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White Matter Stroke Induces a Unique Oligo-Astrocyte Niche
That Inhibits Recovery
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Subcortical white matter stroke is a common stroke subtype. White matter stroke stimulates adjacent oligodendrocyte progenitor cells
(OPCs) to divide and migrate to the lesion, but stroke OPCs have only a limited differentiation into mature oligodendrocytes. To
understand the molecular systems that are active in OPC responses in white matter stroke, OPCs were virally labeled and laser-captured
in the region of partial damage adjacent to the infarct in male mice. RNAseq indicates two distinct OPC transcriptomes associated with the
proliferative and limited-regeneration phases of OPCs after stroke. Molecular pathways related to nuclear receptor activation, ECM
turnover, and lipid biosynthesis are activated during proliferative OPC phases after stroke; inflammatory and growth factor signaling is
activated in the later stage of limited OPC differentiation. Within ECM proteins, Matrilin-2 is induced early after stroke and then rapidly
downregulated. Prediction of upstream regulators of the OPC stroke transcriptome identifies several candidate molecules, including
Inhibin A-a negative regulator of Matrilin-2. Inhibin A is induced in reactive astrocytes after stroke, including in humans. In functional
assays, Matrilin-2 induces OPC differentiation, and Inhibin A inhibits OPC Matrilin-2 expression and inhibits OPC differentiation. In
vivo, Matrilin-2 promotes motor recovery after white matter stroke, and promotes OPC differentiation and ultrastructural evidence of
remyelination. These studies show that white matter stroke induces an initial proliferative and reparative response in OPCs, but this is
blocked by a local cellular niche where reactive astrocytes secrete Inhibin A, downregulating Matrilin-2 and blocking myelin repair and
recovery.
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Introduction
White matter stroke constitutes up to 25% of all stroke subtypes
and accumulates to produce the second most common form of

dementia, vascular dementia (Iadecola, 2013). Unlike large artery
stroke, white matter stroke occurs in the subcortical white matter,
with greatest frequency near the lateral ventricles (DeCarli et al.,
2005). There is no therapy that promotes tissue repair or recovery
in white matter stroke. We have recently characterized white
matter stroke in a mouse model that closely parallels the human
disease. White matter stroke produces a central area of total cel-
lular loss, and an adjacent area of limited oligodendrocyte (OL),
myelin, and axonal damage (Sozmen et al., 2009, 2016; Rosenz-
weig and Carmichael, 2013) that is very similar to that seen in
humans (Hinman et al., 2015). Axonal damage is progressive in
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Significance Statement

Stroke in the cerebral white matter of the brain is common. The biology of damage and recovery in this stroke subtype are not well
defined. These studies use cell-specific RNA sequencing and gain-of-function studies to show that white matter stroke induces a
glial signaling niche, present in both humans and mice, between reactive astrocytes and oligodendrocyte progenitor cells. Astro-
cyte secretion of Inhibin A and downregulation of oligodendrocyte precursor production of Matrilin-2 limit OPC differentiation,
tissue repair, and recovery in this disease.
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this region of limited tissue damage adjacent to the stroke in both
humans and mice (Gouw et al., 2008; Sozmen et al., 2009; Rosen-
zweig and Carmichael, 2013), establishing this area as an impor-
tant target for a neural repair therapy: to prevent the slow
expansion of the lesion.

In the initial response to white matter stroke, OL progenitor
cells (OPCs) accumulate at the border of the infarct and prolifer-
ate. However, there is a very limited differentiation of OPCs into
mature OLs, in which �10% of OPCs express markers of more
mature OLs (Sozmen et al., 2016). This limited differentiation of
OPCs in white matter stroke stands in contrast to other white
matter diseases in the adult, such as multiple sclerosis, where
OPCs differentiate and partially remyelinate the inflammatory
lesion (Gallo and Armstrong, 2008; Huang et al., 2011b). To
determine molecular systems that might limit OPC differentia-
tion after stroke, we first explored known OPC signaling systems,
and determined that Nogo receptor signaling through Nogo 66
receptor-1 (NgR1) limits OPC differentiation in white matter
stroke (Sozmen et al., 2016). To more systematically characterize
the basic biology of OPC responses in white matter stroke, allow-
ing identification of novel targets for white matter repair, we
performed RNAseq on OPCs specifically isolated from the region
of partial damage adjacent to the stroke site, at an early prolifer-
ative stage (5 d after stroke) and at the later stage of limited
differentiation (15 d after stroke), compared with control non-
stroke OPCs. This analysis compares normal white matter OPCs
with two types of poststroke OPCs: early, proliferating OPCs and
later, limited differentiating OPCs. Bioinformatic analysis of this
dataset indicates that stroke induces a unique transcriptional
profile in OPCs, and that this profile changes over the prolifera-
tive and limited regenerative stages after stroke. One of the most
differentially regulated genes in stroke OPCs over time is
Matrilin-2, an extracellular matrix (ECM) adapter protein that
has been linked to peripheral nerve regeneration. Predictive anal-
ysis of molecules that might regulate the stroke OPC transcrip-
tome identified Inhibin A as a potential upstream regulator.
Tissue and behavioral studies indicate that stroke induces Inhibin
A expression in astrocytes in both mouse and human white mat-
ter stroke, and that this downregulates OPC Matrilin-2, limiting
repair and recovery in white matter stroke.

Materials and Methods
Mice. All experiments were performed in accordance with National In-
stitutes of Health animal protection guidelines and were approved by the
University of California, Los Angeles Animal Research Committee. WT
C57BL/6 (2–3 months, male) used for OPC transcriptome and OPC
culture studies were obtained from The Jackson Laboratory. Aged
C57BL/6 mice (18 –24 months, male) were obtained from the NIA Aged
Rodent Colony. Male rat pups (P6-P8) were obtained from Charles River
Laboratories.

