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Abstract

Astrocytes protect neurons during cerebral injury through several postulated

mechanisms. Recent therapeutic attention has focused on enhancing or augmenting the

neuroprotective actions of astrocytes but in some instances astrocytes can assume a

neurotoxic phenotype. The signaling mechanisms that drive astrocytes toward a protec-

tive versus toxic phenotype are not fully known but cell–cell signaling via proteases act-

ing on cell-specific receptors underlies critical mechanistic steps in neurodevelopment

and disease. The protease activated receptor (PAR), resides in multiple brain cell types,

and most PARs are found on astrocytes. We asked whether neuron-generated throm-

bin constituted an important astrocyte activation signal because our previous studies

have shown that neurons contain prothrombin gene and transcribed protein. We used

neuron and astrocyte mono-cell cultures exposed to oxygen-glucose deprivation and a

model of middle cerebral artery occlusion. We found that ischemic neurons secrete

thrombin into culture media, which leads to astrocyte activation; such astrocyte activa-

tion can be reproduced with low doses of thrombin. Media from prothrombin-deficient

neurons failed to activate astrocytes and adding thrombin to such media restored

activation. Astrocytes lacking PAR1 did not respond to neuron-generated thrombin.

Induced astrocyte activation was antagonized dose-dependently with thrombin inhibi-

tors or PAR1 antagonists. Ischemia-induced astrocyte activation in vivo was inhibited

after neuronal prothrombin knockout, resulting in larger strokes. Restoring prothrombin

to neurons with a lentiviral gene vector restored astrocyte activation and reduced

stroke damage. We conclude that neuron-generated thrombin, released during ische-

mia, acts via PAR1 and may cause astrocyte activation and paracrine neuroprotection.
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1 | INTRODUCTION

Astrocytes protect neurons during cerebral injury through several pos-

tulated mechanisms, including but not limited to glutamate reuptake,

secretion of growth factors and cytokines, secretion of toxin-resistance

factors, and absorption of toxic free radicals (Faulkner et al., 2004;

Hirayama & Koizumi, 2017; Pitt et al., 2017; Zamanian et al., 2012).

Recent therapeutic attention has focused on enhancing or augmenting

the neuroprotective actions of astrocytes (Jha et al., 2013; Lin et al.,

2006). In contrast, new evidence suggests that in some instances
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astrocytes can assume a neurotoxic phenotype (Liddelow et al., 2017).

The signaling mechanisms that drive astrocytes toward a protective

versus a toxic phenotype are not fully known (Bao, Hua, Keep, & Xi,

2018; H. Wang, Ubl, Stricker, & Reiser, 2002; Y. Wang, Luo, & Reiser,

2007). Cell–cell signaling via proteases acting on cell-specific receptors

underlies critical mechanistic steps in neurodevelopment and disease

(Ben Shimon et al., 2015; Burda, Radulovic, Yoon, & Scarisbrick, 2013;

De Luca, Virtuoso, Maggio, & Papa, 2017; Vaughan & Cunningham,

1993; Wagner et al., 1989; Yoon, Radulovic, Drucker, Wu, &

Scarisbrick, 2015). The protease activated receptor (PAR), resides in

multiple brain cell types, and the majority of PARs are found on astro-

cytes (Junge et al., 2004; H. Wang, Ubl, & Reiser, 2002) and endothelial

cells, with lesser densities on neurons, pericytes, and oligodendroglia.

Circulating serum proteases, notably thrombin, fibrinogen, plasmin, kal-

likreins, and activated protein C (APC), enter the central nervous system

(CNS) via injured blood brain barrier (De Luca et al., 2017; Petersen,

Ryu, & Akassoglou, 2018; Radulovic et al., 2015). The action of throm-

bin on PAR1 is limited by endogenous antagonists, including protease

nexin-1(PN-1) (Choi, Suzuki, Kim, Wagner, & Cunningham, 1990;

Mirante et al., 2013).

During translational studies of cerebral ischemia, we noted that

neurons contained the gene for prothrombin (also called Factor II or

FII) and that neurons actively transcribe the protein (Chen et al.,

2012), a finding documented previously (Dihanich, Kaser, Reinhard,

Cunningham, & Monard, 1991; Weinstein, Gold, Cunningham, & Gall,

1995). Prothrombin (FII) is converted to thrombin (activated FII, aFII)

by factor Xa, which is also expressed in rat brain (Shikamoto & Morita,

1999; Thevenet, Angelillo-Scherrer, Price, & Hirt, 2009). We won-

dered whether protease actions, via PARs could represent a more

generalized and important signaling mechanism within the CNS. That

is, we asked whether injured neurons use thrombin when signaling

glial cells in the neurovascular unit. Brain-derived thrombin has been

proposed as a signaling molecule in neurodegeneration previously

(Rohatgi, Sedehizade, Reymann, & Reiser, 2004), including studies of

ischemic hippocampal slices (Stein et al., 2015). Using genomic and

pharmacological methods in animal stroke models and in cell culture,

we sought to determine whether neuron-generated thrombin acts on

astrocytes to activate a protective astrocyte phenotype.

2 | METHODS

2.1 | Animals

All experiments were performed following protocols approved by the

Institutional Animal Care and Use Committee (IACUC) at Cedars-Sinai

Medical Center as per the NIH Guide for the Care and Use of Labora-

tory Animals. Our methods also included randomization, blinding, and

statistical procedures as per the recommended Stroke Therapy Aca-

demic Industry Roundtable (STAIR) and RIGOR guidelines (Fisher

et al., 2009; Lapchak, Zhang, & Noble-Haeusslein, 2013). Prothrombin

conditional knockout Mice (FIIf/f) mice were a generous gift from

Dr. Eric Mullins at Children's Hospital Research Foundation, Children's

Hospital Medical Center, Cincinnati, OH. The FIIf/f mice were crossed

with C57BL/6-Tg (Nes-cre/ERT2)KEisc/J Mice (Stock no. 016261

Jackson Labs) to create NestinERT2FIIf/f line. Upon exposure to tamox-

ifen, Cre recombinase causes recombination between LoxP sites

resulting in prothrombin knockout (Exons 3–9) in Nestin positive cells

(see Figure S1). Wild-type C57/bl6-J mice were purchased from Jack-

son Labs and PAR1 knockout animals were kindly provided by

Dr. Shaun Coughlin (University of California, San Francisco). All ani-

mals were aged 8–12 weeks at the beginning of the study.

Genotyping of all the animals were confirmed by PCR (Primers list in

Table S1).

2.2 | Mouse middle cerebral occlusion model

Wild type (wt) and NestinCreERT2FIIf/f mice were injected intraperito-

neally daily with (random assignment) vehicle or tamoxifen (Sigma

H7904) (75 mg/kg dissolved in 10% EtOH and 90% corn oil) for

5 days. Both vehicle and tamoxifen injected animals were allowed

7 days for tamoxifen clearance (t1/2 14–16 hr). Another 7 days after

end of the injections (total 14 days after injections began) animals

were divided into two groups randomly. One group of animals under-

went 2 hr middle cerebral artery occlusion (MCAo). The second group

of animals were injected stereotaxically in the medial striatum (coordi-

nates from bregma: Anterior–posterior +0.2 mm; medial-lateral left

2 mm; dorsal-ventral 3.5 mm) with lentivirus (source) containing

mouse prothrombin gene or an empty vector and after 7 more days

(total 21 days after injections) subjected to 2 hr MCAo. The viral vec-

tor was validated in HEK cells (Figure S5) and with gene sequencing.

