantified the relative mRNA expres-
sion of markers predominantly associated with M/M,
namely, Aifl, Argl, Cd68, Fcgrl, and Lyz2 (Fig. 5A-E),
the astrocyte activation marker Gfap (Fig. 5F), and mark-
ers associated with inflammatory activation in various
cell types, namely Cd74, Nos2, and Mmp9, and Sppl
(Fig. 5G-]J). To demonstrate the relative up-regulation in
response to CCI, all values were quantified relative to the
reference gene Ppia and normalized to sham mice of the
corresponding genotype and sex. M/M-associated genes
were about four- to 30-fold upregulated in response to
CCI relative to sham (Fig. 5A—E). Combining values for
male and female mice, a significantly reduced mRNA
expression was observed for Aifl, Cd68, Fcgrl and Lyz2 in
MRC1-KO mice compared to MRC1-WT mice (Fig. 5A,
C, D, E). However, when segregated by sex, the geno-
type-specific differences were observed only in female
mice, and not in male mice. An opposite regulation was
observed for Argl expression. Argl was up-regulated in
male MRC1-KO but downregulated in female MRC1-KO
mice compared to MRC1-WT (Fig. 5B). A similar trend
of opposing regulation was observed for the astrocyte
marker gene Gfap (Fig. 5F). Genotype-specific differ-
ences were also identified for Cd74, Mmp9, Nos2, and
Sppl1, which are gene markers associated with inflamma-
tory activation in various cell types (Fig. 5G—]). While the
expression values of Cd74, Mmp9 and Sppl across sexes
were reduced in MRC1-KO mice, Nos2 expression was
elevated compared to MRC1-WT (Fig. 5G-J). Sex-seg-
regation exhibited similar regulatory directions for these
genes.

Although some sex-specific variations exist in the sta-
tistical significance or the direction of gene expression
regulation, the overall results of gene expression analy-
sis of various inflammatory marker genes suggest that
MRC1 deficiency attenuated the immune response to
CCL

Lack of MRC1 leads to minor behavioral impairments after
ca

Body weight evaluation was performed as an indicator of
well-being of mice including efficiency of analgesic treat-
ment [59] one day before surgery, at 1 dpi, 3 dpi, and 5
dpi (Fig. 6A and supplementary information, table S2).
No significant differences were observed across sexes and
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Fig. 4 Intracerebral hematoma is more abundant in MRC1-KO mice. A Region of interest. B H&E-stain shows intracerebral hematoma (arrows) in the
ipsilesional brain tissue of CCl+MRC1-WT and CCl+MRC1-WT in male and female mice. Bregma level: -1.36 mm. C The hematoma area is increased in
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sections/animal). Student’s unpaired t-test. Values from individual animals and mean + SEM are shown. *indicates CCl+MRC1-WT versus CCl+MRC1-KO,

*p <0.05, ns=not significant

CCI or sham groups at any time point (Fig. 6A). However,
female MRC1-KO mice randomized to the CCI group
exhibited an increased body weight before CCI as well as
over the 5 days observation period (Fig. 6A). The effects
of CCI and genotype on neurological function were
assessed using a Neurological Severity Score (NSS). Sham
mice, as expected, showed almost zero points throughout
the observation period, regardless of genotype. The NSS
reached a peak 1 dpi and subsequently declined until 5
dpi in all CCI groups (Fig. 6B). No genotype-dependent
differences were observed across sexes. Female MRC1-
KO mice, contrary to male MRC1-KO mice, showed
an increased NSS at 1 dpi compared to MRC1-WT;
however, this effect was not sustained to 3 dpi or 5 dpi.
The RR performance test revealed mild effects on the
motor-coordination following CCI, reaching a statisti-
cally significant level between CCI versus sham treated
MRC1-KO mice across sexes at 1 dpi, in female mice at
1 dpi and 5 dpi (Fig. 6C). Overall, the results suggest that
CCI induced more pronounced effects in female MRC1-
KO mice than in other CCI groups.

MRC1 deficiency decreases the number of perilesional
macrophages/microglia in the early phase of TBI
Activation of glial cells and their recruitment to sites of
tissue damage is a hallmark of TBI [19]. Triple-immuno-
fluorescence staining using specific antibodies to CD68,
GFAP, or NeuN was performed to investigate possible
differences between genotypes in populations of M/M,
astrocytes, or neurons (Fig. 7B). As regions of inter-
est (ROIs), we chose the perilesional cortex, primar-
ily affected by CCI, and the dorsal part of the thalamus,
which is distant from the primary injury site but infil-
trated by M/M [51] (Fig. 7A). In the perilesional cortex,
the number of CD68* M/M was significantly reduced in
MRC1-KO mice across sexes, and this effect appeared to
be largely due to differences in male mice as female mice
did not exhibit genotype-specific differences (Fig. 7C). In
the thalamus, however, the number of CD68" M/M was
not affected by the knock-out (Fig. 7F). No significant dif-
ferences were observed between genotypes for the num-
ber of astrocytes and neurons, neither in the perilesional
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cortex nor in the dorsal thalamus in our model of TBI
(Fig. 7D, E, G, H).

