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Abstract

Reactive astrocytes at the border of damaged neuronal tissue organize into a barrier

surrounding the fibrotic lesion core, separating this central region of inflammation

and fibrosis from healthy tissue. Astrocytes are essential to form the border and for

wound repair but interfere with neuronal regeneration. However, the mechanisms

driving these astrocytes during central nervous system (CNS) disease are unknown.

Here we show that blood-derived fibrinogen is enriched at the interface of lesion

border-forming elongated astrocytes after cortical brain injury. Anticoagulant treat-

ment depleting fibrinogen reduces astrocyte reactivity, extracellular matrix deposi-

tion and inflammation with no change in the spread of inflammation, whereas

inhibiting fibrinogen conversion into fibrin did not significantly alter astrocyte reactiv-

ity, but changed the deposition of astrocyte extracellular matrix. RNA sequencing of

fluorescence-activated cell sorting-isolated astrocytes of fibrinogen-depleted mice

after cortical injury revealed repressed gene expression signatures associated with

astrocyte reactivity, extracellular matrix deposition and immune-response regulation,

as well as increased gene expression signatures associated with astrocyte metabolism

and astrocyte-neuron communication. Systemic pharmacologic depletion of fibrino-

gen resulted in the absence of elongated, border-forming astrocytes and increased

the survival of neurons in the lesion core after cortical injury. These results identify

fibrinogen as a critical trigger for lesion border-forming astrocyte properties in CNS

disease.
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1 | INTRODUCTION

Scar formation in the central nervous system (CNS) is often associated

with chronic non-resolving pathology that hinders CNS repair

(Bradbury & Burnside, 2019; Cregg et al., 2014; Silver & Miller, 2004;

Sofroniew, 2018). The CNS lesion comprises two components: the

area of focal tissue damage forms a non-neural fibrotic scar (lesion

core), composed of stromal-derived fibroblasts and inflammatory cells,

and the surrounding penumbra consists of microglial cells and reactive

astrocytes (Cregg et al., 2014). Reactive astrocytes are vital for the

acute containment of inflammation and prevention of the expansion

of inflammatory processes (Bush et al., 1999; Faulkner et al., 2004;

Sofroniew, 2005), and scar-forming reactive astrocytes ultimately con-

tribute to the chronic failure of axon regeneration (Cregg et al., 2014;

Silver & Miller, 2004). Reactive astrocytes contribute both to benefi-

cial and detrimental elements (Frisen et al., 1995; Ikeda et al., 2001;

Lee et al., 1998; Liddelow et al., 2017; Wheeler et al., 2019; Zamanian

et al., 2012), and specific aspects of the astrocyte reactivity and scar

border–forming astrocyte biology are only poorly understood

(Adams & Gallo, 2018; Bradbury & Burnside, 2019; Cohen-Salmon

et al., 2021; Escartin et al., 2021; Liu & Chopp, 2016;

Sofroniew, 2018). Reactive astrogliosis is characterized by gradual

changes in astrocytic morphology, molecular expression profile and

cell proliferation with respect to distance from the lesion site. In par-

ticular, scar border–forming astrocytes are uniquely positioned pre-

cisely at the interface to the non-neural tissue lesion core and change

their physiologically defined individual domains in CNS disease

(Anderson et al., 2014; Wanner et al., 2013).

Astrocytes become reactive in response to CNS injury and dis-

ease characterized by blood–brain barrier (BBB) breakdown or

increased vascular permeability, such as in spinal cord injury,

Alzheimer's disease, multiple sclerosis, brain trauma and stroke

(Burda & Sofroniew, 2014; Pekny et al., 2014; Sofroniew &

Vinters, 2010; Wanner et al., 2013). Blood-derived proteins of the

coagulation cascade are deposited in the CNS parenchyma and initiate

hemostasis and wound repair. However, several aspects of this pro-

cess are poorly understood, including how blood-derived factors and,

in particular, fibrinogen factor into CNS diseases with BBB openings

and shape the scar border-forming astrocyte properties and

astrocyte-related regeneration processes.

The soluble blood coagulation factor fibrinogen extravasates into

the CNS parenchyma upon BBB disruption, is cleaved by thrombin

and, upon conversion to insoluble fibrin, serves as a key matrix of

blood clots to enable hemostasis (Adams et al., 2004). Many patholog-

ical conditions involve vascular disruption and leakage of fibrinogen

into the CNS tissue, such as multiple sclerosis, Alzheimer's disease,

traumatic brain injury and stroke (Adams, Schachtrup, et al., 2007;

Petersen et al., 2018; Pous et al., 2020). Beyond its role in coagula-

tion, fibrinogen acts as a perivascular matrix to directly interact with

all cellular components of the neurovascular unit to influence inflam-

matory, neurodegenerative and repair processes in the injured CNS

(Adams, Bauer, et al., 2007; Petersen et al., 2017; Pous et al., 2020;

Schachtrup et al., 2007; Schachtrup et al., 2010). Fibrinogen in the

CNS acts as a multi-faceted signaling molecule by interacting with

integrin and non-integrin receptors and by functioning as a carrier of

growth factors (Adams et al., 2004; Martino et al., 2013; Petersen

et al., 2018). Recently, we identified fibrinogen as the primary astro-

cyte activation signal that promotes the availability of active TGF-β

after vascular damage (Schachtrup et al., 2010). However, the role of

fibrinogen in regulating astrocyte properties contributing to scar bor-

der formation remained unknown.

Here, we sought to determine the role of fibrinogen on scar

border-forming reactive astrocytes in the telencephalic cortex. Using

a mouse model for cortical ischemic stroke (photothrombotic ische-

mia), we found that fibrinogen deposition is localized in the lesion

core and in the lesion rim, directly adjacent to elongated, reactive

astrocytes that form the scar border. Pharmacological depletion of

fibrinogen in vivo reduced astrocyte activation, represented by a reduced

GFAP expression level, altered extracellular matrix expression and deposi-

tion, and decreased inflammation, but caused no change in the spread

of inflammation. Importantly, cells with reactive astrocyte morphology

were still present in the penumbra of fibrinogen-depleted animals, but

these cells expressed nestin instead of GFAP. A three-dimensional

reconstruction of reactive astrocytes revealed a reduced appearance

of scar border-forming elongated astroglia with extensive overlapping

and interacting processes in fibrinogen-depleted animals. In addition,

fibrinogen depletion revealed gene expression signatures associated

with immune-response regulation and inhibitory extracellular matrix

deposition. Accordingly, fibrinogen depletion increased the number of

surviving neurons in the lesion core. Thus, our results show that anti-

coagulant fibrinogen-depletion is resulting in beneficiary astrocytes at

the scar border.

