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Abstract 38 

Subcortical white matter stroke is a common stroke subtype. White matter stroke stimulates adjacent 39 

oligodendrocyte progenitor cells (OPCs) to divide and migrate to the lesion but stroke OPCs have only a 40 

limited differentiation into mature oligodendrocytes. To understand the molecular systems that are active 41 

in OPC responses in white matter stroke, OPCs were virally labeled and laser-captured in the region of 42 

partial damage adjacent to the infarct in male mice. RNAseq indicates two distinct OPC transcriptomes 43 

associated with the proliferative and limited-regeneration phases of OPCs after stroke. Molecular 44 

pathways related to nuclear receptor activation, ECM turnover and lipid biosynthesis are activated during 45 

proliferative OPC phases after stroke; inflammatory and growth factor signaling are activated in the later 46 

stage of limited OPC differentiation. Within ECM proteins, Matrilin-2 is induced early after stroke and 47 

then rapidly downregulated. Prediction of upstream regulators of the OPC stroke transcriptome identify 48 

several candidate molecules, including Inhibin A--a negative regulator of Matrilin-2. Inhibin A is induced 49 

in reactive astrocytes after stroke, including in humans. In functional assays, Matrilin-2 induces OPC 50 

differentiation, and Inhibin A inhibits OPC Matrilin-2 expression and inhibits OPC differentiation. In 51 

vivo, Matrilin-2 promotes motor recovery after white matter stroke, and promotes OPC differentiation 52 

and ultrastructural evidence of remyelination. These studies show that white matter stroke induces an 53 

initial proliferative and reparative response in OPCs, but this is blocked by a local cellular niche where 54 

reactive astrocytes secrete Inhibin A, downregulating Matrilin-2 and blocking myelin repair and recovery. 55 

 56 

Significance Statement 57 

Stroke in the cerebral white matter of the brain is common. The biology of damage and recovery in this 58 

stroke subtype are not well defined. These studies show use cell-specific RNA sequencing and gain of 59 

function studies to show that white matter stroke induces a glial signaling niche, present in both humans 60 

and mice, between reactive astrocytes and oligodendrocyte progenitor cells. Astrocyte secretion of 61 
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InhibinA and downregulation of oligodendrocyte precursor production of Matrilin-2 limits OPC 62 

differentiation, tissue repair and recovery in this disease. 63 

 64 

 65 

 66 

Introduction 67 

White matter stroke constitutes up to 25% of all stroke subtypes and accumulates to produce the second 68 

most common form of dementia, vascular dementia (Iadecola, 2013). Unlike large artery stroke, white 69 

matter stroke occurs in the subcortical white matter, with greatest frequency near the lateral ventricles 70 

(DeCarli et al., 2005). There is no therapy that promotes tissue repair or recovery in white matter stroke. 71 

We have recently characterized white matter stroke in a mouse model that closely parallels the human 72 

disease. White matter stroke produces a central area of total cellular loss, and an adjacent area of limited 73 

oligodendrocyte, myelin and axonal damage (Sozmen et al., 2009, 2016; Rosenzweig and Carmichael, 74 

2013) that is very similar to that seen in humans (Hinman et al., 2015). Axonal damage is progressive in 75 

this region of limited tissue damage adjacent to the stroke in both humans and mice (Gouw et al., 2008; 76 

Sozmen et al., 2009; Rosenzweig and Carmichael, 2013), establishing this area as an important target for 77 

a neural repair therapy: to prevent the slow expansion of the lesion.  78 

 79 

In the initial response to white matter stroke, OPCs accumulate at the border of the infarct and proliferate. 80 

However, there is a very limited differentiation of OPCs into mature oligodendrocytes, in which less than 81 

10% of OPCs express markers of more mature oligodendrocytes (Sozmen et al., 2016). This limited 82 

differentiation of OPCs in white matter stroke stands in contrast to other white matter diseases in the 83 

adult, such as multiple sclerosis, where OPCs differentiate and partially re-myelinate the inflammatory 84 

lesion (Gallo and Armstrong, 2008; Huang et al., 2011b). To determine molecular systems that might 85 

limit OPC differentiation after stroke, we first explored known OPC signaling systems, and determined 86 
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that Nogo receptor signaling through NgR1 limits OPC differentiation in white matter stroke (Sozmen et 87 

al., 2016). In order to more systematically characterize the basic biology of OPC responses in white 88 

matter stroke, allowing identification of novel targets for white matter repair, we performed RNAseq on 89 

OPCs specifically isolated from the region of partial damage adjacent to the stroke site, at an early 90 

proliferative stage (5 days after stroke) and at the later stage of limited differentiation (15 days after 91 

stroke), as compared to control non-stroke OPCs. This analysis compares normal white matter OPCs to 92 

two types of post-stroke OPCs: early, proliferating OPCs and later, limited differentiating OPCs. 93 

Bioinformatic analysis of this dataset indicates that stroke induces a unique transcriptional profile in 94 

OPCs, and that this profile changes over the proliferative and limited regenerative stages after stroke. One 95 

of the most differentially regulated genes in stroke OPCs over time is Matrilin-2, an extracellular matrix 96 

adapter protein that has been linked to peripheral nerve regeneration. Predictive analysis of molecules that 97 

might regulate the stroke OPC transcriptome identified Inhibin A as a potential upstream regulator. Tissue 98 

and behavioral studies indicate that stroke induces Inhibin A expression in astrocytes in both mouse and 99 

human white matter stroke, and that this downregulates OPC Matrilin-2, limiting repair and recovery in 100 

white matter stroke.  101 

 102 

 103 

Materials and Methods 104 

Mice 105 

All experiments were performed in accordance with National Institutes of Health animal protection 106 

guidelines and were approved by the University of California, Los Angeles Animal Research Committee. 107 

Wild-type C57BL/6 (2-3 months, male) used for OPC transcriptome and OPC culture studies were 108 

obtained from Jackson Laboratories. Aged C57BL/6 mice (18-24 months, male) were obtained from the 109 

NIA Aged Rodent Colony. Male rat pups (P6-8) were obtained from Charles River Laboratories. 110 

 111 
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White Matter Stroke 112 

White matter stroke was produced as previously described (Hinman et al., 2013; Rosenzweig and 113 

Carmichael, 2013). The vasoconstrictor N5-(1-Iminoethyl)-L-ornithine (L-NIO; 27mg/ml in sterile 114 

physiological saline; EMD Millipore) was injected via micropipette through the cortex at an angle of 36° 115 

with a dorso-medial to ventro-lateral injection path, into the white matter underlying the forelimb motor 116 

cortex. Three 200 nL injections were made in the following stereotaxic coordinates (in mm):  A/P: +0.22, 117 

+0.74, +1.24, M/L: +0.20, +0.17, +1.15, D/V: -2.20, -2.25, -2.30. Control animals underwent craniotomy 118 

alone. Aged mice received three injections of L-NIO at adjusted coordinates to account for smaller brain 119 

volume. Coordinates used were: A/P: -0.75, -1.00, -1.25, M/L: -0.96 (for all three injections), D/V: -2.00, 120 

-1.95, -1.90; at an angle of 45° with a dorso-posterior to ventro-anterior injection path to avoid direct 121 

damage to the forelimb motor cortex. For the comparisons in this manuscript, unoperated controls were 122 

used, rather than sham-injected animals. This is because of concern that needle placement and sham (such 123 

as saline injection) introduces white matter trauma and possibly vascular interruption and is not a strict 124 

sham control. 125 

 126 

Lentivirus Constructs 127 

Expression constructs were packaged into lentiviruses and concentrated with ultracentrifugation on a 128 

sucrose button. The PDGFRα-lckGFP construct was generated with a PDGFRα promoter from a 129 

published lentiviral construct (Geller et al., 2008) to drive the expression of membrane targeted lckGFP 130 

(kind gift of Dr. Steven Green, University of Iowa). Morphologic studies of OPCs were conducted using 131 

EF1-mCherry (Systems Biosystems, CD527A-1) and MBP-GFP constructs. All lentiviruses were 132 

delivered in pulled glass micropipettes into lesioned or uninjured white matter, using timelines and 133 

stereotaxic coordinates outlined below according to their respective study protocols. 134 

 135 

Immunohistochemistry 136 
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Immunohistochemistry was performed as described (Sozmen et al ’09; Rosenzweig and Carmichael ’13). 137 

Animals were perfused transcardially with 0.1 M phosphate buffered saline followed by 4% 138 

paraformaldehyde. Brains were cryoprotected in 30% sucrose brains, frozen and sectioned using a 139 

cryostat (Leica CM 0530) into 20-40 μm sections. Sections were blocked in 5% donkey serum, incubated 140 

with a primary antibody over night at 4°C, incubated with a secondary antibody for 1-2 hours at room 141 

temperature, and coverslipped with DPX. Slides were imaged using confocal microscopy (Nikon C2), 142 

with imaging parameters kept constant across treatment groups within each study. For immunostaining 143 

with antibodies raised in the mouse, the mouse-on-mouse (M.O.M.) blocking kit was used to reduce 144 

nonspecific binding (Vector Labs). Primary antibodies were, in alphabetical order: rabbit anti-6xHis 145 

antibody (Abcam, 1:1000), rabbit anti-Activin Receptor Type IIA (ActRIIA, Abcam, 1:200), rabbit anti-146 

Aldh1 (1:1000, Abcam), mouse anti-βIV-spectrin (1:200, Neuromab), rabbit anti-Caspr (1:500, Abcam), 147 

mouse anti-CC1 (1:200, Abcam), rabbit anti CC1 (1:100, EMD Millipore), chicken anti-GFP (1:1000, 148 

Abcam), goat anti-GFP (1:5000, gift from Dr. Nathaniel Heintz, Rockefeller University), mouse anti-149 

glutamine synthetase (Millipore, 1:500), rabbit and goat anti-GSTπ (both 1:500, Abcam), rabbit anti-Iba1 150 

(1:1000, Wako Chemicals), mouse anti-human Inhibinα (1:100, Abcam), rabbit anti-mouse Inhibinα 151 

(1:500, Abcam), rabbit anti-Matrilin-2 (1:200, Abcam; and 1:100, Santa Cruz Biotechnology), chicken 152 

anti-mCherry (Novus Biologicals, 1:500), rat anti-myelin basic protein (MBP, 1:1000, EMD  Millipore), 153 

rabbit anti-NG2 (1:200, EMD Millipore), mouse anti-Olig1 (EMD Millipore), rat anti-Olig1 (gift from 154 

Dr. Bennett Novitch, UCLA), rabbit anti-Olig2 (1:500, EMD Millipore). All secondary antibodies were 155 

donkey F(ab)2 fragments conjugated to cy2, cy3, or cy5 (Jackson Immunoresearch) and were used at a 156 

dilution of 1:500. 157 

For quantification of immunohistochemistry, the percent of cells double-labeled with anti-Olig2 (mouse, 158 

