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Abstract46

Myelin loss limits neurological recovery and myelin regeneration and is critical for 47

restoration of function.  We recently discovered that global knockout of the thrombin 48

receptor, also known as Protease Activated Receptor 1 (PAR1), accelerates myelin 49

development.  Here we demonstrate that knocking out PAR1 also promotes myelin 50

regeneration.  Outcomes in two unique models of myelin injury and repair, that is 51

lysolecithin or cuprizone-mediated demyelination, showed that PAR1 knockout in male 52

mice improves replenishment of myelinating cells and remyelinated nerve fibers and 53

slows early axon damage.  Improvements in myelin regeneration in PAR1 knockout 54

mice occurred in tandem with a skewing of reactive astrocyte signatures towards a pro-55

repair phenotype.  In cell culture, the pro-myelinating effects of PAR1 loss-of-function 56

are consistent with possible direct effects on the myelinating potential of 57

oligodendrocyte progenitor cells (OPCs), in addition to OPC-indirect effects involving 58

enhanced astrocyte expression of pro-myelinating factors, such as BDNF.  These 59

findings highlight previously unrecognized roles of PAR1 in myelin regeneration, 60

including integrated actions across the oligodendrocyte and astroglial compartments 61

that are at least partially mechanistically linked to the powerful BDNF-TrkB neurotrophic 62

signaling system.  Altogether findings suggest PAR1 may be a therapeutically tractable 63

target for demyelinating disorders of the CNS. 64

65

66

67
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Significance Statement68

Replacement of oligodendroglia and myelin regeneration holds tremendous potential to 69

improve function across neurological conditions.  Here we demonstrate Protease 70

Activated Receptor 1 (PAR1) is an important regulator of the capacity for myelin 71

regeneration across two experimental murine models of myelin injury.  PAR1 is a G-72

protein coupled receptor densely expressed in the CNS, however there is limited 73

information regarding its physiological roles in health and disease.  Using a combination 74

of PAR1 knockout mice, oligodendrocyte monocultures and oligodendrocyte-astrocyte 75

co-cultures, we demonstrate blocking PAR1 improves myelin production by a 76

mechanism related to effects across glial compartments and linked in part to regulatory 77

actions towards growth factors such as BDNF.  These findings set the stage for 78

development of new clinically relevant myelin regeneration strategies. 79

80
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Introduction81

 Myelin dysfunction is recognized as a prominent feature of diverse neurological 82

conditions affecting the adult and developing central nervous system (CNS).83

Oligodendrocytes generate myelin across the neuraxis thereby enhancing nerve 84

impulse conduction and provide critical trophic and metabolic axon support (Stassart et 85

al., 2018).  Oligodendroglia are vulnerable to injury in multiple sclerosis (MS) and other 86

neuropathologies leading to conduction block, axonopathy and permanent neurologic 87

impairment.  Although the CNS has an innate capacity for myelin regeneration, this 88

ability is impaired in CNS demyelinating diseases such as MS, leaving axons vulnerable 89

to dysfunction and degeneration. 90

 There are at least 15 different drugs currently available to treat MS and the 91

majority of these target inflammation, but do little to prevent progression (Bothwell, 92

2017).  Ongoing axonal protection and long-term recovery of function will depend on 93

new strategies to protect oligodendrocytes and their progenitors and to regenerate 94

myelin sheaths.  There is evidence to support an innate potential for myelin repair in the 95

adult CNS and indeed axon remyelination is observed in some, but far from all MS 96

lesions (Yeung et al., 2019).  In some cases, oligodendrocyte progenitor cells (OPCs) 97

are present in MS lesions even when remyelination is absent or incomplete (Smith et 98

al., 1979; Patrikios et al., 2006).  To improve remyelination in MS lesions therefore, 99

there is a crucial need to develop strategies to increase OPC availability and their ability 100

to differentiate into mature myelinating oligodendrocytes. 101

 Among the factors deregulated in demyelinating disorders, including MS, are a 102

vast array of proteolytic enzymes (Scarisbrick, 2008).  We previously showed that in 103
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excess serine proteases such thrombin or kallikrein 6 (Klk6) actively suppress 104

oligodendrocyte differentiation, including process outgrowth and stability, and 105

production of the major myelin proteins myelin basic protein (MBP) and proteolipid 106

protein (PLP) (Scarisbrick et al., 2002; Burda et al., 2013).  We discovered that these 107

myelin suppressive effects are governed by their ability for cleavage-induced activation 108

of a G protein-coupled receptor referred to as the thrombin receptor or Protease 109

Activated Receptor 1 (PAR1) (Burda et al., 2013; Choi et al., 2018).  Through this 110

mechanism, serine proteases signal in a hormone-like fashion, effectively 111

communicating information to a cell about the extracellular microenvironment. 112

 PAR1 plays critical roles in myelin development with PAR1 knockout mice 113

showing an accelerated pattern of myelin development and higher numbers of 114

myelinating cells in the adult brain and spinal cord (Yoon et al., 2015; Choi et al., 2018).115

Moreover, PAR1 knockout OPCs differentiate more readily in cell culture (Yoon et al., 116

2015).  Based on these findings, we hypothesize that the PAR1 receptor is a molecular 117

switch that when turned on suppresses myelination, including oligodendrocyte 118

production and differentiation, both developmentally and in the context of myelin 119

regeneration.  We further hypothesize that this switch can be turned off to enhance the 120

capacity for myelin regeneration.  To test this hypothesis, we investigated the impact of 121

PAR1 gene knockout on myelin regeneration in two distinct murine models where 122

demyelination is induced focally in the spinal cord by lysolecithin microinjection, or more 123

globally in the corpus callosum by consumption of the oligotoxin cuprizone.  Our 124

findings show for the first time that PAR1 loss-of-function (Switch Off) enhances the 125

replenishment of OPCs in each model, along with their differentiation towards a 126
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myelinating phenotype.  Also, while in vitro studies suggest PAR1 loss-of-function in 127

OPCs alone is sufficient to enhance differentiation, we provide new evidence that PAR1 128

also regulates the pro-myelinating properties of astrocytes.  First, in the context of 129

myelin injury PAR1 knockout mice show increases in markers of astrocyte abundance, 130

but reductions in astrocytic pro-inflammatory signatures.  In conjunction with these 131

findings, astrocyte cultures with PAR1 loss-of-function support improved OPC 132

differentiation, in part by a TrkB-dependent mechanism.  Altogether, these studies 133

identify PAR1 as a new regulator of myelin regeneration whose activities are integrated 134

across glial compartments and linked by growth factor regulatory systems.  These data 135

have implications for the design of new treatment strategies targeting the neurological 136

sequelae of CNS demyelinating conditions.137
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Methods138

Mice139

 Mice genetically deficient in PAR1 (PAR1-/-, B6.129S4-F2rtm1Ajc/J, #002862) have 140

been backcrossed to C57BL6/J mice (#000664) for more than 50 generations (Burda et 141

al., 2013; Radulovic et al., 2016; Choi et al., 2018).  All mice were obtained from the 142

Jackson Laboratory (Bar Harbor, ME).  Age matched C57BL6/J (PAR1+/+) mice served 143

as controls.  Experiments were carried out using male mice to avoid gender-dependent 144

heterogeneity of the lysolecithin (Taylor et al., 2010) and cuprizone models (Bielecki et 145

al., 2016; Vega-Riquer et al., 2019) and to facilitate group housing.  All animal 146

experiments were carried with adherence to NIH Guidelines for animal care and safety 147

and were approved by the Mayo Clinic Institutional Animal Care and Use Committee.148

All experimental procedures and downstream analyses were performed without 149

knowledge of genotype. 150

151

Lysolecithin model of focal demyelination 152

 Focal demyelination was induced by injecting lysophosphatidyl choline (L-4129, 153

Sigma-Aldrich) into the white matter of the ventral spinal cord of 10 wk old PAR1+/+ or 154

PAR1-/- male mice (25-30 g).  In each case, mice were anesthetized with ketamine (100 155

mg/kg, Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (12.5 mg/kg, Akom, 156

Inc., Decatur, IL) administered intraperitoneally.  A dorsal laminectomy was performed 157

at the thoracic 10th vertebra using microscopic guidance.  The dura mater was pierced 158

and a volume of 2 l of 1% solution of lysophosphatidyl choline (with 0.01% Evan's 159

Blue; L-4129, Sigma-Aldrich, St. Louis, MO) in saline was injected into the spinal cord 160
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ventral funiculus using a 40 m glass micropipette at a rate of 0.2 l/min using a 161

stereotaxic microinjection system (Stoelting, Inc., Wood Dale, IL).  The coordinates for 162

microinjection were mediolateral +0.3 mm relative to the dorsal median sulcus and 163

dorsoventral -1.4 mm relative to the dorsal surface. Postoperative care provided for 3 d 164

to minimize discomfort included injection of sterile saline (0.2 ml/day, i.p.), antibiotic 165

(Baytril 50 mg/kg/day, i.p.), and analgesic (Buprenorphine 0.05 mg/kg/day, s.c.). 166

 Following a 14 d or 28 d period of recovery, animals were deeply anesthetized 167

with sodium pentobarbital (250 mg/kg, i.p.) and perfused with 4% paraformalydehyde 168

(PFA, pH 7.2).  The 2 mm of spinal cord rostral to the injection site was embedded in 169

paraffin and 6 m sections prepared for immunochemical analysis of the lesion cellular 170

microenvironment.  To quantify axon remyelination, the 2 mm of spinal cord caudal to 171

the injection site was osmicated (1% osmium tetroxide, 0223B, Polysciences, 172

Warrington, PA) and embedded in araldite (18050, Ted Pella, Redding, CA).  One m173

semithin sections were cut from araldite blocks and stained with 4% p-174

phenylenediamine (P6001, Sigma-Aldrich, St. Louis, MO) to identify myelin sheaths.175