2 | MATERIALS AND METHODS

2.1 | Animals

Adult C57BL/6 mice (Charles River) and the Aldh1l1-EGFP reporter

line (Gong et al., 2003) were used. All animal experiments were

approved by the Federal Ministry for Nature, Environment and Con-

sumers Protection of the state of Baden-Württemberg and were per-

formed in accordance with the respective national, federal and

institutional regulations.

2.2 | Surgery

Photothrombotic ischemia (PT) was performed as described to induce

stroke in the cortex of adult mice (Labat-gest & Tomasi, 2013; Pous

et al., 2020). Briefly, 15 min after injection of the photosensitive dye

Rose Bengal (Sigma-Aldrich; 150 mg/kg body weight, intraperitone-

ally), a cold light illuminator of 150 W intensity was applied stereotaxi-

cally: (Bregma 0; mediolateral [ML], �2.4 mm according to Paxinos

and Watson). The region of interest (4 mm diameter) was illuminated

for 6 min, and after the light exposure was stopped, the wound was
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sutured. To analyze fibrinogen- and fibrin-induced cortical astrocyte

scar border formation, mice were depleted of fibrinogen with ancrod

as described (Akassoglou et al., 2002; Pous et al., 2020), and fibrino-

gen conversion into fibrin was inhibited with enoxaparin as described

(Stutzmann et al., 2002). Briefly, mice received 2,4 U ancrod, 2.0 mg

per kg body weight enoxaparin or control buffer, per day by mini-

osmotic pumps (0.5 μl/h) implanted subcutaneously in their back.

2.3 | Histology and immunohistochemistry

Mice were transcardially perfused with ice-cold saline, followed by

4% PFA in phosphate buffer under ketamine and xylazine anesthesia,

and brain samples were removed, cryoprotected, embedded in OCT

(Tissue-Tek) and frozen on dry ice. Brain samples were cut into 30- or

14-μm sections, and immunohistochemistry was performed on coro-

nal brain cryostat sections as described (Schachtrup et al., 2010;

Schachtrup et al., 2015). Briefly, sections were permeabilized with

PBS-triton 0.1% (14-μm-thick sections) or PBS-triton 0.3% (30-μm-

thick sections) for 30 min, blocked in 5% BSA for 1 h and finally incu-

bated overnight with primary antibody in PBS with 1% BSA. Primary

antibodies used were rat anti-CD68 (1:500, Bio-Rad, MCA1957),

mouse anti-chondroitin-sulfate proteoglycans (CSPGs)(1:200, Sigma,

C8035), rabbit anti-GFAP (1:2000, Abcam, ab7260), rat anti-GFAP

(1:2000, Invitrogen, 13-0300), rabbit anti-fibrinogen (1:10000,

USBiological, F4203-02C), sheep anti-fibrinogen (1:500, USBiological,

F4203-02F), goat anti-Nestin (1:200, Santa Cruz, sc-21,249), goat

anti-Nestin (1:500, Antibodies-Online, ABIN188165), rabbit anti-

NeuN (1:500, Abcam, ab177487), rabbit anti-S100β (1:2000, Abcam,

ab52642), goat anti-IBA-1 (1:500, Abcam, ab5076), rabbit anti-lami-

nin-111 (1:500, Sigma, L9393), Armenian hamster anti-plexin-B2

(1:500, eBioscience, eBio3E7). The ApopTag kit (Merck) was used for

the detection of apoptotic cells according to the manufacturer's

instructions. Briefly, sections were treated with 10 mM citrate buffer

at 95�C for 30 min prior to permeabilization. Before blocking, sections

were incubated in ethanol-glacial acetic acid at 4�C for 5 min. Second-

ary antibodies used included donkey antibodies to rabbit, rat, guinea

pig, mouse, sheep and goat conjugated with Alexa Fluor 488, 594 or

405 (1:200, Jackson ImmunoResearch Laboratories). Sections were

cover-slipped with Fluoromount (Southern Biotechnology) containing

DAPI (Southern Biotechnology) or Draq5 (Abcam).

2.4 | Astrocyte isolation and culture

Cortical astrocytes were isolated as described (Schildge et al., 2013).

Brain cortices were isolated at P3 and transferred into HBSS

(Invitrogen). The dura mater was removed, and the cortices were

minced with scissors. Four cortices were transferred into 21.5 ml of

HBSS (Invitrogen), digested in 2.5 ml of trypsin–EDTA (2.5%, Invi-

trogen) and 1.0 ml of pancreatin (2.5%, ICN Biochemicals) for 30 min

at 37�C with occasional shaking. Trypsin was deactivated by adding

7.5 ml of DMEM with 10% fetal bovine serum (Invitrogen) and 1.5%

penicillin/streptomycin (Invitrogen). Digested cortices were collected

by centrifugation at 500 � g for 5 min, resuspended in 20 ml of

DMEM with 10% heat-inactivated fetal bovine serum and 1% penicil-

lin/streptomycin, and plated onto poly-d-lysine-coated 75-cm2 tissue

culture flasks. The media were changed on day 2 and every third day

thereafter. After 10–14 days, when astrocytes had reached con-

fluency, microglia and oligodendrocytes were removed by shaking the

flasks at 240 rpm for 6 h. The adherent astrocyte cultures were rinsed

with PBS and passaged using trypsin–EDTA (1:3 split). After astro-

cytes reached confluency, they were used for experiments.

2.5 | Fibrinogen and enoxaparin treatment of
astrocytes

For astrocyte cell death assays, primary cortical astrocytes were

plated on poly-d-lysine-coated (Millipore) eight-well culture slides

(BD Falcon) at a density of 100,000 cells per well in astrocyte culture

medium. Primary astrocytes were treated with hirudin (five Interna-

tional Units, Sigma Aldrich) for 15 min and then with fibrinogen

(2.5 mg/ml; Calbiochem) and subsequently cultured for 2 days. To

determine the effects of enoxaparin on astrocytes, primary cortical

astrocytes were plated on poly-d-lysine-coated (Millipore) eight-well

culture slides (BD Falcon) at a density of 100,000 cells per well in

astrocyte culture medium. Primary astrocytes were treated with

100 μg/ml of enoxaparin for the indicated time points. As positive

control recombinant human TGF-β has been used (20 ng/ml, R&D

Systems).

2.6 | Immunocytochemistry

Cells were rinsed with ice-cold PBS, fixed in 4% PFA for 30 min at

4�C, washed three times with PBS, permeabilized for 10 min at 4�C in

PBS plus 0.1% Triton X-100 (by volume), blocked in PBS with 5% BSA

for 30 min at 4�C, and washed three times in PBS. The primary anti-

bodies used were rat anti-GFAP (1:2000, Invitrogen, 13-0300) and

rabbit anti-cleaved-caspase 3 (1:1000, Cell Signaling, #9661), and the

secondary antibodies used included donkey antibodies to rat, rabbit

and mouse conjugated with Alexa Fluor 488, 594 or FITC (1:200,

Jackson ImmunoResearch Laboratories).