1:500, EMD Millipore), a transcription factor found throughout a range of the oligodendrocyte lineage, 159 

and with one of these four: antisera/antibodies against matrilin-2 (goat, 1:50, R&D Systems), inhibinα 160 

(rabbit, 1:100, Abcam), activin receptor 2a and IGSF-1. 30μm coronal sections were stained with minimal 161 

permeabilization and treatment with Mouse on Mouse Blocker (Vector Labs). At least two sections per 162 
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animal, one anterior and one posterior with stroke involvement or equivalent sections for sham conditions 163 

were visualized. Images were acquired with a 40x oil immersion objection (Nikon C2 confocal). All 164 

imaging parameters were kept consistent for each condition and animal. A 200μmx200μm field of view 165 

was selected medial to the stroke core, localized to the white matter. Colocalized signal was defined as 166 

signal occurring in the same cell type greater than background signal. Analysis was performed by an 167 

investigator blind to treatment group.   168 

 169 

Laser Capture Microdissection 170 

Mice (n = 10 per group) received white matter stroke and survived to 5 and 15 days. Specific OPC 171 

labeling after stroke induction was achieved by injection of PDGFRα-lckGFP lentivirus 4 days before the 172 

designated sacrifice time point at two sites with the following coordinates, 600 nL per site: A/P: +0.50, 173 

+1.05, M/L: +1.95, +1.75, D/V: -1.30, -1.35. All injections were delivered at 90° angle, perpendicular to 174 

the plane of the skull. Control group brains received PDGFRα-lckGFP lentivirus in the absence of stroke 175 

and were isolated 4 days after the lentivirus delivery. Brains were isolated, snap frozen and stored in - 80° 176 

C until the day of laser capture microdissection (LCM). On the day of LCM, cryosections (20 μm) were 177 

collected on PET-membrane slides (Leica Microsystems), fixed in 90% ethanol (vol/vol) for 2 minutes 178 

and kept in 100% ethanol. Peri-infarct white matter OPCs were detected and isolated under 40X 179 

magnification by positive GFP signal (Leica LMD 7000). Laser-captured cells were collected in lysis 180 

buffer (NucleoSpin RNA Isolation kit, Clontech) and DNase treated (Clontech). RNA integrity was 181 

determined using a Bioanalyzer Picochip (Agilent Technologies) from parallel collections of a large 182 

tissue area from the sections that were utilized for LCM, to provide RNA concentrations within the 183 

detection range. 184 

 185 

RNA Processing and Quality Control 186 

Total RNA was amplified and converted into double-stranded DNA, which is typically between 200 and 187 

300 bp (Ovation RNA-seq System v2, Nugen) that was further processed with the Ovation UltraLow kit 188 
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(Nugen). After library preparation (Encore NGS Library System I, Nugen) amplified double-stranded 189 

cDNA was fragmented into 300 bp (Covaris-S2, Woburn, MA). DNA fragments (200 ng) were end-190 

repaired to generate blunt ends with 59 phosphatase and 39 hydroxyls and adapters ligated. The purified 191 

cDNA library products were evaluated using the Agilent Bioanalyzer and diluted to 10 nM for cluster 192 

generation in situ on the HiSeq paired-end flow cell using the CBot automated cluster generation system. 193 

All samples were multiplexed into single pools, three at a time, and run in 9 lanes total of Paired-End 2 x 194 

100 bp flow cells in HiSeq 2000 (Illumina). 195 

 196 

After demultiplexing samples, we obtained between 50 and 79 million reads per sample. Quality control 197 

was performed on base qualities and nucleotide composition of sequences. Alignment to the M. musculus 198 

(mm9) refSeq (refFlat) reference gene annotation was performed using the STAR spliced read aligner 199 

(Dobin et al., 2012, PMID 23104886) with default parameters. Additional QC was performed after the 200 

alignment to examine: the level of mismatch rate, mapping rate to the whole genome, repeats, 201 

chromosomes, and key transcriptomic regions (exons, introns, UTRs, genes). Five samples failed QC and 202 

were excluded from further analyses. Between 65 and 81% of the reads mapped uniquely to the mouse 203 

genome. Total counts of read-fragments aligned to candidate gene regions were derived using HTSeq 204 

program (http://htseq.readthedocs.io/en/release_0.9.1/) and used as a basis for the quantification of gene 205 

expression. Only uniquely mapped reads were used for subsequent analyses. Across the samples, ~25% of 206 

the annotated genes have been detected by at least 50 reads. Following alignment and read quantification, 207 

we performed quality control using a variety of indices, including sample clustering, consistency of 208 

replicates, and average gene coverage.  209 

 210 

Bioinformatics 211 

Differential expression analysis was performed using the EdgeR Bioconductor package (Robinson et al. 212 

2010), and differentially expressed genes were selected based on FDR < 0.1 (false discovery rate, 213 

Benjamini Hochberg-adjusted p values). Day 5 (n = 8) and day 15 (n = 7) samples are compared with 214 
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control samples (n = 10) for differential expression. Additionally, day 5 samples are compared with day 215 

15 samples. Clustering and overlap analyses were performed using Bioconductor packages within the 216 

statistical environment R (www.r-project.org/).   217 

 218 

Genes that were differentially expressed over two post-lesion time points and the control with FDR < 0.1 219 

were submitted to Cluster 3.0 for hierarchical clustering analysis (Euclidian distance, centroid linkage 220 

clustering). Differentially expressed genes in the OPC transcriptomes after white matter stroke were 221 

further analyzed to identify molecular pathways, canonical signaling pathways and upstream regulating 222 

molecules. To this end, Gene Ontology enrichment analysis was using DAVID (david.abcc.ncifcrf.gov/ ) 223 

and pathway analysis was performed using the Ingenuity Pathways Analysis software (QIAGEN 224 

Bioinformatics). Briefly, genes differentially expressed in each comparison group in the OPC stroke 225 

transcriptome with FDR < 0.1 were compared to all genes known to be involved in a given molecular 226 

pathway, canonical signaling system, or regulated by an upstream regulator gene in a large, curated 227 

database of molecular interactions. Fisher’s exact p value was calculated by IPA to identify relationship 228 

of each data set in the OPC transcriptome to regulators, pathways, or signaling systems that were 229 

statistically significant as compared to random expression patterns. Significance of upstream regulators 230 

considers four factors: 1. Genes known to be regulated by the candidate upstream regulator and are 231 

differentially expressed in the OPC stroke transcriptome; 2. Genes known to be regulated by the regulator 232 

but not in the OPC stroke transcriptome; 3. Genes not regulated by the regulator but are in the OPC 233 

transcriptome; 4. All genes that are themselves not regulated in the OPC transcriptome, and which are 234 

predicted to be regulated by upstream regulators in the Ingenuity Knowledge Base but not predicted to act 235 

in the OPC transcriptome. Upstream regulators were further identified based on their activation score: a 236 

score metric that predicts the strength of the induction or inhibition of a set of downstream genes from a 237 

particular upstream molecule (IPA). 238 

 239 



 

10 
 

Cell type enrichment analysis was performed by comparing the stroke OPC gene lists to published OPC 240 

and oligodendrocyte transcriptomes from rat (Nielson et al., ’06), mouse (Cahoy et al., ’08; Zhang et al., 241 

’14) and human (Auvergne et al., ’13). Enrichment analysis was performed by using the hypergeometric 242 

test as implemented in the R hyper function. 243 

 244 

Confirmatory quantitative PCR (qPCR) was run with cDNA on 25 genes in duplicate for each sample 245 

(Fluidigm, Biomark, 48.48 cell). ΔΔCt values were calculated compared to GAPDH and fold change 246 

calculated (Li et al., 2010; Overman et al., 2012). 247 

 248 

Primary Mouse OPC Cultures  249 

Cerebral hemispheres from 1-day-old mice were mechanically dissociated and were plated on poly-D-250 

lysine (PDL) coated flasks in DMEM (Dulbecco’s modified Eagle’s medium) and Ham’s F12 (1:1, v/v) 251 

(Life Technologies), containing 100 μg/ml gentamycin and supplemented with 4 mg/ml dextrose 252 

anhydrous, 3.75 mg/ml Hepes buffer, 2.4 mg/ml sodium bicarbonate and 10% (v/v) FBS (fetal bovine 253 

serum) (Omega Scientific). After 24 h, the medium was changed, and the cells were grown in 254 

DMEM/Ham’s F12 supplemented with 5 μg/ml insulin, 50 μg/ml human transferrin, 30 nM sodium 255 

selenite, 10 mM d-biotin, 0.1% BSA (Sigma), 1% (v/v) horse serum and 1% (v/v) FBS. After 9 days, 256 

OPCs were purified from the mixed glial culture by the differential shaking and adhesion procedure 257 

(Suzumura et al., 1984) and were allowed to grow on PDL-coated coverslips in a defined prolifer ation 258 

medium (Agresti et al., 1996), which contains 10 ng/ml PDGF-AA and 10 ng/ml bFGF (Sigma). OPCs 259 

were kept in proliferation medium for 4 days, passaged, and plated for testing. In studies where OPC 260 

differentiation was induced, cells were allowed to proliferate after plating for 2 days and then induced to 261 

exit from the cell cycle and differentiate by switching the cells to a mitogen-free co-culture media (Oh et 262 

al., 2003). Co-culture media is DMEM/Ham’s F12 supplemented with 4.5 g/l d-glucose, 5 μg/ml insulin, 263 

50 μg/ml human transferrin, 30 nM sodium selenite, 15 nM T3 (tri-iodothyronine), 10 mM d-biotin, 10 264 

nM hydrocortisone, 0.1% BSA, 1% (v/v) horse serum and 1% (v/v) FBS. 265 
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 266 

Primary Rat OPC Cultures 267 

Rat primary OPC cultures used for additional inhibin studies were generated using the immunopanning 268 

protocol (Dugas and Emery, ’13). In short, one P6-8 brain was dissociated and passed as a single-cell 269 

suspension through three sequential panning steps, in which dishes are coated with antibodies against 270 

cell-type specific surface antigens: Ran-2 to remove astrocytes, O1 to remove oligodendrocytes, and 271 

finally O4 to pull down OPCs with >99% specificity as judged by Olig2 staining. Cells were plated on 272 

PDL-coated 12-well plates at 15,000 cells/cm2, in DMEM-Sato serum-free proliferation media 273 

supplemented with 4.2 μg/ml forskolin, 10 ng/ml CNTF, 10 ng/ml PDGF-AA, and 1 ng/ml NT-3 as 274 

outlined (Dugas and Emery, 2013).  275 

 276 

In vitro OPC Differentiation Assays 277 

OPCs were plated on poly-D-lysine (PDL, 10 μg/mL, EMD Millipore) or PDL + Matrilin 2 coated 278 

coverslips. Coverslips were coated with Matrilin 2 in the same way as PDL, by incubation in carrier free 279 

recombinant mouse Matrilin 2 (20 μg/mL, BD Biosciences, San Diego, CA). For Matrilin 2 media, 280 