Similarly, age-matched PAR1−/− and wt animals were also subjected

to 2 hr MCAo. The MCAo was induced as described previously

(Rajput et al., 2014; Van Winkle et al., 2013). Briefly, animals were

anesthetized with 4% isoflurane mixed in oxygen and nitrous oxide

(30:70) and received 2 MDa dextran conjugated with fluorescein iso-

thiocyanate (FITC-Dextran) (Sigma–Aldrich, FD2000S) in phosphate-

buffered saline (PBS). Cerebral blood flow was monitored using laser

Doppler flowmetry (LDF) by fixing a probe on the skull, 4-mm lateral

to bregma (Moor Instruments, Devon, United Kingdom). Nylon 6-0

silicon-coated suture was inserted and advanced 10 mm from the

carotid bifurcation into the internal carotid artery and MCA occlusion

verified using LDF. After 2 hr the suture was removed, and reperfu-

sion confirmed with LDF. Animals survived for 24 hr after stroke and

neurological functions were examined during reperfusion and 24 hr

after onset of ischemia using a rating scale we have validated previ-

ously (Van Winkle et al., 2013). Animals were killed with an overdose

of ketamine and xylazine, and then intracardially perfused with saline

and 4% paraformaldehyde. The brains were fixed and cryopreserved

in 30% sucrose solution for sectioning. The surgeon, behavioral raters,

and the histology image analysts were all blinded to the genomic and

treatment status of the mice. Animals with >80% decrease in LDF

after occlusion and complete recovery after suture withdrawal were

included in this study. Samples sizes are based on our prior use of this

model, from which we estimated a Cohen's d between 1.2 and 1.3 for

most measures: this yields a sample size between 6 and 8 given a

power of 0.6, alpha 0.05 (R version 3.4.2, library pwr).

RAJPUT ET AL. 247



2.3 | Primary neuronal culture

Primary neuronal cultures were prepared from the striatum of

E16-E18 Sprague–Dawley rat (source) embryos and E16-E18

NestinCreERT2FIIf/f or C57BL/6J mouse embryos according to our pre-

viously published protocol (Rajput et al., 2014). Briefly, the striatum

was carefully separated and isolated, cleaned of meninges, and finely

minced. The tissue was digested in 0.25% trypsin for 5 min in a 37�C

water bath with occasional gentle shaking. DNAse I was added to the

cells at 37�C for another 5 min. The cells were suspended in 50 ml

warmed Neurobasal medium and centrifuged for 5 min at 1000g. The

cell pellet was resuspended in prewarmed complete media (phenol

red free Neurobasal Media containing 10% horse serum, 1% Glu-

tamax, 1% pyruvate, 1% penicillin/streptomycin, and 1% B27 supple-

ment, source) and then filtered through a 70 μM diameter membrane,

removed, suspended, and counted for total cell concentration before

plating. Neurons were plated on 96-well or 6-well plates coated with

poly-D-lysine. After 3 days the cells were treated with 5-fluoro-20-

deoxyuridine for 24 hr to suppress glia. Experiments were performed

on confluent cultures after 10–14 days. For conditional knockdown of

prothrombin in neuronal cultures from NestinCreERT2FII f/f mice,

7 days after isolation, the neurons were treated with 5 μM of 4-OH

tamoxifen for 24 hr followed by two media changes in 3–4 days to

clear any remaining tamoxifen from the medium.

2.4 | Primary astrocyte cell culture

Primary astrocytes were isolated from cerebral cortices of P1/P2

Sprague–Dawley rats or P0/P1 NestinCreERT2FIIf/f or C57BL/6J or

PAR1−/− mice. Astrocytes were isolated from the striatum, which was

separated and isolated, cleaned of meninges, and finely minced. The

tissue was digested in 0.25% trypsin for 5 min in a 37�C water bath

with occasional gentle shaking. DNAse I was added to the cells at

37�C for another 5 min. The cells were suspended in 50 ml warmed

astrocyte medium and centrifuged for 5 min at 1000g. The cell pellet

was resuspended in prewarmed astrocyte media and then filtered

through a 70 μM diameter membrane, removed, suspended, and

counted for total cell concentration before plating. The cells were ini-

tially grown in T75 flasks in DMEM (phenol red free) containing 10%

fetal bovine serum, 1% Glutamax, 1% pyruvate, and 1%

penicillin/streptomycin and 1% N2 supplement. After 2 days the cells

were shaken at 200 rpm for 10 min to remove the floating microglial

cells. Cell were washed with PBS, dissociated with trypsin, and plated

on 24-well plates at a concentration of 2.5–3 × 105 cells/well. This

procedure leads to a cell culture in which at least 95% cells are astro-

cytes (see Figures S4 and S6).

2.5 | Oxygen-glucose deprivation

Oxygen-glucose deprivation (OGD) experiments were performed

using glucose-free and serum-free Neurobasal medium for neurons

and glucose free and serum free DMEM media for astrocytes (source).

For use, medium was bubbled with a combination of 95% N2/5% CO2

for 30 min at 37�C to create “OGD medium.” To initiate substrate

deprivation, designated wells were washed with PBS and covered

with OGD medium and immediately transferred to an incubator with

95% N2 and 5% CO2 at 37�C. At the end of the prespecified duration

of OGD, the plates were removed, and medium was immediately

changed back to normal media for respective cell types, neurons or

glia. After OGD, the plates were returned to normal conditions (37�C

incubator, room air) for 24 hr.

2.6 | Neuronal and astrocyte culture experiments

We prepared conditioned neuronal OGD media using neurons from wt

or from NestinCreERT2FIIf/f embryonic cultures lacking the prothrombin

gene (FII KO) that were subjected to 2.5 hr OGD, after pilot data

showed 2.5 hr of OGD kills ~80% of neurons. Conditioned neuronal

OGD medium (nOM) was centrifuged at 2,000g for 10 min to remove

cell debris; supernatant was removed and stored at −80�C. Wild type

astrocytes cultured on 24-well plates were treated with nOM for one

of several prespecified time points ranging from 0 to 120 min. After

nOM treatment, the astrocytes were fixed with 4% PFA and stained for

glial fibrillary acidic protein (GFAP) and Serpin-A3N to document acti-

vation. Then, nOM from FII KO neurons was supplemented with

30 U/ml of high purity bovine thrombin (BioPharm Laboratories LLC.

Catalogue no. 91-035-100, thrombin specific activity->2,200 US uni-

ts/mg powder) and added onto wt astrocytes for 0–120 min, after

which the astrocytes were fixed for staining. For controls, we collected

media from neurons not subjected to OGD (nM).