Images throughout the site of focal demyelination were taken under oil immersion at 176

60X (Olympus BX51 microscope, Olympus, Center Valley, PA) and montaged to 177

visualize the complete lesion in Adobe Photoshop.  The total lesion area was measured 178

and counts of remyelinated axons (defined as lightly stained and thin myelin sheaths) 179

were expressed as the number of remyelinated axons per mm2 of lesion (Yoon et al., 180

2017).181

 The region of interest for quantification of cellular aspects of focal demyelination 182

and remyelination in the lysolecithin model was determined using the overall 183



9

neuropathological changes (H&E) to identify the lesion location, MBP loss to determine 184

the lesion core, and astrogliosis (GFAP) and microglia activation (Iba1) to determine the 185

lesion border.  Lesion areas of less than 20,000 m2 or more than 70,000 m2 were 186

excluded from the analysis.  Sections showing obvious tissue damage due to injection 187

were also excluded from the analysis.  Tissue damage was defined as excessive axon 188

spheroids, extensive glial scarring and inflammation that are not typically part of the 189

lysolecithin model.  These criteria resulted in 2-3 mice being excluded per group for a 190

final number of PAR1+/+ n = 7 at 14 d and n = 9 at 28 d; PAR1-/- n = 8 at 14 d and n = 191

10 at 28 d. 192

193

Cuprizone model of demyelination and remyelination 194

 For cuprizone experiments, 10 to 12-wk-old male mice (PAR1+/+ and PAR1-/-) 195

were fed with a 0.3% cuprizone diet (Teklad Global Rodent Diet, TD.140805, Harlan 196

Laboratories, Inc., Indianapolis, IN).  Fresh cuprizone diet was provided every other 197

day.  Age-matched untreated controls were fed regular chow (5053, LabDiet, St. Louis, 198

MO).  After 6 wk, cuprizone feeding was discontinued and all mice continued on a 199

regular diet.  Mice were weighed every 3 wk throughout the study.  Mice were deeply 200

anesthetized and either perfused for immunohistochemical (IHC) analysis after 6 wk, or 201

returned to a regular diet and allowed to recover for 3 or 6 wk prior to perfusion and 202

tissue harvest.  Each group consisted of between 4 to 8 male mice per time point. 203

 Quantification of demyelination and remyelination in the cuprizone experiments 204

focused on the corpus callosum since it is extensively demyelinated after cuprizone 205

consumption.  All animals fed cuprizone for 6 wk showed extensive loss of MBP in the 206
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corpus callosum and all animals that entered the study were included in the final 207

analysis.  For cuprizone studies, two brain slices were taken at either -0.22 mm or -0.70 208

mm relative to Bregma, embedded in paraffin and sectioned at 6 m for downstream 209

cellular analysis.  All means and s.e.m. shown represent the mean taken from both 210

rostral and caudal sections of corpus callosum.  Stained tissue sections were captured 211

digitally at 20X on an Olympus BX51 microscope and using a DP72 or XM10 camera 212

equipped with CellSens software 1.9 (Olympus, Center Valley, PA), under constant 213

illumination.  Raw optical density (ROD) readings of immunoreactivity were determined 214

for each antigen and expressed as a percent of the total corpus callosum area 215

quantified, which was a mean of 0.20 ± 0.01 mm2 across animals.  Image analysis was 216

performed using ImageJ (NIH).217

218

Rotarod Assay219

 The accelerating rotarod test, measures overall balance, motor coordination and 220

motor learning and has been found to be a sensitive predictor of cuprizone-mediated 221

demyelination (Karamita et al., 2017).  Mice were trained on the rotarod and a baseline 222

collected.  Mice were re-tested on the rotarod every 3 wk for the duration of the 223

experiment.  During each testing session, mice experienced three trials of 300 s of 224

increasing rod speed (7 to 50 r.p.m).  A resting time of 60 s was allowed between each 225

trial.  The trial ended when the mouse fell off the rod or after reaching the cut-off time of 226

60 s.  The latency to the first fall was recorded. 227

228

Histochemistry229
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 Immunochemical analyses of cellular changes across the lysolecithin and 230

cuprizone models was performed on paraffin embedded materials as previously detailed 231

(Radulovic et al., 2016; Yoon et al., 2017).  Briefly, sections were deparaffinized 232

followed by antigen retrieval (sodium citrate,10 mM, pH 6.0), blocked with serum with or 233

without 0.25 % Triton-x followed by incubation with primary antibodies overnight.  For 234

immunochemistry, sections were subsequently incubated with an appropriate 235

biotinylated secondary antibody (Jackson, 1:200) and developed using avidin biotin 236

immunochemistry (Vectastain Elite ABC kit, PK-6100, Vector Laboratories) with 3,3’-237

diaminobenzidine tetrahydrochloride hydrate (DAB; D5637, Sigma-Aldrich) as the 238

substrate.  Nuclei were counterstained with methyl green (H-3402, Vector Laboratories, 239

Inc.) and cover slipped with DPX Mountant (06522, Sigma-Aldrich).  For 240

immunofluorescence staining, appropriate fluorochrome-conjugated secondary 241

antibodies (donkey anti-mouse AlexaFluor 488 and 555 nm; donkey anti-rabbit 242

AlexaFluor 488, 555, and 647 nm; and donkey anti-chicken AlexaFluor 488 and 555 243

nm) were applied after primary antibodies and 4’,6’-diamindino-2-phenylindole (DAPI, 244

Vector Laboratories) was used as nuclear stain.245

246

Antibodies The following primary antibodies were used:  C3d (1:500, AF2655, R&D 247

system), CC-1 (1:50, OP80, Calbiochem), CD68 (1:1000, ab125212, Abcam), CD163 248

(1:100, ab111250, Abcam), GFAP (1:5000, Z0334, Dako), Iba1 (1:3000, 019-19741, 249

Wako), Ki67 (1:25, 550609, BD Pharmingen), MBP (1:750, MAB386, Millipore), 250

Neurofilament H (NFH200, 1:1300, N4142, Sigma-Aldrich), rabbit-Olig2 (1:500, AB8610, 251
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Millipore), mouse-Olig2 (1:200, MABN50, Millipore), PAR1 (1:100, sc13503, Santa 252

Cruz), PLP (1:750, ab28486, Abcam) and S100a10 (1:7500, 11250-1-AP, Proteintech).253

254

Cell culture  Primary oligodendrocyte or astrocyte cultures were purified from mixed 255

glial cultures prepared from the cortices of postnatal day 1 to 3 mice as previously 256

detailed (Radulovic et al., 2016; Yoon et al., 2017).  In all cases, mixed glia were grown 257

in Dulbecco's Modified Eagle Medium (DMEM) (11960-044, Gibco), containing 1 mM 258

sodium pyruvate (11360070, Corning), 20 mM 4-(2-hydroxyethyl)-1-259

piperazineethanesulfonic acid (HEPES) (15630-080, Gibco), 10% heat inactivated fetal 260

bovine serum (Atlanta Biologicals, Lawrenceville, GA), 100 U/ml penicillin and 100 261

g/ml streptomycin (15140122, Life Technologies).  Oligodendrocyte precursors and 262

microglia were obtained from mixed cultures at 10 days in vitro by overnight shaking, 263

leaving astrocytes at approximately 95% purity (Radulovic et al., 2016). 264

Oligodendrocyte progenitor cells were then purified from the retained supernatant by 265

sequential panning on non-tissue culture treated plastic to eliminate microglia and are 266

92-98% sulfatide positive after 24 h (Burda et al., 2013). 267

To determine the impact of PAR1 knockout on oligodendrocyte progenitor cell 268

(OPC) proliferation, cells were subcultured in expansion media as described by (Dugas 269

and Emery, 2013) in the presence of 5-ethynyl-2'-deoxyuridine EdU (10 M).  OPCs 270

were plated at 2 X 104 cells/cm2 on poly-L-lysine (PLL, 10 g/ml; P1274, Sigma-Aldrich) 271

coated 12 mm glass cover slips in DMEM-SATO base growth media containing 1X 272

SATO (10 mg/ml bovine serum albumin (A4503, Sigma-Aldrich), 10 mg/ml apo-273

transferrin (T1147, Sigma-Aldrich), 1.5 mg/ml putrescine (P5780, Sigma-Aldrich), 6 274
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g/ml progesterone (P8783, Sigma-Aldrich), and 4 g/ml sodium selenite (S5261, 275

Sigma-Aldrich)) in a final volume of DMEM (11960-044, Gibco) containing 100 U/ml 276

penicillin and 100 g/ml streptomycin (15140163, Gibco), 1 mM sodium pyruvate (25-277

000-CI, Corning), 5 g/ml insulin (12585014, Gibco), 5 g/ml N-Acetyl-L-cysteine278

(A8199, Sigma-Aldrich), 1X trace elements B (25-022-CI, Corning), 10 ng/ml D-biotin 279

(B4639, Sigma-Aldrich), and 1X B27 (17504044, Sigma-Aldrich).  Two h after plating, 280

media was additionally supplemented with 4.2 g/ml forskolin (F6886, Sigma-Aldrich), 281

10 ng/ml ciliary neurotrophic factor (CNTF; NBP199451, Novus Biologicals), 10 ng/ml 282

platelet-derived growth factor-AA (PDGF; H8291, Sigma-Aldrich), and 1 ng/ml 283

neurotrophin-3 (NT-3; 450-03, Peprotech) along with EdU.  All cells were maintained at 284