White matter stroke. White matter stroke was produced as previously
described (Hinman et al., 2013; Rosenzweig and Carmichael, 2013). The
vasoconstrictor N5-(1-iminoethyl)-L-ornithine (27 mg/ml in sterile
physiological saline; EMD Millipore) was injected via micropipette
through the cortex at an angle of 36° with a dorsomedial to ventrolateral
injection path, into the white matter underlying the forelimb motor
cortex. Three 200 nl injections were made in the following stereotaxic
coordinates (in mm): AP: 0.22, 0.74, 1.24; ML: 0.20, 0.17, 1.15; DV:
�2.20, �2.25, �2.30. Control animals underwent craniotomy alone.
Aged mice received three injections of N5-(1-iminoethyl)-L-ornithine at
adjusted coordinates to account for smaller brain volume. Coordinates
used were as follows: AP: �0.75, �1.00, �1.25; ML: �0.96 (for all three
injections); DV: �2.00, �1.95, �1.90; at an angle of 45° with a dorso-
posterior to ventroanterior injection path to avoid direct damage to the
forelimb motor cortex. For the comparisons, unoperated controls were

used, rather than sham-injected animals. This is because of concern that
needle placement and sham (such as saline injection) introduces white
matter trauma and possibly vascular interruption and is not a strict sham
control.

Lentivirus constructs. Expression constructs were packaged into lenti-
viruses and concentrated with ultracentrifugation on a sucrose button.
The PDGFR�-lckGFP construct was generated with a PDGFR� pro-
moter from a published lentiviral construct (Geller et al., 2008) to
drive the expression of membrane targeted lckGFP (kind gift from Dr.
Steven Green, University of Iowa). Morphologic studies of OPCs were
conducted using EF1-mCherry (Systems Biosystems, CD527A-1) and
MBP-GFP constructs. All lentiviruses were delivered in pulled glass
micropipettes into lesioned or uninjured white matter, using time-
lines and stereotaxic coordinates outlined below according to their
respective study protocols.

Immunohistochemistry. Immunohistochemistry was performed as de-
scribed previously (Sozmen et al., 2009; Rosenzweig and Carmichael,
2013). Animals were perfused transcardially with 0.1 M PBS followed by
4% PFA. Brains were cryoprotected in 30% sucrose brains, frozen, and
sectioned using a cryostat (Leica Microsystems, CM 0530) into 20 – 40
�m sections. Sections were blocked in 5% donkey serum, incubated with
a primary antibody overnight at 4°C, incubated with a secondary anti-
body for 1–2 h at room temperature, and coverslipped with DPX. Slides
were imaged using confocal microscopy (Nikon, C2), with imaging pa-
rameters kept constant across treatment groups within each study. For
immunostaining with antibodies raised in the mouse, the mouse-on-
mouse blocking kit was used to reduce nonspecific binding (Vector
Labs). Primary antibodies were as follows (in alphabetical order): rabbit
anti-6xHis antibody (Abcam, 1:1000), rabbit anti-Activin Receptor type
IIA (ActRIIA, Abcam, 1:200), rabbit anti-Aldh1 (1:1000, Abcam), mouse
anti-�IV-spectrin (1:200, Neuromab), rabbit anti-Caspr (1:500, Ab-
cam), mouse anti-CC1 (1:200, Abcam), rabbit anti CC1 (1:100, EMD
Millipore), chicken anti-GFP (1:1000, Abcam), goat anti-GFP (1:5000,
gift from Dr. Nathaniel Heintz, Rockefeller University), mouse anti-
glutamine synthetase (Millipore, 1:500), rabbit and goat anti-GST�
(both 1:500, Abcam), rabbit anti-Iba1 (1:1000, Wako Chemicals), mouse
anti-human Inhibin� (1:100, Abcam), rabbit anti-mouse Inhibin� (1:
500, Abcam), rabbit anti-Matrilin-2 (1:200, Abcam; and 1:100, Santa
Cruz Biotechnology), chicken anti-mCherry (Novus Biologicals, 1:500),
rat anti-myelin basic protein (MBP, 1:1000, EMD Millipore), rabbit anti-
NG2 (1:200, EMD Millipore), mouse anti-Olig1 (EMD Millipore), rat
anti-Olig1 (gift from Dr. Bennett Novitch, UCLA), and rabbit anti-Olig2
(1:500, EMD Millipore). All secondary antibodies were donkey F(ab)2
fragments conjugated to cy2, cy3, or cy5 (Jackson ImmunoResearch Lab-
oratories) and were used at a dilution of 1:500.

For quantification of immunohistochemistry, the percent of cells
double-labeled with anti-Olig2 (mouse, 1:500, EMD Millipore), a tran-
scription factor found throughout a range of the OL lineage, and with
one of the following: antisera/antibodies against matrilin-2 (goat, 1:50,
R&D Systems), inhibin� (rabbit, 1:100, Abcam), activin receptor 2a, and
IGSF-1. The 30 �m coronal sections were stained with minimal permea-
bilization and treatment with Mouse on Mouse Blocker (Vector Labs). At
least two sections per animal, one anterior and one posterior, with stroke
involvement or equivalent sections for sham conditions were visualized.
Images were acquired with a 40� oil-immersion objection (Nikon C2
confocal). All imaging parameters were kept consistent for each condi-
tion and animal. A 200 �m � 200 �m FOV was selected medial to the
stroke core, localized to the white matter. Colocalized signal was defined
as signal occurring in the same cell type greater than background signal.
Analysis was performed by an investigator blind to treatment group.

Laser capture microdissection (LCM). Mice (n � 10 per group) received
white matter stroke and survived to 5 and 15 d. Specific OPC labeling
after stroke induction was achieved by injection of PDGFR�-lckGFP
lentivirus 4 d before the designated kill time point at two sites with the
following coordinates, 600 nl per site: AP: 0.50, 1.05; ML: 1.95; 1.75; DV:
�1.30, �1.35. All injections were delivered at 90° angle, perpendicular to
the plane of the skull. Control group brains received PDGFR�-lckGFP
lentivirus in the absence of stroke and were isolated 4 d after the lentivirus
delivery. Brains were isolated, snap frozen, and stored in �80°C until the
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day of LCM. On the day of LCM, cryosections (20 �m) were collected on
PET-membrane slides (Leica Microsystems), fixed in 90% ethanol (v/v)
for 2 min, and kept in 100% ethanol. Peri-infarct white matter OPCs
were detected and isolated under 40� magnification by positive GFP
signal (Leica Microsystems, LMD 7000). Laser-captured cells were col-
lected in lysis buffer (NucleoSpin RNA Isolation kit, Clontech) and
DNase-treated (Clontech). RNA integrity was determined using a Bio-
analyzer Picochip (Agilent Technologies) from parallel collections of a
large tissue area from the sections that were used for LCM, to provide
RNA concentrations within the detection range.