To assess thrombin-mediated astrocyte activation and the role of

PAR1 receptors, primary cultures of rat astrocytes were treated with

escalating doses of thrombin (0–100 U/ml) added into the culture

media, after which the cultures were stained for astrocyte activation.

We prepared nOM from primary rat neuronal cultures exactly as for

mouse cells, but the duration of OGD was 2 hr. To inhibit or stimulate

PAR1 in primary rat astrocyte cultures, we added nOM and various

doses of thrombin inhibitor argatroban (1–100 μM) or PAR1 antago-

nist SCH-79797 (1–100 μM) or PAR1 peptide agonist TFLLR-NH2

(1–30 μM) (Tocris). For controls, we used nM in place of nOM. After

120 min, the media was switched to normal astrocyte growth media.

We chose 120 min exposure time because preliminary data showed

astrocytes were maximally activated if treated for 120 min with nOM

(Figure S7). We cultured primary astrocytes from PAR1−/− mice on

24-well plates and treated them with nOM and drugs as above. To

demonstrate that PAR1−/− astrocytes were able to activate at all, we

treated additional cultures with H2O2 (100 μM) or glutamate

(100 μM) for 120 min after which they were fixed with 4% PFA for

staining (Figure 4). These treatment groups were needed to establish

that the cells retained the capacity to mount a normal response to

injury (free radical or excitotoxicity) in PAR−/− cells.

2.7 | Mass spectrometry and proteomic analysis

To assess for prothrombin in nOM and nM, media was collected from

FII KO and wt neurons and supplemented with 1X Protease inhibitor
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(Pierce™ 88,666). Protein was denatured by adding 2% SDS and then

sonicating for 10 min with 10 s on/off cycles at an amplitude of 70%,

followed by acetone precipitation. Precipitated protein was

resuspended in 50 mM ammonium bicarbonate containing 0.1%

RapiGest (Waters) and protein amount was determined using the

bicinchoninic acid assay (BCA assay, Pierce). Then 200 μg protein per

sample were reduced using 1 mM TCEP, alkylated with 5 mM

iodoacetamide and digested with ~1:40 Trypsin-LyC combination

(Promega), desalted and completely dried in a SpeedVac. Liquid chro-

matography (LC) MS/MS was carried out on a Dionex Ultimate 3000

NanoLC connected to an Orbitrap Elite (Thermo Fisher) equipped

with an EasySpray ion source as previously reported (Kooij et al.,

2014). The mobile phase A was comprised of 0.1% aqueous formic

acid and mobile phase B was 0.1% formic acid in acetonitrile. Peptides

were loaded onto the analytical column (PepMap RSLC C18 2 μm,

100 Å, 50 μm i.d. × 15 cm) at a flow rate of 300 nL/min using a linear

AB gradient composed of 2–25% A for 185 min, 25–90% B for 5 min,

then at isocratic hold at 90% for 5 min with re-equilibrating at 2% A

for 10 min. Temperature was set to 40�C for both columns. Nano-

source capillary temperature was set to 275�C and spray voltage set

to 2 kV. MS1 scans were acquired in the Orbitrap Elite at a resolution

of 60,000 FWHM with an AGC target of 1 × 106 ions over a maxi-

mum of 500 ms. Protein quantification was carried out by averaging

the MS2 spectral count among biological replicates. MS2 spectra were

acquired for the top 15 ions from each MS1 scan in normal scan mode

in the ion trap with a target setting of 1 × 104 ions, an accumulation

time of 100 ms, and an isolation width of 2 Da. Normalized collision

energy was set to 35% and one microscan was acquired for each

spectra (Luo et al., 2010). Preparative data analysis and peptide identi-

fication search were performed using the raw MS/MS files after they

were converted to mzXML using MSConvert. The mzXML files were

searched against the Swiss-Prot reviewed mouse FASTA database

(ver. 2017-03; 32,741 proteins and decoys) (Apweiler et al., 2004)

using the Sorcerer 2™-SEQUEST® algorithm (Sage-N Research).

Target-decoy modeling of peptide spectral matches was performed

using the following criteria: Fragment tolerance: 1.00 Da; Parent Tol-

erance: 0.040–0.160 Da; Fixed modification: +57 on C (car-

bamidomethyl); Variable modification: +16 on M (oxidation); Enzyme:

Trypsin with three max missed cleavages. Post-search analysis was

performed using Scaffold 3 version 1.4.1 (Proteome Software, Inc.,

Portland, OR) with protein and peptide probability thresholds set to

95%. Thrombin was identified using 14 unique peptide sequences.

Quantification was based on total spectral counts.

2.8 | Immunohistochemistry in sections

Using a sliding microtome, 30-μm-thick brain sections were cut and

free-floating sections were collected in PBS. Brain sections were incu-

bated in 0.2% Triton X-100 in PBS for 15 min and followed by three

subsequent washes with PBS. Sections were then incubated in 5%

normal goat serum for 1 hr at room temperature and followed by

overnight incubation with rabbit anti-GFAP (1:2000) and goat anti-

Serpin-A3N (1:300) (Table S2). Following three subsequent washes in

PBS, brain sections were incubated with Alexa 488 (Green) and Cy3

(Red) conjugated secondary antibodies for 1 hr at room temperature.

The sections were washed, mounted on slides, and viewed under an

Olympus (FV10i) microscope. To determine the GFAP and Serpin-

A3N intensity, images were taken at 1× magnification with laser

intensities and gain constant for both the channels in all study groups.

Three sections 50 μM apart were selected from each brain by an

examiner blinded to the genotype and treatment group. Sections were

analyzed using Image J (version 1.51). Images were converted to 8-bit

grey scale and a region of interest (ROI) was drawn to include the

ischemic region. Background intensity from sections stained with sec-

ondary antibody alone was subtracted. Threshold correction was per-

formed for all treatment groups and kept consistent between

experimental groups and replicates. Integrated fluorescence intensity

from the ROI is reported as astrocyte activation (fluorescence inten-

sity arbitrary units [a.u.]).

2.9 | Immunocytochemistry in culture

Astrocytes cultures were fixed with 4% paraformaldehyde and stained

for GFAP and Serpin-A3N. Briefly, coverslips were incubated in

0.02% Triton X-100 in PBS for 15 min and followed by three subse-

quent washes with PBS followed by incubation in 5% normal goat

serum for 1 hr at room temperature and followed by overnight incu-

bation with rabbit anti-GFAP (1:2000) and goat-Serpin-A3N (1:300).

Coverslips were incubated with Alexa 488 and Cy3 conjugated sec-

ondary antibodies for 1 hr at room temperature. Cover slips were

washed and mounted on slides and viewed as above. Each experiment

was conducted in triplicate and the observer was blinded to the treat-

ment conditions. Each coverslip was divided into four quadrant and

12–14 images at 10× resolution were captured from each quadrant.

GFAP and Serpin-A3N florescence intensity was quantified using NIH

Image J software as described previously (Lyden et al., 2018) (ver-

sion 1.51).