2.7 | Immunoblot

For immunoblotting to detect neurocan in the lesion core of ancrod-

treated and control animals 6 days after PT, brain lesion tissue was

isolated, digested in lysis buffer and centrifuged for 5 min at 1500 g.

Supernatants were removed and tissue was digested for 3 h at 37�C

with 0.01 U of chondroitinase ABC enzyme (ChABC) to digest CSPGs.

Protein extracts were separated by electrophoresis on a 4%–12% gra-

dient. The following primary antibodies were used: rat anti-neurocan

(1:500, Invitrogen, PA5-79718) and rabbit anti-GAPDH (1:1000, Cell
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Signaling, #2118). Blots were washed three times with TBS-T, incu-

bated with peroxidase-labeled secondary antibodies (goat anti-rat IgG,

Cell Signaling Technology, 1:5000), diluted in 5% nonfat milk in TBS-T

for 1 h at room temperature, and washed again, followed by detection

with chemiluminescence (ECL, GE Healthcare).

2.8 | RNA isolation and quantitative PCR

RNA was isolated from primary astrocytes and quantitative real-time

PCR was performed as described (Schachtrup et al., 2015). The fol-

lowing primers were used:

Neurocan: Fwd 50-TGCAACCACGGCTAAGCTC-30

Rev 50-GGGGATAAGCAGGCAATGAC-30

Syndecan: Fwd 50-TTTGCCGTTTTCCTGATCCTG-30

Rev 50-TTGCCCAAGTCGTAACTGCC-30

GAPDH: Fwd 50-CAAGGCCGAGAATGGGA-30

Rev 50-GGCCTCACCCCATTTGAT-30

2.9 | RNA sequencing and transcriptome
data analysis

For fluorescence-activated cell sorting (FACS) isolation of astrocytes,

mice were deeply anesthetized and transcardially perfused with PBS.

Brains were harvested immediately, and a 2-mm2 coronal

section containing the photothrombotic lesion area was sliced with a

brain matrix, and the glial scar border was further microdissected

under the microscope (Leica MZ10). The dissected tissue was

chopped into small pieces using a surgical blade, followed by enzy-

matic digestion with papain (Worthington, 50 units per mouse brain

tissue) in PIPES solution [(120 mM NaCl, 5 mM KCl, 50 mM PIPES

[Sigma-Aldrich]), 0.6% glucose, 1 � pen/strep in water, pH adjusted to

7.6] for 10 min at 37�C, and mechanically dissociated into single cells

with fire-polished glass Pasteur pipettes after adding ovomucoid

(Worthington, 0.14 mg/mouse) and DNase I (Invitrogen, 100 units/

mouse). Single cells were collected by centrifugation (176 g, 5 min)

and re-suspended in DPBS containing 2% FBS for FACS. Live astro-

cytes were defined as EGFP+DAPI- cells and sorted into Eppendorf

tubes containing RLT buffer (RNeasy micro kit, Qiagen) by MoFlo

Astrios (Beckman Coulter) using a 100-μm nozzle at 13.1 psi pressure.

Total RNA from FACS isolated astrocytes was extracted using the

RNeasy micro kit (Qiagen) according to the manufacturer's instruction.

RNA sequencing and transcriptome data analysis was performed by

Novogene (Beijing, China). In brief, the RNA sequencing library was

generated using the SMART-Seq v4 Ultra-low Input RNA Kit (Takara

Bio), and a paired-end 150 bp sequencing was performed on an

Illumina Novaseq 6000 at a depth of 50 million reads per sample. Raw

data (raw reads) of fastq format were firstly processed through in-

house perl scripts. Clean data (clean reads) were obtained by removing

reads containing adapters, ploy-N, and low-quality nucleotides. Index

of the reference genome was built using Hisat2 v2.0.5 and paired-end

clean reads were aligned to the reference genome using Hisat2

v2.0.5. Differential expression analysis was performed using the

DESeq2 (3.12.1). The p values were adjusted using the Benjamini and

Hochberg method. Genes with adjusted p value < .05 and jlog2
(FoldChange)j > 1 were considered as differentially expressed. Gene

Ontology (GO) enrichment analysis of differentially expressed genes

was implemented using the clusterProfiler R package with the

corrected p value < .05.

2.10 | Morphometric analysis of astrocytes

Immunohistochemistry was performed on coronal brain cryostat sec-

tions as described under 2.3. Briefly, 30-μm mouse brain sections

were examined with rabbit anti-GFAP primary antibody (1:2000,

Abcam), followed by Alexa Fluor 488-conjugated secondary antibody

(1:200, Jackson ImmunoResearch Laboratories). Sections were

cover-slipped with Fluoromount containing DAPI (Southern Biotech-

nology). Images were acquired with a Leica TCS SP8 laser confocal

microscope with 60� oil immersion objectives. Z-stacks were col-

lected with a 0.5–1.0-μm step size at 1024 � 1024 pixel resolution,

and then images were analyzed using the IMARIS software (Bitplane)

and further analyzed as previously published with modifications

(Erny et al., 2015). 3D reconstruction was performed using IMARIS

Filament Tracer with no loops allowed and spot detection mode to

determine start and end points of astrocyte process extensions.

Although the analysis was performed automatically by the IMARIS

software, we separately verified that each astrocyte process origi-

nated from one defined cell and manually removed false connec-

tions. Additionally, IMARIS Surface Rendering was implemented to

render the astrocyte's soma separately. Among the various morpho-

metric parameters that IMARIS automated rendering algorithm pro-

vided, just four (surface area and volume of GFAP+ soma, number of

branch points of GFAP+ astrocytic processes and surface area of

GFAP+ astrocytic processes) were analyzed in detail that enabled

us to make comparisons between the different experimental

conditions.