Discussion

In this study, we investigated the pathophysiological role
of MRC1 in the CCI model of TBI. We found upregu-
lated MRC1 gene expression in response to CCI, and
immunostaining showed that MRC1 protein expression
was restricted to cells at perivascular sites and border
regions of the CNS, consistent with previous studies that
have identified MRC1 as a marker of perivascular mac-
rophages or BAMs, also referred to as CAMs [25, 31,
56, 60]. Indeed, co-immunostaining using the fibroblast

marker anti-ER-TR7 and anti-collagen type 1 [57]
revealed that MRC1 + cells were localized to the pial sur-
face and perivascular sites of large blood vessels, which
supports their meningeal and extraparenchymal local-
ization. Nonetheless, the application of immunoelectron
microscopy would be required to accurately delineate the
spatial distribution of MRC1 + cells and their spatial rela-
tionship with meningeal and blood vessel-associated cells
and anatomical structures such as the Robin-Virchow
space [61].

Our results are not entirely consistent with previ-
ous observations showing the accumulation of BAMs
in brain tissue lesions following TBI in rats [62, 63].
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Species-specific differences may account for this obser-
vation [64]. In this context, it will be important to deter-
mine whether the population of MRCI + cells observed
in this study is attributed solely to BAMs or if it also
includes infiltrating cells that express MRC1 upon enter-
ing the brain. A bone marrow chimeric MRC1 mouse
model would be appropriate for this investigation.
Indeed, it was demonstrated that BAMs populations in
the brain comprise both locally self-renewed cells and
recruited cells from the bone marrow under pathological
conditions [65—-67].

It should be also noted that detection of MRC1 protein
expression on BAMs may be compromised due to pro-
teolytic ectodomain shedding of MRC1, which can be
executed by metalloproteases (MMPs), as suggested by
pharmacologic inhibition in vitro [68]. In support of this,

several MMPs, such as MMP2 and MMP9, have been
shown to be upregulated following experimental TBI
[69, 70]. Further investigations using fluorescent mRNA
labelling technology, antibodies specific for the intracel-
lular part of MRC1, and/or MRC1 transgenic fluores-
cent reporter mice, for example, would be necessary to
address this question in more detail.

Our histopathological analysis demonstrated exac-
erbated structural brain damage in MRCI1-KO mice
compared to MRC1-WT mice, whereas gene expres-
sion analysis and immunostainings indicated a compro-
mised neuroinflammatory response at 5 dpi. A possible
explanation for these observations is a pro-inflamma-
tory function of MRC1. Indeed, MRC1 was shown to
induce pro-inflammatory tissue macrophages [43].
Consequently, our results provide evidence that MRC1
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Fig. 7 MRC1 deficiency decreases the number of perilesional M/M in the early phase of TBI. A Regions of interest. B anti-CD68/anti-GFAP/anti-NeuN
whole brain immunostaining of CCl+MRC1-WT and CCl+MRC1-KO mice. Bregma level: -2.46mm. C Histograms show significantly less CD68 immu-
nopositive cells in the lateral perilesional Cortex of sex-pooled as well as male CCl+ MRC1-KO mice. D, E No differences in the number of GFAP* cells or %
area of NeuN™ cells in the same brain region. F-H In the thalamus, however, there were no significant differences between the two genotypes for any of
the three markers. CCl: n=8-16 per group. Student’s unpaired t-test or Mann-Whitney-U test. Values from individual animals and mean + SEM are shown.
*indicates CCl+MRC1-WT versus CCl+MRC1-KO, *p < 0.05, ***p <0.001, ns=not significant

contributes to beneficial effects of the early neuroinflam-
matory response to TBI, which adds to the long-standing
research findings regarding the dual nature of neuro-
inflammation, and particularly M/M, in TBI [71-73].
Moreover, the restricted expression of MRC1 on BAMs
suggest their involvement in the early neuroinflamma-
tory response following TBI, which is consistent with the
prevailing view that BAMs contribute to the onset of var-
ious CNS diseases including acute brain injury [25].

Along this line, several studies linked beneficial effects
of neuroinflammation with the clearance of cellular
debris including hematoma by phagocytic macrophages/
microglial cells [51, 74-78]. Our results showing larger
intracerebral hematoma at 5 dpi in male MRC1-KO than
in MRC1-WT mice suggest that lack of MRC1 compro-
mises brain tissue clearance. This is consistent with ear-
lier studies identifying MRC1 as a pattern recognition
receptor carrying out (macro-) pinocytosis and phagocy-
tosis [41, 79]. Furthermore, inefficient phagocytosis has
been considered as a consequence of MRC1 deficiency
in other disease models [80]. Notably, this effect was
observed exclusively in male mice, indicating that MRC1
may play a role in sex-specific differences in cell tissue
clearance and phagocytosis. While recent studies have
provided evidence for sex-specific differences in microg-
lia phagocytosis [81, 82], the specific role of MRC1 in this
context remains unclear and needs to be investigated in
future studies. However, our observations on hematoma
size should be interpreted with caution, as hematoma are
not uniformly distributed across the injured brain, and
we have examined hematoma size in a limited number of
sections across the primary impact region. A more com-
prehensive investigation, utilizing serial sections with
minimal intersectional distances followed by stereologi-
cal analysis, or analysis of optical sections obtained by
T2-weighted MR], is required to examine this question in
greater depth.