37 °C and 5% CO2.  After a 72 h culture period cells were fixed with 3.7% formaldehyde 285

in PBS, washed with 3% bovine serum albumin in PBS, and permeabilized with 0.5% 286

Triton X-100.  Cells were then incubated with the Click-iT reaction cocktail (Alexa Fluor 287

555, Life Technologies) for detection of EdU labeling and co-labeled for Olig2 288

immunoreactivity.289

To determine the possible mechanism by which blocking PAR1 function 290

improves myelin production in vitro, we first determined if a PAR1 small molecule 291

inhibitor alters OPC differentiation.  To accomplish this, purified PAR1+/+ OPCs were 292

plated at 4 X 104 cells/cm2 on PLL coated glass cover slips in defined differentiation 293

media as we previously described (Burda et al., 2013; Yoon et al., 2015).  Defined OPC 294

differentiation medium consisted of Neurobasal A media (10888022, Life Technologies) 295

containing 1% N2 (17502048, Life Technologies), 2% B27 (17504044, Life 296

Technologies), 100 U/ml penicillin and 100 g/ml streptomycin (15140122, Life 297
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Technologies,), 1 mM sodium pyruvate (11360070, Corning), 0.45% glucose (G8769, 298

Sigma), 2 mM glutamax (35050-061, Fisher), 5% BSA (A4503-100G, Sigma), 50 M299

beta-mercaptoethanol (21-031-CV, Fisher), and 40 ng/ml T3 (T6397, Sigma-Aldrich).  300

PAR1+/+ OPC cultures were treated with a PAR1 small molecule inhibitor, vorapaxar 301

sulfate (100 nM, Toronto Research Chemicals Inc., Toronto, Canada) applied alone or 302

in combination with suboptimal levels of brain derived neurotrophic factor (BDNF, 1 303

ng/ml, 450-02-2, Peprotech) for a 72 h period of differentiation. 304

To investigate the possibility that PAR1 loss-of-function in astrocytes may in turn 305

affect OPC differentiation through indirect mechanisms, we utilized an astrocyte-OPC 306

co-culture system.  PAR1+/+ astrocytes were plated on PLL coated glass cover slips at 307

a density of 1.6 X 104 cells/cm2 in defined Neurobasal A differentiation media in the 308

presence of vorapaxar (100 nM) for 18 h, then switched to fresh Neurobasal A 309

differentiation media.  PAR1+/+ OPCs (4 X 104 cells/cm2) were then added to wells 310

containing astrocytes previously treated with vorapaxar or vehicle alone and cultured for 311

72 h.  In a second series of parallel experiments, we examined the impact of PAR1+/+ 312

compared to PAR1-/- astrocytes on differentiation of added OPCs added to the 313

astrocyte monolayer over the same 72 h period. 314

To distinguish, the potential involvement of an astrocyte secreted factor in the 315

promyelinating effects of PAR1 loss-of-function observed, supernatants from PAR1+/+ 316

or PAR1-/- astrocytes grown in Neurobasal A differentiation media were collected at a 317

72 h time point and concentrated with Vivaspin 2 sample concentrators with a 100 kDa 318

molecular weight cutoff (GE28-9322-58, Sigma) followed by Vivaspin 2 sample 319

concentrators with a 10 kDa molecular weight cutoff (GE28-9322-47, Sigma) and the 320
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resulting 10X concentrated astrocyte conditioned media (ACM) was snap frozen until 321

use.  Protein concentrations were parallel across samples as determined by the 322

bicinchoninic acid Protein Assay (ThermoFisher, Waltham, MA).  ACM was examined 323

for its ability to promote OPC differentiation, when diluted to 1X in Neurobasal A 324

differentiation media.  The potential for BDNF to play a role in the ability of astrocytes-325

OPC co-cultures, or ACM with PAR1 loss-of-function, to contribute to OPC 326

differentiation was determined by the inclusion of the TrkB inhibitor ANA-12 (10 M,327

4781, R&D systems, Minneapolis, MN) in a subset of the wells.  328

All cell culture conditions were performed in triplicate and all experiments were 329

repeated at least twice using independently derived cultures.  All OPC differentiation 330

experiments were followed for 72 h before fixation with 2% PFA and downstream 331

immune localization of myelin associated markers, Olig2, PLP and MBP.  Briefly, 332

oligodendrocyte cultures were stained for MBP (1:750, MAB386, Millipore), PLP (1:750, 333

Ab28486, Abcam) and Olig2 (1:200, MABN50, Millipore) using immunofluorescence, 334

nuclei co-labeled with DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) (D1306, 335

Thermo Fisher Scientific) and cover slipped with Fluoromount-G Mountant (0100-01, 336

SouthernBiotech).  Five random fields for each coverslip were captured digitally at 20X 337

with an Olympus BX51 microscope and XM10 camera equipped with CellSens software 338

1.9 (Olympus, Center Valley, PA), under constant illumination.  Image J software was 339

used to determine the PLP or MBP staining area per Olig2+ cell, as well as number of 340

Olig2 or Olig2+/EdU+ cells. 341

342
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Quantitative PCR  Quantitative real-time reverse transcription PCR was used to 343

determine changes in gene transcripts for astrocytes markers, cytokines and growth 344

factors in primary astrocyte cultures from PAR1+/+ or PAR1-/-.  Primary astrocytes RNA 345

was isolated using RNA STAT-60 (Tel-Test, Friendswood, TX) and stored at -80 °C until 346

the time of analysis.  Amplification of the housekeeping gene Rn18s in all RNA samples 347

was used to control for loading.  Real-time PCR amplification in each case was 348

accomplished with an iCycler iQ5 system (BioRad, Hercules, CA) using primers 349

obtained from Integrated DNA Technologies (Coralville, IA) or Applied Biosystems 350

(Grand Island, NY) (Table 1). 351

352

Statistical Analyses  All data were expressed as mean ± standard error of the mean 353

(s.e.m.) with analyses performed using SigmaPlot 13, Systat Software, Inc, San Jose, 354

CA.  Comparisons between multiple groups were made using a One-Way Analysis of 355

Variance (ANOVA) or Two-Way ANOVA with Newman Keuls post-hoc test with degrees 356

of freedom cited from the ANOVA tables generated in SigmaPlot.  For pairwise 357

comparisons between two groups a two-tailed unpaired Student’s t-test was applied 358

with degrees of freedom and t-statistics generated in SigmaPlot.  All degrees of 359

freedom, t values and F statistics from these analyses are provided without Bonferroni 360

correction (Armstrong, 2014).  Statistical significance was set at P < 0.05.  361

Quantification of results in all experiments was performed without knowledge of 362

genotype.363

364
365
366
367
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Results368

Blocking PAR1 improves spinal cord remyelination after lysolecithin-mediated 369

focal demyelinating injury. 370

 To test whether PAR1 loss-of-function enhances myelin regeneration, we 371

quantified the number of remyelinated axons and replenished oligodendrocytes at 14 372

and 28 d after focal injection of lysophosphatidyl choline (lysolecithin) into the ventral 373

spinal cord white matter of adult male mice (Fig. 1).  PAR1 knockout mice showed 1.8-374

fold increases in the number of remyelinated axons at 14 days post injury (dpi) (n = 7, df 375

= 15, t = -3.8, P = 0.002, Student’s t-test) and 1.4-fold increases by 28 d (n = 9, df =17, t 376

= -2.4, P = 0.03, Student’s t-test).  Improvements in the number of remyelinated axons 377

in PAR1 knockout mice were accompanied by higher numbers of oligodendrocyte 378

transcription factor 2+ (Olig2+) cells at 14 (1.5-fold increases, n = 8, df = 12, t = -4.24, P 379

= 0.001, Student’s t-test) and 28 dpi (1.4-fold increases, n = 10, df = 16, t = -2.17, P = 380

0.04, Student’s t-test).  In addition, the remyelinated lesions of PAR1-/- mice showed 381

greater numbers of mature adenomatous polyposis coli protein+ (CC-1+) 382

oligodendrocytes (1.4-fold, n = 9, df = 18, t = -2.75, P = 0.01, Student’s t-test) and 383

improvements in the area covered by MBP-immunoreactivity at 28 dpi (1.3-fold, n = 9, df 384

= 14, t = -2.11, P = 0.05, Student’s t-test).  No differences in the density of neurofilament 385

staining were observed between genotypes.  These results demonstrate that PAR1 386

loss-of-function promotes myelin regeneration after focal demyelinating injury of the 387

adult CNS. 388

 To address the potential impact of PAR1 knockout on astrocyte and microglial 389

function after lysolecithin demyelinating injury, we quantified both their reactivity and 390
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phenotypic state (Liddelow et al., 2017; Clarke et al., 2018) (Fig. 2).  First, small but 391

significant increases in the area immunoreactive for glial fibrillary acidic protein (GFAP) 392

(Fig. 2a) were seen at 28 dpi in remyelinated lesions of PAR1 knockout mice compared 393

to wild type controls (n = 7, df = 14, t = -2.29, P = 0.04, Student’s t-test).  We then 394

investigated any impact of PAR1 knockout on glial pro-inflammatory or pro-repair 395

signatures (Liddelow et al., 2017) that are positioned to affect myelin regeneration.396

First, S100A10 (S100 calcium binding protein A10), a marker of a pro-repair phenotype 397

was 3.7-fold higher in 28 d remyelinating lesions in mice with PAR1 loss-of-function 398

compared to wild type mice (n = 7, df = 14, t = -2.76, P = 0.02, Student’s t-test).  The 399

abundance of C3d, a pro-inflammatory astrocyte marker, or CD68 and CD163, markers 400

of pro-inflammatory and pro-repair microglia, respectively, and the overall abundance of 401

ionized calcium-binding adapter molecule 1 (Iba1) microglia, did not differ between 402

genotypes in the lysolecithin model at any stage examined.  These findings suggest that 403