2.11 | Microscopy and image-acquisition and
analysis

Overview images were taken using the 10� objective of a motorized-

stage Zeiss AxioImager2 microscope and the Zeiss ZEN software. For

colocalization analysis, images from coronal brain sections were

acquired with a Leica TCS SP8 laser confocal microscope with

10, 20 and 40� oil immersion objectives. Images were generated from

z-stack projections (0.5–1.0 μm step size) through a distance of

15–20 μm per brain section. The colocalization of different markers

was analyzed with the LAS AF analysis software by displaying the
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z-stacks as maximum intensity projections and using axis clipping and

rotation of the 3D-rendered images. For immunoreactivity

(IR) analysis, 10–20-μm projection z-stacks were saved as TIFFs. With

ImageJ (NIH), the images were converted into black and white 16-bit

images and thresholded. Total IR was calculated as percentage area

density defined as the number of pixels (positively stained areas)

divided by the total number of pixels (sum of positively and negatively

stained area) in the imaged field. For colocalization and IR analysis,

images were analyzed and averaged on at least three randomly

selected brain sections with an area of 387.5 � 387.5 μm (fibrinogen,

GFAP, CSPG, Laminin-111 and IBA-1, Figures 1, 3, 4), with an area of

100 � 290 μm (Nestin, Figure 6d), with an area of 100 � 150 μm

(Figure S3). For cell-count analysis, images were analyzed on las X,

and averaged on at least three randomly selected brain sections with

an area of 100 � 290 μm (S100β, GFAP, Figure 6b), with an area of

400 � 400 μm at the lesion rim (TUNEL, S100β, Figure S2a), and in

the lesion core for neuronal cell-count analysis (NeuN, Figure 8b). For

cell-culture assays, images used for quantifications were acquired with

an Axioplan 2 Imaging epifluorescence microscope with 20� objective

and analyzed with the AxioVision image analysis software (Carl Zeiss).

The images were saved in TIFF format and quantified with the “Cell
counter” plugin of ImageJ. The IR measurements were performed by

using ImageJ, as described above.

2.12 | Statistics

Data are shown as means ± SEM. Statistical significance was deter-

mined using one-way ANOVA and Bonferroni's post-test (multiple

comparisons) and non-parametric, unpaired Mann–Whitney test. Sta-

tistical calculations were performed with GraphPad Prism.

3 | RESULTS

3.1 | Fibrinogen deposition at the interface of scar
border–forming reactive astrocytes after cortical brain
injury

To identify the role of fibrinogen on astrocytic border formation, we

used PT, a mouse model for ischemic stroke that induces a defined

cortical lesion with fibrinogen deposition and reactive astrogliosis

(Figure 1a,b). At 3 and 7 days after PT, we detected massive fibrin

deposition in the lesion core and lesion rim, coinciding with the forma-

tion of the astrocyte scar border (Figure 1c,d, enlargement of typical

reactive astrocytes at different time points after PT at the bottom).

Fibrinogen was not detected in uninjured control mice and was pre-

sent at low, but detectable levels in the contralateral hemisphere of

F IGURE 1 Fibrinogen deposition at
the interface of the forming scar border
after cortical injury. (a) Scheme
illustrating areas of quantification.
(b) Representative image showing
immunolabeling for fibrinogen (red) and
GFAP (green) in the lesion area (lesion
core indicated by yellow dotted line)

7 days after photothrombotic
(PT) ischemia. White box indicates the
quantification area (n = 4 mice). Scale
bar, 500 μm. (c) Immunolabeling for
fibrinogen (red) in combination with
GFAP (green) 3, 7 and 28 days after PT
and uninjured control. Arrowheads
indicate fibrinogen deposition adjoining
scar border-forming astrocytes. White
box indicates typical astrocyte
morphology at the fibrinogen–reactive
astrocyte interface at different days after
PT (bottom, asterisk indicating elongated,
scar-border-forming astrocyte). Scale
bars, 140 μm, top and 50 μm, bottom.
(d) Quantification of fibrinogen and
GFAP immunoreactivity (IR) per lesion
core, lesion rim, penumbra and
contralateral hemisphere at different
time points after PT and in uninjured
mice. N = 4 mice, mean ± SEM, one-way
ANOVA and Bonferroni's multiple
comparisons test, **p < .01, ***p < .001,
****p < .0001. LV, lateral ventricle
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injured mice (Figure 1c,d). Interestingly, fibrin deposition localized at

the interface of the lesion rim opposing the scar border formed by

reactive astrocytes and markedly persisted up to day 28 after PT

(Figure 1c,d, white arrowheads, Figure S1). Furthermore, these fibrin

deposits at the lesion rim aligned with elongated, scar border–forming

astrocytes that wall off the lesion core from functional neural tissue

(Figure 1c, with arrowheads and enlargement at the bottom at day

28 after PT, asterisk indicating elongated scar border astrocyte).

To more precisely define the different morphologies of reactive

astrocytes in relation to distance from the fibrin deposit at the scar bor-

der, we employed an immunohistochemistry-based three-dimensional

(3D) reconstruction using the IMARIS technique of GFAP-positive cells

at day 28 after PT (Figure 2a,b). GFAP is a major constituent of astrocyte

intermediate filaments and is upregulated in reactive astrocytes. This

increase largely reflects changes in the astrocytic cytoskeleton and par-

ticularly morphological changes in individual astrocytes. As expected,

after PT, reactive astrocytes revealed a hypertrophic, stellate appearance

in the outer penumbra (Figure 2b, iii) and a polarized morphology

towards the injury site in the inner penumbra (Figure 2b, ii). In striking

contrast, individual reactive astrocytes at the interface to the fibrin

deposits at the lesion rim exhibited a distinctive elongated morphology,

as recently described (Wanner et al., 2013)(Figure 2b, i). Although fibrin

is degraded over time after stroke (Figure 1d), fibrin deposits opposing

scar border-forming elongated astrocytes remain 28 days after stroke

(Figure 2a, right). Overall, these cells showed a reduced volume of GFAP

+ soma, fewer branch points of GFAP+ astrocytic processes and a

reduced surface area of GFAP+ astrocytic processes, and they formed a

distinct scar border directly adjoined to the fibrinogen rim (Figure 2b,c),

suggesting that fibrin deposits affect astrocyte morphology.

3.2 | Fibrinogen depletion reduces astrocyte
reactivity and CSPG expression after PT

Fibrinogen leaking into the CNS upon BBB disruption serves as an

early signal for the induction of astrocyte activation (Schachtrup

et al., 2010). However, the effects of fibrinogen on parenchymal

astrocytes and astrocyte-related regeneration processes are poorly

understood. In CNS disease, such as in stroke (Figure 1), fibrinogen

enters the CNS in areas of vascular permeability and is deposited as

insoluble fibrin, forming a provisional extracellular matrix for brain

repair (Petersen et al., 2018; Schachtrup et al., 2007). To determine

whether fibrinogen or fibrin is required for astrocyte reactivity and

functions, we treated mice with ancrod to almost completely deplete

fibrinogen and fibrin (Schachtrup et al., 2010) or with enoxaparin, a

low-molecular-weight heparin that blocks the conversion of fibrino-

gen into fibrin (Buckley & Sorkin, 1992; Stutzmann et al., 2002).

We then examined the astrocytic expression and extracellular depo-

sition of CSPGs and laminin-111, which are critical for CNS repair pro-

cesses (Bradbury & Burnside, 2019; Yao et al., 2014). Ancrod-treated

animals showed a 93% less fibrinogen from the cortical lesion core than

vehicle-treated control animals (Figure 3a,b). Importantly, fibrinogen

depletion by ancrod reduced GFAP levels in the lesion rim and in the pen-

umbra by 45%, each (Figure 3a,b), confirming that fibrinogen is necessary

for reactive astrocytes (Pous et al., 2020; Schachtrup et al., 2010).