Moreover, as mentioned, immunofluorescence stain-
ing revealed a relatively small number of MRC1" cells,
with a restrictive localization that is typical for BAMs
[31, 56, 60]. Therefore, MRC1-expressing BAMs may not
only directly be involved in the clearance of brain tissue
at restricted sites of the brain, but may also play a role
in the propagation of inflammatory signals to microg-
lia, thereby facilitating their function in the clearance of
cellular debris including hematoma by phagocytosis [51,
74-78]. This is plausible as it has been already established

that co-expression of MRC1 with other receptors on
macrophages, such as toll-like receptors, can initiate
cytokine secretion, e.g. interleukins, subsequently stimu-
lating other immune cells [83].

Further investigations are needed to determine
whether, and to what extent, functions of BAMs are
modulated by MRC1. For example, employing cell type-
specific MRC1 knockout and single-cell RNA sequenc-
ing could elucidate cell-autonomous signaling pathways
triggered by MRC1, alongside with mouse models spe-
cifically targeting BAMs [84]. More insights from such
studies on the beneficial effects of MRCI1-expressing
BAMs during the early phase of TBI may have implica-
tions for the development of novel therapeutic strategies
for TBI treatment. However, limitations of rodent models
related to brain size and structure, including a reduced
white to gray matter ratio [11], should be considered.

Moreover, it is of paramount importance to investi-
gate the long-term consequences of MRC1-deficiency
on TBI pathogenesis in future studies, as chronic neuro-
inflammation, including activation of humoral immune
responses are critically involved in the patient's out-
come [85, 86]. Furthermore, investigations on the effects
of MRC1 deficiency in combination with CCI on other
organs are necessary, as peripheral effects of MRC1 defi-
ciency have been reported in other disease models [87,
88].

Our study design, which included both male and
female mice, enabled us to explore sex-specific effects of
MRCI1 deficiency in response to experimental traumatic
brain injury. It is worth noting that several studies have
also examined sex-specific effects associated with TBI
and found evidence of sexual dimorphism in the inflam-
matory response to TBI. For instance, Villapol et al. dem-
onstrated sex-specific differences after TBI, with male
mice exhibiting larger lesion volume than female mice
at 3 dpi and 7 dpi and also showed a higher number of
infiltrating peripheral myeloid cells in the injured cortex
1 dpi and 3 dpi [89]. Several explanations may account
for the less pronounced sex-specific differences observed
in our study, including utilization of a different mouse
strain, which independently can result in variations in the
response to experimental TBI [90]. It is important to note
that our statistical study design prioritized genotype-spe-
cific differences over sex differences, and a larger sample
size may have been necessary to adequately investigate
sex-specific differences. Using sex-pooled and -separated
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analyses, we nevertheless identified genotype-specific
effects in a sex-specific manner. These differences were
evident in behavior, lesion parameters, gene expression
and immunofluorescence staining. As already known,
sex steroid hormones, including estrogens, androgens
and progestins, are involved in the regulation of overall
immune function [91]. Previous studies already showed
that this applies not only to general immune function
but also to the neuroinflammatory response to TBI. Male
mice presented a significantly higher influx of peripheral
myeloid cells in the first days after injury, which was fol-
lowed by proliferation of resident microglia compared
to female mice [82]. Additionally, pharmacological inhi-
bition of E2 and DHT synthesis or ovariectomy showed
effects on glial activation, other pathobiological processes
and behavioral performance in the early phase of TBI [92,
93]. In addition to sex steroids, other factors also influ-
ence the neuroinflammatory response in a sex-specific
manner. It was reported that microglia are more sensitive
to inflammatory stimulation and adopt an inflammatory
phenotype in male mice compared to females, indepen-
dent of sex-steroids [94]. Interestingly, MRC1 expression
in M/M appeared to exhibit sex-specific differences in an
experimental spinal cord injury model [95] and our gene
expression analysis suggested that CCI caused a relatively
stronger increase of Mrcl expression in females than in
males.

In conclusion, this study provided evidence that MRC1
expression on BAMs contributes to an early neuro-
protective inflammatory response to TBI in mice. This
underlines a critical role of BAMs in TBI pathogenesis.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/540478-025-02156-z.