PAR1 loss-of-function promotes a pro-repair microenvironment in the lysolecithin model 404

by biasing astrocyte activation towards a pro-repair state. 405

406

Blocking PAR1 promotes signs of remyelination and preserves function in the 407

cuprizone model. 408

Next, we tested whether genetic PAR1 loss-of-function also improves signs of 409

myelin regeneration in a distinct in vivo model of remyelination elicited by cuprizone 410

consumption (Fig. 3).  Cuprizone is a copper chelator that causes toxicity and loss of 411

oligodendrocytes in the corpus callosum resulting in a predictable pattern of 412

demyelination after 6 wk.  Myelin repair then occurs spontaneously when mice are 413
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returned to regular chow (Matsushima and Morell, 2001).  As expected based on our 414

recent report (Choi et al., 2018), the density of Olig2+ cells in the corpus callosum of 415

PAR1-/- mice after 6 wk on a cuprizone free diet was 1.7-fold greater than that of age 416

matched controls (n = 4, df = 8, t = 5.38, P = 0.0004, Student’s t-test).  Despite the 417

presence of more Olig2+ cells in PAR1-/- mice at baseline, the absence of PAR1 did not 418

alter MBP-loss, or the number of Olig2 or CC-1+ cells in the corpus callosum after 6 wk 419

of cuprizone-mediated demyelination.  We observed 6 wk of cuprizone consumption to 420

cause a 3.1-fold reduction in immunoreactivity for MBP, and a 2.0-fold reduction in the 421

number of mature CC-1+ oligodendrocytes in both wild type and PAR1 knockout mice 422

(Fig. 3d).  Double-labeling for Olig2 and Ki67 showed proliferation of Olig2 cells 423

occurring during the period of cuprizone consumption and demyelination, but neither the 424

counts of Olig2+, Ki67+ or Ki67/Olig2 double labeled cells differed between wild type 425

and PAR1 knockout mice after the 6 wk period of cuprizone-mediated demyelinating 426

injury (data not shown). 427

Six wk of cuprizone consumption also resulted in a 1.6-fold loss of 428

immunoreactivity for neurofilament 200 in wild type mice (n = 4, df = 6, t = 2.97, P = 429

0.03, Student’s t-test), an effect that was largely prevented in mice lacking PAR1 (n = 4, 430

df = 6, t = 4.06, P = 0.007, Student’s t-test) (Fig. 3d).  The reduction in immunoreactivity 431

for neurofilament protein observed after 6 wk of cuprizone-mediated demyelination 432

persisted at similar levels across genotypes at 3 and 6 wk of myelin repair (Fig. 4). 433

PAR1 knockout mice showed improved signs of myelin regeneration at 3 and 6 434

wk after returning mice to a cuprizone-free diet, thereby triggering innate repair 435

mechanisms (Fig. 4).  For example, PAR1 knockout mice showed 1.2-fold higher 436
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numbers of Olig2+ oligodendrocytes after 3 wk of remyelination (n = 4–5, df = 7, t = -437

2.95, P = 0.02, Student’s t-test).  PAR1 knockout mice also showed significant 438

increases in the number of mature CC-1+ oligodendrocytes at the 3 wk (1.1-fold, n = 4–439

5, df = 6, t = 2.05, P = 0.05, Student’s t-test), and the 6 wk (1.2-fold, n = 4, df = 6, t = -440

2.44, P = 0.02, Student’s t-test) intervals of myelin regeneration. Despite the 441

improvements in myelinating cells in PAR1-/- compared to PAR1+/+ mice after 6 wk of 442

repair, levels of MBP (Fig. 4) and PLP (not shown) immunoreactivity did not differ. 443

 Of interest to a potential impact of PAR1 knockout on myelin loss during aging 444

(Bouhrara et al., 2018; Nasrabady et al., 2018), there was also a perceptible loss in the 445

relative abundance of CC-1+ cells and MBP across the 12 wk period of the experiment 446

in wild type mice fed regular chow, but these potential age-related reductions in myelin 447

integrity were not observed, or were significantly attenuated, in mice lacking PAR1 (n = 448

4, df = 6, t = -3.67, P = 0.01 for CC-1+ and n = 4, df = 6, t = -3.27, P = 0.02 for MBP, 449

Student’s t-test) (Fig. 4).  PAR1 knockout mice consuming regular chow also showed 450

improved preservation of neurofilament staining in the corpus callosum over time.  By 451

the 12 wk study endpoint, when mice were ~24 wk-old, PAR1-/- mice consuming regular 452

chow showed 1.2-fold higher levels of neurofilament in the corpus callosum compared 453

to PAR1+/+ mice (df = 6, t = -2.55, P = 0.04, Student’s t-test, Fig. 4c). 454

To determine if the improvements observed in Olig2+ cell numbers at 3 and 6 wk 455

of remyelination, and in CC-1+ cells at 6 wk, may reflect enhanced proliferation, 456

sections we co-labeled for Olig2 and Ki67, a marker of proliferation (Fig. 5a).  At 3 wk of 457

induced repair, there was marked Olig2 proliferation in both genotypes (5.3-fold 458

increases in wild type and 6.6-fold increases in PAR1 knockout).  Across genotypes, 459
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1.7-fold higher levels of Olig2 proliferation occurred in PAR1 knockout compared to wild 460

type mice (n = 4–5, df = 7, t = -2.36, P = 0.05, Students t-test).  PAR1-/- OPC 461

monocultures also showed an increase in the number of Olig2+ cells compared to 462

parallel wild type cultures with a coordinate increase in EdU incorporation pointing to an 463

enhancement in proliferation (Fig. 5b). Together these findings suggest that 464

enhancements in OPC proliferation in the context of PAR1 loss-of-function are 465

positioned to contribute to the enhancements in myelin regeneration observed. 466

To investigate whether improvements in remyelination observed in PAR1 467

knockout mice in the cuprizone model are associated with improved clinical measures, 468

we assessed motor coordination and strength using an accelerated rotarod paradigm at 469

baseline and at 3 wk intervals during the periods of myelin injury and regeneration (Fig. 470

3c and Fig. 4b).  The angular speed that mice were able to maintain their balance on 471

the rotarod improved to a greater extent in PAR1 knockout mice during the period of 472

demyelination and at 3 wk after induced myelin repair (Two-way ANOVA, Genotype F(1,473

99)=13.7, p < 0.001; Timepoint F(4, 99)=1.8, p = 0.133; Interaction F(4, 99)=1.2, p = 0.31; 474

and P < 0.003 (3 wk cuprizone), P < 0.001 (6 wk cuprizone), P = 0.05 (6 wk cuprizone + 475

3 wk recovery), Neuman Keuls (NK), n = 4-8 per genotype depending on time post-476

cuprizone examined).  These findings suggest that PAR1 loss-of-function during the 477

period of demyelination has the potential to preserve neurological function. 478

479

PAR-loss-of-function in the cuprizone model is associated with reductions in 480

astrocyte and microglial pro-inflammatory properties. 481
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Given the increases in GFAP+ astrocytes in the CNS of PAR1 knockout mice at 482

baseline (Radulovic et al., 2016) (Fig. 6a), we sought to quantify differences in GFAP 483

abundance during the phases of cuprizone-mediated myelin injury and induced repair.484

As expected, GFAP immunoreactivity was increased 7.4-fold in wild type mice after 6 485

wk of cuprizone-mediated demyelination, and parallel increases were observed in PAR1 486

knockout mice.  The significant increases in GFAP staining observed at 6 wk after 487

cuprizone-mediated demyelination across genotypes largely persisted at 3 and 6 wk 488

post-cuprizone, though were slightly reduced in PAR1 knockout mice.  Increases in 489

GFAP at 3 wk of remyelination reached 4.2-fold in wild type mice, but only 3-fold in mice 490

lacking PAR1 (df = 7, t = 2.96, P = 0.02, Student’s t-test, n = 4–5).491

Since astrocytes play key roles in myelin regeneration (Nash et al., 2011; Hibbits 492

et al., 2012; Skripuletz et al., 2013; Hammond et al., 2014), we also investigated 493

astrocyte pro-inflammatory (Fig. 6a) or pro-repair profiles (Fig. 7a) in the models 494

examined.  The pro-inflammatory marker Complement 3 (C3d) was not expressed at 495

significant levels in the corpus callosum of wild type or PAR1-/- mice consuming regular 496

chow (Fig. 6a).  The area of C3d immunoreactivity was increased by 15-fold in the 497

corpus callosum of wild type mice by the end of the 6 wk period of cuprizone-mediated 498

demyelination (n = 4–5, df = 5, t = -2.7, P = 0.04, Student’s t-test), by 8-fold after 3 wk of 499

myelin regeneration, and returned to very low baseline levels 3 wk later.  By contrast, 500

increases in the pro-inflammatory astrocyte signature C3d were completely absent in 501

PAR1 knockout mice at all time points of cuprizone-mediated myelin injury and 502

regeneration examined.  The pro-repair astrocyte marker S100A10 was 2.5-fold higher 503

at baseline in the corpus callosum of PAR1 knockout mice with similar increases 504
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occurring at all stages of cuprizone injury and induced repair (Fig.7a).  These findings 505

suggest that the beneficial effects conferred on myelin regeneration by blocking PAR1 506

may involve changes in astroglial responses that include a dampening of pro-507

inflammatory astrocyte reactivity. 508

Myelin regeneration in the cuprizone model is heavily influenced by 509

microglia/monocyte activity (Miron et al., 2013; Lampron et al., 2015).  Quantification of 510

these responses in the current study showed 2.8-fold increases in the abundance of 511