2.10 | Vascular leakage and neuronal injury

Vascular disruption was imaged as leakage of 2 MDa-dextran FITC

and cellular injury was imaged using Fluoro-Jade C staining in 30 μm

brain sections, imaged at low power using epifluorescence microscopy

with a highly sensitive CCD camera (Apogee, Alta U32). The FITC-

dextran signal was quantified using Image-Pro Plus (Media Cybernet-

ics) as described previously (Chen et al., 2009). In brief, an operator

blind to the subject's group examined each section and adjusted the

brightness and contrast levels to optimize the appearance of the fluo-

rescence. The operator outlined the striatum using standard anatomic

boundaries (Franklin & Paxinos, 1997; Paxinos & Watson, 1986), and

applied semiautomatic thresholding and segmentation to measure the

total area of fluorescence. For quantification of Fluoro-Jade C positive

neurons, an operator blind to the treatment groups converted the

images to 8-bit grey scale and used the pseudo flat field plugin render

the fluorescence uniform in the all sections. Using the nucleus counter

particle analysis plugin the number of neurons from each brain
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section were automatically counted and then summed over all

sections.

2.11 | Cell death assay

Cell death was measured using lactate dehydrogenase (LDH) activity

in the media (Cytotoxicity Detection KitPLUS (LDH) Roche Applied

Science, Germany catalog number 04744934001) as described

(Rajput et al., 2014). Media was centrifuged at 15,000 rpm for 10 min

to remove debris, then 100 μL media was transferred into a 96-well

plate and 100 μL LDH reaction mixture was added. The plates were

covered with aluminum foil and incubated with LDH substrate for

30 min at room temperature. Absorbance was measured using a spec-

trophotometer at 490 nm. After the remaining intact cells were lysed

and assayed, the LDH activity in supernatant was normalized to the

total LDH in the well and expressed as a percent.

2.12 | Cell viability assay

Cell survival was quantified by measuring the reduction of

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

to produce a dark blue formazan. The colorimetric assay correlates

with cellular metabolic activity due to function and integrity of mito-

chondria. Metabolism declines with decreasing numbers of cells but

increases in the setting of cell proliferation. At the end of each experi-

ment, the cell culture medium was removed and MTT was added to

each culture well at final concentration of 0.5% MTT solution (wt/vol).

After incubation for 3 hr at 37�C, the medium was replaced with solu-

tion containing 0.4 N HCI in 99% isopropanol for 1 hr. The formation

of formazan was measured by recording the absorbance at a wave-

length of 570 nm and a reference at 630 nm.

2.13 | RNA-Seq analysis

Primary rat astrocytes were lysed using lysis media and total RNA

extraction was performed using RNeasy mini kit (Qiagen, catalog

no. 74104) according to the manufacturer's instructions. Library con-

struction was performed using the Illumina TruSeq Stranded mRNA

library preparation kit. Briefly, total RNA samples were assessed for

concentration using the Nanodrop 8000 (Thermo Scientific) and quality

using the 2100 Bioanalyzer (Agilent). One microgram of total RNA per

sample was used for poly-A mRNA selection using streptavidin-coated

magnetic beads. cDNA was synthesized from enriched and fragmented

RNA using reverse transcriptase (Super-Script II, Invitrogen) and ran-

dom primers. The cDNA was further converted into double-stranded

DNA, and the resulting dsDNA was enriched with PCR for library prep-

aration. The PCR-amplified library was purified using Agencourt

AMPure XP beads (Beckman Coulter). The concentration of the ampli-

fied library was measured with a NanoDrop spectrophotometer and an

aliquot of the library resolved on an Agilent 2100 Bioanalyzer. Sample

libraries were multiplexed and sequenced on a NextSeq 500 platform

(Illumina) using 75 bp single end sequencing. On average, about 20 mil-

lion reads were generated from each sample. Raw reads obtained from

RNA-Seq was aligned to the transcriptome using STAR (version 2.5.0)

(Dobin et al., 2013)/RSEM (version 1.2.25) (Li & Dewey, 2011) with

default parameters, using Rnor 6.0 transcriptome reference down-

loaded from http://uswest.ensembl.org/. Expression counts for each

gene in all samples were normalized by a modified trimmed mean of

the M-values normalization method and unsupervised principal compo-

nent analysis (PCA) was performed with DESeq2 Bioconductor package

version 1.16.1 in R version 3.4.2. Each gene was fitted into a negative

binomial generalized linear model, and the Wald test was applied to

assess the differential expressions between two sample groups by

DESeq2. Benjamini and Hochberg (B–H) procedure was applied to

adjust for multiple hypothesis testing, and differential expression gene

candidates were selected with a false-discovery rate (FDR) less than

5%. Venn plot was drawn by using VennDiagram package version

1.6.20. Likelihood ratio test integrated in DESeq2 was used to examine

two models for the counts, a full model including all treatments (control,

Thrombin 1 U, Thrombin 50 U, nM, nOM (60 min.DT) and nOM

(120 min.DT)) and a reduced model without treatments to find the

genes differentially expressed in any or all treatments. Differential

expression gene with FDR < 1% after B–H correction were mean cen-

tered, and dendrograms were calculated by the hclust hierarchical clus-

tering method and were plotted with heatmap.2 software in the g-plots

package (version 3.0.1) in R version 3.4.2.

2.14 | Statistical analysis

All results are summarized as mean ± SD without assumptions regard-

ing normality. Where applicable, one-way or two-way ANOVA was

used to test hypotheses, and for post-hoc correction for multiple com-

parisons we used Tukey's procedure or other procedure as specified.

Sample sizes for each experiment were based on prior results in our

laboratory assuming power 60%, alpha 0.05, and an estimated a

Cohen's d between 0.5 and 1.3 for most measures (R version 3.4.2,

library pwr) as well as Graph Pad Prism 7.0 was used.

3 | RESULTS

3.1 | Astrocytes respond to neuron-generated
thrombin during ischemia to induce protection

Astrocytes transform from a resting state to an activated state follow-

ing an injurious mechanism (e.g., ischemia or trauma) directly if the

insult is sublethal (Sweeney et al., 2017), or via an indirect mechanism

if adjacent cells, especially neurons, signal astrocytes to initiate pro-

tective functions (Y. Wang et al., 2007; Xing et al., 2014). To demon-

strate a role for neuronal prothrombin in brain, we created an

inducible knockout mouse to remove neuronally derived thrombin

using Cre recombinase under the control of an estrogen response ele-

ment (Figure S1). Adult knockout using an inducible method avoids

confounding compensatory effects present in transgenic animals that

constitutively lack a gene throughout the lifespan. After tamoxifen

treatment and induced knockout, we performed standard MCAo as

sketched in Figure 1a using our published method (Van Winkle et al.,
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2013). In animals treated with vehicle alone (intact neuronal pro-

thrombin), we found robust activation in the ischemic zone, assessed

with two different markers, GFAP and Serpin-A3N (Figure 1b,c). The

toxic phenotype associated marker LCN2 did not increase (Figure 1b).