[ Supplementary Material 1 ]

Acknowledgements

Data shown in this article are part of the dissertation of JS presented to
the Faculty of Veterinary Medicine of the Justus-Liebig-University Gielen,
Germany. We gratefully acknowledge the excellent technical assistance of
Dana Pieter (Department of Anesthesiology, Mainz, Germany). Figure 1 was
created with BioRender.com.

Author contributions

All authors performed experiments and/or data analysis. J.S., and M.S.
conceived study design, animal testing protocols, and experiments. J.S. and
M.S. wrote the manuscript. All authors approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study was
supported by the Chinese Scholarship Council (to S.L., SW., and Y.W.).

Data availability
Source data are available upon reasonable request.

(2025) 13:220

Page 15 of 17

Declarations

Ethics approval and consent to participate

All animal experiments were conducted in accordance with the institutional
guidelines of the Johannes Gutenberg University, Mainz, Germany,

and were approved by the Animal Care and Ethics Committee of the
Landesuntersuchungsamt Rheinland-Pfalz (protocol numbers 23 177-07/G19-
1-027,and 23 177-07/G14-1-037) and followed the ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Anesthesiology, University Medical Center, Johannes
Gutenberg-University Mainz, Langenbeckstra3e 1 (BId. 505), 55131 Mainz,
Germany

’Focus Program Translational Neurosciences (FTN), Johannes Gutenberg-
University Mainz, Mainz, Germany

*Research Center for Immunotherapy (FZI), Johannes Gutenberg-
University Mainz, Mainz, Germany

Received: 11 August 2025 / Accepted: 13 October 2025
Published online: 30 October 2025

References

1. Maas AR, Menon DK, Adelson PD, Andelic N, Bell MJ, Belli A et al (2017)
Traumatic brain injury: integrated approaches to improve prevention, clinical
care, and research. Lancet Neurol 16(12):987-1048

2. RauenK, Reichelt L, Probst P, Schédpers B, Miller F, Jahn K et al (2020) Quality
of life up to 10 years after traumatic brain injury: a cross-sectional analysis.
Health Qual Life Outcomes 18(1):166

3. LiY,LiY,LiX, Zhang S, Zhao J, Zhu X et al (2017) Head injury as a risk factor for
dementia and Alzheimer’s disease: a systematic review and meta-analysis of
32 observational studies. PLoS ONE 12(1):e0169650

4. Belding JN, Bonkowski J, Englert R, Grimes Stanfill A, Tsao JW (2024) Associa-
tions between concussion and more severe TBIs, mild cognitive impairment,
and early-onset dementia among military retirees over 40 years. Front Neurol
15:1442715

5. BarkerS, Paul BD, Pieper AA (2023) Increased risk of aging-related neurode-
generative disease after traumatic brain injury. Biomedicines 11(4):1154

6. Ritter K, Somnuke P, Hu L, Griemert EV, Schéfer MKE (2024) Current state of
neuroprotective therapy using antibiotics in human traumatic brain injury
and animal models. BMC Neurosci 25(1):10

7. Lazaridis C, Foreman B (2023) Management strategies based on multi-modal-
ity neuromonitoring in severe traumatic brain injury. Neurotherapeutics
20(6):1457-1471

8. Begemann M, Leon M, van der Horn HJ, van der Naalt J, Sommer | (2020)
Drugs with anti-inflammatory effects to improve outcome of traumatic brain
injury: a meta-analysis. Sci Rep 10(1):16179

9. Korley F, Pauls Q, Yeatts SD, Jones CMC, Corbett-Valade E, Silbergleit R et al
(2021) Progesterone treatment does not decrease serum levels of biomarkers
of glial and neuronal cell injury in moderate and severe traumatic brain
injury subjects: a secondary analysis of the progesterone for traumatic brain
injury, experimental clinical treatment (ProTECT) Ill trial. J Neurotrauma
38(14):1953-1960

10. DerouinY, Delhomme T, Launey Y, Bouras M, Sautenet B, Sébille V et al (2024)
A systematic review of reported outcomes in randomized controlled trials
targeting early interventions in moderate-to-severe traumatic brain injury. J
Neurotrauma 41(19-20):2238-2247

11. Krafft PR, Bailey EL, Lekic T, Rolland WB, Altay O, Tang J et al (2012) Etiology of
stroke and choice of models. Int J Stroke 7(5):398-406

12. Agoston DV, Vink R, Helmy A, Risling M, Nelson D, Prins M (2019) How to
translate time: the temporal aspects of rodent and human pathobiological
processes in traumatic brain injury. J Neurotrauma 36(11):1724-1737

13. Vink R (2018) Large animal models of traumatic brain injury. J Neurosci Res
96(4):527-535


https://doi.org/10.1186/s40478-025-02156-z
https://doi.org/10.1186/s40478-025-02156-z

Strehle et al. Acta Neuropathologica Communications

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

Sorby-Adams AJ, Vink R, Turner RJ (2018) Large animal models of stroke and
traumatic brain injury as translational tools. Am J Physiol Regul Integr Comp
Physiol 315(2):R165-R190