Inhibin A, and Matrilin 2 + Inhibin A tests, media was supplemented with 10 μg/ml Matrilin 2 and/or 10 281 

μg/ml carrier free mouse recombinant Inhibin A (10 μg/mL, Randox Research). Each group consisted 5 282 

individual culture plate wells as biological replicates.  283 

 284 

For qPCR studies, OPCs were plated in proliferation medium for 1 day, which was then exchanged for 285 

proliferation medium supplemented Matrilin 2 and/or Inhibin A as indicated. Cells were maintained for 286 

four days of treatment, with one-half media change every 2 days. After 4 days of incubation with test 287 

compounds, mRNA was purified from each well using the RNeasy Plus Micro Kit (QIAGEN). cDNA 288 

was reverse transcribed from mRNA using SuperScript III Reverse Transcriptase and Oligo(dT)12-18 289 

primer (Thermo Fisher) according to manufacturer protocol. qPCR was run in technical triplicate for each 290 

biological sample using the LightCycler 480 system with SYBR Green I mix (Roche). PCR was run with 291 
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the manufacturer’s default 384-well protocol, 10 μl reaction volume, and an annealing temperature of 292 

60°C. As with qPCR tests outlined above, fold change was calculated from ΔΔCt values compared to 293 

Gapdh (Li et al., ’10; Overman et al., ’12). Paired students T test was used to compare gene expression 294 

for 5 day and 15 day after stroke each to the control, non-stroke condition. For statistics as outlined in the 295 

Statistical Analysis section below. 296 

 297 

For MBP/Olig2 studies, cells were allowed to differentiate for 5 days in culture media and were fixed 298 

with 4% PFA, washed and stained using a standard immunocytochemistry protocol. Olig2+ cells and 299 

MBP+/Olig2+ double positive cells were quantified in five separate fields using 20X magnification. The 300 

OPC differentiation index was calculated as the percentage of double-labeled cells over the total number 301 

of Olig 2+ cells. Photomicrographs of individual MBP positive cells were taken at 100X magnification (7 302 

- 10 per experimental group) to be used in Sholl ring analysis as described previously (Langhammer et al., 303 

2010). Cells were skeletonized using the Glia probe of Neurolucida software (MBF Bioscience), and 304 

concentric Sholl rings were placed on each cell outline at 20 μm intervals, from which process crossings 305 

were quantified. Average number of process crossings vs. diameter was graphed for each treatment group, 306 

and total number of branch points was calculated. 307 

 308 

Human White Matter Stroke 309 

To establish the relevance of inhibin A upregulation to human white matter stroke, we examined 310 

human post-mortem brain tissue specimens. The cases selected for examination in this study are 311 

autopsy cases from a clinicopathologic study of cognitively normal subjects, those with subcortical 312 

ischemic vascular dementia (SIVD) or Alzheimer’s disease (AD). Written informed consent for 313 

autopsy was obtained from all subjects or legal next-of-kin. From this larger database, cases selected 314 

for detailed microscopy. To determine the cellular localization of peri-infarct inhibin A, we used 315 

brain sections from two subjects with HERNS syndrome, a hereditary endotheliopathy with 316 
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retinopathy, nephropathy and stroke (Jen et al. ‘97), that features chronic cerebral microvascular 317 

ischemia and recurrent white matter stroke and in which peri-infarct axonal changes been described 318 

(Hinman et al. 2015). Autopsies were performed approximately 24 hours after expiration. Post-319 

mortem brain blocks were fixed for 2 weeks in formalin and paraffin embedded. Six micron sections 320 

were generated from the paraffin embedded blocks for histologic analysis using standard 321 

immunofluorescent labeling (Hinman et al. 2015; Coban et al. 2017) employing primary antibodies 322 

against human GFAP (clone 2.2B10Fisher Scientific #13-030-0; rat anti-bovine GFAP, clone 323 

2.2B10; 1:500) and mouse anti-human inhibin A (alpha chain, Abcam, 1:100), with secondary 324 

antibodies as described above. 325 

 326 

Aged animal studies of Matrilin-2 327 

Mice aged 21 months were obtained from NIA for a block of studies on the effect of Matrilin-2 in aged 328 

animals after white matter stroke. Mice were first trained on behavioral tasks outlined below to establish 329 

baseline performance levels. Then, at 22 months of age, white matter stroke was induced as described 330 

above. Matrilin-2 was injected 6 days after stroke as follows: a total of 1 μg of 6-His-tagged recombinant 331 

mouse matrilin-2 (2 μg/μl in PBS, R&D Systems) or 0.5μl of PBS were injected into the stroke area via 332 

micropipette 6 days after the stroke in two 250 μl injections with coordinates A/P: -0.85, -1.15; M/L: -333 

0.96 (for all three injections), D/V: -1.97, -1.93. Behavioral tests were run up to 8 weeks after Matrilin-2 334 

injection, at which time animals were sacrificed for tissue studies. A separate cohort of animals aged 18-335 

22 months was used for electron microscopy.  336 

 337 

Motor function tests 338 

Gait and forelimb function were assessed in the grid-walking task and the pasta matrix task as described 339 

previously (Rosenzweig and Carmichael, 2013). In the pasta matrix task, 21-month-old food-deprived 340 

mice were trained daily before stroke to reach through an aperture and retrieve small pieces (3.3 cm 341 
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height and 1 mm diameter) of vertically-oriented pasta arranged in a matrix. The number of pasta breaks 342 

per 10-minute daily session was averaged across two consecutive days of training. Acquisition of the task 343 

was defined as a >4 average with a standard deviation <6 of breaks. Mice that failed to learn the task after 344 

5 weeks of training were excluded from the study. Following the stroke (or sham procedure) the mice 345 

were tested twice weekly for 8 weeks, and their performance was compared to pre-stroke performance. In 346 

the grid-walking task, mice were placed in a chamber with a floor made of 12-mm square wire mesh, with 347 

an area of 32 cm by 20 cm. A mirror is placed under the mesh and animals are recorded as they freely 348 

walk for 5 min. Footage is analyzed by blinded raters to assess the total number of steps taken as well as 349 

the total number of foot faults. A foot fault is counted if the step placement does not provide support 350 

leading to the foot moving through the grid hole, or if the grid was at or behind the wrist. From this, a 351 

correct step percentage was calculated. Mice were tested in the grid-walking task once before the stroke 352 

to establish baseline performance levels, and then re-tested 1 week, one month and two months following 353 

the stroke. 354 

 355 

Oligodendrocyte maturation analysis 356 

Upon completion of the behavior study, animals were sacrificed and tissue was prepared for 357 

immunohistochemistry as described previously. Tissue was stained with Olig2 and GSTπ and slices were 358 

imaged using confocal microscopy. 3D distribution of oligodendrocytes in the subcortical white matter 359 

was mapped using Imaris imaging software (Bitplane). Oligodendrocytes were initially categorized by 360 

low/high Olig2 expression and present/absent GSTπ expression into separate spot objects. The number of 361 

spots and their distance from the stroke lesion were recorded. In a subsequent analysis of 362 

oligodendrocytes in these categories, expression of the Olig2 and GSTπ markers in oligodendrocytes 363 

labeled with MBP-GFP lentivirus was recorded. Further morphological analysis of the sub-groups was 364 

performed with Imaris filament tracing in cells labeled with EF1-mCherry lentivirus. Lentivirus injection 365 

sites were A/P: -0.75, -1.00, -1.25; M/L: -0.80, -1.30, -0.80; D/V: -2.30, -2.30, -2.25, with 400 nL injected 366 

per site. 367 
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   368 

Matrilin-2 turnover analysis 369 

To determine how long injected matrilin-2 remains in white matter tissue, a cohort of mice (n=4 per 370 

group) were sacrificed 2 hours and 2, 4 and 7 days after matrilin-2 or vehicle injections into the white 371 

matter. Presence of His-tagged injected matrilin-2 was detected using immunohistochemistry. To prepare 372 

fresh tissue samples for ELISA, brains were immersed in cold PBS for 5 minutes, and a ~1mm3 segment 373 

of white matter containing the injection area was manually dissected out. The tissue was homogenized in 374 

RIPA Lysis buffer (Thermo Scientific) and the supernatant incubated for 2h in Pierce™ Nickel Coated 375 

Plates (Thermo Scientific) to bind the His-tagged recombinant matrilin-2 protein to the plate. Bound 376 

matrilin-2 protein was detected with HisProbe-HRP and TMB ELISA Substrate (Thermo Scientific) and 377 

the color reaction read using Alpha Innotech FluorChem FC2 Imaging System. 378 

 379 

Electron microscopy 380 

A separate cohort of aged animals was used for electron microscopy, following the same stroke and 381 

matrilin-2 injection protocol as outlined above (n = 5 per group). Tissue was perfused using 2% 382 

PFA/2.5% glutaraldehyde in 0.1 M phosphate buffer, dissected and immersed in the same fixative, then 383 

cut sagittally on a brain block in 1 mm sections, and a rectangle approximately 1 mm by 2 mm was cut 384 

from the brain slice surrounding the stroke area. This was sent to the UC Denver Anschutz Electron 385 

Microscopy Center for further processing. Briefly, the tissue was rinsed in 100 mM cacodylate buffer and 386 

then immersed in 1% osmium tetroxide and 1.5% potassium ferrocyanide for 15 min. Next, the tissue was 387 

rinsed five times in cacodylate buffer, immersed in 1% osmium for 1 hour, and then rinsed again five 388 

times for 2 min each in cacodylate buffer and two times briefly in water. The tissue was transferred to 389 

graded acetone (50, 70, 90, and 100%) containing 2% uranyl acetate for 15 minutes each. Finally, the 390 

tissue was transferred through acetone:resin mixtures at room temperature and then embedded in EMbed-391 

812 and cured for 48 h at 60°C in an oven. 392 

 393 
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Imaging regions were determined using semi-thick sections (1 micron) stained with toluidine blue. Ultra-394 

thin sections (65 nm) were then cut on a Reichert Ultracut S from a small trapezoid positioned over the 395 

area of interest and were picked up on Formvar-coated slot grids (EMS). Sections were imaged on a FEI 396 

Technai G2 transmission electron microscope (Hillsboro, OR) with an AMT digital camera (Woburn, 397 

MA), and 100 μm2 images were obtained at 11,000X. Two fields per animal were analyzed using NIH 398 

ImageJ software. To calculate g-ratios, inner and outer borders of myelin were drawn for each axon 399 

totally captured within the image field, and the ratio of inner (axon) to outer (myelin) border was 400 

calculated. Separately, total numbers of myelinated and unmyelinated axons were counted per field. 401 