After tamoxifen-induced knockout of neuronal prothrombin (FII KO),

however, astrocyte activation failed to appear after MCAo (Figure 1b,

c). This finding suggested that neuronal prothrombin was sufficient

for astrocyte activation after ischemia. To confirm that prothrombin

expression was sufficient to activate astrocytes, we restored pro-

thrombin gene expression using a lentiviral vector (Figure S2)

targeting neurons in FII KO mice. Restoration of prothrombin gene

transduction partially restored astrocyte activation after ischemia in

F IGURE 1 Legend on next page
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FII KO animals (Figure 1b,c). Neuronal prothrombin knockout was

associated with significantly greater ischemic neuronal injury

(Figure 1d,e) with no effect on vascular disruption (Figure 1f),

suggesting that the loss of neuronal prothrombin resulted in greater

ischemia-induced damage, perhaps related to reduced astrocyte medi-

ated neuroprotection. To eliminate the possibility that lentiviral infec-

tion alone could induce nonspecific astrocyte activation, we evaluated

viral infection in control experiments (Figure S3).

3.2 | Thrombin is generated by injured neurons to
signal and activate astrocytes

We established that cultured mouse astrocytes do not express pro-

thrombin (Figure S4). Then, to establish that nOM activated the astro-

cytes in a thrombin-dependent manner, we cultured cortical neurons

with or without the prothrombin gene knocked-out, prepared nOM

using 150 min OGD, and applied the conditioned nOM to astrocytes

(Figure 2a). The nOM from wt and thrombin-deficient neurons

appeared to activate astrocytes equivalently after short (15–60 min)

dwell times (Figure 2b,c). After 120 min dwell time, however,

thrombin-deficient nOM failed to activate astrocytes, compared to

the wt media. Longer dwell times failed to show astrocyte activation

(Figure S7).To confirm the specificity of this effect, we added 30 U/ml

thrombin to the thrombin-deficient nOM and observed in a dwell-

time-dependent manner that thrombin restored the astrocyte-

activating property of nOM (Figure 2d). We confirmed the presence

of thrombin in nOM using mass spectrometry, and confirmed it was

below the limit of detection in the FII KO media (Figure 2e, Table S3

shows the spectral count from mass spectroscopy data and Table S4

shows the peptide sequences used to identify the protein). These data

demonstrate that injured neurons secrete factors that activate astro-

cytes, one of which is thrombin. Thrombin begins to induce astrocyte

activation by 2 hr of contact time. At shorter contact times, other fac-

tors appear to activate astrocytes, although to a significantly lesser

degree (for both GFAP and serpin-A3N: ANOVA followed by Tukey's

multiple comparisons, p < .01 for 120 min vs. all other dwell times).

3.3 | Astrocytes respond to neuron-generated
thrombin via the PAR1 receptor

We sought to confirm thrombin's astrocyte-activating effect by adding

thrombin onto stable, nonischemic, cultured rat astrocytes. In pilot

experiments, we demonstrated the effect of various OGD times and

several thrombin doses on cultured rat neurons and astrocytes (-

Figure S5): 80% of neurons and astrocytes were killed by 2 or 8 hr of

OGD, respectively (Lyden et al., 2018). Cultured rat astrocytes did not

express prothrombin (Figure S6). In response to applied thrombin,

astrocyte activation markers were increased significantly in a dose-

dependent manner (Figure 3a). The direct thrombin inhibitor argatroban

blocked this effect when added to the culture coincidently with throm-

bin, consistent with our prior findings in stroke models (Lyden et al.,

2014; Rajput et al., 2014). We prepared nOM from rat neuronal cul-

tures after 120 min OGD (approach shown in Figure 2a) and applied

the 120 min nOM to stable, nonischemic rat astrocyte cultures

(Figure 3b). We selected the 120 min nOM and used a dwell time of

120 min on activated astrocytes after dose-ranging pilot studies (-

Figure S7). Again, the activating effect could be inhibited by argatroban

dose-dependently (Figure 3b). Interestingly the U-shaped hormetic

response confers the classic pharmacological response of drug on cells

as in this case effect of thrombin on activated astrocytes with 10 and

30 μM bringing the astrocytes to the region of homoeostasis (below

the threshold for adverse response and low dose deficiency range).

Similar effect is being observed when nOM is treated with different

doses of argatroban to test for thrombin activity (Figure S9). To test the

PAR1 specificity of this nOM effect, we added PAR1-active agents to

the astrocyte cultures. The PAR1 antagonist SCH79797 blocked astro-

cyte activation by nOM in a dose-dependent manner (Figure 3c). The

peptide TFLLR binds to the thrombin binding site on PAR1 and pre-

vents thrombin cleavage of the PAR1 extracellular peptide; this treat-

ment also interfered with astrocyte activation by nOM (Figure 3d).

Taken together, these data show that pharmacological interference

with protease activation of PAR1 blocks the astrocyte-activating effect

of nOM, confirming that neurons use thrombin to activate astrocyte

PAR1 in a paracrine, dose-dependent manner.

F IGURE 1 Neuron-generated thrombin is critical for astrocyte mediated neuroprotection. (a) in NestinCreERT2FII f/f mice (Figure S1) we
induced prothrombin knockout with tamoxifen (or vehicle, randomized) for 5 days. At random, 9 days later the animals received stereotactic
injection of lentivirus containing the FII gene, or an empty vector, or no viral injections. All animals underwent MCAo 21 days after tamoxifen or

vehicle and sacrifice 24 hr after MCAo. (b) Mid-parietal sections stained for GFAP (red) and lipocalin-2 (LCN2) (green) show robust GFAP
expression in the ischemic territory of vehicle-treated NestinCreERT2FIIf/f mice, but less so after tamoxifen-induced FII KO. In the ischemic zone,
there were few GFAP positive cells in FII KO mice (inset). Lentiviral FII gene replacement (Figure S2) restored GFAP; empty virus did not. (c) Loss
of neuronal prothrombin resulted in significant loss of the GFAP and Serpin-A3N activation markers (see Figure S3d for LCN2 measures).
Lentiviral prothrombin gene restoration showed astrocyte activation similar to tamoxifen-induced KO mice. *** Two-way ANOVA p < .001,
Bonferroni comparison p < .05, n = 5). We validated the lentiviral vectors in several control animals (Figure S3b,c). (d, e) Increase in Fluoro-Jade C
positive neurons was observed in FII KO compared to vehicle-treated NestinCreERT2FII f/f mice and wild type. The FII KO animals treated with
tamoxifen and lentivirus showed significantly increased neuronal cell death compared to animals treated with control virus injection, and to true
wt or vehicle-treated NestinCreERT2FII f/f mice. ***Two-way ANOVA p < .001, Sidak's multiple comparison p < .05, n = 5 per group. Scale bar
panel inset: 50 μm. (f) Leakage of FITC conjugated 2 MDa dextran demarcates regions of profound vascular damage. Neuronal FII KO had no
effect on vascular disruption. Similarly, FII KO animals injected with FII lentivirus or empty virus showed no discernable changes in FITC-dextran
leakage. Scale bar panel inset: 50 μm [Color figure can be viewed at wileyonlinelibrary.com]
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3.4 | Astrocyte PAR1 mediates neuronal thrombin
activation signaling

To demonstrate the required role of PAR1 mediating astrocyte activa-

tion, we conducted MCAo in mice lacking PAR1 constitutively in all cells

(PARKO), including neurons and endothelial cells. Constitutive deletion

of PAR1 in PARKO mice was confirmed by PCR (Figure 4a). After

120 min MCAo, the area of neuronal injury and severe vascular disrup-

tion was smaller in PARKO compared to wt mice (Figure 4b,c). We have

shown previously that severe vascular disruption—as labeled by extrava-

sation of 2 MDa FITC-dextran—reliably marks the region of infarction

F IGURE 2 Legend on next page
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after ischemia (Chen et al., 2009). Further, the area of neuronal injury, as

labeled by Fluoro-Jade C, was smaller in the PARKO mice (Figure 4c).