RNA processing and quality control. Total RNA was amplified and con-
verted into double-stranded DNA, which is typically between 200 and
300 bp (Ovation RNAseq System version 2, Nugen) that was further
processed with the Ovation UltraLow kit (Nugen). After library prepa-
ration (Encore NGS Library System I, Nugen), amplified double-
stranded cDNA was fragmented into 300 bp (Covaris-S2). DNA
fragments (200 ng) were end-repaired to generate blunt ends with 59
phosphatase and 39 hydroxyls and adapters ligated. The purified cDNA
library products were evaluated using the Bioanalyzer (Agilent Technol-
ogies) and diluted to 10 nM for cluster generation in situ on the HiSeq
paired-end flow cell using the CBot automated cluster generation sys-
tem. All samples were multiplexed into single pools, three at a time,
and run in 9 lanes total of Paired-End 2 � 100 bp flow cells in HiSeq
2000 (Illumina).

After demultiplexing samples, we obtained between 50 and 79 million
reads per sample. Quality control was performed on base qualities and
nucleotide composition of sequences. Alignment to the M. musculus
(mm9) refSeq (refFlat) reference gene annotation was performed using
the STAR spliced read aligner (Dobin et al., 2013) (PMID:23104886)
with default parameters. Additional quality control was performed after
the alignment to examine: the level of mismatch rate, mapping rate to the
whole genome, repeats, chromosomes, and key transcriptomic regions
(exons, introns, UTRs, genes). Five samples failed quality control and
were excluded from further analyses. Between 65% and 81% of the reads
mapped uniquely to the mouse genome. Total counts of read fragments
aligned to candidate gene regions were derived using HTSeq program
(http://htseq.readthedocs.io/en/release_0.9.1/) and used as a basis for the
quantification of gene expression. Only uniquely mapped reads were
used for subsequent analyses. Across the samples, �25% of the anno-
tated genes have been detected by at least 50 reads. Following alignment
and read quantification, we performed quality control using a variety of
indices, including sample clustering, consistency of replicates, and aver-
age gene coverage.

Bioinformatics. Differential expression analysis was performed using
the EdgeR Bioconductor package (Robinson et al., 2010), and differen-
tially expressed genes were selected based on false discovery rate (FDR) �
0.1 (Benjamini–Hochberg-adjusted p values). Day 5 (n � 8) and day 15
(n � 7) samples are compared with control samples (n � 10) for differ-
ential expression. Additionally, day 5 samples are compared with day 15
samples. Clustering and overlap analyses were performed using Biocon-
ductor packages within the statistical environment R (www.r-project.
org/).

Genes that were differentially expressed over two postlesion time
points, and the control with FDR � 0.1 was submitted to Cluster 3.0 for
hierarchical clustering analysis (Euclidian distance, centroid linkage
clustering). Differentially expressed genes in the OPC transcriptomes
after white matter stroke were further analyzed to identify molecular
pathways, canonical signaling pathways, and upstream regulating mole-
cules. To this end, Gene Ontology enrichment analysis was using DAVID
(https://david.ncifcrf.gov/), and pathway analysis was performed using
the Ingenuity Pathways Analysis software (QIAGEN, Bioinformatics).
Briefly, genes differentially expressed in each comparison group in the
OPC stroke transcriptome with FDR � 0.1 were compared with all genes
known to be involved in a given molecular pathway, canonical signaling
system, or regulated by an upstream regulator gene in a large, curated
database of molecular interactions. Fisher’s exact p value was calculated
by IPA to identify relationship of each dataset in the OPC transcriptome
to regulators, pathways, or signaling systems that were statistically signif-
icant compared with random expression patterns. Significance of up-

stream regulators considers four factors: (1) genes known to be regulated
by the candidate upstream regulator and are differentially expressed in
the OPC stroke transcriptome; (2) genes known to be regulated by the
regulator but not in the OPC stroke transcriptome; (3) genes not regu-
lated by the regulator but are in the OPC transcriptome; and (4) all genes
that are themselves not regulated in the OPC transcriptome, and which
are predicted to be regulated by upstream regulators in the Ingenuity
Knowledge Base but not predicted to act in the OPC transcriptome.
Upstream regulators were further identified based on their activation
score: a score metric that predicts the strength of the induction or inhi-
bition of a set of downstream genes from a particular upstream molecule
(IPA).

Cell type enrichment analysis was performed by comparing the stroke
OPC gene lists with published OPC and OL transcriptomes from rat
(Nielsen et al., 2006), mouse (Cahoy et al., 2008; Zhang et al., 2014), and
human (Auvergne et al., 2013). Enrichment analysis was performed by
using the hypergeometric test as implemented in the R hyper function.

Confirmatory qPCR was run with cDNA on 25 genes in duplicate for
each sample (Fluidigm, Biomark, 48.48 cell). ��Ct values were calcu-
lated compared with GAPDH and fold change calculated (Li et al., 2010;
Overman et al., 2012).

Primary mouse OPC cultures. Cerebral hemispheres from 1-d-old mice
were mechanically dissociated and were plated on poly-D-lysine (PDL)-
coated flasks in DMEM and Ham’s F12 (1:1, v/v) (Invitrogen), contain-
ing 100 �g/ml gentamycin and supplemented with 4 mg/ml dextrose
anhydrous, 3.75 mg/ml HEPES buffer, 2.4 mg/ml sodium bicarbonate,
and 10% (v/v) FBS (Omega Scientific). After 24 h, the medium was
changed, and the cells were grown in DMEM/Ham’s F12 supplemented
with 5 �g/ml insulin, 50 �g/ml human transferrin, 30 nM sodium sele-
nite, 10 mM D-biotin, 0.1% BSA (Sigma-Aldrich), 1% (v/v) horse serum,
and 1% (v/v) FBS. After 9 d, OPCs were purified from the mixed glial
culture by the differential shaking and adhesion procedure (Suzumura et
al., 1984) and were allowed to grow on PDL-coated coverslips in a de-
fined proliferation medium (Agresti et al., 1996), which contains 10
ng/ml PDGF-AA and 10 ng/ml bFGF (Sigma-Aldrich). OPCs were kept
in proliferation medium for 4 d, passaged, and plated for testing. In
studies where OPC differentiation was induced, cells were allowed to
proliferate after plating for 2 d and then induced to exit from the cell cycle
and differentiate by switching the cells to a mitogen-free coculture media
(Oh et al., 2003). Coculture media is DMEM/Ham’s F12 supplemented
with 4.5 g/L D-glucose, 5 �g/ml insulin, 50 �g/ml human transferrin, 30
nM sodium selenite, 15 nM T3 (tri-iodothyronine), 10 mM D-biotin, 10 nM