Iba1 after 6 wk of cuprizone-mediated demyelination in the corpus callosum of wild type 512

mice (Fig. 6b).  Notably, this increase in Iba1 was completely absent in PAR1 knockout 513

mice.  We next considered if the attenuated microglial responses observed in PAR1-/- 514

mice after demyelination are reflected in differences in pro-inflammatory or pro-repair 515

signatures.  First, a marker of pro-inflammatory microglia - CD68 - was lower in PAR1 516

knockout mice after 6 wk of cuprizone-mediated demyelination and at 3 wk of repair, 517

although these differences were not statistically significant (Fig. 6b, df = 7, t = 1.46, P = 518

0.19, Students t-test).  CD163, a marker of pro-repair microglia was elevated by 60-fold 519

in PAR1+/+ mice and by 190-fold in PAR1-/- mice at 3 wk of remyelination (Fig. 7b, df = 520

7, t = -2.74, P = 0.03, Students t-test. These results demonstrate that the beneficial 521

effects conferred by blocking PAR1 function on myelin regeneration include not only a 522

reduction in microglial/monocyte abundance, but also a skewing of their properties 523

towards a pro-repair phenotype. 524

525

Evidence that blocking PAR1 enhances myelin production through 526

oligodendrocyte progenitor direct and OPC-astrocyte indirect-trophism.527
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To gain insights into the cellular mechanisms underlying the enhanced levels of 528

myelin and improvements in myelin regeneration observed in PAR1 knockout mice, we 529

investigated the impact of PAR1 loss-of-function in purified cultures of OPCs or in co-530

culture with astrocytes.  First, to differentiate the potential contributions of OPC PAR1 to 531

myelin production through possible direct actions we examined the influence of a PAR1 532

small molecule inhibitor – vorapaxar - applied alone or in combination with suboptimal 533

concentrations of brain derived neurotrophic factor (BDNF) (1 ng/ml) (Fig. 8a).  534

Supporting our prior report that OPC monocultures derived from PAR1 knockout mice 535

show enhanced signs of differentiation (Yoon et al., 2015), wild type OPCs treated with 536

vorapaxar for 3 days in vitro, showed a 1.2-fold increase in the number of Olig2+ cells 537

One-Way ANOVA, df = 3, F = 10.5, P = 0.007, NK) and a 1.6-fold increase in PLP 538

expression per cell (One-Way ANOVA, df = 3, F = 12.4, P < 0.001, NK).  In addition, the 539

current studies demonstrate that increases in Olig2 and PLP observed with 540

pharmacological inhibition of PAR1 mirrored those occurring following the application of 541

low concentrations of BDNF.  Of considerable therapeutic interest, we observed an 542

additive effect when vorapaxar and low dose BDNF were applied jointly, in which case 543

Olig2 numbers were increased by 1.5-fold, (One-Way ANOVA, df = 3, F = 10.5, P = 544

0.03, NK) and PLP expression per cell was increased by 1.9-fold (One-Way ANOVA, df 545

= 3, F = 12.4, P = 0.005, NK).  These results demonstrate for the first time that a Food 546

and Drug Administration (FDA) approved small molecule inhibitor of PAR1 enhances 547

the myelinating potential of OPCs and also potentiates the effects of suboptimal BDNF. 548

To determine if PAR1 loss-of-function in astrocytes impacts their ability to 549

support the myelinating potential of OPCs, we used pharmacologic (vorapaxar, Fig. 8b) 550
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or genetic (Fig. 9) approaches to block astrocyte PAR1 function and then determined 551

their ability to regulate OPC numbers and their expression of PLP in an astrocyte-OPC 552

co-culture system (Fig. 8b).  Both OPCs co-cultured with astrocytes that had been pre-553

treated with the PAR1 inhibitor vorapaxar, and OPCs cultured with conditioned media 554

from astrocytes derived from PAR1 knockout mice, showed increases in Olig2+ counts 555

(Fig. 8b: df = 8, t = -3.20, P = 0.01, Student’s t-test; Fig. 9a: One-Way ANOVA, df = 3, F 556

= 20.36, P = 0.004, NK) and in the abundance of PLP per cell (Fig. 9a: One-Way 557

ANOVA, df = 3, F = 2.99, P = 0.01, NK; Fig. 8b: df = 8, t = -2.66, P = 0.02, Student’s t-558

test).  These results suggest that PAR1 loss-of-function in astrocytes generates pro-559

myelinating signal(s) that contribute to enhancements in the myelin generating potential 560

of OPCs. 561

 To further investigate the potential regulatory role of astrocyte PAR1, we 562

examined factors related to astrocyte pro-inflammatory or pro-repair properties in RNA 563

isolated from wild type or PAR1 knockout astrocyte cultures using quantitative real time 564

PCR (Fig. 8c).  First, we determined the expression of GFAP, aldehyde dehydrogenase 565

1 family member L1 (Aldh1L1), vimentin (VIM) and signal transducer and activator of 566

transcription 3 (STAT3) to gauge astrocyte reactivity and complemented these results 567

with quantification of pro-inflammatory (H-2 class I histocompatibility antigen, H2D1) or 568

pro-repair (S100A10, CD14, cardiotrophin like cytokine factor 1 (Clcf1)) signatures 569

within the astrocyte transcriptome.  Compared to wild type astrocytes, those lacking 570

PAR1 showed 2.4-fold higher levels of GFAP (df = 4, t = -7.69, P = 0.002) and 1.2-fold 571

higher levels of VIM RNA expression (df = 4, t = -2.97, P = 0.04).  PAR1 knockout 572

astrocytes also showed lower levels of H2D1 (df = 4, t = 6.02, P = 0.004) and higher 573
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levels of S100A10 (df = 4, t = -6.94, P = 0.002) and CD14 (df = 4, t = -6.67, P = 0.003) 574

RNA expression compared to wild type astrocytes (Student’s t-test).  PAR1 knockout 575

astrocyte cultures expressed lower levels of the pro-inflammatory cytokine interleukin 1576

(IL-1 ) (df = 4, t = 3.14, P = 0.03), with expression of tumor necrosis factor (TNF) and 577

interleukin 6 (IL-6) unchanged.  Notably, transforming growth factor  (TGF ), a 578

cytokine characterized as pro-repair was elevated by 1.2-fold in astrocytes lacking the 579

PAR1 gene (df = 3, t = -6.62, P = 0.007, Student’s t-test).  Astrocytes with genetic PAR1 580

loss-of-function also showed increases in two pro-myelinating growth factors BDNF 581

(1.3-fold, df = 4, t = -2.97, P = 0.04) and insulin like growth factor-1 (IGF-1) (1.4-fold, df 582

= 4, t = -5.93, P = 0.001, Student’s t-test), while increases in leukemia inhibitory factor 583

(LIF1) and thrombospondin 1 (TSP1) did not reach statistical significance.  These 584

results demonstrate that PAR1 gene knockout significantly improves the neural repair 585

profile of astrocytes, including increases in the expression of BDNF, IGF-1 and TGF ,586

which may influence OPC differentiation through paracrine signaling mechanisms. 587

Given the elevated levels of BDNF RNA expressed by PAR1 knockout astrocytes 588

in vitro (Fig. 8c) and the additive pro-myelinating effects of BDNF applied jointly with 589

PAR1 inhibition (Fig. 8a), we sought to investigate the potential role of BDNF-derived 590

from PAR1 knockout astrocytes in conferring pro-myelinating effects (Fig. 9).  First, we 591

found that co-cultures of wild type OPCs cultured with PAR1 knockout astrocytes 592

expressed higher levels of Olig2 and PLP compared to those grown in co-culture with 593

wild type astrocytes (Fig. 9a, One-Way ANOVA, Olig2; df = 3, F = 20.36, P = 0.004, 594

PLP; df = 3, F = 2.99, P = 0.01, NK).  Moreover, the pro-myelinating effects of PAR1 595

knockout astrocytes were blocked by inclusion of an antagonist of the high-affinity 596
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receptor for BDNF, TrkB (ANA-12) in the culture media (One-Way ANOVA, Olig2; df = 597

3, F = 20.36, P < 0.001, PLP; df = 3, F = 4.8, P = 0.01, MBP; df = 3, F = 9.89, P = 0.003, 598

NK).  Next, we demonstrated that TrkB inhibition also reduces the pro-myelinating 599

effects of PAR1 knockout astrocyte conditioned media (Fig. 9b, One-Way ANOVA, 600

Olig2; df = 2, F = 9.24, P < 0.001, PLP; df = 2, F = 10.52, P < 0.001, MBP; df = 2, F = 601

8.77, P < 0.001, NK).  These results suggest that increases in astrocyte BDNF 602

expression generated by PAR1 loss-of-function are positioned to contribute to the pro-603

myelinating effects we observe in vitro.604
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Discussion605

PAR1 is a protease activated G-protein coupled receptor densely expressed in 606

the CNS, however to date there exists limited information regarding its physiological 607

roles in health and disease. Given studies demonstrating PAR1 gain-of-function 608

reduces myelin proteins (Burda et al., 2013), while PAR1 loss-of-function accelerates 609

myelin development (Yoon et al., 2015), we set out to test the hypothesis that PAR1 610

inhibition will be sufficient to promote myelin regeneration and to provide insights into its 611

actions across glial compartments. Findings demonstrate that blocking PAR1 improves 612