Metrics were averaged within each animal, and these animal averages were used for statistical analyses. 402 

 403 

Experimental design and statistical analysis 404 

All studies were analyzed with investigators blinded to treatment condition and mice randomly allocated 405 

to treatment groups. Studies were powered with sample sizes chosen to detect a statistically significant 406 

result in ANOVA with α=0.05 and power > 0.8 based on means and standard deviations in related work 407 

(Sozmen et al., 2009; Hinman et al., 2013; Rosenzweig and Carmichael, 2013; Sozmen et al., 2016). Data 408 

was tested with multiple comparisons ANOVA and Bonferonni or Tukey-Kramer post hoc testing or T 409 

tests (GraphPad Prism 6; and Excel and SigmaStat for behavioral tests), noted specifically for each 410 

experiment. Data from cell culture and tissue quantification studies are expressed as mean ± SEM unless 411 

otherwise noted. Data for qPCR was tested in 5 day post-stroke vs control and 15 day post-stroke vs 412 

control using students T test, paired (Excel). For the RNAseq studies 10 control, 8 day 5 and 7 day 15 413 

post-stroke samples were used, after the quality control testing. Each sample corresponds to a different 414 

mouse. 300-400 cells in 8 sections per animal were captured for RNA analysis. Bioinformatic analyses of 415 

these RNAseq studies followed the analyses described above using differential gene expression analysis, 416 

canonical pathway and molecular pathway analyses and determination of candidate upstream regulators 417 

(Fisher’s exact test and Z score). For qRT-PCR studies, confirmatory for the RNA-seq, sample size is 8 418 

(control), 7 (5 day) and 10 (15 day) with exact P values reported in two-tailed T test comparisons between 419 
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5-day or 15-day vs control. For immunoshistochemical localization of Inhibin A and Matrilin-2, ActRIIA, 420 

Inhibin binding protein/p120, sample size is 6. For human brain immunohistochemical staining in control, 421 

Alzheimer’s disease and white matter stroke (HEARNS, a hereditary endotheliopathy with retinopathy, 422 

nephropathy and stroke), this is a convenience sample from available autopsy material at UCLA with a 423 

sample size of 2 in HEARNS and 3 control and Alzheimer’s cases. For the in vitro OPC cultures, 4-7 424 

biological replicates with 3 technical replicates each are used. Statistics are a one-way ANOVA with 425 

Bonferonni post hoc testing and control for multiple comparisons. The individual p values are, for Fig. 7A 426 

PDGFRa overall P = 0.0002, individual P values 0.0006, >0.9999, 0.0092, 0.9366, NG2 overall P = 427 

0..025, individual P values 0.0118, >0.9999, 0.0043, >0.9999, MOBP overall P = 0.0141, individual P 428 

values 0.0143, >0.9999, >0.999, 0.390, PLP1 overall P = 0.0111, individual P values 0.1836, 0.0348, 429 

>0.9999, 0.0724. For Fig. 7B, statistics are one way ANOVA, Bonferonni post hoc test, sample size = 5, 430 

P values 0.0086, 0.00072, 0.0063. For the in vitro data in Fig. 5C, there are 7-10 cells per group and the 431 

entire branching distribution is shown, with no statistical comparison. For Fig. 7D, there are 5 samples 432 

per group, one way ANOVA, Bonferonni post hoc test, P values are 0.0061, 0.0372. For the in vivo 433 

behavioral data (Fig. 7E), statistics are two way ANOVA, sample size is 8-9 per group, P values are 434 

0.0008, 0.0761; for Fig. 5F, statistics are two way ANOVA, sample size is 8-9 per group, P values are 435 

0.0008, 0.0761. For the tissue analysis after Matrilin-2 delivery in aged white matter stroke (Fig. 9), 436 

sample size is 8-9 per group (Figs. 9A,B), P = 0.00066 and P = 0.037. In G ratio calculations (Fig. 9C,D), 437 

there are 5 animals per group, at least 100 axons measured per animal, P = 0.0003, two-tailed T test. 438 

 439 

 440 

Results 441 

OPC Transcriptome 442 

Subcortical white matter stroke induces proliferation and accumulation of OPCs around the lesion site but 443 

very limited differentiation of these OPCs into mature oligodendrocytes (Sozmen et al. 2016). The peak 444 
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of proliferation of OPCs after white matter stroke is day 5 and the peak of limited differentiation of these 445 

OPCs into cells with markers of mature oligodendrocytes is day 15 after white matter stroke (Sozmen et 446 

al., 2016). These two time points were taken as proliferation and limited differentiation time points in 447 

these studies. Laser capture microdissection was used to isolate the OPCs in the border of the stroke 448 

lesion, where axons are preserved but OPC differentiation is blocked (Sozmen et al., 2016) (Fig. 1A,B). 449 

This approach was taken, instead of an approach like single cell RNAseq, so as to spatially localize OPC 450 

capture for transcriptional profiling, allowing specific isolation of OPCs in the region of white matter 451 

adjacent to the stroke or lesion site, with damaged or demyelinated axons. OPCs were labeled with 452 

lentivirus with a PDGFRα promoter driving membrane-bound lck-GFP (Fig. 1C,D) and captured within 453 

white matter 200μm of the infarct at the peak of the OPC proliferation after white matter stroke (5 days 454 

after stroke) and at the time point of very limited differentiation of these cells (15 days, Sozmen et al., 455 

16); and in control, (non-stroke) white matter from the same subcortical white matter region. 300-400 456 

cells in 8 sections per animal were captured for RNA analysis.  457 

 458 

Isolated total RNA was amplified and deeply sequenced in 10 samples for day 5, day 15 and control. 459 

Quality control was performed after the alignment to examine: the level of mismatch rate, mapping rate to 460 

the whole genome, repeats, chromosomes, and key transcriptomic regions (exons, introns, UTRs, genes; 461 

Conesa et al., 2015). Samples from 5 animals failed QC and were excluded from further analyses (2 in 462 

day 5 and 3 in day 15). Between 65 and 81% of the reads mapped uniquely to the mouse genome. Across 463 

the samples ~25% of the annotated genes were detected by at least 50 reads.  Only genes with a false 464 

discovery rate (FDR) <0.1 were further analyzed. To determine the specificity of this approach to OPCs 465 

in white matter stroke, the differentially regulated genes at day 5 and day 15 in stroke OPCs and control 466 

were assessed for the top astrocyte, neuronal and microglial markers (Thomas et al., 2006; Cahoy et al., 467 

2010; Zamanian et al., 2012; Zhang et al., 2014). This analysis indicates that the RNAseq data are largely 468 

OPC-specific, with a possible minor contamination of microglia. (Fig. 1E).  469 

 470 
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Within FDR<0.1, unsupervised clustering of the expression profile by sample according to the highest 471 

total gene read counts indicates that samples from each time point clustered together, with the exception 472 

of one day 5 sample, which was an outlier, and one Day 15 sample which clustered with day 5 (Fig. 2A). 473 

This clustering data and differential expression analysis indicates that the stroke OPC transcriptome is 474 

largely distinct from control, non-stroke OPCs, and distinct yet again across the early, proliferative and 475 

late, limited-differentiating time points in white matter stroke. 476 

 477 

A comparison of the differentially expressed genes in stroke OPCs from proliferating day 5 OPCs to 478 

limited regenerating day 15 OPCs may provide insight into how these progenitors evolve in their response 479 

to stroke. At FDR<0.1, 439 genes are differentially expressed in proliferating day 5 stroke OPCs 480 

compared to control OPCs. 1695 genes are differentially expressed in the limited regenerating day 15 481 

stroke OPCs compared to control OPCs. 462 genes are differentially expressed from day 5 to day 15 (Fig. 482 

2B, Extended Data Table 1-1). qPCR of selected genes identified in the RNAseq studies confirmed that 483 

22 of 25 genes had similarly significant changes in gene expression from RNAseq to qPCR (Fig. 3B).  484 

 485 

To understand how proliferating (day 5) and limited-regenerating (day 15) OPCs compare in their 486 

transcriptome to OPCs in control conditions, these mouse white matter stroke OPC transcriptomes were 487 

compared to the most comprehensive database of mouse oligodendrocyte lineage cells (Zhang et al., 488 

2014). There is a small overlap of early (day 5) and late (day 15) stroke oligodendrocyte lineage 489 

transcriptomes with control adult OPC and oligodendrocyte (OL) transcriptomes (Fig. 2C,D). However, 490 

there is little difference in the percentage of the stroke OPC transcriptomes at days 5 and 15 that overlap 491 

with published gene sets from mature OL transcriptomes, indicating that there is not a progressive 492 

expression of mature OL genes over time after white matter stroke. In addition to the Zhang et al RNAseq 493 

data base, these stroke OPC transcriptomes were statistically compared to the other available OPC or 494 

oligodendrocyte gene expression profiles (Extended Data Table 1-2). There is no difference in the 495 

percentage of the stroke OPC transcriptomes at days 5 and 15 that overlap with published gene sets from 496 
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mature rat and mouse OL transcriptomes (Nielsen et al.,2006; Cahoy et al., 2008), supporting the 497 

observation that OPCs over time after stroke are expressing genes distinct from those characteristic of a 498 

maturation pathway. A comparison of reactive OPCs in white matter stroke to human white matter or 499 

cortical OPCs (Auvergne et al., 2013) shows that day 5 and day 15 transcriptomes overlap significantly 500 

only with human white matter OPCs but not cortical OPCs (Extended Data Table 1-2). These data 501 

indicate, in comparison to control OPCs, OPCs after stroke differentially regulate more genes in the 502 

limited differentiation than the proliferative phase and exhibit a distinct transcriptional profile that does 503 

not evolve over time to resemble mature OLs. 504 

 505 

The proliferating day 5 and limited regenerating day 15 stroke OPC transcriptomes contain distinct 506 

canonical signaling systems that are significantly regulated across time points after stroke (Table 1). For 507 

example, the canonical pathways that are active in Day 5 stroke OPCs involve Retinoic acid and other 508 

nuclear receptor signaling (5 pathways), p38/MAPK signaling, proteoglycan degradation, fatty acid and 509 

cholesterol synthesis (involved in membrane and myelin production) and extracellular matrix turnover 510 

pathways. This is consistent with active proliferation/differentiation at day 5. Interestingly, one of the 511 

genes with the greatest differential expression between day 5 compared with t day 15 is Matrilin-2 (Fig. 512 

3B, Extended Data Table 1-1), with an RNAseq log2 fold change of -11 (2100 fold downregulated at day 513 

15) and a qPCR change from 13.4 fold upregulated at day 5 and -2.5x downregulated at day 15. Matrilin-514 