hydrocortisone, 0.1% BSA, 1% (v/v) horse serum, and 1% (v/v) FBS.
Primary rat OPC cultures. Rat primary OPC cultures used for addi-

tional inhibin studies were generated using the immunopanning proto-
col (Dugas et al., 2010). In short, one P6-P8 brain was dissociated and
passed as a single-cell suspension through three sequential panning steps,
in which dishes are coated with antibodies against cell type-specific sur-
face antigens: Ran-2 to remove astrocytes, O1 to remove OLs, and finally
O4 to pull down OPCs with �99% specificity as judged by Olig2 staining.
Cells were plated on PDL-coated 12-well plates at 15,000 cells/cm 2, in
DMEM-Sato serum-free proliferation media supplemented with 4.2
�g/ml forskolin, 10 ng/ml CNTF, 10 ng/ml PDGF-AA, and 1 ng/ml NT-3
as outlined previously (Dugas et al., 2010).

In vitro OPC differentiation assays. OPCs were plated on PDL (10
�g/ml, EMD Millipore) or PDL 	 Matrilin-2 coated coverslips. Cover-
slips were coated with Matrilin-2 in the same way as PDL, by incubation
in carrier free recombinant mouse Matrilin-2 (20 �g/ml, BD Biosci-
ences). For Matrilin-2 media, Inhibin A, and Matrilin-2 	 Inhibin A
tests, media was supplemented with 10 �g/ml Matrilin-2 and/or 10
�g/ml carrier free mouse recombinant Inhibin A (10 �g/ml, Randox
Research). Each group consisted 5 individual culture plate wells as bio-
logical replicates.

For qPCR studies, OPCs were plated in proliferation medium for 1 d,
which was then exchanged for proliferation medium supplemented
Matrilin-2 and/or Inhibin A as indicated. Cells were maintained for 4 d of
treatment, with one-half media change every 2 d. After 4 d of incubation
with test compounds, mRNA was purified from each well using the
RNeasy Plus Micro Kit (QIAGEN). cDNA was reverse transcribed from
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mRNA using SuperScript III Reverse Transcriptase and Oligo(dT)12–18
primer (Thermo Fisher Scientific) according to the manufacturer’s pro-
tocol. qPCR was run in technical triplicate for each biological sample
using the LightCycler 480 system with SYBR Green I mix (Roche Diag-
nostics). PCR was run with the manufacturer’s default 384-well protocol,
10 �l reaction volume, and an annealing temperature of 60°C. As with
qPCR tests outlined above, fold change was calculated from ��Ct values
compared with Gapdh (Li et al., 2010; Overman et al., 2012). Paired
Student’s t test was used to compare gene expression for 5 and 15 d after
stroke each to the control, nonstroke condition (for statistics, see Statis-
tical analysis).

For MBP/Olig2 studies, cells were allowed to differentiate for 5 d in
culture media and were fixed with 4% PFA, washed, and stained using a
standard immunocytochemistry protocol. Olig2 	 cells and MBP 	/
Olig2 	 double-positive cells were quantified in five separate fields using
20� magnification. The OPC differentiation index was calculated as the
percentage of double-labeled cells over the total number of Olig2 	 cells.
Photomicrographs of individual MBP-positive cells were taken at 100�
magnification (7–10 per experimental group) to be used in Sholl ring
analysis as described previously (Langhammer et al., 2010). Cells were
skeletonized using the Glia probe of Neurolucida software (MBF Biosci-
ence), and concentric Sholl rings were placed on each cell outline at 20
�m intervals, from which process crossings were quantified. Average
number of process crossings versus diameter was graphed for each treat-
ment group, and total number of branch points was calculated.

Human white matter stroke. To establish the relevance of Inhibin A
upregulation to human white matter stroke, we examined human post-
mortem brain tissue specimens. The cases selected for examination in
this study are autopsy cases from a clinicopathologic study of cognitively
normal subjects, those with subcortical ischemic vascular dementia or
Alzheimer’s disease. Written informed consent for autopsy was obtained
from all subjects or legal next of kin. From this larger database, cases
selected for detailed microscopy. To determine the cellular localization of
peri-infarct Inhibin A, we used brain sections from 2 subjects with he-
reditary endotheliopathy with retinopathy, nephropathy, and stroke
(HEARNS) (Jen et al., 1997), which features chronic cerebral microvas-
cular ischemia and recurrent white matter stroke and in which peri-
infarct axonal changes been described (Hinman et al., 2015). Autopsies
were performed �24 h after expiration. Postmortem brain blocks were
fixed for 2 weeks in formalin and paraffin embedded. Six micron sections
were generated from the paraffin embedded blocks for histologic analysis
using standard immunofluorescent labeling (Hinman et al., 2015; Coban
et al., 2017) using primary antibodies against human GFAP (clone
2.2B10Thermo Fisher Scientific, #13-030-0; rat anti-bovine GFAP, clone
2.2B10; 1:500) and mouse anti-human Inhibin A (� chain, Abcam,
1:100), with secondary antibodies as described above.

Aged animal studies of Matrilin-2. Mice aged 21 months were obtained
from NIA for a block of studies on the effect of Matrilin-2 in aged animals
after white matter stroke. Mice were first trained on behavioral tasks
outlined below to establish baseline performance levels. Then, at 22
months of age, white matter stroke was induced as described above.
Matrilin-2 was injected 6 d after stroke as follows: a total of 1 �g of
6-His-tagged recombinant mouse matrilin-2 (2 �g/�l in PBS, R&D Sys-
tems) or 0.5 �l of PBS was injected into the stroke area via micropipette
6 d after the stroke in two 250 �l injections with coordinates AP: �0.85,
�1.15; ML: �0.96 (for all three injections), DV: �1.97, �1.93. Behav-
ioral tests were run up to 8 weeks after Matrilin-2 injection, at which time
animals were killed for tissue studies. A separate cohort of animals aged
18 –22 months was used for electron microscopy.