Accordingly, fibrinogen depletion by ancrod was accompanied by reduced

CSPG expression and deposition in the lesion rim by 56% and penumbra

by 47% (Figure 3a,b) and reduced neurocan deposition, a CSPG family

member, in the cortical lesion area (Figure 3c). Enoxaparin reduced the

fibrinogen deposition, albeit not significantly, in the lesion core by 55%, in

the lesion rim by 67% and in the penumbra by 65%. However, increased

CSPG expression levels in the lesion core were 90% greater in

enoxaparin-treated animals than vehicle-treated control animals,

suggesting that soluble fibrinogen and fibrinogen converted to fibrin

affect CSPG-producing cells differently (Figure 3a,b). Both, ancrod (66%,

lesion core; 71%, lesion rim; 56%, penumbra) and enoxaparin treatment

(36% lesion rim) reduced laminin-111 levels. Fibrinogen did not affect

F IGURE 2 Distinct morphology of reactive astrocytes in relation
to distance from the fibrin deposit at the scar border after
photothrombotic (PT). (a) Immunolabeling for fibrinogen (red) in
combination with GFAP (green) 28 days after PT and uninjured
control. White boxes indicating astrocytes with distinct morphology
at the scar border (i), inner penumbra (ii) and outer penumbra (iii).
Scale bar, 50 μm. (b) Three-dimensional reconstruction (scale bar,

5 μm), and (c) Imaris-based automatic quantification of cell
morphology of GFAP+ astrocytes in a graded distance to the fibrin
deposition at the scar border 28 days after PT. n = 7 mice, 13 cells
per condition, 39 cells in total, mean ± SEM, one-way ANOVA and
Bonferroni's multiple comparisons test, *p < .05, ***p < .001,
****p < .0001 and ns, not significant
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F IGURE 3 Fibrinogen depletion reduces astrocyte activation and ECM deposition after photothrombotic (PT). (a) Fibrinogen (red, top),
chondroitin-sulfate proteoglycans (CSPG) (red, middle) or laminin-111 deposition (red, bottom row) in combination with GFAP+ astrocytes
(green) in the brains of fibrinogen-depleted mice (ancrod) and after blocking fibrinogen conversion into fibrin in mice (enoxaparin), compared to
control animals (NaCl) at 6 days after PT. yellow dotted line delineates the lesion core. Scale bar, 108 μm. (b) Quantifications of fibrinogen, GFAP,
CSPG and laminin-111 immunoreactivities (IR) in the different lesion regions. N = 8 mice (NaCl and enoxaparin) and n = 9 (ancrod), mean ± SEM,
unpaired Mann–Whitney test, *p < .05, **p < .01, ***p < .001, ****p < .0001 and ns, not significant. (c) Brain lysates of ancrod-treated WT mice
show reduced neurocan protein expression, compared to vehicle-treated control mice, 6 days after PT. lysates from three mice per experimental
treatment are shown
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astrocyte cell death in vivo or in vitro and enoxaparin treatment did not

directly regulate astrocyte expression of HSPGs and CSPGs (Figure S2).

These data suggest that systemic pharmacologic depletion of fibrinogen

by ancrod reduces astrocyte reactivity and extracellular matrix (ECM)

deposition and that fibrinogen depletion by ancrod or inhibiting fibrino-

gen conversion into fibrin by enoxaparin affects astrocyte properties

differently.

3.3 | Fibrinogen depletion reduces inflammation
but does not change the spread of inflammation
after PT

Fibrinogen depletion and reduced astrocyte reactivity may alter the

spread of inflammation after CNS injury (Bush et al., 1999; Faulkner

et al., 2004). Furthermore, fibrinogen-induced astrocyte activation

might affect immune-cell recruitment (Escartin et al., 2019) and fibrin

activates microglia (Adams, Bauer, et al., 2007; Ryu et al., 2018). To

determine if reduced astrocyte reactivity and altered scar border for-

mation change the inflammatory response and cell spread in pharma-

cologically fibrinogen-depleted animals after PT, we stained for IBA-1,

which is upregulated by activated brain resident microglia and all bone

marrow-derived myeloid cells that infiltrate the brain. Interestingly,

fibrinogen depletion by ancrod significantly reduced IBA-1+ myeloid

cells in the lesion core, lesion rim and penumbra at 6 days after PT,

and blocking fibrinogen conversion into fibrin by enoxaparin slightly

reduced IBA-1+ myeloid cells only in the lesion core (Figure 4a,b).

However, fibrinogen depletion did not affect the spread of inflamma-

tion (Figure 4a,b, red arrow indicating lesion border, Figure 4c). Reac-

tive astrocytes at the scar border segregate spatially from activated

F IGURE 4 Fibrinogen depletion decreases inflammation in the lesion area after photothrombotic (PT). (a) Immunolabeling for IBA-1 (green) in
combination with GFAP+ astrocytes (blue) in the brain of fibrinogen-depleted mice (ancrod) and after blocking fibrinogen conversion into fibrin in
mice (enoxaparin), compared to control animals (NaCl), at 6 days after PT. yellow dotted line delineates the lesion core. Red arrowheads indicate
the lesion border. The white boxes indicate the enlargement of the lesion region (right) quantified for IBA-1 immunoreactivity. Scale bars, 250 μm;
77 μm, enlargement. (b) Quantifications of IBA-1 immunoreactivity (IR) in the lesion area. N = 8 mice, mean ± SEM, unpaired Mann–Whitney test,
*p < .05 and ns, not significant. (c) Immunolabeling for CD68 (red) in the brains of fibrinogen-depleted mice (ancrod) and after blocking fibrinogen
conversion into fibrin in mice (enoxaparin), compared to control animals (NaCl) at 6 days after PT. Scale bar, 250 μm. Yellow dotted line delineates
the lesion core. Representative images are shown, n = 3 mice
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F IGURE 5 Fibrinogen-induced molecular signature of astrocytes after photothrombotic (PT). (a) Schematic describing the experimental setup
for RNA sequencing (RNAseq) on astrocytes isolated by fluorescence-activated cell sorting (FACS) from ancrod-treated and NaCl-treated (control)
animals using the Aldh1l1-yfp reporter mouse line. (b) Hierarchical clustering of significantly differentially expressed genes (DEGs) from ancrod-
and vehicle-treated (control) mice 6 days after PT, compared to uninured mice. N = 2 mice per group. (c) Dot plot showing the top
10 differentially enriched gene ontology (GO) terms of downregulated DEGs, including biological processes (BP), molecular functions (MF) and
cell component (CC) in lesion astrocytes of fibrinogen-depleted mice (ancrod), compared to controls (NaCl). (d) Heatmaps of selected astrocyte
reactivity-, astrocyte ECM-, and astrocyte-neuronal-related genes
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myeloid cells in the lesion core via injury-induced microglia/

macrophages Plexin-B2 expression (Zhou et al., 2020). Importantly,

fibrinogen-depletion reduced astrocyte activation and inflammation

and also reduced Plexin-B2 levels at the scar border (Figure S3). These

data suggest that, although fibrinogen-depletion alters the properties

of reactive astrocytes and ECM composition, it preserves their func-

tion to limit the spread of inflammation after PT.