Risling M, Smith D, Stein TD, Thelin EP, Zanier ER, Ankarcrona M et al (2019)
Modelling human pathology of traumatic brain injury in animal models. J
Intern Med 285(6):594-607

Xiong Y, Mahmood A, Chopp M (2013) Animal models of traumatic brain
injury. Nat Rev Neurosci 14(2):128-142

Werner C, Engelhard K (2007) Pathophysiology of traumatic brain injury. Br J
Anaesth 99(1):4-9

Morganti-Kossmann MC, Semple BD, Hellewell SC, Bye N, Ziebell JM (2019)
The complexity of neuroinflammation consequent to traumatic brain

injury: from research evidence to potential treatments. Acta Neuropathol
137(5):731-755

Schafer MKE, Tegeder | (2018) NG2/CSPG4 and progranulin in the posttrau-
matic glial scar. Matrix Biol 68-69:571-588

Loane DJ, Kumar A (2016) Microglia in the TBI brain: The good, the bad, and
the dysregulated. Exp Neurol 275(Pt 3):316-327

Paolicelli RC, Sierra A, Stevens B, Tremblay ME, Aguzzi A, Ajami B et al

(2022) Microglia states and nomenclature: a field at its crossroads. Neuron
110(21):3458-3483

Jassam YN, Izzy S, Whalen M, McGavern DB, El Khoury J (2017) Neuroim-
munology of traumatic brain injury: time for a paradigm shift. Neuron
95(6):1246-1265

Somebang K, Rudolph J, Imhof , Li L, Niemi EC, Shigenaga J et al (2021) Ccr2
deficiency alters activation of microglia subsets in traumatic brain injury. Cell
Rep 36(12):109727

Jha RM, Rajasundaram D, Sneiderman C, Schlegel BT, O'Brien C, Xiong Z et al
(2024) A single-cell atlas deconstructs heterogeneity across multiple models
in murine traumatic brain injury and identifies novel cell-specific targets.
Neuron 112(18):3069-88.e4

Sun R, Jiang H (2024) Border-associated macrophages in the central nervous
system. J Neuroinflammation 21(1):67

Dalmau Gasull A, Glavan M, Samawar SKR, Kapupara K, Kelk J, Rubio M et al
(2024) The niche matters: origin, function and fate of CNS-associated macro-
phages during health and disease. Acta Neuropathol 147(1):37

Amann L, Masuda T, Prinz M (2023) Mechanisms of myeloid cell entry to the
healthy and diseased central nervous system. Nat Immunol 24(3):393-407
Prinz M, Masuda T, Wheeler MA, Quintana FJ (2021) Microglia and central
nervous system-associated macrophages-from origin to disease modulation.
Annu Rev Immunol 39:251-277

Brioschi S, Zhou Y, Colonna M (2020) Brain parenchymal and extraparenchy-
mal macrophages in development, homeostasis, and disease. J Immunol
204(2):294-305

Lapenna A, De Palma M, Lewis CE (2018) Perivascular macrophages in health
and disease. Nat Rev Immunol 18(11):689-702

Kierdorf K, Masuda T, Jorddo MJC, Prinz M (2019) Macrophages at CNS
interfaces: ontogeny and function in health and disease. Nat Rev Neurosci
20(9):547-562

Vara-Pérez M, Movahedi K. Border-associated macrophages as gatekeepers of
brain homeostasis and immunity. Immunity.

Gerganova G, Riddell A, Miller AA (2022) CNS border-associated macro-
phages in the homeostatic and ischaemic brain. Pharmacol Ther 240:108220
Van Hove H, Martens L, Scheyltjens |, De Vlaminck K, Pombo Antunes AR, De
Prijck S et al (2019) A single-cell atlas of mouse brain macrophages reveals
unique transcriptional identities shaped by ontogeny and tissue environ-
ment. Nat Neurosci 22(6):1021-1035

Sankowski R, SUR P, Benkendorff A, Béttcher C, Fernandez-Zapata C, Chhatbar
C et al (2024) Multiomic spatial landscape of innate immune cells at human
central nervous system borders. Nat Med 30(1):186-198

Galea I, Palin K, Newman TA, Van Rooijen N, Perry VH, Boche D (2005) Man-
nose receptor expression specifically reveals perivascular macrophages in
normal, injured, and diseased mouse brain. Glia 49(3):375-384

Burudi EM, Régnier-Vigouroux A (2001) Regional and cellular expression of
the mannose receptor in the post-natal developing mouse brain. Cell Tissue
Res 303(3):307-317

Siret C, van Lessen M, Bavais J, Jeong HW, Reddy Samawar SK, Kapupara K et
al (2022) Deciphering the heterogeneity of the Lyve1(+) perivascular macro-
phages in the mouse brain. Nat Commun 13(1):7366

van der Zande HJP, Nitsche D, Schlautmann L, Guigas B, Burgdorf S (2021) The
mannose receptor: from endocytic receptor and biomarker to regulator of
(meta)inflammation. Front Immunol 12:765034