Motor function tests. Gait and forelimb function were assessed in the
grid-walking task and the pasta matrix task as described previously
(Rosenzweig and Carmichael, 2013). In the pasta matrix task, 21-month-
old food-deprived mice were trained daily before stroke to reach through
an aperture and retrieve small pieces (3.3 cm height and 1 mm diameter)
of vertically oriented pasta arranged in a matrix. The number of pasta
breaks per 10 min daily session was averaged across 2 consecutive days of
training. Acquisition of the task was defined as a �4 average with a SD
�6 of breaks. Mice that failed to learn the task after 5 weeks of training
were excluded from the study. Following the stroke (or sham procedure),

the mice were tested twice weekly for 8 weeks, and their performance was
compared with prestroke performance. In the grid-walking task, mice
were placed in a chamber with a floor made of 12 mm 2 wire mesh, with
an area of 32 cm � 20 cm. A mirror was placed under the mesh, and
animals were recorded as they freely walked for 5 min. Footage was
analyzed by blinded raters to assess the total number of steps taken as
well as the total number of foot faults. A foot fault was counted if the step
placement did not provide support leading to the foot moving through
the grid hole, or if the grid was at or behind the wrist. From this, a correct
step percentage was calculated. Mice were tested in the grid-walking task
once before the stroke to establish baseline performance levels, and then
retested 1 week, 1 month, and 2 months following the stroke.

OL maturation analysis. Upon completion of the behavior study, ani-
mals were killed and tissue was prepared for immunohistochemistry as
described previously. Tissue was stained with Olig2 and GST�, and slices
were imaged using confocal microscopy. 3D distribution of OLs in the
subcortical white matter was mapped using Imaris imaging software
(Bitplane). OLs were initially categorized by low/high Olig2 expression
and present/absent GST� expression into separate spot objects. The
number of spots and their distance from the stroke lesion were recorded.
In a subsequent analysis of OLs in these categories, expression of the
Olig2 and GST� markers in OLs labeled with MBP-GFP lentivirus was
recorded. Further morphological analysis of the subgroups was per-
formed with Imaris filament tracing in cells labeled with EF1-mCherry
lentivirus. Lentivirus injection sites were as follows: AP: �0.75, �1.00,
�1.25; ML: �0.80, �1.30, �0.80; DV: �2.30, �2.30, �2.25, with 400 nl
injected per site.

Matrilin-2 turnover analysis. To determine how long injected
matrilin-2 remains in white matter tissue, a cohort of mice (n � 4 per
group) were killed 2 h and 2, 4, and 7 d after matrilin-2 or vehicle injec-
tions into the white matter. The presence of His-tagged injected
matrilin-2 was detected using immunohistochemistry. To prepare fresh
tissue samples for ELISA, brains were immersed in cold PBS for 5 min,
and a �1 mm 3 segment of white matter containing the injection area was
manually dissected out. The tissue was homogenized in RIPA lysis buffer
(Thermo Fisher Scientific) and the supernatant incubated for 2 h in
Pierce Nickel Coated Plates (Thermo Fisher Scientific) to bind the His-
tagged recombinant matrilin-2 protein to the plate. Bound matrilin-2
protein was detected with HisProbe-HRP and TMB ELISA Substrate
(Thermo Fisher Scientific) and the color reaction read using Alpha In-
notech FluorChem FC2 Imaging System.

Electron microscopy. A separate cohort of aged animals was used for
electron microscopy, following the same stroke and matrilin-2 injection
protocol as outlined above (n � 5 per group). Tissue was perfused using
2% PFA/2.5% glutaraldehyde in 0.1 M phosphate buffer, dissected and
immersed in the same fixative, then cut sagittally on a brain block in 1
mm sections, and a rectangle �1 mm � 2 mm was cut from the brain
slice surrounding the stroke area. This was sent to the University of
Colorado Denver Anschutz Electron Microscopy Center for further pro-
cessing. Briefly, the tissue was rinsed in 100 mM cacodylate buffer and
then immersed in 1% osmium tetroxide and 1.5% potassium ferrocya-
nide for 15 min. Next, the tissue was rinsed five times in cacodylate
buffer, immersed in 1% osmium for 1 h, and then rinsed again five times
for 2 min each in cacodylate buffer and two times briefly in water. The
tissue was transferred to graded acetone (50%, 70%, 90%, and 100%)
containing 2% uranyl acetate for 15 min each. Finally, the tissue was
transferred through acetone/resin mixtures at room temperature and
then embedded in EMbed-812 and cured for 48 h at 60°C in an oven.

Imaging regions were determined using semithick sections (1 micron)
stained with toluidine blue. Ultrathin sections (65 nm) were then cut on
a Reichert Ultracut S from a small trapezoid positioned over the area of
interest and were picked up on Formvar-coated slot grids (EMS). Sec-
tions were imaged on a Technai G2 transmission electron microscope
(FEI) with a digital camera (AMT), and 100 �m 2 images were obtained at
11,000�. Two fields per animal were analyzed using National Institutes
of Health ImageJ software. To calculate g ratios, inner and outer borders
of myelin were drawn for each axon totally captured within the image
field, and the ratio of inner (axon) to outer (myelin) border was calcu-
lated. Separately, total numbers of myelinated and unmyelinated axons
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were counted per field. Metrics were averaged within each animal, and
these animal averages were used for statistical analyses.