CNS myelin regeneration by a mechanism that possibly involves both OPC-direct and 613

indirect effects that include astrocyte-OPC trophic coupling. These findings underscore 614

the fundamental roles of PAR1 in myelin biology and potential to integrate with powerful 615

growth factor systems, such as BDNF to improve myelin regeneration in the adult CNS. 616

617

Blocking PAR1 promotes remyelination in multiple models 618

PAR1 knockout resulted in improved recovery of OPC and mature 619

oligodendrocyte numbers, in addition to greater axon remyelination in the lysolecithin 620

model. We confirmed these findings in a second model involving chronic demyelination 621

where mature oligodendrocytes are killed by cuprizone toxicity. Even in this chronic 622

myelin injury model, improvements in OPCs and mature oligodendrocytes, signs of 623

axonal protection and preserved motor function were observed PAR1 knockouts. Since 624

the current study focused on male mice, future studies are warranted confirm findings in 625

females. Increases in myelin regeneration with PAR1 knockout compare favorably to 626

remyelination drug candidates, including LINGO1 (Mi et al., 2005; Mi et al., 2008), 627
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rHIgM22 (Mullin et al., 2017) and Clemastine (Deshmukh et al., 2013; Mei et al., 2016; 628

Eleuteri et al., 2017). Taken with prior studies demonstrating PAR1 knockouts show 629

accelerated myelin development (Yoon et al., 2015), recognition of the role of PAR1 in 630

myelin regeneration highlight it as an important regulator of myelin biology in health and 631

disease.632

633

Blocking PAR1 promotes remyelination through possible OPC-direct 634

mechanisms635

Although the potential influence of a developmental benefit, including differences 636

in myelin aging as a result of PAR1 knockout cannot be fully ruled out (Yoon et al., 637

2015; Choi et al., 2018), beneficial effects on the process of remyelination are 638

suggested by several observations. First, while lysolecithin- and cuprizone caused 639

equal loss of mature myelinating cells and MBP across genotypes, signs of myelin 640

replacement, including increased numbers of mature oligodendrocytes were greater in 641

PAR1 knockouts. Moreover, increases in oligodendrocyte proliferation during myelin 642

regeneration after Cuprizone were augmented in PAR1 knockout mice. In vitro studies 643

are also consistent with possible direct and acute benefits of PAR1 loss-of-function on 644

myelinating cells with a PAR1 inhibitor, vorapaxar, increasing PLP abundance. 645

Considering prior studies demonstrating excess PAR1 activation suppresses myelin 646

(Burda et al., 2013), we suggest OPC-PAR1 serves as a molecular switch regulating 647

myelination. Supporting a model where turning OFF PAR1 in OPCs promotes myelin 648

production (Fig. 10), PAR1 is expressed by PDGFR+ OPCs (Yoon et al., 2015) and is 649

among the most down regulated genes upon differentiation (Cahoy et al., 2008). Since 650
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sites of neurological injury can be enriched in PAR1 activating enzymes such as 651

thrombin, kallikrein 6, plasmin and MMP-1 (Scarisbrick, 2008), PAR1 represents a 652

target to improve myelin regeneration. Results here provide rationale for efforts to 653

demonstrate whether blocking PAR1 after demyelination also enhances signs of myelin 654

regeneration.655

656

Blocking PAR1 promotes remyelination through possible OPC-indirect 657

mechanisms658

While the current and prior findings support possible direct regulatory roles for 659

PAR1 in OPC proliferation and differentiation, PAR1-OPC-extrinsic pro-myelinating 660

signals involving astrocytes (Nash et al., 2011; Hibbits et al., 2012; Skripuletz et al., 661

2013; Hammond et al., 2014) and microglia (Miron et al., 2013; Lampron et al., 2015; 662

Lloyd et al., 2019) are likely. For example, MS-relevant proteases such as thrombin and 663

kallikrein 6 evoke PAR1-dependent astrocyte Ca2+ flux, MAPK signaling, and IL-6 664

secretion (Vandell et al., 2008; Scarisbrick et al., 2012; Radulovic et al., 2016; Yoon et 665

al., 2018). PAR1 differentially regulates astrocyte glutamate release and reuptake 666

(Sweeney et al., 2017) and astrocyte proliferation (Nicole et al., 2005). In microglia, 667

PAR1 potentiates CD40 ligand-induced TNF expression (Suo et al., 2002). Coupled to 668

these findings, PAR1 knockouts show attenuated astroglial and microglial responses 669

across neural injury models, including cortical stab wound (Nicole et al., 2005), 670

traumatic SCI (Radulovic et al., 2016), and ischemia (Rajput et al., 2014). Here, PAR1 671

knockouts showed improved remyelination and a skewing of astrocyte and microglial 672
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signatures towards a pro-repair phenotype, with unique changes depending on the 673

acute or chronic nature of myelin injury. 674

Improved remyelination in PAR1 knockouts in the lysolecithin model were 675

associated with increased astrocyte S100A10. S100A10 is a calcium-binding protein 676

implicated in cell cycle and differentiation and with neurotrophic support and modulation 677

of inflammatory astrocytes (Liddelow et al., 2017). By contrast, in the cuprizone model 678

of chronic demyelination, S100A10 was not strongly induced, but rather improved 679

remyelination was associated with reductions in the astrocyte pro-inflammatory marker 680

Complement 3 (C3d). C3d, identified as directing pro-inflammatory properties, is 681

involved in innate immunity by complement activation and is linked to synaptic pruning 682

and neurodegeneration upon upregulation (Liddelow et al., 2017; Clarke et al., 2018; 683

Yun et al., 2018). 684

Consistent with findings demonstrating higher GFAP in the spinal cord of PAR1 685

knockouts compared to wild type mice (Radulovic et al., 2016), we observed elevations 686

in GFAP in the corpus callosum of PAR1 knockouts at baseline, prior to demyelination. 687

GFAP is an intermediate filament protein commonly used to identify astrocyte reactivity, 688

but is not necessarily associated with pro-inflammatory or pro-repair responses. 689

Mirroring increases in S100A10 during acute lysolecithin remyelination in PAR1 690

knockouts, GFAP levels were also increased. Paralleling decreases in astrocyte C3d in 691

PAR1 knockouts during remyelination in the chronic cuprizone model, GFAP levels 692

were also reduced. While additional study regarding the role(s) of PAR1 in regulating 693

astrocyte pro-inflammatory and pro-repair signatures in vivo awaits experiments using 694
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conditional knockouts, the current findings suggest global PAR1 blockade is a powerful 695

method to skew astrocyte signatures towards a phenotype favoring myelin regeneration. 696

 Microglia and monocytes play significant roles in demyelination and the success 697

of myelin regeneration (Miron et al., 2013; Lloyd et al., 2019; Wies Mancini et al., 2019), 698

and indeed direct pro-inflammatory and pro-repair astrocyte properties (Skripuletz et al., 699

2013; Liddelow et al., 2017). After 6 wk of cuprizone demyelination, the robust 700

increases in microglial Iba1 were reduced in PAR1 knockouts. Moreover, there were 701

reductions in CD68, a marker of reactive microglial/monocytes at 6 and 3 wk of repair, 702

while CD163 - a pro-repair marker - was increased. Notably, previous cuprizone studies 703

demonstrated that pro-repair microglia secrete factors that improve OPC survival, 704

proliferation, and migration (Miron et al., 2013). The same microglial markers did not 705

differ between genotypes during lysolecithin remyelination, although improvements in 706

repair persisted. Altogether, these findings suggest PAR1 loss-of-function in the context 707

of chronic cuprizone demyelination skews microglial responses towards a phenotype 708

that favors myelin regeneration and further investigation of direct role(s) in repair, or in 709

directing the properties of astrocytes, using a larger number of markers and conditional 710

PAR1 knockout mice, are future directions. 711

712

Blocking PAR1 enhances myelin production in part through a BDNF-TrkB-713

dependent mechanism 714

Given the skewing of astrocyte responses in PAR1 knockout mice towards a pro-715

repair phenotype across models, we next investigated whether PAR1 loss-of-function 716

specifically in astrocyte cultures is sufficient to promote parallel changes and any 717
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biological influence towards OPCs. Parallel to results in vivo (Radulovic et al., 2016), 718

higher levels of GFAP were expressed by PAR1 knockout astrocytes in vitro.719

Underscoring that GFAP is not necessarily pro-inflammatory or pro-repair, PAR1 720

knockout astrocyte cultures concomitantly showed decreased H2D1 and IL-1721

expression, each a pro-inflammatory signature. Complementing these findings, PAR1 722

knockout astrocytes also showed co-ordinate increases in S100A10 and CD14 pro-723

repair signatures and TGF- , a cytokine with immune regulatory with pro-repair effects 724

(Fok-Seang et al., 1998; Hamaguchi et al., 2019). In addition to skewed cytokine 725

responses, astrocyte PAR1 loss-of-function was also sufficient to increase expression of 726

BDNF and IGF1, two growth factors with well-studied pro-myelinating properties (Min et 727

al., 2012; Fulmer et al., 2014). 728

Using astrocyte-OPC co-cultures, or astrocyte conditioned media applied to 729

OPCs, we next determined that pharmacologic or genetic astrocyte PAR1 loss-of-730

function was sufficient to increase PLP and MBP. The pro-myelin effects of astrocyte 731

PAR1 loss-of function were reduced when an inhibitor of the high-affinity BDNF 732

receptor, TrkB, was included in astrocyte-OPC co-cultures, or along with PAR1 733

knockout astrocyte conditioned media. These findings suggest that increases in BDNF 734

RNA expression in PAR1-knockout astrocytes may contribute to pro-myelinating effects. 735