(2025) 13:220

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 16 of 17

Moseman AP, Moseman EA, Schworer S, Smirnova |, Volkova T, von Andrian

U et al (2013) Mannose receptor 1 mediates cellular uptake and endo-
somal delivery of CpG-motif containing oligodeoxynucleotides. J Immunol
191(11):5615-5624

Martinez-Pomares L (2012) The mannose receptor. J Leukoc Biol
92(6):1177-1186

MiY, Coonce M, Fiete D, Steirer L, Dveksler G, Townsend RR et al (2016) Func-
tional consequences of mannose and Asialoglycoprotein receptor ablation. J
Biol Chem 291(36):18700-18717

Embgenbroich M, van der Zande HJP, Hussaarts L, Schulte-Schrepping J,
Pelgrom LR, Garcia-Tardén N et al (2021) Soluble mannose receptor induces
proinflammatory macrophage activation and metaflammation. Proc Natl
Acad Sci U S A. https://doi.org/10.1073/pnas.2103304118

An XN, Wei ZN, Xie YY, Xu J, ShenY, Ni LY et al (2022) CD206(+)CD68(+)
mono-macrophages and serum soluble CD206 level are increased in
antineutrophil cytoplasmic antibodies associated glomerulonephritis. BMC
Immunol 23(1):55

Shen YW, Zhang YM, Huang ZG, Wang GC, Peng QL (2020) Increased levels of
soluble CD206 associated with rapidly progressive interstitial lung disease in
patients with dermatomyositis. Mediators Inflamm 2020:7948095

Tsuchiya K, Suzuki Y, Yoshimura K, Yasui H, Karayama M, Hozumi H et al (2019)
Macrophage mannose receptor CD206 predicts prognosis in community-
acquired pneumonia. Sci Rep 9(1):18750

Lee SJ, Evers S, Roeder D, Parlow AF, Risteli J, Risteli L et al (2002) Mannose
receptor-mediated regulation of serum glycoprotein homeostasis. Science
295(5561):1898-1901

Hummel R, Dorochow E, Zander S, Ritter K, Hahnefeld L, Gurke R et al

(2024) Valproic acid treatment after traumatic brain injury in mice alleviates
neuronal death and inflammation in association with increased plasma
lysophosphatidylcholines. Cells. https://doi.org/10.3390/cells 13090734

Ritter K, Jung K, Dolderer C, Appel D, Oswald CC, Ritz U et al (2021) Early
reciprocal effects in a murine model of traumatic brain injury and femoral
fracture. Mediat Inflamm 2021:8835730

Hummel R, Ulbrich S, Appel D, Li S, Hirnet T, Zander S et al (2020) Administra-
tion of all-trans retinoic acid after experimental traumatic brain injury is brain
protective. Br J Pharmacol 177(22):5208-5223

Wang Y, Wernersbach |, Strehle J, Li S, Appel D, Klein M et al (2022) Early post-
traumatic CSF1R inhibition via PLX3397 leads to time- and sex-dependent
effects on inflammation and neuronal maintenance after traumatic brain
injury in mice. Brain Behav Immun 106:49-66

Villapol S, Yaszemski AK, Logan TT, Sénchez-Lemus E, Saavedra JM, Symes AJ
(2012) Candesartan, an angiotensin Il AT;-receptor blocker and PPAR-y ago-
nist, reduces lesion volume and improves motor and memory function after
traumatic brain injury in mice. Neuropsychopharmacology 37(13):2817-2829
Thal SC, Wyschkon S, Pieter D, Engelhard K, Werner C (2008) Selection of
endogenous control genes for normalization of gene expression analysis
after experimental brain trauma in mice. J Neurotrauma 25(7):785-794
Timaru-Kast R, Gotthardt P, Luh C, Huang C, Hummel R, Schéfer MKE et al
(2019) Angiotensin Il receptor 1 blockage limits brain damage and improves
functional outcome after brain injury in aged animals despite age-depen-
dent reduction in AT1 expression. Front Aging Neurosci 11:63

Prinz M, Erny D, Hagemeyer N (2017) Ontogeny and homeostasis of CNS
myeloid cells. Nat Immunol 18(4):385-392

Faraco G, Park L, Anrather J, ladecola C (2017) Brain perivascular macro-
phages: characterization and functional roles in health and disease. J Mol
Med (Berl) 95(11):1143-1152

Ewing-Crystal NA, Mroz NM, Larpthaveesarp A, Lizama CO, Pennington R,
Chiaranunt P, et al. Dynamic fibroblast-immune interactions shape recovery
after brain injury. Nature. 2025.

von Ehr A, Attaai A, Neidert N, Potru PS, RuB T, Zoller T et al (2020) Inhibition
of microglial TGF@ signaling increases expression of Mrc1. Front Cell Neurosci
14:66

Flecknell PA. Analgesia of small mammals. Vet Clin North Am Exot Anim Pract.
2001;4(1):47-56, vi.