3.4 | Fibrinogen drives the molecular properties of
reactive astrocytes after PT

We next sought to identify the genes in astrocytes regulated by fibrin-

ogen deposition in the lesion area after PT. Using the Aldh1l1-EGFP

reporter mouse line (Gong et al., 2003), we performed RNA sequenc-

ing (RNAseq) on astrocytes from ancrod-treated and NaCl-treated

(control) animals isolated by fluorescence-activated cell sorting

(FACS)(Figure 5a, Figure S4a). As expected, cortical ischemic injury

resulted in the upregulation of genes related to astrocyte reactivity

(e.g., Gfap, Vim, Timp1, Cd44 and Cxcl10) in vehicle-treated control

mice 6 days after PT (Figure 5b). Importantly, fibrinogen depletion by

ancrod drastically changed the overall gene expression profile of reac-

tive astrocytes, compared to vehicle-treated controls 6 days after PT

(Figure S4b, complete list of differently regulated genes [DEGs] in

Table S1). We analyzed the fibrinogen-regulated genes by Gene

Ontology (GO) classification. The categorization by cell component

(CC), molecular functions (MF) and biological processes (BP) revealed

a down-regulation of the GO categories related to “cell activation”
and “immune response” as well as “extracellular matrix” and “ECM
binding” in fibrinogen-depleted mice, suggesting that fibrinogen drives

scar-border forming astrocyte reactivity and properties in the cortical

lesion area (Figure 5c). Accordingly, levels of several core genes

F IGURE 6 Fibrinogen drives astrocyte properties
after photothrombotic (PT). (a) Immunolabeling for
S100β (red) in combination with GFAP (green) in the
brains of fibrinogen-depleted mice (ancrod), compared
to controls (NaCl), at 6 days after PT. yellow dotted
line delineates the lesion core. White boxes indicate
enlargements of a S100β + GFAP + (top, asterisk) and
a S100β + GFAP- (bottom, asterisk) cell in the lesion
area of control and fibrinogen-depleted mice,

respectively, 6 days after PT. Scale bars, 45 μm;
40 μm, enlargement. (b) Quantification of
S100β + GFAP+ cells and S100β+ cells in the lesion
area. N = 6 mice, mean ± SEM, unpaired Mann–
Whitney test, **p < .01, ns, not significant.
(c) Immunolabeling for nestin (green) with GFAP (blue)
in the brain of fibrinogen-depleted mice (ancrod),
compared to controls (NaCl), at 6 days after PT. yellow
dotted lines delineate the lesion scar border. White
arrowheads indicate elongated, reactive astrocytes
(control, left and enoxaparin, right) and the arrow
indicates branched astrocytes in fibrinogen-depleted
animals (ancrod, middle). White boxes indicate
enlargement of elongated, border-forming reactive
astrocytes (control, left and enoxaparin, right) and of
branched, polarized astrocytes in fibrinogen-depleted
animals (ancrod, middle). Scale bar: 45 μm.
(d) Quantifications of nestin immunoreactivity (IR) in
the lesion area. N = 8 mice, mean ± SEM, unpaired
Mann–Whitney test, ns, not significant
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indicating astrocyte reactivity after stroke ((Zamanian et al., 2012), such

as Lcn2, S100a9, and Serpina3f, were lower in ancrod-treated mice than

vehicle-treated control mice (Figure 5d, left). Importantly, in line with our

data on reduced CSPGs (Figure 3), several genes associated with the

inhibitory ECM at the scar border (e.g., Col1a1, Col6a1, Col20a1, Dcn,

Lum, and Spon2), were down-regulated in fibrinogen-depleted animals

6 days after PT, suggesting that fibrinogen is a major inducer of

astrocyte-derived inhibitory ECM composition at the scar border.

Astrocytes play an active role in the energy metabolism of the

diseased brain (Belanger et al., 2011; Sofroniew, 2009), and fibrinogen

depletion upregulates GO categories associated with higher energy

metabolism and increased ATP synthesis (Figure S4). In addition,

expression of genes related to astrocyte-neuron communication

(e.g., Camk2a, Dmxl2, Gabbr1 and Slc1a2) was increased in ancrod-

treated animals, suggesting that fibrinogen-depletion supports astro-

cyte metabolism and astrocyte-mediated neuronal functions

(Figure 5d, right and Figure S4).

3.5 | Fibrinogen depletion inhibits astrocyte
transformation into scar border-forming elongated
cells

Next, we tested how fibrinogen alters the morphological properties of

reactive astrocytes after PT. Pharmacological depletion of fibrinogen

strongly reduced GFAP expression and inflammation without boosting

the spread of inflammatory cells, suggesting that fibrinogen deter-

mines diverse astrocytic properties (Figures 1–5). To determine if

reactive astrocytes with altered molecular properties occur in

fibrinogen-depleted animals, we also used the markers S100β, which

labels both non-reactive and activated astrocytes, and nestin, which is

re-expressed in reactive astrocytes (Gotz et al., 2015). Fibrinogen

depleted animals had 50% fewer GFAP+S100β+ cells than controls,

as expected (Figure 6a,b), indicating fewer GFAP+ classical, reactive

astrocytes. Surprisingly, fibrinogen depletion did not significantly alter

the number of S100β+ cells (Figure 6a,b) or of Nestin+ cells, com-

pared to controls (Figure 6c,d). After CNS injury, astrocytes proliferate

adjacent to the vasculature and are a major source for the formation

of the glial scar border. However, depletion of fibrinogen did not

affect the proliferation and formation of new (Ki67+/EdU+) local,

perivascular astrocytes at the lesion site (Pous et al., 2020), suggesting

that fibrinogen deposition does not affect the overall astrocyte cell

number in the lesion area, but these cells expressed S100β or nestin

instead of GFAP (Figure 6). Importantly, fibrinogen depletion with

ancrod resulted in a lack of elongated, flat astrocytes that form the

compact scar border, whereas astrocytes with processes polarized

towards the lesion area were still present (Figure 6c, middle, inlet).