The reduced ischemic injury in these mice has been well documented,

and may reflect the absence of PAR1 on neurons (Rajput et al., 2014).

The expression of astrocyte activation markers was severely reduced in

the PARKO mice compared to wt (Figure 4d,e), consistent with our

hypothesis that PAR1 is needed for astrocyte activation in response to

injury such as ischemia. To further confirm the critical role of PAR1 in

mediating astrocyte activation, we treated cultured PARKO astrocytes

with thrombin (1–50 U/ml), or nOM from prothrombin deficient or wt

neurons. We also stimulated astrocytes directly with other injurious

stimuli (reactive oxygen species or glutamate). In cultured PARKO astro-

cytes, neither nOM nor thrombin caused any activation (Figure 4f). In

contrast, both forms of direct injury (H2O2 and glutamate) significantly

caused activation, confirming that the PAR1-deficient astrocytes retain

the capacity to activate in a non-PAR1-dependent manner. These data

confirm the association between ischemia and PAR1 mediated astrocyte

activation. The reduced neuronal injury and vascular disruption

(Figure 4b,c) in these mice reflect the fact that PAR1 is missing from all

cell types, including neurons, and further suggest that PAR1 may medi-

ate multiple contrasting roles in protecting brain during ischemia.

3.5 | Astrocytes express a protective phenotype
in response to neuron-generated thrombin

Upon activation, astrocytes transform from a resting, protoplasmic

shape, to an activated stellate shape. Either thrombin or nOM stimulated

cultured astrocytes to transform to a stellate, activated shape (Supple-

mental movies). Limited evidence suggests that activated astrocytes may

take on one of two phenotypes, sometimes labeled A1 and A2, although

there may not be a strict polarity of activated astrocytes (Liddelow et al.,

2017; Zamanian et al., 2012). Previously, a variety of gene expression

profiles have been associated with a toxic A1 phenotype and a protec-

tive A2 phenotype (Jang et al., 2013; Liddelow et al., 2017). After

treating astrocyte cultures with thrombin (1 or 50 U) or nOM (dwell time

60 or 120 min) we extracted RNA and performed RNAseq (Figure 5,

Table S5 shows the raw RNA seq data). Of the genes associated with

the protective A2 phenotype, thrombin caused an upregulation in many

(Figures 5a and S8). No consistent changes were seen in genes typically

associated with the toxic, A1 phenotype. Conditioned nOM left to dwell

on cultured astrocytes caused downregulation in some A1 genes and

upregulation in some A2 genes (Figure 5b). The effect was clearly seen

after 120 min dwell time; less so after 60 min. Using PCA and selecting

genes with significant expression changes (p < .01), we identified 3,500

significant gene changes following astrocyte exposure to thrombin or

nOM (Figures 5c,d and S8). Gene sorting revealed significant overlap

comparing thrombin (either dose) against normal media, and less differ-

ence between the two doses (Figure 5e). Similarly, the two nOM dwell

times differed from normal media, but less so from each other

(Figure 5f). These data confirm that astrocyte activation with thrombin

or nOM causes gene expression changes consistent with the protective

phenotype, although there is not a perfect association.

3.6 | Activated astrocytes protect neurons
in a paracrine manner

To confirm that astrocyte activation results in neuronal protection, we

prepared conditioned media from astrocytes (ACM) after varying dura-

tions of OGD (oACM) and after OGD followed by 2 hr reperfusion (rACM,

Figure 6a). When oACM or rACM was applied to cultured neurons, up to

80% of OGD-induced neuronal cell death was blocked (Figure 6,c). Astro-

cyte media prepared after 15, 30, 60, or 120 min OGD showed significa-

tion neuronal protection, but 3 or 4 hr OGD produced astrocyte media

that was less effective. Astrocyte media remained neuroprotective even

after dilution up to 100-fold, suggesting the secretion of large amounts of

protective substances. These data suggest a novel hypothesis, shown in

Figure 6d, that neurons generate prothrombin which—after conversion to

thrombin by local Factor Xa—causes activation of the neighboring astro-

cytes and the paracrine delivery of protective substances.

F IGURE 2 Conditioned neuronal media containing thrombin induces astrocyte activation. (a) Cultured neurons from NestinCreERT2FII f/f mice
were treated with tamoxifen (to induce FII KO) or vehicle for 24 hr followed by 3–4 days and at least two media changes to clear the tamoxifen.
Conditioned neuronal OGD media (nOM) was collected after 150 min OGD and applied onto stable wt astrocyte cultures for varying dwell times
(DT). (b) Astrocytes treated with nOM contained reactive astrocyte markers using GFAP (red), Serpin-A3N (green) and DAPI (blue); scale bar 50 μm.
(b-i) astrocytes treated with non-OGD neuronal media (b-ii) astrocytes treated with nOM from vehicle-treated NestinCreERT2FII f/f showing
increased expression and stellate transformation of astrocytes (b-iii) astrocytes treated with nOM from FII KO showing less expression of GFAP and
Serpin-A3N. (b-iv) Astrocyte activation restored to cells treated as in (b-iii) by adding 30 U of thrombin to nOM derived from the FII KO cells. (c) We

placed nOM derived from FII KO (labeled FII−/−) or the same cells without tamoxifen induction (labeled as “wt”) on astrocytes for varying dwell times
before fixation and staining. Regardless of dwell time (15, 30, 60, and 120 min) we found significantly increased activation (GFAP or Serpin-A3N).
After 120 min dwell time, FII KO significantly abrogated activation; at other dwell times there was a variable effect of FII KO on activation. Two-way
ANOVA, p < .001, Tukey's post-hoc comparisons p < .01. (d) We found a direct and linear relationship between dwell time and activation measured
with GFAP and Serpin-A3N after 30 U/ml thrombin to nOM generated from FII KO neurons and measured activation after 15, 30, 60, or 120 min
dwell time. Astrocyte activation was statistically significantly elevated after all dwell times, compared to control, and each dwell time was
significantly greater than all lesser dwell times using two-way ANOVA (p < .001) followed by Tukey's post-hoc test for multiple comparisons, p < .05.
Data summarized as mean ± SEM. n = 1,200–1,500 astrocytes examined from three different cultures for each dwell time. (e) Mass spectrometry
confirmed the nOM from wt contained prothrombin while nOM from FII KO neurons did not. Media was obtained from neuronal cell cultures of FII
KO mice (as in Figure 1), after 150 min OGD (labeled nOM for OGD neuronal media) or normoxic conditions (labeled NM for neuronal media).
Control was not different from any condition other than nOM obtained without tamoxifen-induced gene deletion. One-way ANOVA, p < .001,
Bonferroni's correction for multiple comparison (p < .01). OGD, oxygen-glucose deprivation [Color figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

Our data suggest a central role for astrocyte activation in response to

neuron-generated thrombin during ischemia. Astrocytes exerted a powerful

protective effect on neurons following thrombin-mediated PAR1 activa-

tion, preserving up to 80% of neurons during a standard OGD insult

(Figure 6b). Using both an in vivo animal stroke model, and conditioned

media transfers in culture, we showed that astrocytes respond to thrombin

in a dose-dependent, paracrine manner that requires intact PAR1 on the

astrocytes (Figures 2–4). Together, the data suggest that protease/

PAR1-mediated communication between neurons and astrocytes consti-

tutes a keymechanism for neuronal protection during ischemia (Figure 6d).