Goldmann T, Wieghofer P, Jordao MJ, Prutek F, Hagemeyer N, Frenzel K et al
(2016) Origin, fate and dynamics of macrophages at central nervous system
interfaces. Nat Immunol 17(7):797-805

Riew TR, Hwang JW, Jin X, Kim HL, Lee MY (2022) Infiltration of meningeal
macrophages into the Virchow-Robin space after ischemic stroke in rats:
correlation with activated PDGFR-B-positive adventitial fibroblasts. Front Mol
Neurosci 15:1033271


https://doi.org/10.1073/pnas.2103304118
https://doi.org/10.3390/cells13090734

Strehle et al. Acta Neuropathologica Communications

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

Zhang Z, Zhang ZY, Wu Y, Schluesener HJ (2012) Lesional accumulation

of CD163+ macrophages/microglia in rat traumatic brain injury. Brain Res
1461:102-110

Harvey LD, Yin'Y, Attarwala IY, Begum G, Deng J, Yan HQ et al (2015) Adminis-
tration of DHA reduces endoplasmic reticulum stress-associated inflamma-
tion and alters microglial or macrophage activation in traumatic brain injury.
ASN Neuro. https://doi.org/10.1177/1759091415618969

Carbonell WS, Grady MS (1999) Regional and temporal characterization of
neuronal, glial, and axonal response after traumatic brain injury in the mouse.
Acta Neuropathol 98(4):396-406

Rajan WD, Wojtas B, Gielniewski B, Mird-Mur F, Pedragosa J, Zawadzka M et
al (2020) Defining molecular identity and fates of CNS-border associated
macrophages after ischemic stroke in rodents and humans. Neurobiol Dis
137:104722

Jordao MJC, Sankowski R, Brendecke SM, Sagar, Locatelli G, Tai YH, et al.
Single-cell profiling identifies myeloid cell subsets with distinct fates during
neuroinflammation. Science. 2019;363(6425).

Dermitzakis |, Theotokis P, Evangelidis P, Delilampou E, Evangelidis N,
Chatzisavvidou A et al (2023) CNS border-associated macrophages: ontogeny
and potential implication in disease. Curr Issues Mol Biol 45(5):4285-4300
Gazi U, Rosas M, Singh S, Heinsbroek S, Haq |, Johnson S et al (2011) Fungal
recognition enhances mannose receptor shedding through Dectin-1
engagement *. J Biol Chem 286(10):7822-7829

Appel D, Hummel R, Weidemeier M, Endres K, Golz C, Schafer MKE (2021)
Pharmacologic inhibition of ADAM10 attenuates brain tissue loss, axonal
injury and pro-inflammatory gene expression following traumatic brain
injury in mice. Front Cell Dev Biol 9:661462

Abdul Muneer PM, Conte AA, Haldar D, Long M, Patel RK, SanthakumarV et
al (2017) Traumatic brain injury induced matrix metalloproteinase2 cleaves
CXCL12a (stromal cell derived factor 1a) and causes neurodegeneration.
Brain Behav Immun 59:190-199

Morganti-Kossmann MC, Rancan M, Stahel PF, Kossmann T (2002) Inflamma-
tory response in acute traumatic brain injury: a double-edged sword. Curr
Opin Crit Care 8(2):101-105

McKee CA, Lukens JR. Emerging roles for the immune system in traumatic
brain injury. Front Immunol. 2016;7.

Henry RJ, Loane DJ (2025) Unraveling the complexity of microglial responses
in traumatic brain and spinal cord injury. Handb Clin Neurol 210:113-132

Fu R, Shen Q, Xu P, Luo JJ, Tang Y (2014) Phagocytosis of microglia in the
central nervous system diseases. Mol Neurobiol 49(3):1422-1434

Herzog C, Pons Garcia L, Keatinge M, Greenald D, Moritz C, Peri F et al (2019)
Rapid clearance of cellular debris by microglia limits secondary neuronal cell
death after brain injury in vivo. Development. https://doi.org/10.1242/dev.17
4698

Yan J, Zhang Y,Wang L, Li Z, Tang S, Wang Y et al (2022) TREM2 activation
alleviates neural damage via Akt/CREB/BDNF signalling after traumatic brain
injury in mice. J Neuroinflammation 19(1):289

Lan X, Han X, Li Q, Yang QW, Wang J (2017) Modulators of microglial activa-
tion and polarization after intracerebral haemorrhage. Nat Rev Neurol
13(7):420-433

Hegdekar N, Sarkar C, Bustos S, Ritzel RM, Hanscom M, Ravishankar P et al
(2023) Inhibition of autophagy in microglia and macrophages exacerbates
innate immune responses and worsens brain injury outcomes. Autophagy
19(7):2026-2044

(2025) 13:220

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

94.

95.