Experimental design and statistical analysis. All studies were analyzed
with investigators blinded to treatment condition and mice randomly
allocated to treatment groups. Studies were powered with sample sizes
chosen to detect a statistically significant result in ANOVA with � � 0.05
and power � 0.8 based on means and SDs in related work (Sozmen et al.,
2009, 2016; Hinman et al., 2013; Rosenzweig and Carmichael, 2013).
Data were tested with multiple-comparisons ANOVA and Bonferroni or
Tukey-Kramer post hoc testing or t tests (GraphPad Prism 6; and Excel
and Sigma-AldrichStat for behavioral tests), noted specifically for each
experiment. Data from cell culture and tissue quantification studies are
expressed as mean 
 SEM, unless otherwise noted. Data for qPCR were
tested in 5 d poststroke versus control and 15 d poststroke versus control
using Student’s t test, paired (Excel). For the RNAseq studies, 10 control, 8 d
5, and 7 d 15 poststroke samples were used, after the quality control
testing. Each sample corresponds to a different mouse; 300 – 400 cells in
8 sections per animal were captured for RNA analysis. Bioinformatic
analyses of these RNAseq studies followed the analyses described above
using differential gene expression analysis, canonical pathway and mo-
lecular pathway analyses, and determination of candidate upstream
regulators (Fisher’s exact test and z score). For qRT-PCR studies, confir-
matory for the RNAseq, sample size is 8 (control), 7 (5 d), and 10 (15 d)
with exact p values reported in two-tailed t test comparisons between 5 or
15 d versus control. For immunohistochemical localization of Inhibin A
and Matrilin-2, ActRIIA, Inhibin binding protein/p120, sample size is 6.
For human brain immunohistochemical staining in control, Alzheimer’s
disease, and white matter stroke (HEARNS), this is a convenience sample
from available autopsy material at UCLA with a sample size of 2 in
HEARNS and 3 control and Alzheimer’s disease cases. For the in vitro
OPC cultures, 4 –7 biological replicates with 3 technical replicates each
are used. Statistics are a one-way ANOVA with Bonferroni post hoc test-
ing and control for multiple comparisons. The individual p values, for
Figure 7a are as follows: PDGFRa overall p � 0.0002, individual p values
0.0006, �0.9999, 0.0092, 0.9366, NG2 overall p � 0.025, individual p
values 0.0118, �0.9999, 0.0043, �0.9999, MOBP overall p � 0.0141,
individual p values 0.0143, �0.9999, �0.999, 0.390, PLP1 overall p �
0.0111, individual p values 0.1836, 0.0348, �0.9999, 0.0724. For Figure
7b, statistics are one-way ANOVA, Bonferroni post hoc test, sample size �
5, and p values 0.0086, 0.00072, 0.0063. For the in vitro data in Figure 5c,
there are 7–10 cells per group; and the entire branching distribution is
shown, with no statistical comparison. For Figure 7d, there are five sam-
ples per group, one-way ANOVA, Bonferroni post hoc test, and p values
are 0.0061, 0.0372. For the in vivo behavioral data (see Fig. 7e), statistics
are two-way ANOVA, sample size is 8 or 9 per group, p values are 0.0008,
0.0761. For Figure 5, statistics are two-way ANOVA, sample size is 8 or 9
per group, and p values are 0.0008, 0.0761. For the tissue analysis after
Matrilin-2 delivery in aged white matter stroke (see Fig. 9), sample size is
8 or 9 per group (see Fig. 9a,b), and p � 0.00066 and p � 0.037. In g ratio
calculations (see Fig. 9c,d), there are 5 animals per group, at least 100
axons measured per animal ( p � 0.0003, two-tailed t test).

Results
OPC transcriptome
Subcortical white matter stroke induces proliferation and accu-
mulation of OPCs around the lesion site but very limited differ-
entiation of these OPCs into mature OLs (Sozmen et al., 2016).
The peak of proliferation of OPCs after white matter stroke is day
5, and the peak of limited differentiation of these OPCs into cells
with markers of mature OLs is day 15 after white matter stroke
(Sozmen et al., 2016). These two time points were taken as pro-
liferation and limited differentiation time points in these studies.
LCM was used to isolate the OPCs in the border of the stroke
lesion, where axons are preserved but OPC differentiation is
blocked (Sozmen et al., 2016) (Fig. 1a,b). This approach was
taken, instead of an approach, such as single-cell RNAseq, so as to
spatially localize OPC capture for transcriptional profiling, al-

lowing specific isolation of OPCs in the region of white matter
adjacent to the stroke or lesion site, with damaged or demyeli-
nated axons. OPCs were labeled with lentivirus with a PDGFR�
promoter driving membrane-bound lck-GFP (Fig. 1c,d) and cap-
tured within white matter 200 �m of the infarct at the peak of the
OPC proliferation after white matter stroke (5 d after stroke) and
at the time point of very limited differentiation of these cells (15
d) (Sozmen et al., 2016); and in control (nonstroke) white matter
from the same subcortical white matter region; 300 – 400 cells in 8
sections per animal were captured for RNA analysis.

Isolated total RNA was amplified and deeply sequenced in 10
samples for day 5, day 15, and control. Quality control was per-
formed after the alignment to examine the following: the level of
mismatch rate, mapping rate to the whole genome, repeats, chro-
mosomes, and key transcriptomic regions (exons, introns, UTRs,
genes). Samples from 5 animals failed quality control and were
excluded from further analyses (2 in day 5 and 3 in day 15).
Between 65% and 81% of the reads mapped uniquely to the
mouse genome. Across the samples, �25% of the annotated
genes were detected by at least 50 reads. Only genes with an FDR
of � 0.1 were further analyzed. To determine the specificity of
this approach to OPCs in white matter stroke, the differentially
regulated genes at day 5 and day 15 in stroke OPCs and control
were assessed for the top astrocyte, neuronal, and microglial
markers (Thomas et al., 2006; Cahoy et al., 2008; Zamanian et al.,
2012; Zhang et al., 2014). This analysis indicates that the RNAseq
data are largely OPC-specific, with a possible minor contamina-
tion of microglia (Fig. 1e).

Within FDR � 0.1, unsupervised clustering of the expression
profile by sample according to the highest total gene read counts
indicates that samples from each time point clustered together,
with the exception of one day 5 sample, which was an outlier, and
one day 15 sample which clustered with day 5 (Fig. 2a). The
clustering data and differential expression analysis indicate that
the stroke OPC transcriptome is largely distinct from control,
nonstroke OPCs, and distinct yet again across the early, prolifer-
ative and late, limited-differentiating time points in white matter
stroke.

A comparison of the differentially expressed genes in stroke
OPCs from proliferating day 5 OPCs to limited regenerating day
15 OPCs may provide insight into how these progenitors evolve
in their response to stroke. At FDR � 0.1, 439 genes are differen-
tially expressed in proliferating day 5 stroke OPCs compared with
control OPCs. A total of 1695 genes are differentially expressed in
the limited regenerating day 15 stroke OPCs compared with con-
trol OPCs. A total of 462 genes are differentially expressed from
day 5 to day 15 (Fig. 2b; Table 1-1, available at https://doi.org/
10.1523/JNEUROSCI.0103-19.2019.t1-1). qPCR of selected genes
identified in the RNAseq studies confirmed that 22 of 25 genes
had similarly significant changes in gene expression from
RNAseq to qPCR (Fig. 3b).