The discovery of the PAR family and their localization to brain cells,

has opened a new and increasingly important area of understanding

F IGURE 3 Thrombin activates astrocytes via PAR1. We sought to confirm that PAR1 is necessary during thrombin-evoked astrocyte
activation in cultured rat astrocytes. (a) Escalating doses of thrombin (0, 1, 10, 50, and 100 U) were added onto cultured rat astrocytes for 120 min;
activation was assessed immediately as described in Figure 1. Illustrative photomicrographs are shown above each condition [GFAP (red); Serpin-
A3N (green); scale bar 50 μm]. Activation as measured with GFAP and Serpin-A3N showed an inverse-U shaped dose response to thrombin, with a
peak at 50 U. This activation could be blocked by 10 μM of the direct thrombin inhibitor, argatroban. All doses of thrombin other than 100 U
elevated activation significantly. (b) Cultured rat neurons were subjected to 120 min OGD and neuronal OGD media (nOM) was collected.
Increasing dose of argatroban (1, 10, 50, and 100 μm) and nOM were placed on cultured astrocytes and incubated for 120 min; activation was
assessed immediately. In a U-shaped dose-dependent manner, increasing concentrations of argatroban significantly blocked astrocyte activation
measured with GFAP and Serpin-A3N. (c) As in panel (b), the PAR1 active antagonist SCH 79797 (1, 10, 30, and 100 μm) blocked the activating
effect of nOM in a U-shaped dose-dependent manner. (d) The PAR1 active peptide agonist TFLLR-NH2 interfered with astrocyte activation caused
by 120 min nOM. In all four panels, data are presented as mean ± SEM; overall two-way ANOVA was significant (p < .001) with Tukey's post-hoc
test to correct for multiple comparisons (p < .05). OGD, oxygen-glucose deprivation [Color figure can be viewed at wileyonlinelibrary.com]
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cell–cell communication (Vu et al., 1991). PARs mediate the cell-signaling

effect of a variety of serine proteases (Coughlin, 2000; Petersen et al.,

2018). In spinal cord, the protease kallikrein-6 appears to mediate com-

munication between oligodendroglia and spinal motor neurons (Burda

et al., 2013; Radulovic et al., 2015; Yoon et al., 2015). In brain, the

protease/PAR axis appears to play significant roles in development and

neurodegeneration (De Luca et al., 2017; Junge et al., 2004; Krenzlin,

Lorenz, Danckwardt, Kempski, & Alessandri, 2016; Rohatgi et al., 2004;

Xi, Reiser, & Keep, 2013). Recently another protease, urokinase, was

shown to activate astrocytes, which then provided a neuroprotective

effect (Diaz et al., 2017; Merino & Yepes, 2018), supporting our con-

ceptual formulation.

F IGURE 4 Legend on next page
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Neuronal expression of prothrombin, a finding noted previously

by others (Dihanich et al., 1991; Riek-Burchardt, Striggow, Henrich-

Noack, Reiser, & Reymann, 2002), lacks a clearly delineated purpose

in mature brain. The brain also makes an endogenous inhibitor of

thrombin, PN-1, which exists in contra-position (Choi et al., 1990;

Vaughan & Cunningham, 1993). Exogenously applied thrombin exerts

hormetic effects in brain—low thrombin concentration preconditions

the brain to resist injury but higher doses kill brain cells (De Luca

et al., 2017; Henrich-Noack, Striggow, Reiser, & Reymann, 2006;

Vaughan, Pike, Cotman, & Cunningham, 1995)—so we reasoned that

neuron-generated thrombin could play a role in initiating brain protec-

tive responses. Recent studies have shown major differences in

inflammatory response profile with the use of recombinant versus

plasma derived thrombin on microglia (Hanisch et al., 2004; Weinstein

et al., 2005). Our transcriptomic data confirmed that plasma derived

thrombin failed increase gene expression of canonical markers of neu-

roinflammation in astrocytes (Figure S10). Specifically, we asked

whether neuronally derived thrombin acts on astrocyte PAR1 to

induce protective responses and whether a dose response effect

could be shown. Among the many forms of cell–cell communication in

the CNS, proteolysis of the extracellular PAR peptide tail, and subse-

quent binding of the tethered ligand, is relatively novel (Coughlin,

1999). Our data establish a role for the thrombin/PAR1 axis mediating

protective signaling between astrocytes and neurons during ischemia.

We are aware of the limitations of Nestin as a driver therefore, we

used our conditional knockout animals by treating with tamoxifen well

before the stroke. We also confirmed our major findings in vitro and

tamoxifen was administered to the neurons in a stable, resting state.

As detailed in Figures S4 and S6 there is no thrombin detected in

astrocytes in our cultures and was confirmed by RNAseq data, we also

confirmed no colocalization of nestin with GFAP and IBA-1 at 24 hr

timepoint in mice subjected to MCAo (Figure S11).

More fundamentally, our data provide an explanation for a grow-

ing assemblage of data implicating astrocytes as important players in

mediating brain protection (De Luca et al., 2017; Liddelow et al.,

2017; Nedergaard, Ransom, & Goldman, 2003; Pitt et al., 2017;

Sweeney et al., 2017; Vance, Rogers, & Hermann, 2015; Xing et al.,

2014). In development, astrocytes support local neuronal circuitry in a

domain-specific manner such that neurons are functionally dependent

on astrocytes generated from the same progenitor domains; injury

does not induce migration for adjacent domains (Tsai et al., 2012).

This finding suggested to us that locally associated astrocytes must

possess a signaling mechanism to respond to locally injured neurons;

our observation that neurons make prothrombin in response to injury

suggested a paracrine mechanism. Given the data presented in

Figure 2, there are likely other signaling factors that neurons use to

activate nearby astrocytes quickly, under 120 min. We have no data

to exclude other signaling mechanisms from neurons to activate astro-

cytes. For example, neurons communicate directly with astrocytes

using calcium flux via gap junctions (Simard, Arcuino, Takano, Liu, &

Nedergaard, 2003). Astrocytes respond to action potentials in nearby

synapses (Simard et al., 2003).