Although these findings do not exclude roles of PAR1-regulated cytokines or other 736

growth factors, including IGF1 (Mason et al., 2003; Zeger et al., 2007), BDNF is well 737

recognized to promote CNS myelination and myelin regeneration (VonDran et al., 2011; 738

Wong et al., 2013; Fulmer et al., 2014; Ramos-Cejudo et al., 2015; Fletcher et al., 739

2018). Findings that astrocyte PAR1 loss-of-function not only increases BDNF 740
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expression, but also that OPC PAR1 loss-of-function additionally augments BDNF’s pro-741

myelinating effects are of particular significance, since they suggest that blocking PAR1 742

may improve myelin production by augmenting the efficacy of available growth factors 743

which can be depleted at sites of neural injury.744
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Figure Legends922

923

Figure 1 PAR1 knockout improves myelin regeneration after focal lysolecithin 924

demyelinating injury.  (a) The mean number of remyelinated axons after focal 925

lysolecithin-mediated demyelination of the ventral spinal cord white matter (cartoon, b)926

was greater in PAR1 knockout mice at 14 or 28 days post injury (dpi) (P = 0.002 and P 927

= 0.03, Student’s t-test). (c) Images show representative paraphenylenediamine 928

stained thin sections from which counts of remyelinated axons were made.  (d-f) PAR1 929

knockout mice also showed improvements in the number of Olig2+ oligodendrocyte 930

lineage cells at 14 and 28 dpi (P = 0.001 and P = 0.04) and increases in the number of 931

CC-1+ mature oligodendrocytes at 28 dpi (P = 0.01). (e and g) show higher 932

magnification images of Olig2 (d) and CC-1 (f) staining, with arrow indicating the same 933

cell in the corresponding image. (h) By 28 dpi higher levels of MBP were identified in 934

the lesion area of PAR1 knockout mice (P = 0.05). (i) No significant changes were 935

observed in neurofilament across time or genotype.  Lesion boundaries quantified are 936

indicated by a dotted line (d, f, h and i).  Bar graphs represent mean  s.e.m. of 937

PAR1+/+, n = 7 at 14 d and n = 9 at 28 d; PAR1-/- n = 8 at 14 d and n = 10 at 28 d.  938

Asterisks (d) represent significant differences with *P < 0.05; **P < 0.01; ***P  0.001, 939

Student’s t-test.  Scale bar indicates 20 m (c) and 50 m (d-i).  940

941

Figure 2  Enhanced remyelination after lysolecithin demyelination in PAR1 942

knockout mice is accompanied by increases in astroglial pro-repair signatures. 943

(a) Immunofluorescence for GFAP (cyan) as a marker of astrogliosis showed higher 944
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levels in remyelinating lesions of PAR1-/- mice at 28 dpi (P = 0.04).  Co-labeling for an 945

astrocyte marker considered pro-repair (S100A10, green) was also elevated in 946

remyelinating lesions of PAR1 knockout mice at the same time point (P = 0.02), while 947

the density of C3d (red), a marker of pro-inflammatory astrocytes, did not differ across 948

genotypes. (b) No genotype-related differences were observed in the density of 949

immunofluorescence for Iba1+ microglia/monocytes (cyan) across the same time points, 950

or in the associated pro-inflammatory (CD68) or pro-repair markers (CD163, green).  951

Shown are the means  s.e.m. of PAR1+/+ and PAR1-/- mice, n = 7 at 14 d and 28 d).  952

Asterisks represent significant differences with *P < 0.05, Student’s t-test.  Scale bar in 953

(a) and (b) indicates 50 m.954

955

Figure 3 PAR1 knockout does not alter cuprizone-mediated demyelination, but 956

preserves neurofilament staining. (a) Schematic depicts the time course of 957

demyelination during 6 wk of cuprizone (CPZ) feeding, which predominantly occurs in 958

the corpus callosum (CC) (b). (c) Motor function assessed by angular speed at fall on 959

an accelerating rotarod test, expressed as a percent of maximum at baseline for each 960

genotype showed less CPZ-related deficit at 3 and 6 wk of CPZ-feeding (P = 0.001 and 961

P = 0.006) in PAR1-/- compared to PAR1+/+.  Arrows (a) show time points for rotarod 962

assessment and immunohistochemistry (IHC) for markers of myelin injury and repair.  963

(d) Representative images of the corpus callosum of wild type or PAR1 knockout mice 964

fed regular chow (Ctrl) or CPZ laden chow for 6 wk, with the corresponding 965

quantification to the right.  While PAR1-/- mice showed higher numbers of 966

oligodendrocyte lineage cells (Olig2+) and mature oligodendrocytes (CC-1+) in the 967
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corpus callosum when fed regular chow (P  0.001), no differences in Olig2+ or CC-1+ 968

cell numbers, or in loss of MBP, were observed across genotypes after 6 wk of CPZ 969

consumption.  The area positive for neurofilament in the corpus callosum at 6 wk of 970

CPZ feeding was greater in mice lacking PAR1 (P = 0.007).  Statistical evaluation of 971

rotarod (c) was done by two-way ANOVA followed by Neuman Keuls post hoc test (P < 972

0.003 (3 wk cuprizone) and P<0.001 (6 wk cuprizone), n = 8 across genotypes and diet 973

conditions).  Each bar (d) represents the mean values for n = 4-5 for each genotype 974

across diet conditions with individual data points shown.  Asterisks (d) represent 975

significant differences with *P < 0.05; **P < 0.01; ***P  0.001, Student’s t-test.  Scale 976

bar = 50 m.977

978

Figure 4 PAR1 knockout improves signs of myelin regeneration after cuprizone 979

withdrawal. 980

(a) Schematic depicts the phases of demyelination and remyelination during and after 981

cuprizone (CPZ) feeding with arrows indicating time points for rotarod assessment (b)982

and immunohistochemistry (IHC) for markers of myelin injury and repair (c).  The impact 983

of PAR1 knockout on remyelination was assessed by feeding mice CPZ-laden chow for 984

6 wk followed by a period of “induced remyelination” upon CPZ withdrawal and feeding 985

regular chow for an additional 3 (6+3) or 6 (6+6) wk period. (b) Motor function 986

assessed by angular speed at fall on an accelerating rotarod test, expressed as a 987

percent of maximum at baseline for each genotype showed less CPZ-related deficit at 3 988

(P = 0.001) and 6 wk (P = 0.006) of CPZ-feeding and after an additional 3 wk on regular 989

chow (6+3) in PAR1 knockout mice (P = 0.003). (c) Representative images through the 990
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corpus callosum of mice after 3 or 6 wk of remyelination (6+3 or 6+6).  Corresponding 991

quantification of markers of remyelination showed PAR1-/- mice show greater increases 992

in the number of oligodendrocyte lineage cells (Olig2+) after 3 wk on regular chow and 993

in the number of mature oligodendrocytes (CC-1+) at 3 and 6 wk, compared to wild type 994

(P  0.05).  The area stained for MBP or neurofilament (NF) after CPZ treatment was 995

not altered by PAR1 knockout.  However, at the 6+6 wk time point PAR1-/- mice 996

consuming regular chow for the full period of the experiment showed higher counts of 997

CC-1+ and higher levels of MBP and NF immunoreactivity in the corpus callosum (P 998

0.04) relative to regular chow WT counterparts.  Statistical evaluation of motor function 999

(b) was done by two-way ANOVA followed by Neuman Keuls post hoc test (PAR1-/- 1000

effect P < 0.003 (3 wk cuprizone), P<0.001 (6 wk cuprizone), P=0.05 (6 wk cuprizone + 1001

3 wk recovery), n = 4-8 for each genotype).  Each bar (c) represents the mean value 1002

from n = 4-5 for each genotype across diet conditions with individual data points shown, 1003

error bars +/- s.e.m.  Asterisks (c) represent significant differences with *P < 0.05; **P < 1004

0.01; ***P 0.001, Student’s t-test. Scale bar = 50 m.1005

1006

Figure 5 Enhanced remyelination after cuprizone-mediated demyelination in 1007

PAR1 knockout mice is accompanied by increases in the number of proliferating 1008

oligodendrocyte lineage cells.  (a) Representative images through the corpus 1009

callosum of mice after 6 wk of CPZ feeding to induce demyelination followed by 3 wk of 1010

feeding regular chow to elicit remyelination co-labeled with Olig2 (green) for 1011

oligodendrocyte lineage cells and Ki67 (red) to identify proliferating cells.1012

Corresponding quantification is on the right and demonstrates increases in proliferating 1013
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oligodendrocyte lineage cells (Olig2+Ki67+) 3 wk after returning mice to regular chow, 1014

with this proliferative response occurring at increased levels in PAR1-/- mice compared 1015

to wild type controls (P = 0.05).  Each bar (c) represents the mean value from n = 4-5 1016

for each genotype across diet conditions with individual data points shown, error bars 1017

+/- s.e.m. (b) Oligodendrocyte progenitors purified from the cortex of PAR1-/- mice and 1018

grown for 72 h in culture, show enhanced incorporation of EdU (red) as a marker of 1019

proliferation, compared to parallel cultures derived from wild type mice (P = 0.001).1020

Arrows indicate a subset of Olig2 (cyan)/EdU double labeled cells in each case.1021

Asterisks represent significant differences with *P < 0.05; **P < 0.01; ***P  0.001, 1022