Blocking fibrinogen conversion into fibrin by enoxaparin did not sig-

nificantly alter the number of Nestin+ cells or the morphology of

astrocytes at the scar border (Figure 6c, right, Figure 6d). These data

suggest that fibrinogen deposition at the lesion border affects scar

border-forming astrocyte morphology and function. To precisely

define the morphology of astrocytes forming the scar border at the

fibrinogen-astrocyte interface, we examined the morphological pro-

files of single astrocytes at day 10 after PT, when the flat, elongated

morphology of scar border-forming astrocytes is fully established

(Figure 7). Detailed analysis of single cells at the scar border, using the

imaging program IMARIS, showed an increase in the surface area of

GFAP+ soma, volume of GFAP+ soma, number of branch points of

GFAP+ astrocytic processes and surface area of GFAP+ astrocytic

process in fibrinogen-depleted animals 10 days after PT (Figure 7b,c),

compared to palisading, elongated astrocytes along the glial scar bor-

der in control animals.

F IGURE 7 Absence of scar-border-forming reactive astrocytes
after fibrinogen depletion. (a) Immunolabeling for GFAP (green) in
combination with DAPI (blue) in the brains of fibrinogen-depleted
mice (ancrod), compared to controls (NaCl), at 10 days after
photothrombotic (PT) (scale bar, 30 μm). White boxes indicate
astrocyte morphology at the scar border. N = 4 mice. (b) Three-
dimensional reconstruction (scale bar, 6 μm), and (c) Imaris-based
automatic quantification indicates cell morphology of GFAP+
astrocytes at the scar border 10 days after PT. n = 4 mice, 13 cells

per condition, mean ± SEM, unpaired Mann–Whitney test, **p < .01,
***p < .001, ****p < .0001
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3.6 | Fibrinogen-depletion increases neuronal
survival in the lesion core after PT

Our data showed that fibrinogen alters the molecular and morphologi-

cal properties of scar border-forming astrocytes after PT. Finally, we

investigated whether fibrinogen-regulated astrocyte scar border for-

mation and properties influence repair promoting processes by inves-

tigating neuronal cell survival in the non-neural lesion core (Liu &

Chopp, 2016; O'Shea et al., 2017). Remarkably, immunolabeling of

NeuN+ cells in the lesion core revealed �7.5-times more neurons in

fibrinogen-depleted animals than controls 10 days after PT (Figure 8),

suggesting that fibrinogen is critical in astrocyte scar border formation

and astrocyte properties impairing regenerative processes after PT.

4 | DISCUSSION

In this study, we define how the blood-derived coagulation factor

fibrinogen orchestrates glial scar border formation. Our results sug-

gest the following working model in CNS disease. (i) CNS injury and

disease associated with a compromised BBB allows fibrinogen to leak

into the CNS. Indeed, massive fibrin deposits in the lesion core and

rim adjoin scar border-forming reactive astrocytes after cortical brain

injury (Figure 9). (ii) Anticoagulant treatment with ancrod (depleting

fibrinogen and fibrin) prevents the formation of palisading scar

border-forming astrocytes in mice, whereas anticoagulant treatment

with enoxaparin (inhibiting fibrinogen conversion into fibrin) does only

marginally affect astrocyte reactivity and ECM expression. Depletion

of fibrinogen and fibrin reduces astrocyte reactivity, CSPG deposition,

neuronal cell death and inflammation with no change in the spread of

inflammation. (iii) Anticoagulant treatment with ancrod identified a

fibrinogen-induced astrocytic molecular profile, associated with astro-

cyte reactivity, ECM expression and signaling, and immune response

regulation. Deposition of fibrinogen and fibrin at the lesion border

orchestrates astrocyte polarization, ECM composition and the

immune cell status (Figure 9). Thus, fibrinogen serves as a critical trig-

ger of scar border-forming elongated astrocyte properties after corti-

cal brain injury.

Breakdown of the BBB and leakage of blood proteins into the

CNS parenchyma are key events in glial scar formation. We found that

immediate fibrin deposition in the lesion core and rim, is serving as an

early signal for the induction of glial scar formation, as previously

shown by our group (Schachtrup et al., 2010). Interestingly, in addition

to the immediate fibrin deposition due to vascular rupture after

stroke, we observed fibrinogen at later times at the lesion rim adjoin-

ing the scar border-forming palisading astrocytes. Thus, prolonged

BBB opening and fibrinogen leakage at the lesion rim might be

involved in a highly dynamic, long-term remodeling processes at the

lesion border, affecting potentially both adverse and beneficial astro-

cytic activities during the repair process (Sofroniew, 2005). Therefore,

fibrinogen might orchestrate lesion border characteristics via its

immediate and recurrent deposition after injury and in disease, such

as SCI (Schachtrup et al., 2007), MS (Adams, Bauer, et al., 2007; Ryu

et al., 2018), ischemia-hypoxia (Adhami et al., 2006), stroke (Pous

et al., 2020) and Alzheimer's disease (Paul et al., 2007; Ryu &

McLarnon, 2009).

Newly formed, elongated and polarized astroglia with extensive

overlapping and interacting processes form compact scar borders and

interfere with axonal growth, but are also essential for wound repair

(Cregg et al., 2014; Silver & Miller, 2004; Sofroniew, 2005). Reactive

astrocytes express and secrete inhibitory CSPGs (Cregg et al., 2014;

Schachtrup et al., 2010; Schachtrup et al., 2011). Interestingly, while

complete fibrinogen and fibrin depletion decreased CSPG secretion,

soluble fibrinogen alone, after enoxaparin treatment, resulted in

increased CSPG deposition in the lesion core, suggesting that fibrino-

gen and fibrin differentially regulate astrocytic functions that affect

neuronal regeneration. Notably, while fibrinogen-depletion by ancrod

reduced the astrocyte reactivity (Figure 3a,b, Figures 5, 6) and CSPG

F IGURE 8 Fibrinogen depletion increases
the number of neurons in the lesion core after
photothrombotic (PT). (a) Immunolabeling for
NeuN (red) in combination with GFAP (green)
in the brains of fibrinogen-depleted mice
(ancrod), compared to controls (NaCl), at
10 days after PT. yellow dotted line
delineates the lesion core. White box
indicating NeuN+ neuron in the lesion core

of fibrinogen-depleted animals. N = 5 mice.
Scale bar, 30 μm. (b) Quantifications of NeuN
+ cells in the lesion core. N = 5 mice,
mean ± SEM, unpaired Mann–Whitney
test, *p < .05
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neurocan core protein expression and deposition in the lesion area

(Figure 3c), we cannot rule out that fibrinogen-depletion alters CSPG

modifications to affect its immunoreactivity and, thus, labeling inten-

sity might not correlate with core protein expression levels of partic-

ular CSPG family members. Anticoagulant treatments affect the

CSPG matrix and influence the repair-promoting laminin-111

expression and secretion (Yao et al., 2014), suggesting that fibrino-

gen and its converted form fibrin regulate the morphology and

properties of scar border-forming astrocytes in addition to their

function in triggering astrocyte scar formation (Schachtrup

et al., 2010). Importantly, anticoagulant treatment with ancrod rev-

ealed a fibrinogen-induced astrocyte gene expression signature,

placing fibrinogen at the nexus of astrocyte reactivity, scar border

formation, ECM composition and immune cell response in the

lesion area.