Cell–cell communication via proteases has been documented in

the brain (Bushell, Cunningham, McIntosh, Moudio, & Plevin, 2016;

Meins et al., 2001; Monard, 1988; Niclou, Suidan, Pavlik, Vejsada, &

Monard, 1998; Vance et al., 2015). A possible role for thrombin as an

additional help-me signal, joining other putative signaling mechanisms

such as LCN2, has recently been published (Xing et al., 2014; Xing &

Lo, 2017). Speculations on the role of neuron-generated thrombin

have included axon guidance during development (Dihanich et al.,

1991; Krenzlin et al., 2016; Weinstein et al., 1995), learning and mem-

ory (Maggio et al., 2014; Stein et al., 2015), and synapse remodeling

(Ben Shimon et al., 2015). The observation that preconditioning

depended on thrombin, coupled with the emerging role of astrocytes

in protecting brain cells, suggested a more fundamental link between

neurons and astrocytes.

The traditional cell-specific marker for astrocytes, GFAP, is highly

expressed in fibrous or reactive astrocytes, but less so in protoplasmic

or quiescent cells (Liddelow et al., 2017). The function of GFAP is not

fully known, but as an intermediate filament protein, GFAP plays a

role in maintaining astrocyte structural integrity. We included GFAP

as a well-accepted, but perhaps limited marker of astrocyte activation;

we searched for complementary markers of astrocyte activation and

found several. During OGD the gene expression of serpin-A3N

increased more than other potential markers so we added this maker

to our studies (Zamanian et al., 2012). Our data clearly document a

F IGURE 4 Effect of PAR1 KO on in vivo astrocyte activation during focal cerebral ischemia. To assess the role of PAR1 in mediating astrocyte
activation, we conducted 120 min MCAo in wt and PAR1 constitutive KO (PARKO) mice. We assessed the resulting damage and astrocyte
activation 24 hr later. (a) We validated that the PARKO mice expressed an abnormal PAR1 receptor using PCR. The normal gene product is

175 kb while the mutated gene containing an insertion is 225 kb. The inserted segment blocks transcription of a functional PAR1 receptor
(Connolly, Ishihara, Kahn, Farese, & Coughlin, 1996). (b) The area of vascular damage (leakage)—assessed as in Figure 1—was significantly reduced
in PARKO compared to wt mice. Representative photomicrographs of the ischemic mouse hemisphere are shown above and mean ± SEM
quantification below, n = 4, *two-tailed t test, p < .05. (c) Neuronal damage (assessed with Fluoro-Jade C as in Figure 1) was significantly
increased in PARKO compared to wt animals. Representative photomicrographs of the ischemic mouse hemisphere are shown above and mean
± SEM quantification below, n = 4, ***two-tailed t test, p < .001. (d) Astrocyte activation markers GFAP and Serpin-A3N were significantly
reduced in PARKO compared to wt mice after MCAo. ***Two-tailed t test, p < .001. Representative photomicrographs are shown in (e). (f) We
added 120 min nOM or escalating doses of thrombin (1, 10, 30, and 50 U/ml) to stable astrocytes cultured from PARKO mice. We measured
astrocyte activation after 120 min dwell time. There was no effect of nOM from wt or FII KO neurons, nor did any dose of thrombin activate
astrocytes raised from PARKO mice. For a positive non-thrombin control, we used 100 μm glutamate and 100 μm H2O2, both of which
significantly increased astrocyte activation, two-way ANOVA p < .0001, followed by Tukey's post-hoc test for multiple comparisons, *p < .05 and
***p < .001 [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 5 Expression profile of activated astrocytes. RNA-seq was performed to explore the phenotype of reactive astrocytes treated with
thrombin or neuronal OGD media. (a) Heatmap depicting the mean expression of pan-reactive, A1 specific, and A2 specific genes. Most of the
pan-reactive genes were upregulated with 50 U of thrombin. A significant increase in A2 specific genes was observed in astrocytes treated with
50 and 1 U of thrombin compared to control. (b) Astrocytes treated with nOM with dwell time of 60 or 120 min. Showed increased reactive
astrocyte gene expression. Longer DT appeared to activate more genes. (c, d) Heat maps generated from the total RNA-seq dataset. RNA-seq
analysis of differentially expressed genes from in vitro stimulated astrocytes shows 3,500 genes were significantly different (p < .01, ANOVA). (e,
f) Venn diagrams showing the number of significantly (p < .05, pair wise analysis) upregulated and downregulated genes. Numbers represent
number of genes overlapped between various treatment groups. OGD, oxygen-glucose deprivation [Color figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 6 Injured astrocyte media protects neurons undergoing OGD. (a) Experimental design to determine whether astrocyte conditioned media
protects neurons during OGD. Astrocyte cultures were exposed to OGD for various times (15–240 min) followed by reperfusion for 1 hr. Astrocyte
conditioned media after OGD (oACM) or reperfusion (rACM) was added to neuronal cultures prior to 2 hr OGD and 22 hr reperfusion. (b) Cell viability
with methyl thiazolyl tetrazolium (MTT) and (c) cell death with the lactate dehydrogenase assay (LDH) were quantified as mean ± SEM. Neurons treated
with oAMC showed significantly less cell death and increased cell viability compared to OGD alone. Neurons treated with rACM media were also
protected. Two-way ANOVA p < .0001, Sidak's correction for multiple comparisons, ***p < .0001. (d) Illustration of the hypothesis generated by the
data presented here. Neurons exposed to injury (e.g., OGD) release prothrombin (coagulation factor II, or FII) that is converted to thrombin in presence
of factor Xa. Thrombin activates nearby astrocytes via PAR1. Activated astrocytes release paracrine neuroprotective factors into the surrounding
environment thereby protecting neurons from further injury. OGD, oxygen-glucose deprivation [Color figure can be viewed at wileyonlinelibrary.com]
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significant serpin-A3N response in astrocytes (Figures 3 and 4).

Another gene that is significantly upregulated is lipocalin 2 (LCN2),

also known as neutrophil gelatinase-associated lipocalin (NGAL), but

LCN2 is closely associated with the toxic activation phenotype (Jang

et al., 2013). We found that LCN2 did not upregulate during astrocyte

activation to the extent predicted.

The components of the astrocyte paracrine neuroprotective effect

are complex. A large body of data suggests that astrocytes secrete a

variety of neuroprotective factors, including growth factors such as

VEGF, BDNF, and GDNF (Lin et al., 2006; Shindo et al., 2016), PN-1

(Mirante et al., 2013; Vaughan & Cunningham, 1993), extracellular

vesicles (Chaudhuri et al., 2018; Hayakawa et al., 2016), and mito-

chondria (Hayakawa et al., 2016) to name only a few possibilities. Our

data provide a necessary foundation for further studies to identify

these mediators of the observed astrocytic neuroprotective effect

(Figure 6). Further experiments will seek to explore how the protec-

tive factors are made and released. Of special importance, once the

PAR1 receptor is activated, a variety of second messenger and signal

transduction events are known to occur. Our data will facilitate stud-

ies connecting PAR1 induced second messenger events to the release

of protective actors, such as protective factors.
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