2 is an extracellular matrix protein with a role in peripheral nerve regeneration (Malin et al., 2009). These 515 

signaling pathways have been implicated in OPC responses to non-stroke injury, particularly Retinoid 516 

acid receptor function (Huang et al., 2011a), and in myelin formation (Kidd and Trapp, 2010). The 517 

canonical pathways that are active in Day 15 stroke OPCs continue to reflect Retinoic acid signaling (2 518 

pathways) but also heavily involve inflammatory (12 pathways) and growth factor signaling (3 pathways). 519 

 520 

We analyzed the day 5 and day 15 stroke OPC transcriptomes to determine if specific signaling pathways 521 

are coordinately regulated in OPCs at these time points after stroke. Stroke regulates signaling systems 522 
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related to RXRa and PTEN, two gene systems that play a role in OPC differentiation in non-stroke 523 

demyelinating white matter lesions (Huang et al., 2011; Gonzalez-Fernandez et al., 2018) at proliferating 524 

day 5. At day 15 stroke differentially regulates several gene systems with roles in OPC differentiation or 525 

the tissue response to inury: CSF2, IGF-1, CREB, TLR4, STAT 4 and 6, p38/MAPK (Fig. 3A¸ Extended 526 

Data Table 1-1). In the genes that are significantly regulated at day 15 compared to day 5, the differential 527 

regulation of Rho, RhoGEF and RhoGAPs, cdc 42 and Fyn correspond to a downstream signaling system 528 

common to many axonal growth inhibitors, including the Nogo 66 receptor-1 (NgR1)/LINGO-1 complex 529 

(Montani et al., 2009; Schmandke et al., 2007), which plays a key role in limiting OPC differentiation 530 

after white matter stroke (Sozmen et al., 2016). Several of these gene products have been more closely 531 

associated with cells other than OPCs/OLs, but immunohistochemical staining shows co-localization with 532 

OPC and OLs after white matter stroke for several of these proteins, including Cyclooxygenase 2 533 

(Cox2/PTGS2), ubinuclein 1 (UBN1), and Colony Stimulating Factor 2 (CSF2) (Fig. 3C), suggesting that 534 

OPCs may take on novel roles post-stroke. Fyn expression peaks in OPCs during developmental 535 

myelination and its signaling systems modulate Rho to control morphological maturation of OPCs and 536 

MBP expression (White and Krämer-Albers, 2014).  537 

 538 

We next investigated which transcriptional regulators might control differential gene expression in stroke 539 

OPCs. Day 5 and day 15 transcriptomes were analyzed for upstream regulators: molecules that induce or 540 

downregulate expression in a specific group of genes that are regulated in the OPC transcriptomes (Fig. 541 

3D). Predicted transcriptional regulators were analyzed by significant association with differentially 542 

induced genes in each transcriptome, using a Fisher’s exact test in which a P value and indicates that a 543 

given upstream regulator has a significant predicted interaction with the transcriptome. Additionally, an 544 

activation score was assessed, indicating the strength of the induction or inhibition of a set of downstream 545 

genes from a particular upstream regulator. Both values rank the strength of an association of an upstream 546 

regulator with a predicted effect on the gene expression profile in OPCs as they respond to WMS stroke 547 

in early, proliferative and later limited regenerative phases. The upstream regulaters differ by time point 548 
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in stroke OPCs and include immune cytokines, such as IL-3, 4, 10, 13 and TNF. Most of these upstream 549 

regulators produce gene expression changes that are seen in stroke OPCs but these molecules themselves 550 

are not differentially expressed in stroke OPCs, implying a cell non-autonomous role. Inhibin A (INHA) 551 

is one of the extrinsic transcriptional regulators with the highest activation score when comparing Day 15 552 

to Day 5 stroke datasets. Intriguingly, Inhibin A is reported as a repressor of Matrilin-2 expression 553 

(Nagaraja et al., 2010) (Fig. 3D). 554 

 555 

In summary, RNAseq of OPCs in the reactive zone after white matter stroke show that these cells display 556 

a dynamic gene expression profile distinct from resting OPCs, which changes over time as OPCs move 557 

from an early proliferative phase to one of limited differentiation. There is an initial activation of retinoic 558 

acid, fatty acid and cholesterol synthesis pathways and later growth factor and inflammatory signaling 559 

systems. A coordinated up-regulation of Rho, RhoGEF and RhoGAP family members and 560 

downregulation of CDC42 occurs at day 15, which are downstream from NgR1. We have defined a role 561 

for NgR1 signaling in post-stroke white matter repair (Sozmen et al., 2016). This data also highlight ECM 562 

turnover as an early pathway in the OPC response to white matter stroke. One such ECM protein, 563 

Matrilin-2, undergoes a dramatic induction and then inhibition in OPCs after white matter stroke, and an 564 

inhibitor for Matrilin-2, Inhibin A, is predicted to be active in white matter stroke by bioinformatic 565 

analysis of the day 5 vs. day 15 transcriptomes.  566 

 567 

Matrilin-2 and Inhibin relationship in vitro and in vivo in OPCs and White Matter Stroke 568 

In line with the RNAseq and qPCR data we found Matrilin-2 protein is increased in OPCs and in some 569 

astrocytes during the early phase of the disease, compared to the levels in control white matter (Fig. 4A-D, 570 

H, Fig. 5A,B). In contrast, at 15 days after stroke few OPCs or other cells in white matter contained 571 

Matrilin-2, which is comparable to control white matter (Fig. 5A,C). Inhibin A exhibits an inverse profile 572 

following white matter stroke. At day 5 few cells in or near the infarct contain Inhibin followed by a 573 

dramatic increase in staining at day 15 in the edges of the infarct (Fig. 4A-C, Fig. 5A,C). At day 15 574 
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numerous astrocytes are positive for Inhibin in the center of the stroke core and in the peri-infarct white 575 

matter (Fig. 4B,C). This indicates that Inhibin is induced in astrocytes as the response to white matter 576 

stroke progresses and may activate receptors on OPCs. Previous research has identified Inhibins as 577 

binding to Activin receptors and competing with Activin signaling, through ActRIIa. InhibinA may have 578 

a direct action via Inhibin binding protein/p120. Both ActRIIa and Inhibin binding protein/p120 are 579 

expressed in OPCs (Suresh et al., 2011) and were detected in OPC reporters or oligodendrocytes (Fig. 580 

6A,B). There is variance in the number of Olig2+ oligodendrocyte lineage cells that are immunopostiivd 581 

for these two receptors, and no significant change with white matter stroke (Fig. 6C,D). To investigate 582 

whether this signaling system was specific to the mouse model of WMS, we also examined human stroke 583 

tissue. Inhibin is also induced in human white matter stroke (Fig. 4E) but not in non-ischemic areas or in 584 

reactive astrocytes surrounding amyloid plaques in Alzheimer’s Disease (Fig. 4E).  585 

 586 

To further investigate the effects of Matrilin-2 and Inhibin on OPC differentiation, we investigated their 587 

effects on primary OPC cultures. Matrilin-2 significantly induces expression of mature oligodendrocyte 588 

genes, such as Mobp and Plp1, while inhibiting expression of immature or progenitor genes, such as 589 

PDGFR  and NG2 (Fig. 7A). As predicted from the upstream analysis of the OPC Stroke Transcriptome, 590 

Inhibin inhibits OPC expression of Matrilin-2 (Fig. 7A). When applied together to in vitro OPC cultures, 591 

Inhibin blocks the Matrilin-2-induced expression of the mature oligodendrocyte genes Mobp and Plp1 592 

(Fig. 7A). In addition to gene expression studies, we looked at OL morphology, based on the observation 593 

that maturation leads to increased process length and complexity. We compared the extent of OL process 594 

growth and arborization in the presence of Inhibin and/or Matrilin-2 (Huang et al., 2011; Rajasekharan et 595 

al., 2009; Fig. 7B). Inhibin decreased the total number of processes, maintaining the cells in a simple 596 

morphology (PDL: 45.80 ± 11.12, PDL + Inhibin media: 9.67 ± 3.56, P < 0.01). In contrast Matrilin-2 597 

increased the average number processes, indicating increased complexity of OL arbors, as compared to 598 

growth of OPCS on poly-d-lysine (PDL, standard cell culture) (Fig. 7B, PDL: 4.94 ± 1.05, PDL + ; PDL 599 

+ Matrilin-2: 19.13 ± 5.49, P< 0.00001; Fig. 7B,C). Matrilin-2 not only markedly increased the 600 
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complexity of OLs (P < 0.00001; Fig. 7B,C) it also blocked the negative effects of Inhibin on OL process 601 

formation (Fig. 7B,C). The individual p values are, for Fig. 7A PDGFRα overall P = 0.0002, individual P 602 

values 0.0006, >0.9999, 0.0092, 0.9366, NG2 overall P = 0..025, individual P values 0.0118, >0.9999, 603 

0.0043, >0.9999, MOBP overall P = 0.0141, individual P values 0.0143, >0.9999, >0.999, 0.390, PLP1 604 

overall P = 0.0111, individual P values 0.1836, 0.0348, >0.9999, 0.0724. For Fig. 7B, statistics are one 605 

way ANOVA, Bonferonni post hoc test, sample size = 5, P values 0.0086, 0.00072, 0.0063. 606 

 607 

 608 

Matrilin-2 did not alter the differentiation potential of OPCs (Fig. 7D). In contrast, Inhibin did affect 609 

differentiation, significantly decreasing the number of MBP+ cells in culture (PDL: 45.5% ± 9.06, PDL + 610 

Inhibin A media: 27.30% ± 5.44, P< 0.001). There are 5 samples per group, one way ANOVA, 611 

Bonferonni post hoc test, P values are 0.0061, 0.0372. This effect was attenuated when Matrilin-2 and 612 

Inhibin were both present in culture media. (Fig. 7D, 32.95% ± 6.34, P< 0.01 relative to PDL control). In 613 

summary, soluble Matrilin-2 significantly promotes maturation of OLs, while Inhibin partially blocks 614 

Matrilin-2’s pro-differentiation effect.  615 

 616 

Matrilin-2 enhances functional recovery after white matter stroke 617 

White matter stroke in humans produces profound deficits in movement control and gait (Whitman et al., 618 

2001; Baezner et al., 2008; Soumaré et al., 2009) and is strongly age associated (Iadecola, ’13). These 619 

motor deficits directly correlate with the development of cognitive impairments, vascular dementia, falls 620 

and death (Verghese et al., 2002; Koo et al., 2012). To model movement deficits in the mouse, the use of 621 

aged mice is both clinically relevant and experimentally necessary, as young adult mice recover motor 622 

control within weeks of the stroke, whereas aged (20-22 months old) mice have persistent motor 623 

impairments in gait and skilled reaching (Rosenzweig and Carmichael, 2013). To test the effects of 624 