The scar border separates neurotoxic non-neural tissue in the

lesion core from healthy CNS parenchyma and has been largely attrib-

uted to a high concentration of inhibitory proteins, including CSPGs

and collagens. We found that fibrinogen depletion changed the astro-

cyte morphology and functionality. Also, fibrinogen depletion specifi-

cally prevented the formation of palisading, scar border–forming

astrocytes and drastically reduced the expression and secretion of

CSPGs, such as Neurocan. However, hypertrophic, polarized astro-

cytes could still fulfill the function in preventing the spread of neuro-

toxic inflammation. Future studies will further elucidate how

fibrinogen deposition in the lesion environment affects the individual

astrocyte types and if fibrinogen triggers inhibitory rather than benefi-

cial astrocyte properties. Pharmacologic fibrinogen depletion changed

the astrocyte gene expression profile associated with increased astro-

cyte metabolism and astrocyte-neuron communication and reduced

inhibitory ECM expression. It also increased neuronal survival in the

lesion core, suggesting that pharmacological depletion of an excess of

fibrinogen may be of clinical interest for treating neurological diseases

with chronic or repeated opening of the BBB and associated scar

formation.

Molecular cues coordinating astrocyte scar border-formation and

astrocytic properties in CNS disease are poorly described. Fibrinogen

regulates astrocyte morphology and properties affecting scar border-

formation (this study), and our previous data showed that fibrinogen

triggers astrocyte scar formation (Schachtrup et al., 2010). Astrocyte

scar border-formation depends on STAT-3 (Okada et al., 2006;

Wanner et al., 2013). Selective deletion of STAT-3 from astrocytes

disrupted the organization into dense mesh-like arrangements,

resulting in increased spread of inflammation and decreased neuronal

survival. This study shows that fibrinogen deletion disrupted the for-

mation of scar border palisading astrocytes with decreased inflamma-

tion and improved neuronal survival. In addition, we found that

fibrinogen regulates plexin-B2 expression by myeloid cells and colla-

gen gene expression by astrocytes, potentially altering the ECM com-

paction and corralling at the scar border (Hara et al., 2017; Zhou

et al., 2020). Our previous study revealed that fibrinogen triggers

astrocyte scar formation via TGF-beta signaling (Schachtrup

et al., 2010). The STAT and Smad signaling pathways cooperate to

induce GFAP expression and astrogenesis (Nakashima et al., 1999).

Future studies will determine if fibrinogen regulates the morphology

and properties of astrocyte scar border cells and their ECM expression

exclusively via the Smad signaling pathways, in cooperation with

STAT signaling, or by means of an signaling pathway yet to be

defined.

Fibrinogen, as the major component of blood clots, is an essential

component of the coagulation system that maintains hemostasis

(Holmback et al., 1996; Rooney et al., 1996). Patients lacking fibrino-

gen, a disorder termed afibrinogenemia, have severe bleeding compli-

cations (Litvinov & Weisel, 2016). However, the fibrin network might

also orchestrate the wound-healing process by promoting inflamma-

tion to remove damaged tissue and by initiating glial scar formation to

F IGURE 9 Working model for the role of fibrinogen on border-
forming reactive astrocytes in central nervous system (CNS) disease.
In the healthy brain, fibrinogen is absent from the CNS due to the
intact blood–brain barrier (BBB). BBB disruption or vascular rupture in
CNS injury or disease leads to long-lasting fibrinogen deposition along
the forming scar border. Fibrinogen deposition modulates the scar-
border-forming astrocyte morphology and their properties.
Anticoagulant treatment depletes fibrinogen and affects astrocyte
scar border-formation with an absence of elongated, palisading
astrocytes, reduced extracellular matrix deposition and inflammation,
and with an increased neuronal survival. Therefore, fibrinogen matrix
deposition might be involved in the highly dynamic remodeling
processes at the lesion border orchestrating the regeneration process
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separate the lesion core from intact tissue. Indeed, we found that

fibrinogen depletion affects both: the lesion core had fewer inflamma-

tory cells but more surviving neurons and astrocytes in the surround-

ing scar border and penumbra had altered morphology and

functionality. Thus, anticoagulants that effectively reduce fibrinogen

and fibrin formation, while still ensuring hemostasis, may be of clinical

interest for treating neurological diseases with chronic or repeated

opening of the BBB. Interestingly, our study showed that enoxaparin,

a low-molecular-weight heparin in daily clinical use, affects astrocyte

properties. However, hemorrhagic complications of fibrin depletion

may complicate widespread clinical use of anticoagulant reagents for

chronic CNS disease. The cortical lesion area after PT contains resi-

dent and locally produced reactive astrocytes, as well as SVZ-derived

newborn astrocytes (Bardehle et al., 2013; Benner et al., 2013; Bohrer

et al., 2015; Faiz et al., 2015; Wanner et al., 2013), with both benefi-

cial and inhibitory roles in brain injury (Bardehle et al., 2013; Burda

et al., 2015; Cregg et al., 2014; Silver & Miller, 2004). Fibrinogen trig-

gers astrocyte reactivity by promoting the availability of active TGF-

beta (Schachtrup et al., 2010), regulates astrocyte scar border forma-

tion and astrocyte functionality (this study), and provokes astrocyte

differentiation from NSPCs via BMP receptor signaling (Pous

et al., 2020). Our study suggests that manipulation of fibrinogen-

induced signaling pathways in astrocytes could control their fate and

functions in ways tailored to promote CNS repair.

In conclusion, we report that fibrinogen regulates astrocyte reac-

tivity, inhibitory ECM deposition and astrocyte-immune interactions,

suggesting that excess and prolonged fibrinogen and fibrin deposition

establish an inhibitory environment with a robust glial scar border for-

mation. Future studies will determine how fibrinogen affects specific

astrocyte and other lesion area cell populations and their interaction

in different CNS injuries and diseases. Our findings represent a critical

step forward for testing the fibrinogen reduction (anticoagulant ther-

apy) or manipulation of fibrinogen-induced signaling pathways in

astrocytes for improving regeneration. They suggest a novel therapeu-

tic strategy via manipulating fibrinogen-astrocyte interaction for

reducing astrocytic scar border formation with reduced inhibitory

ECM deposition and inflammation, which might improve functional

outcomes in several CNS injuries and diseases, such as brain trauma,

spinal cord injury as well as in stroke.
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