Student’s t-test.  Scale bar in (a) and (b) indicates 50 m. 1023

1024

Figure 6 Enhanced remyelination after cuprizone demyelination in PAR1 1025

knockout mice is accompanied by reductions in astroglial and microglial pro-1026

inflammatory signatures.  (a) Representative images through the corpus callosum of 1027

mice after 6 wk of cuprizone (CPZ) feeding to induce demyelination co-labeled by 1028

immunofluorescence for reactive astrocytes using GFAP (cyan) and the astrocyte pro-1029

inflammatory marker C3d (red).  Corresponding quantification is on the right, and 1030

includes values for 3 wk (6+3) or 6 wk (6+6) of remyelination that occurs upon return of 1031

mice to regular chow.  Significant increases in C3d at 6 wk and at 6+3 wk were 1032

completely absent in mice lacking PAR1 (P = 0.03 and P = 0.0009).  Mice lacking PAR1 1033

also showed attenuated elevations in GFAP at 6+3 (P = 0.02), despite overall higher 1034

GFAP density in PAR1-/- mice consuming regular chow 6 wk (P = 0.006). (b) Parallel 1035

sections were co-labeled for a pan microglia/monocyte marker (Iba1, cyan) and a 1036
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microglial pro-inflammatory marker CD68 (red).  Prominent increases in Iba1 and CD68 1037

were seen across genotypes after 6 wk of CPZ consumption, with elevations in CD68 1038

persisting after returning mice to normal chow for 3 or 6 wk, with a trend toward lower 1039

levels in PAR1-/- compared to PAR1+/+.  Elevations in Iba1 as a result of 6 wk of CPZ 1040

consumption were attenuated in PAR1-/- mice (P = 0.02).  Staining for markers of pro-1041

repair astrocytes (S100A10) and pro-repair microglia/monocytes (CD163) were very low 1042

in the CPZ treated corpus callosum at all time points in PAR1-/- mice, but elevations in 1043

CD163 were readily detectable using immunoperoxidase methods 3 wk after returning 1044

mice to regular chow to induce repair in PAR1-/- mice (see Fig. 7b).  Asterisks represent 1045

significant differences with *P < 0.05; **P < 0.01; ***P 0.001, Student’s t-test, n = 4 for 1046

each genotype.  Scale bar = 100 m.1047

1048

Figure 7  Enhanced remyelination after cuprizone demyelination in PAR1 1049

knockout mice is accompanied by increased pro-repair microglial signatures.  1050

Images show immunostaining for (a) reactive astrocytes (GFAP) and (b) microglia 1051

(Iba1) in addition to markers of pro-repair astrocytes (S100A10) or pro-repair 1052

microglia/monocytes (CD163) in the corpus callosum of mice consuming regular chow 1053

or those that consumed cuprizone for 6 wk followed by an 3 additional wk of regular 1054

chow to elicit myelin regeneration.  Staining for pro-repair astrocytes (S100A10) and 1055

pro-repair microglia/monocytes (CD163) was very low in the corpus callosum of mice 1056

consuming a regular diet, with slightly elevated levels of S100A10 detected in PAR1-/- 1057

mice.  Levels of S100A10 and CD163, remained low across genotypes after 6 wk of 1058

CPZ consumption (not shown), but increased after 3 wk of induced repair, with levels of 1059



49

CD163 being significantly higher in PAR1-/- mice.  Each bar represents the mean value 1060

from n = 4-5 animals for each genotype and time point.  Asterisks represent significant 1061

differences with *P < 0.05; **P < 0.01; ***P 0.001, Student’s t-test. Scale bar = 50 m.1062

1063

Figure 8 PAR1 loss-of-function enhances myelin production by oligodendrocyte 1064

progenitor cells by possible direct and indirect mechanisms. (a) Wild type cortical 1065

oligodendrocyte progenitor cells (OPCs) were treated for 24 h with the PAR1 inhibitor 1066

vorapaxar (100 nM), or suboptimal levels of BDNF (1 ng/ml) alone, or in combination.1067

Images and associated histograms show co-localization of immunofluorescence for PLP 1068

and Olig2 in each condition after 72 h. Inhibition of OPC PAR1 alone increased the 1069

relative area of PLP per Olig2+ cell and the number of Olig2+ cells to a similar extent as 1070

1 ng/ml BDNF, with additive effects seen in combination.  (b) Wild type cortical 1071

astrocytes treated with the PAR1 inhibitor vorapaxar (100 nM) for 18 h, then cultured 1072

with PAR1+/+ OPCs for 72 h enhanced the number of Olig2+ cells and the area of PLP 1073

stained per Olig2+ cell.  (c) Histograms show differences in expression of astrocyte 1074

related markers, including cytokines and growth factors in RNA isolated from PAR1+/+ 1075

or PAR1-/- cortical astrocytes and quantified using real time qPCR.  PAR1-/- astrocytes 1076

showed increases in expression of general astrocyte markers GFAP and vimentin 1077

(VIM), increases in astrocyte markers considered pro-repair (S100A10 and CD14) and 1078

decreases in H2D1 an astrocyte marker considered pro-inflammatory.  The pro-1079

inflammatory cytokine IL-1  was decreased in PAR1-/- astrocytes, while TGF- ,1080

considered to have a more anti-inflammatory role, was increased.  Growth factors 1081

playing roles in oligodendrocyte survival and differentiation (BDNF and IGF1) were both 1082
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increased in PAR1-/- astrocytes.  Statistical evaluation of (a) was done by one-way 1083

ANOVA followed by Neuman Keuls post hoc test and (b, c) by Student’s t-test.1084

Asterisks represent significant differences with *P < 0.05; **P < 0.01; ***P  0.001.1085

Scale bar in (a) and (b) indicates 100 m.1086

1087

Figure 9 The pro-myelinating effects of astrocytes with PAR1 loss-of-function 1088

depends on oligodendrocyte progenitor cell TrkB. (a) Images show 1089

immunofluorescence for PLP (green), MBP (red) and Olig2 (cyan) in co-cultures of 1090

PAR1+/+ OPCs grown on a monolayer of either PAR1+/+ or PAR1-/- astrocytes in the 1091

presence or absence of the TrkB inhibitor ANA-12.  Histograms with corresponding 1092

quantification show that PAR1-/- astrocytes support increases in the abundance of 1093

Olig2+ cells and expression of both PLP and MBP per Olig2+ cell, and that these 1094

beneficial effects are lost when ANA-12 is included in the media. (b) The 10 to 100 kDa 1095

fraction of astrocyte conditioned media taken from PAR1-/- astrocytes also promotes 1096

increases in the number of Olig2+ cells and in the amount of PLP and MBP expression 1097

per cell, and again, beneficial effects were blocked when ANA-12 was included in the 1098

media.  Asterisks represent significant differences with *P < 0.05; **P < 0.01; ***P 1099

0.001, one-way ANOVA followed by Neuman Keuls post hoc test. Scale bar in (a) and 1100

(b) indicates 100 m.1101

1102

Figure 10  Working model of repair processes influenced by PAR1 knockout.1103

In this working model PAR1 serves as a sensor of the protease microenvironment with 1104

protease-mediated PAR-activation (SWITCH ON, as would occur in the context of 1105
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neuroinflammation) resulting in a suppression of myelin production (OPC arrest), while 1106

PAR-inhibition (SWITCH OFF) is myelination permissive.  Findings suggest the PAR1 1107

molecular SWITCH can exert control on oligodendrocyte differentiation both by possible 1108

direct effects at the level of OPCs and indirect effects involving astrocytes.  Activation of 1109

OPC PAR1 suppresses transcription of myelin genes resulting in reduced myelin 1110

production, while switching OFF OPC PAR1 promotes OPC proliferation and 1111

differentiation, including MBP and PLP production.  Astrocytes also express PAR1 and 1112

indeed upregulate this receptor in the context of demyelination.  Astrocytes with PAR1 1113

activation secrete pro-inflammatory oligodendrocyte damaging cytokines, such as IL-6 1114

and express H2D1 a signature of a pro-inflammatory phenotype.  By contrast, switching 1115

OFF astrocyte PAR1 leads to expression of pro-repair astrocyte markers, such as 1116

S100A10 and increased production of pro-myelinating growth factors, such as BDNF.1117

BDNF in turn drives oligodendrocyte production and differentiation through TrkB 1118

activation.  This model is consistent with results in the current study that demonstrate 1119

Switching OFF PAR1 leads to improvements in myelin regeneration in the adult brain 1120

and spinal cord. 1121

1122

1123
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1124
1125
1126
1127
1128
1129

Table 1.1130
Gene Primer sequence (forward/reverse) or company name and assay ID 
ALDH1L1 Applied Biosystems; Assay ID: Mm03048957_m1 
BDNF Applied Biosystems; Assay ID: Mm04230607_s1 
CD14 IDT; Assay ID: Mm.PT.58.8871572.g 
Clcf1 IDT; Assay ID: Mm.PT.58.10279842 
GFAP GCAGATGAAGCCACCCTGG / GAGGTCTGGCTTGGCCAC 
H2D1 IDT; Assay ID: Mm.PT.58.42136026.g 
IGF1 Applied Biosystems; Assay ID: Mm00439560_m1 
IL-1 IDT; Assay ID: Mm.PT.51.17212823 
IL-6 Applied Biosystems; Assay ID: Mm00446190_m1 
LIF1 Applied Biosystems; Assay ID: Mm00434762_g1 
S100a10 IDT; Assay ID: Mm.PT.58.6571055 
STAT3 Applied Biosystems; Assay ID: Mm01219775_m1 
TGF- Applied Biosystems; Assay ID: Mm01178820_m1 
TNF Applied Biosystems; Assay ID: Mm00443258_m1 
TSP1 Applied Biosystems; Assay ID: Mm00449032_g1 
Vim IDT; Assay ID: Mm.PT.53a.8720419 

1131
Primers used for quantitative real-time PCR.1132






