Matrilin-2 on measures of tissue repair after white matter stroke, this protein was injected into the 625 

boundary region of the stroke, in the site of injured axons and blocked OPC differentiation, 6 days after 626 
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stroke (Fig. 1A, Sozmen et al., 2016). Matrilin-2 persists for at least 7 days in the extracellular matrix 627 

around white matter stroke (data not shown).  Aged mice received a stroke using the same technique as 628 

young adult male mice and either vehicle or Matrilin-2 was injected into the white matter adjacent to the 629 

stroke (n=8 control, stroke+vehicle; n=9 stroke+Matrilin-2). Motor control was measured in skilled use of 630 

the forelimb to grab individual pieces of pasta (pasta matrix task, Rosenzweig and Carmichael, 2013) and 631 

in foot faults while walking on a challenging grid (grid-walking task, Rosenzweig and Carmichael, 2013).  632 

Aged mice with stroke experience a deterioration in gait, seen as an increase in foot faults. This does not 633 

recover over 9 weeks after stroke. In contrast, mice with stroke+Matrilin-2 recover gait function 634 

significantly, beginning at 1 week after stroke (two-way ANOVA, difference of means=7.958, t=5.257, 635 

p<0.001, Bonferonni) and at 9 weeks are not significantly different from control, no–stroke mice  (two-636 

way ANOVA, difference of means=3.336, t=2.228, p<0.076, Bonferonni) (Fig. 7E). In the pasta matrix 637 

test, there is a slight drop-off in in performance in all groups, due to the time off from the surgery or the 638 

equivalent time gap in controls. Control mice quickly recover their performance. Stroke+veh mice never 639 

achieve greater than 60% of their baseline performance. In contrast, stroke+Matn2 mice are significantly 640 

better at skilled reach than stroke+veh at 5 weeks (two-way ANOVA, difference of means=23.514, 641 

t=4.813, p<0.037, Bonferonni after stroke and are not significantly different from control mice at 9 weeks 642 

(two-way ANOVA, difference of means=10.626, t=1.114, p=0.762, Bonferonni) (Fig. 7F). This data 643 

indicates that local increases in Matrilin-2 after white matter stroke produce improved motor recover in 644 

this stroke subtype, in clinically relevant aged cohorts of mice. 645 

 646 

Matrilin-2 promotes OPC differentiation and white matter repair in vivo after white matter stroke 647 

To determine the effects of Matrilin-2 on tissue outcomes after white matter stroke, we measured OPC 648 

differentiation and myelin ultrastructure in control, stroke and stroke+Matrilin-2, also using aged mice to 649 

understand the tissue effects that underlie behavioral recovery. OPC differentiation was quantified 650 

through immunohistochemical staining of Olig2, a maker of the oligodendrocyte lineage to the point of 651 

mature oligodendrocytes (Huang et al., 2011; Simon et al., 2011) and the mature oligodendrocyte marker, 652 
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GSTpi (Simon et al., 2011). Cells in three states were quantified: immature OPCs (Olig2/GSTpi-), 653 

intermediate maturation (Olig2/GSTpi+) and a mature state (low or absent Olig2/GSTpi+). This approach 654 

was validated in showing a significant association with morphological complexity of the OPCs as they 655 

mature, measured with viral cell filing in vivo with mCherry (Fig. 8A,B) and with virally-tracked MBP 656 

expression (Fig. 8C,D). To measure OPC differentiation during a condition of Matrilin-2-stimulated 657 

behavioral recovery, tissue sections from the aged cohorts of mice used in the behavioral studies were 658 

analyzed at study end, 9 weeks after stroke. OPC and mature oligodendrocyte number were digitally 659 

mapped in control, stroke+vehicle and stroke+Matrilin-2 (Fig. 8E). Stroke causes an increase in total 660 

Olig2+ cells and a loss of mature, low Olig2/GSTpi+ cells (Fig. 9A,B). This is consistent with our 661 

previous reports of white matter stroke inducing a proliferation of Olig2+ OPCs but a block in the 662 

differentiation of these progenitors into mature oligodendrocytes (Sozmen et al., 2016). Stroke+Matrilin-2 663 

significantly blunts the increase in Olig2+ cells, and increases the number of low Olig2/GSTpi+ cells, 664 

markers of mature oligodendrocytes (Fig. 9A,B). Thus, in digital maps of the subcortical white matter 665 

near the infarct, Matrilin-2 induces more cells with markers of intermediate and mature oligodendrocytes 666 

after stroke. To directly visualize myelin structure in aged mice with stroke+veh and stroke+Matrilin-2, 667 

separate cohorts were processed for electron microscopy of myelin profiles (stroke+vehicle and 668 

stroke+Matrilin-2, n=5 each) and g ratio was measured in the corpus callosum medial to the stroke site at 669 

9 weeks after stroke in stroke+veh and stroke+Matrilin-2. The g-ratio is the ratio of the inner axonal 670 

diameter to the total outer diameter, a sensitive indicator of re-myelination. Matrilin-2 promotes 671 

remyelination of axons adjacent to the infarct, seen as axons with significantly lower g ratios (Fig. 9C,D) 672 

(stroke+veh mean=0.686, SD=0.020; stroke+Matn2 mean=0.612, SD=0.019, 5 animals per group, at least 673 

100 axons measured per animal, P = 0.0003, two-tailed T test). Matrilin-2 delivery after stroke also 674 

increases the total percentage of axons adjacent to the stroke site that are myelinated (data not shown). 675 

These results indicate that Matrilin-2 enhances OPC differentiation and re-myelination in the brain after 676 

subcortical white matter stroke. 677 

 678 

679 
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 680 

Discussion 681 

White matter stroke triggers a unique molecular profile within OPCs in the partially damaged tissue 682 

adjacent to stroke and in adjacent reactive astrocytes, which both initiate and limit tissue repair. Stroke 683 

induces OPCs to respond to the damage through proliferation, but these responsive OPCs have only a 684 

very limited differentiation into mature oligodendrocytes (Sozmen et al., 2016). In this study we report a 685 

unique OPC transcriptome specific to white matter stroke pathology. This dataset indicates that in the 686 

proliferative phase of this OPC response, distinct molecular pathways are induced related to ECM 687 

remodeling, retinoic acid/nuclear receptors, PTEN signaling and membrane biosynthesis. During the 688 

phase of limited differentiation, there is a marked upregulation of inflammatory signaling and growth 689 

factor pathways. One prominent gene that is highly induced during the proliferative phase of the OPC 690 

Stroke Transcriptome, and then significantly downregulated, is Matrilin-2 which codes for an ECM 691 

adapter protein associated with peripheral nerve regeneration. Analysis of the OPC stroke transcriptome 692 

for upstream regulators of this gene set and of Matrilin-2 identifies InhibinA as a secreted molecule that is 693 

predicted to control expression of a significant number of genes in the OPC stroke transcriptome. 694 

InhibinA is localized to reactive astrocytes in both mouse and human stroke, suggesting a post-stroke 695 

glial signaling niche. Indeed, Matrilin-2 is initially upregulated in OPCs after stroke, until reactive 696 

astrocytes begin secreting InhibinA, which downregulates Matrilin-2 and may be part of the inability of 697 

OPCs to differentiate in this disease. In vitro studies confirm that Matrilin-2 induces and InhibinA 698 

opposes OPC differentiation and that InhibinA regulates Matrilin-2 expression in OPCs. In vivo studies 699 

show that Matrilin-2 promotes OPC differentiation and remyelination in white matter stroke and promotes 700 

behavioral recovery. This data identifies an OPC-astrocyte niche that is triggered after white matter stroke 701 

and signals to inhibit tissue repair through in part an Inhibin/Matrilin-2 axis. 702 

  703 
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White matter stroke triggers an important interplay among astrocytes. Astrocytes are triggered into a 704 

reactive state over the course of the first 7 days after stroke in the region of initial OPC proliferation and 705 

later limited differentiation in white matter stroke. Further, a portion of the reactive (7-13%) astrocytes 706 

bordering the lesion are actually derived from OPCs (Sozmen et al., 2016). This shunting of OPCs toward 707 

astrocytes instead of toward differentiated oligodendrocytes in white matter stroke has been described in 708 

other diseases and cell culture (Barres et al., 1990; Raff et al., 1983; Zhu et al., 2008). In inflammatory 709 

and toxin-induced white matter injury, an astrocyte effect on OPC responses has been recently 710 

recognized. Astrocytes secrete or express on their surface a large number of molecules that either 711 

stimulate or block OPC differentiation (Barnett and Linington, 2013). There are no reported systems in 712 

oligo-astrocyte signaling in white matter stroke. Rather than work sequentially through the many 713 

astrocyte signaling systems identified in inflammatory or toxin injury to discover signaling systems in 714 

white matter stroke, we took a systems biology approach. We identified the transcriptional profile that is 715 

distinct between the proliferative phase of OPCs after stroke, and the phase of very limited differentiation 716 

into oligodendrocytes. Among other gene systems, this approach identified Matrilin-2 as one of the most 717 

differentially regulated genes between the proliferation and limited-differentiation stages of OPCs after 718 

white matter stroke. We then predicted the molecules that could regulate this collection of genes, 719 

identifying candidate upstream regulators that themselves were not present in the two OPC Stroke 720 

Transcriptomes. A secreted factor with one of the highest z scores in this predicted set of upstream OPC 721 

regulators was inihibin A, which has been reported to decrease the expression of Matrilin-2 (Skory et al., 722 

2013). 723 

  724 

Inhibins are dimers of α and βA or βB subunits originally described as antagonizing activin signaling in the 725 

anterior pituitary. There has been no described role for Inhibin A secretion and action within the brain. By 726 

tracking the specific subunit for Inhibin A, it is induced in reactive astrocytes at the margin of white 727 

matter stroke by 7 days after the infarct in the mouse white matter stroke model. Inhibin A is also induced 728 

in human white matter stroke in a specific manner, as it is not seen in reactive astrocytes in Alzheimer’s 729 
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disease. OPCs and oligodendrocytes express Inhibin A receptors, although the receptor biology of Inhibin 730 

A is not well defined (Suresh et al., 2011). We confirm that Inhibin A reduces Matrilin-2 transcription in 731 

OPCs. Matrilin-2 stimulates differentiation of OPCs and Inhibin A blocks differentiation of OPCs. The 732 

Inhibin A block to OPC differentiation can be partially overcome by Matrilin-2, suggesting that Matrilin-733 

2 is downstream from Inhibin signaling in OPCs, as predicted. In vivo after white matter stroke, Matrilin-734 

2 promotes OPC differentiation, enhances re-myelination of axons adjacent to the stroke, and promotes 735 

behavioral recovery. Matrilin-2 is an extracellular matrix adapter protein, which binds to and links 736 

together collagens and proteoglycans into a filamentous extracellular network. Matrilin-2 is active in 737 

muscle and liver regeneration (Korpos et al., 2015) and is also secreted by Schwann cells in peripheral 738 

nerve injury, promoting axonal regeneration. (Malin et al., 2009). Recently, Matrilin-2 has been 739 

implicated as an axonal signal in MS that stimulates macrophages (Jonas et al. 2014). This data identifies 740 