To understand how proliferating (day 5) and limited-
regenerating (day 15) OPCs compare in their transcriptome to
OPCs in control conditions, these mouse white matter stroke
OPC transcriptomes were compared with the most comprehen-
sive database of mouse OL lineage cells (Zhang et al., 2014). There
is a small overlap of early (day 5) and late (day 15) stroke OL
lineage transcriptomes with control adult OPC and OL transcrip-
tomes (Fig. 2c,d). However, there is little difference in the per-
centage of the stroke OPC transcriptomes at days 5 and 15 that
overlap with published gene sets from mature OL transcrip-
tomes, indicating that there is not a progressive expression of
mature OL genes over time after white matter stroke. In addition
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Figure 1. White matter stroke and LCM. a, Schematic of location of white matter stroke (red) in coronal section of mouse brain. Blue areas represent regions of LCM of OPCs. Scale bar, 500 �m.
b, White matter stroke in YFP-H mouse in which layer 5 neurons are densely labeled. The red cells are DAPI stains, with pseudocolor to red for visualization. Scale bar, 300 �m. c, The specificity of
the viral labeling of OPCs (lck-GFP) in white matter is shown with coimmunohistochemical staining for markers of microglia (IBA1), astrocytes (GFAP), and OPCs (PDGFR�). Scale bar, 50 �m. d, Viral
labeling of OPC and then laser dissection of OPC for downstream RNA isolation and sequencing. Lentivirus with membrane-bound GFP (lck-GFP) under the control of the PDGFR� promoter is injected
into the white matter adjacent to the stroke (a, blue region), labeling OPCs. These are microdissected in the region of partial damage to white matter, adjacent to the stroke site. e, To assess the OPC
specificity of the RNAseq dataset, fragments per kilobase of transcript per million reads mapped (FPKM) data for each of the three treatment groups were compared with the most cell type-specific
genes identified in an online database (Zhang et al., 2014). FPKM values for the top 10 most cell type-specific genes of the indicated type cell type are compared with the day 5 and day 15
regenerating OPCs transcriptomes in white matter stroke.
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to the Zhang et al. (2014) RNAseq database, these stroke OPC
transcriptomes were statistically compared with the other avail-
able OPC or OL gene expression profiles (Table 1-2, available at
https://doi.org/10.1523/JNEUROSCI.0103-19.2019.t1-2). There
is no difference in the percentage of the stroke OPC transcrip-
tomes at days 5 and 15 that overlap with published gene sets from
mature rat and mouse OL transcriptomes (Nielsen et al., 2006;
Cahoy et al., 2008), supporting the observation that OPCs over
time after stroke are expressing genes distinct from those charac-
teristic of a maturation pathway. A comparison of reactive OPCs
in white matter stroke to human white matter or cortical OPCs
(Auvergne et al., 2013) shows that day 5 and day 15 transcrip-

tomes overlap significantly only with human white matter OPCs
but not cortical OPCs (Table 1-2, available at https://doi.org/
10.1523/JNEUROSCI.0103-19.2019.t1-2). These data indicate,
compared with control OPCs, OPCs after stroke differentially
regulate more genes in the limited differentiation than the pro-
liferative phase and exhibit a distinct transcriptional profile that
does not evolve over time to resemble mature OLs.

The proliferating day 5 and limited regenerating day 15 stroke
OPC transcriptomes contain distinct canonical signaling systems
that are significantly regulated across time points after stroke
(Table 1). For example, the canonical pathways that are active in
day 5 stroke OPCs involve retinoic acid and other nuclear recep-

Figure 2. Transcriptional profile of OPCs responding to white matter stroke. a, Unsupervised clustering of the top 100 genes with highest total gene read counts and differential expression at FDR
threshold 0.1 in any comparison. Blue to red represents low to high values (scaled for each row). The 5 and 15 d stroke OPC transcriptomes cluster together and away from the control (nonstroke)
OPC transcriptome, except for overlap of 2 cases, indicating that the OPC transcriptional response after stroke is a distinct molecular profile compared with nonstroke OPCs, and is different over time
after stroke. b, Differentially expressed genes across comparisons with FDR � 0.1. Green represents downregulated and red represents upregulated for each corresponding condition Venn diagram
of differentially expressed genes in day 5 and day 15. The differentially expressed genes are listed in Table 1-1 (available at https://doi.org/10.1523/JNEUROSCI.0103-19.2019.t1-1). c, d, Comparison
of stroke OPC transcriptomes at day 5 and 15 with published transcriptomes from OLs and OPCs (Zhang et al., 2014). There is not substantial overlap of the 5 d stroke OPC transcriptomes with control
(nonstroke) OPCs, new oligos, or myelinating oligos and that that that this overlap does not increase, even with time and the limited differentiation that occurs in OPC after stroke, as seen in the 15 d
stroke OPC transcriptome. Additional comparisons to published OPC transcriptomes are in Table 1-2 (available at https://doi.org/10.1523/JNEUROSCI.0103-19.2019.t1-2).
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tor signaling (5 pathways), p38/MAPK signaling, proteoglycan
degradation, fatty acid and cholesterol synthesis (involved in
membrane and myelin production), and ECM turnover path-
ways. This is consistent with active proliferation/differentiation

at day 5. Interestingly, one of the genes with the greatest differen-
tial expression between day 5 compared with day 15 is Matri-
lin-2 (Fig. 3b; Table 1-1, available at https://doi.org/10.1523/
JNEUROSCI.0103-19.2019.t1-1), with an RNAseq log2 fold

Figure 3. Analysis of stroke OPC transcriptome. a, Molecular pathway analysis of differentially regulated genes in 5 d, 15 d, 15 d versus 5 d stroke OPC transcriptomes. All genes are FDR � 0.1.
Red represents upregulation. Green represents downregulation. The fold change (log2) for each gene is indicated below the gene symbol. Several genes are hubs in their links within these networks,
such as RXRa and PTEN in day 5, CSF2, and IGF1 in day 15, and Fyn and PKC in day 15 versus day 5. Dotted lines indicate indirect relationship, in which an association is reported in the literature but
not a mechanistic role. b, Confirmatory qPCR analysis of select differentially regulated genes from RNAseq dataset of 5 and 15 d stroke OPC transcriptomes; 5 and 15 d qPCR columns show fold change
relative to expression of that gene in control (nonstroke) subcortical white matter OPCs. p value columns are two-tailed t test comparisons between 5 or 15 d versus control. c, Immunohistochemical
staining for Cox2 (PTGS1), UBN1, and CSF2 15 d after stroke. Cox2 colocalization with markers of OL-lineage cells (Olig2) and mature OLs (CC1) and Cox2 colocalization with a marker of mature
astrocytes (glutamine synthetase). UBN1 colocalization with Olig2. CSF2/Olig 2 and overlap in the same microscopic field. The box in the overlap image is enlarged in the rightmost panel. Scale bar,
20 �m. d, List of most significantly associated upstream regulators that are predicted to induce genes in the day 5 and day 15 OPC stroke transcriptomes, and that would induce genes that are
significantly different in day 5 to day 15. p value is Fisher’s exact test and indicates that a given upstream regulators has a significant predicted interaction with the transcriptome. The activation score
indicates the strength of the induction or inhibition of a set of downstream genes from a particular upstream regulator.