Page 17 of 17

Wollman J, Wanniarachchi K, Pradhan B, Huang L, Kerkvliet JG, Hoppe AD

et al (2024) Mannose receptor (MRC1) mediates uptake of dextran by bone
marrow-derived macrophages. Mol Biol Cell 35(12):ar153

Swain SD, Lee SJ, Nussenzweig MC, Harmsen AG (2003) Absence of the
macrophage mannose receptor in mice does not increase susceptibility to
Pneumocystis carinii infection in vivo. Infect Immun 71(11):6213-6221
Yanguas-Casas N, Crespo-Castrillo A, Arevalo MA, Garcia-Segura LM (2020)
Aging and sex: impact on microglia phagocytosis. Aging Cell 19(8):e13182
Doran SJ, Ritzel RM, Glaser EP, Henry RJ, Faden Al, Loane DJ (2019) Sex differ-
ences in acute neuroinflammation after experimental traumatic brain injury
are mediated by infiltrating myeloid cells. J Neurotrauma 36(7):1040-1053
Tachado SD, Zhang J, Zhu J, Patel N, Cushion M, Koziel H (2007) Pneumocys-
tis-mediated IL-8 release by macrophages requires coexpression of mannose
receptors and TLR2. J Leukoc Biol 81(1):205-211

Rebejac J, Eme-Scolan E, Rua R (2024) Role of meningeal immunity in brain
function and protection against pathogens. J Inflamm 21(1):3

Witcher KG, Bray CE, Chunchai T, Zhao F, O'Neil SM, Gordillo AJ et al (2021)
Traumatic brain injury causes chronic cortical inflammation and neuronal
dysfunction mediated by microglia. J Neurosci 41(7):1597-1616

Schimmel SJ, Acosta S, Lozano D (2017) Neuroinflammation in traumatic
brain injury: a chronic response to an acute injury. Brain Circ 3(3):135-142
Nour J, Moregola A, Svecla M, Da Dalt L, Bellini R, Neyrolles O et al (2022)
Mannose receptor deficiency impacts bone marrow and circulating immune
cells during high fat diet induced obesity. Metabolites. https://doi.org/10.339
0/metabo12121205

Zhou Y, Do DC, Ishmael FT, Squadrito ML, Tang HM, Tang HL et al (2018) Man-
nose receptor modulates macrophage polarization and allergic inflammation
through miR-511-3p. J Allergy Clin Immunol 141(1):350-64.e8

Villapol S, Loane DJ, Burns MP (2017) Sexual dimorphism in the inflammatory
response to traumatic brain injury. Glia 65(9):1423-1438

Shannon T, Cotter C, Fitzgerald J, Houle S, Levine N, Shen Y et al (2024)
Genetic diversity drives extreme responses to traumatic brain injury and
post-traumatic epilepsy. Exp Neurol 374:114677

Hoffmann JP, Liu JA, Seddu K, Klein SL (2023) Sex hormone signaling and
regulation of immune function. Immunity 56(11):2472-2491

Clevenger AC, Kim H, Salcedo E, Yonchek JC, Rodgers KM, Orfila JE et al (2018)
Endogenous sex steroids dampen neuroinflammation and improve outcome
of traumatic brain injury in mice. J Mol Neurosci 64(3):410-420

Golz C, Kirchhoff FP, Westerhorstmann J, Schmidt M, Hirnet T, Rune GM et

al (2019) Sex hormones modulate pathogenic processes in experimental
traumatic brain injury. J Neurochem 150(2):173-187

Villa A, Gelosa P, Castiglioni L, Cimino M, Rizzi N, Pepe G et al (2018) Sex-
specific features of microglia from adult mice. Cell Rep 23(12):3501-3511
Stewart AN, Lowe JL, Glaser EP, Mott CA, Shahidehpour RK, McFarlane KE et
al (2021) Acute inflammatory profiles differ with sex and age after spinal cord

injury. J Neuroinflammation 18(1):113

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1177/1759091415618969
https://doi.org/10.1242/dev.174698
https://doi.org/10.1242/dev.174698
https://doi.org/10.3390/metabo12121205
https://doi.org/10.3390/metabo12121205

	﻿The border-associated macrophage marker MRC1 contributes to an early neuroprotective inflammatory response to traumatic brain injury in mice
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Animals and TBI experiments
	﻿Experimental design
	﻿Behavioral assessment
	﻿Brain sectioning and histopathological analyses
	﻿Gene expression analyses
	﻿Statistical analysis

	﻿Results
	﻿MRC1 gene and protein expression in BAMs is upregulated in the early phase of experimental TBI
	﻿MRC1-deficiency exacerbates structural brain damage at 5 dpi
	﻿Lack of MRC1 impairs intracerebral hematoma removal in male mice
	﻿MRC1 deficiency leads to sex dimorphic regulation of inflammatory gene expression
	﻿Lack of MRC1 leads to minor behavioral impairments after CCI
	﻿MRC1 deficiency decreases the number of perilesional macrophages/microglia in the early phase of TBI

	﻿Discussion
	﻿References