Matrilin-2/Inhibin A as a new oligo-astrocyte signaling system in a glial niche within white matter stroke, 741 

which blocks OPC differentiation and recovery by inhibiting the ability of the OPC to modify the local 742 

extracellular matrix into a reparative state.  743 

 744 

Bioinformatic analysis of the proliferative OPC stroke transcriptome and the limited differentiation OPC 745 

stroke transcriptome identifies other key molecular pathways that are active in each stage and predicted 746 

master regulators, which might control OPC responses. The downstream genes that are controlled by 747 

several classes of nuclear receptors are prominently regulated in the proliferative phase of OPC response 748 

after stroke. Five such pathways are activated LXR/RXR, PXR/RXR, VDR/RXR, TR/RXR and 749 

PPAR/RXR. Interestingly these receptors themselves are not significantly altered in their gene expression 750 

levels in stroke OPCs, but many genes that are up- or down-regulated at high statistical significance 751 

(FDR<0.1) are regulated by these nuclear receptors These RXR nuclear receptors are from type I and II 752 

classes and form homo- or heterodimeric pairings of a hormone-specific ligand element with a DNA 753 

binding element, which then control the expression of functionally related genes (Dawson and Xia, 2012). 754 

Changes in expression of nuclear receptors and their downstream genes are seen in OPC responses in 755 
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toxin and inflammatory white matter lesions during OPC differentiation (Huang et al., 2011a), as opposed 756 

to stroke, where regulation of these genes occurs during the proliferative phase. RXRg has a causal role in 757 

OPC differentiation in MS models (Huang et al., 2011a). Nuclear receptors/RXR signaling promotes 758 

differentiation and inhibits proliferation in cancers and promotes maturity in adaptive immune responses 759 

(Du et al., 2005; Dawson and Xia, 2012). The transcriptional data suggest additional targets in nuclear 760 

receptor signaling systems may manipulate OPC differentiation in white matter stroke. 761 

 762 

In the limited differentiation OPC stroke transcriptome 15 days after white matter stroke, a substantial 763 

number of inflammatory signaling pathways are present. These include 12 pathways that relate to intrinsic 764 

inflammation (Trem 1), or specific cytokine signaling pathways (IL-14, IL-12 and NF-kb). One of the 765 

defining features between the cellular responses to white matter stroke in young adult to those of aged 766 

mice is the greater activation of inflammation with age (Rosenzweig and Carmichael, 2013). 767 

Inflammatory signaling has been extensively studied in T cell and macrophage/microglial effects in 768 

multiple sclerosis modeling. However, inflammatory cytokine signaling is clearly heterogeneous in its 769 

direct effects on oligodendrocytes (Rodgers et al., 2015), and will require study of the individual 770 

pathways to understand their contribution to the brain’s response to white matter stroke.  771 

 772 

Overall, these data indicate that white matter stroke induces a sequential OPC response within a glial 773 

cellular niche adjacent to the infarct that dynamically regulates tissue reorganization and repair and has a 774 

role in aged stroke. These findings have relevance to the two major clinical features of white matter 775 

stroke: it is strongly linked to aging (even normal aging), and this disease spreads locally to engulf greater 776 

adjacent areas of white matter. Aging white matter stroke has reduced nuclear receptor signaling and 777 

myelin repair in non-stroke white matter injury, via a decreased activation of the retinoid X receptor 778 

pathway (Natrajan et al. 2015).  White matter stroke in the aged brain provokes a greater inflammatory 779 

response in the injured white matter (Rosenzweig and Carmichael, 2013, Xu et al., 2018) but there has 780 

been little evidence for a systemic or generalized increase in brain inflammation in white matter stroke 781 
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with aging (Aribisala et al., 2014; Chen et al. 2016).  The OPC transcriptional data indicates that white 782 

matter stroke induces inflammatory signaling locally within the OPCs that border the infarct, developing 783 

over time, in a process that may not be detectable using traditional biomarkers of microglial or systemic 784 

inflammation. By targeting the unique OPC nuclear receptor and inflammatory responses and modulating 785 

astrocyte signaling, the data in the present study suggest distinct avenues that might enhance recovery in 786 

this disease. 787 

  788 
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Figure Legends 789 

 790 

Figure 1 White matter stroke and laser capture microdissection. A, Schematic of location of white matter 791 

stroke (red) in coronal section of mouse brain. Blue areas show regions of laser capture microdissection 792 

of OPCs. Bar = 500μm. B, White matter stroke in YFP-H mouse in which layer 5 neurons are densely 793 

labeled. The red cells are DAPI stains, with pseudocolor to red for visualization. Bar = 300μm. C, The 794 

specificity of the viral labeling of OPCs (lck-GFP) in white matter is shown with co-795 

immunohistochemical staining for markers of microglia (IBA1), astrocytes (GFAP) and OPCs 796 

(PDGFRα). Bar = 50μm. D, Viral labeling of OPC and then laser dissection of OPC for downstream 797 

RNA isolation and sequencing. Lentivirus with membrane-bound GFP (lck-GFP) under the control of the 798 

PDGFRα promoter is injected into the white matter adjacent to the stroke (blue region in (a)), labeling 799 

OPCs. These are microdissected in the region of partial damage to white matter, adjacent to the stroke 800 

site. E, To assess the OPC-specificity of the RNA-seq dataset, fragments per kilobase of transcript per 801 

million reads mapped (FPKM) data for each of the three treatment groups was compared to the most cell-802 

type specific genes identified in an online database (Zhang et al, 2014). FPKM values for the top ten most 803 

cell-type specific genes of the indicated type cell type are compared to the Day 5 and Day 15 804 

regenertating OPCs transcriptomes in white matter stroke. 805 

 806 

Figure 2 Transcriptional profile of OPCs responding to white matter stroke. A, Unsupervised clustering 807 

of the top 100 genes with highest total gene read counts and differential expression at FDR threshold 0.1 808 

in any comparison. Blue to red reflects low to high values (scaled for each row). The 5-day and 15-day 809 

Stroke OPC transcriptomes cluster together and away from the control (non-stroke) OPC transcriptome, 810 

except for overlap of two cases, indicating that the OPC transcriptional response after stroke is a distinct 811 

molecular profile compared to non-stroke OPCs, and is different over time after stroke. B, Differentially 812 

expressed genes across comparisons with FDR < 0.1. Green is down regulated and red is up regulated for 813 

each corresponding condition Venn diagram of differentially expressed genes in day 5 and day 15. The 814 
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deifferentially expressed genes are listed in Extended Data Table 1-1. C,D, Comparison of Stroke OPC 815 

transcriptomes at days 5 and 15 with published transcriptomes from oligodendrocytes and OPCs (Zhang 816 

et al., ‘14).  Note that there is not substantial overlap of the 5-day Stroke OPC transcriptomes with control 817 

(non-stroke) OPCs, new oligos or myelinating oligos and that that that this overlap does not increase even 818 

with time and the limited differentiation that occurs in OPC after stroke, as seen in the 15-day Stroke 819 

OPC Transcriptome. Additional comparisons to published OPC transcriptomes are in Extended Data 820 

Table 1-2. 821 

 822 

Figure 3 Analysis of Stroke OPC Transcriptome. A, Molecular pathway analysis of differentially 823 

regulated genes in 5-day, 15-day, 15-day vs 5-day Stroke OPC transcriptomes. All genes are at or below 824 

FDR 0.1. Red indicates upregulation and green downregulation. The fold change (log2) for each gene is 825 

indicated below the gene symbol. Several genes are hubs in their links within these networks, such as 826 

RXRa and PTEN in day 5, CSF2 and IGF1 in day 15 and Fyn and PKC in day 15 vs day 5. Dotted lines 827 

indicate indirect relationship, in which an association is reported in the literature but not a mechanistic 828 

role. B, Confirmatory qPCR analysis of select differentially regulated genes from RNAseq data set of 5-829 

day and 15-day Stroke OPC transcriptomes. 5d and 15d qPCR columns show fold change relative to 830 

expression of that gene in control (non-stroke) subcortical white matter OPCs. p value columns are two-831 

tailed T test comparisons between 5-day or 15-day vs control. C,  Immunohistochemical staining for 832 

Cox2 (PTGS1), UBN1 and CSF2 15 days after stroke. Cox2 co-localization with markers of 833 

oligodendrocyte-lineage cells (Olig2) and mature oligodendrocytes (CC1) and Cox2 co-localization with 834 

a marker of mature astrocytes (glutamine synthetase). Ubinuclein 1 (UBN1) co-localization with Olig2. 835 

CSF2/Olig 2 and overlap in the same microscopic field. The box in the overlap image is enlarged in the 836 

rightmost panel. Bar = 20μm in all images. D,  List of most significantly associated upstream regulators 837 

that are predicted to induce genes in the day 5 and day 15 OPC stroke transcriptomes, and that would 838 

induce genes that are significantly different in day 5 to day 15. P value is Fisher’s exact test and indicates 839 

that a given upstream regulators has a significant predicted interaction with the transcriptome. The 840 
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activation score indicates the strength of the induction or inhibition of a set of downstream genes from a 841 

particular upstream regulator. 842 

 843 

Figure 4 Astrocyte and oligodendrocyte/OPC Matrillin-2 and Inhibin A signaling. A-C, Inhibin A subunit 844 

Inhibinα is used as a marker to compare tissue levels of the growth factor (red), Aldh1l1 (white) labels 845 

astrocytes. At 5 days post lesion (a), there is no detectable Inhibinα signal within the stroke, whereas 846 

labeling of 15 day stroke sections (b) revealed high levels of Inhibinα+ cells filling the lesion. In higher 847 

magnification at the edge of the stroke (c-c”) the majority of Inhibinα label co-localizes with Aldh1l1+ 848 

astrocytes shown in higher magnification Inhibinα (red) and Aldh1l1 immunohistochemistry 5 days after 849 

stroke (a) and 15 days after stroke (b). (c) Higher magnification shows co-localization of Aldh1l1 staining 850 

with inhibinα . Bar in a-c =100um, in c’ = 20um. D, In a NG2-CreERT2/r26YFP mouse OPC reporter 851 

line 5 days after stroke. YFP+ (yellow) OPCs co-label with Matrilin 2 (red) (arrows) in addition to other 852 

cell types (arrowheads). Bar= 100 μm. E-G, Inihbinα staining in human white matter from control (e), 853 

Alzheimer’s disease as a reactive astrocyte condition that is not stroke and in white matter stroke (f). Bar 854 

= 20μm. H-I. Quantification of percent immmunopositive staining for Matrilin-2 and Inhibinα in Olig2+ 855 

cells in control and after stroke. *=p=0.0111vs 5D WMS, **=p=0.0040 vs 15D WMS. ****=p<0.0001. 856 

 857 

Figure 5 Matrilin-2 and Inihibin A Immunofluorescence in White Matter Stroke. A, Matrilin-2 (Matn2) 858 

and Inhibinα (InhA) immunofluorescence in control white matter, co-localized with makers of OPCs 859 

(PDGFRα), astrocytes (GFAP) and mature oligodendrocytes (CC1). Matn2 and InhA levels are low in 860 

control white matter. B, Matn2 staining is prominent 5 days after stroke and co-localizes extensively with 861 

PDGFRα. Inha staining remains low in 5 days after WMS. (C) Matn2 staining is decreased to levels near 862 

control white matter at 15 days after stroke. Inha staining is increased and localizes with GFAP+ cellular 863 

elements. 864 

 865 

Figure 6 Co-localization of Candidate Inhibin A Receptors to OPCs or Oligodendrocytes. 866 
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A,  OPC Reporter mouse (NG2-CreERT2/R26 YFP, Sozmen et al., 2016) and Activin Recptor IIa 867 

immunostaining. B,  Co-localization of the mature oligodendrocyte protein CC1 and Immunoglobulin 868 

Superfamily Member 1 (IGSF1)/ inhibin binding protein/p120. All photomicrographs taken at 7 days 869 

after stroke. Bar = 100μm. C,D. Quantification of percent immmunopositive staining for ActRIIa and 870 

IGSF-1 in Olig2+ cells in control and after stroke. There is no statistically significant difference across 871 

conditions. 872 

 873 

Figure 7 Matrilin 2 and Inhibin A in vitro and Matrilin-2 behavioral effects. A, Primary OPC cultures 874 

exposed to control conditions, or Matrilin-2 (10μg/ml) and inhibinα (10μg/ml) and assessed with qPCR 875 

for mRNA levels of OPC (PDGFRα and NG2) and mature oligodendrocyte (Plp1, Mopb) markers. ***, 876 

**, *=p < 0.001, 0.01, 0.05 vs control, ### = p <0.001 vs Matrilin-2. B, The number of crossings of OPC 877 

or oligodendrocyte branches, assessed by Sholl analysis. C, The mean number ofcell branches (y axis) at 878 

specific distances from the cell body (x axis) according to treatment condition. D, Percentage of MBP+ 879 

Olig2+ double labeled cells over the total number of Olig2+ cells. **, *=p < 0.01, 0.05 vs control. (e-f) 880 

Behavioral testing of aged animals. Aged mice (n=8 per group) were injected with Matn2 or vehicle 6 881 

days after white matter stroke and functional testing was assessed via (e) grid-walking  and (f) pasta 882 

handling tests. Results are presented as performance relative to pre-stroke baseline. *p<0.05, ***p<0.001, 883 

compared to sham+veh. ##p<0.01, ###p<0.001, compared to stroke+veh (two way ANOVA with 884 

Bonferroni t-test pairwise comparisons). 885 

 886 

Figure 8 Validation of White Matter Oligodendrocyte Quantification Approach. Immunohistochemical 887 

staining for levels of Olig2 staining intensity (low/absent vs high) and presence or absence of the mature 888 

oligodendrocyte marker GSTpi was tested against other measures of oligodendrocyte morphology, 889 

including morphological complexity (b) and a marker of MBP expression (c). A, Lentivirus with mCherry 890 

was injected using a dilute solution into subcortical white matter to fill sparse cells in the white matter 891 

with this fluorescent protein. The crossing points and number of branches were measured in 892 
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Olig2/GSTpi-stained cells by segmenting the fully labeled cells as filaments (bottom panel in (a)) and 893 

quantifying brain points of these filaments per cell. B, Quantification of Olig2/GSTpi measurements 894 

against cellular complexity as measured by branch points. Each dot represents quantification of one cell. 895 

Two cells were quantified per mouse, in 4 mice. The greatest arborization and complexity of cells is in the 896 

condition of low/absent Olig2 and GSTπ staining. C, Lentivirus with GFP under the MBP promoter was 897 

injected into subcortical white matter. This labels cells with activation of the mature oligodendrocyte 898 

promoter MBP. The number of Olig2 high/low and GSTpi-expressing cells with GFP expression was 899 

quantified. Arrowhead shows a cell with low Olig2/GSTpi+; arrow shows a cell with high Olig2/GSTπ-. 900 

D, Quantification of percent of all pMBP-GFP+ cells in subcortical white matter with distribution of 901 

Olig2 high/low-absent and GSTpi immunostaining by condition of GFP localization to these labeled cells. 902 

The morphologically-mature, low olig2/GSTpi+ oligodendrocyte population comprises over 80% of 903 

MBP-GFP cells in subcortical white matter (682 cells in total from 8 sections). E, To map the Olig2-904 

GSTpi labeled cells oligodendrocytes in the subcortical white matter were categorized into three spot 905 

objects: Olig2+/GSTpi- cells (red arrow/spot), Olig2/GSTpi+ cells (white arrow/spot) and low or 906 

absentOlig2/GSTpi+ cells (green arrow / spot). F, Quantification of oligodendrocyte lineages cells in 907 

white matter within 400um of stroke, as in Fig. 6b, with each data point shown. Bar in right panel of (a) = 908 

10um applies to photomicrographs in (c,e). 909 

 910 

 911 

Figure 9 Matrilin-2 promotes tissue measures of OPC differentiation in vivo. A, Distribution of 912 

oligodendrocytes in the subcortical white matter was mapped 8 weeks after stroke. The number of spots 913 

in each category of mature oligodendrocyte (low olig2/GSTπ+), intermediate oligodendrocyte 914 

(Olig2+/GSTπ+) and immature oligodendrocyte or OPC (Olig2/GSTπ-) and their distance from the stroke 915 

lesion center (blue circles) mapped. The blue circle indicates the center of the stroke. B, Quantification of 916 

oligodendrocyte lineage cells  in control, stroke and stroke+Matn2 delivery, 8 weeks after stroke. 917 

*p<0.05, , ***p<0.001, vs. Stroke+veh. C,D, (G) ratio was measured 9 weeks after stroke. The data are 918 
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the mean g ratio for each animals (n=5 for each group) ± SD. E, Representative EM images from corpus 919 

callosum that were used to calculate g ratios, showing the different conditions in aged white matter, stroke 920 

and two examples of exogenous matrilin-2 delivery.  921 

 922 

Table 1.  923 

Canonical pathways that are differentially represented in Stroke OPC Proliferation Transcriptome (5 924 

Days) and Stroke OPC Differentiation Transcriptome (15 Days) (Fisher exact test p<0.001 day 5/day 15 925 

vs. control OPCs). Distinct types of signaling pathways are induced over time in OPCs after stroke, from 926 

nuclear receptors early to inflammatory and growth factor systems later. Extended Data Table 1-1 lists all 927 

statistically significantly regulated genes. Extended Data Table 1-2 compares OPC transcriptomes. 928 

 929 

Extended Data Table 1-1. Differentially Regulated Genes in OPC Stroke Transcriptome, FDR<0.1, > 930 

Log 2 Fold Change 931 

List of all genes by condition that are significantly by statistical significance and fold change that are 932 

differentially regulated in stroke OPCs compared to control OPCs. 933 

 934 

Extended Data Table 1-2. Overlap Analysis of Stroke OPC Transcriptome with Previous OPC and OL 935 

Transcriptomes. Data from published studies on the transcriptome of OPCs or OLs and comparison for 936 

overlap with the present data for Day 5 and Day 15 post-stroke OPC Transcriptomes. 937 

 938 

 939 

  940 
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 1 

Table 1. Canonical Pathways Significantly Regulated in Stroke OPCs 
 

Day 5 
LXR/RXR Activation 
PXR/RXR Activation 
Neuroprotective Role of THOP1 in 

Alzheimer’s Disease 
Hepatic Cholestasis 
VDR/RXR Activation 
LPS/IL-1 Mediated Inhibition of RXR 

Function 
TR/RXR Activation 
Oleate Biosynthesis 
P38 MAPK Signaling 
Complement System 
Coagulation System 
Chondroitin Sulfate Degradation 
Visual Cycle 
Dermatan Sulfate Degradation 
Parkinson’s Signaling 
Epoxysqualene Synthesis 
Palmitate Biosynthesis 
Fatty Acid Biosynthesis Initiation 
Threonine Degradation 
Granulocyte Adhesion and Diapedesis 
Glutathione Redox Reactions 
PPARα/RXRα Activation 
cAMP-Mediated Signaling 
Type I Diabetes Mellitus Signaling 
Oct4 in ES Pluripotency 
 
 

Day 15 
IL-12 Signaling 
Role of IL-17F in Inflammatory Airway 

Diseases 
Role of Pattern Recognition Receptors in 

Bacteria and Viruses 
G-Protein Coupled Receptor Signaling 
FLT3 Signaling in Hematopoietic Progenitor 

Cells 
Fcγ Receptor-mediated Phagocytosis in 

Macrophages  
VDR/RXR Activation 
Reelin Signaling in Neurons 
cAMP-mediated Signaling 
Production of Reactive Oxygen Species in 

Macrophages 
Molecular Mechanisms of Cancer 
LXR/RXR Activation 
T Helper Cell Differentiation 
Factors Promoting Cardiogenesis 
p38 MAPK Signaling 
MSP-RON Signaling Pathway 
Hepatic Fibrosis/Hepatic Stellate Cell 

Activation 
LPS-stimulated MAPK Signaling 
EGF Signaling 
NF-κB Signaling 
Dendritic Cell Maturation 
TREM1 Signaling 
FGF Signaling 
Neurotrophin/TRK Signaling 
PI3K Signaling in B Lymphocytes 

Day 5 to Day 15 
HGF Signaling 
G-Protein Coupled Receptor Signaling 
LPS-stimulated MAPK Signaling 
Prostanoid Biosynthesis 
IL-12 Signaling and Production in 

Macrophages 
CD28 Signaling in T Helper Cells 
14-3-3-mediated Signaling 
Erythropoietin Signaling 
Macropinocytosis Signaling 
Renal Cell Carcinoma Signaling 
Protein Kinase A Signaling 
Glioma Signaling 
P2Y Purigenic Receptor Signaling Pathway 
IL-3 Signaling 
Prolactin Signaling 
PI3K Signaling in B Lymphocytes 
Huntington's Disease Signaling 
Breast Cancer Regulation by Stathmin1 
Role of IL-17A in Arthritis 
VDR/RXR Activation 
Glucocorticoid Receptor Signaling 
Regulation of IL-2 Expression in Activated 

and Anergic T Lymphocytes 
Inhibition of Angiogenesis by TSP1 
Pancreatic Adenocarcinoma Signaling 
NF-κB Signaling 

ECM turnover, Inflammatory Signaling, Growth Factor Signaling, Fatty acid/cholesterol metabolism, Nuclear receptor signaling 




