9350 • J. Neurosci., November 20, 2019 • 39(47):9343–9359 Sozmen, DiTullio et al. • White Matter Stroke OPC Repair

https://doi.org/10.1523/JNEUROSCI.0103-19.2019.t1-1
https://doi.org/10.1523/JNEUROSCI.0103-19.2019.t1-1


change of �11 (2100-fold downregulated at day 15) and a qPCR
change from 13.4 fold upregulated at day 5 and �2.5� down-
regulated at day 15. Matrilin-2 is an ECM protein with a role in
peripheral nerve regeneration (Malin et al., 2009). These signal-
ing pathways have been implicated in OPC responses to non-
stroke injury, particularly retinoid acid receptor function (Huang
et al., 2011a), and in myelin formation (Kidd and Trapp, 2010).
The canonical pathways that are active in day 15 stroke OPCs
continue to reflect retinoic acid signaling (2 pathways) but also
heavily involve inflammatory (12 pathways) and growth factor
signaling (3 pathways).

We analyzed the day 5 and day 15 stroke OPC transcriptomes
to determine whether specific signaling pathways are coordi-
nately regulated in OPCs at these time points after stroke. Stroke
regulates signaling systems related to RXRa and PTEN, two gene
systems that play a role in OPC differentiation in nonstroke de-
myelinating white matter lesions (Huang et al., 2011a; González-
Fernández et al., 2018) at proliferating day 5. At day 15, stroke
differentially regulates several gene systems with roles in OPC
differentiation or the tissue response to injury: colony stimulat-
ing factor 2 (CSF2), IGF-1, CREB, TLR4, STAT 4 and 6, and
p38/MAPK (Fig. 3a; Table 1-1, available at https://doi.org/
10.1523/JNEUROSCI.0103-19.2019.t1-1). In the genes that are
significantly regulated at day 15 compared with day 5, the differ-
ential regulation of Rho, RhoGEF, and RhoGAPs, cdc 42, and Fyn
corresponds to a downstream signaling system common to many
axonal growth inhibitors, including the NgR1/LINGO-1 com-
plex (Schmandke et al., 2007; Montani et al., 2009), which plays a
key role in limiting OPC differentiation after white matter stroke
(Sozmen et al., 2016). Several of these gene products have been
more closely associated with cells other than OPCs/OLs, but im-

munohistochemical staining shows colocalization with OPC and
OLs after white matter stroke for several of these proteins, includ-
ing cyclooxygenase 2 (Cox2/PTGS2), ubinuclein 1 (UBN1), and
CSF2 (Fig. 3c), suggesting that OPCs may take on novel roles
poststroke. Fyn expression peaks in OPCs during developmental
myelination, and its signaling systems modulate Rho to control
morphological maturation of OPCs and MBP expression (White
and Krämer-Albers, 2014).

We next investigated which transcriptional regulators might
control differential gene expression in stroke OPCs. Day 5 and
day 15 transcriptomes were analyzed for upstream regulators:
molecules that induce or downregulate expression in a specific
group of genes that are regulated in the OPC transcriptomes (Fig.
3d). Predicted transcriptional regulators were analyzed by signif-
icant association with differentially induced genes in each tran-
scriptome, using a Fisher’s exact test in which a p value indicates
that a given upstream regulator has a significant predicted inter-
action with the transcriptome. Additionally, an activation score
was assessed, indicating the strength of the induction or inhibi-
tion of a set of downstream genes from a particular upstream
regulator. Both values rank the strength of an association of an
upstream regulator with a predicted effect on the gene expression
profile in OPCs as they respond to white matter stroke stroke in
early, proliferative and later limited regenerative phases. The up-
stream regulators differ by time point in stroke OPCs and include
immune cytokines, such as IL-3, IL-4, IL-10, IL-13, and TNF.
Most of these upstream regulators produce gene expression
changes that are seen in stroke OPCs, but these molecules them-
selves are not differentially expressed in stroke OPCs, implying a
cell nonautonomous role. Inhibin A is one of the extrinsic tran-
scriptional regulators with the highest activation score when

Table 1. Canonical pathways significantly regulated in stroke OPCs

Day 5 Day 15 Day 5 to Day 15

LXR/RXR activation‡ IL-12 signaling** HGF signaling†

PXR/RXR activation‡ Role of IL-17F in inflammatory airway diseases** GPCR signaling
Neuroprotective role of THOP1 in Alzheimer’s disease Role of pattern recognition receptors in bacteria and viruses** LPS-stimulated MAPK signaling**
Hepatic cholestasis GPCR signaling Prostanoid biosynthesis
VDR/RXR activation‡ FLT3 signaling in hematopoietic progenitor cells IL-12 signaling and production in macrophages**
LPS/IL-1 mediated inhibition of RXR function Fc� receptor-mediated phagocytosis in macrophages** CD28 signaling in T helper cells**
TR/RXR activation‡ VDR/RXR activation‡ 14 –3-3-mediated signaling
Oleate biosynthesis†† Reelin signaling in neurons Erythropoietin signaling
P38 MAPK signaling cAMP-mediated signaling Macropinocytosis signaling
Complement system Production of reactive oxygen species in macrophages Renal cell carcinoma signaling
Coagulation system Molecular mechanisms of cancer Protein kinase A signaling
Chondroitin sulfate degradation* LXR/RXR activation‡ Glioma signaling
Visual cycle T helper cell differentiation** P2Y purigenic receptor signaling pathway
Dermatan sulfate degradation* Factors promoting cardiogenesis IL-3 signaling**
Parkinson’s signaling p38 MAPK signaling Prolactin signaling
Epoxysqualene synthesis†† MSP-RON signaling pathway PI3K signaling in B lymphocytes**
Palmitate biosynthesis†† Hepatic fibrosis/hepatic stellate cell activation Huntington’s disease signaling
Fatty acid biosynthesis initiation†† LPS-stimulated MAPK signaling** Breast cancer regulation by stathmin1
Threonine degradation EGF signaling† Role of IL-17A in arthritis**
Granulocyte adhesion and diapedesis NF-�B signaling** VDR/RXR activation‡

Glutathione redox reactions Dendritic cell maturation** Glucocorticoid receptor signaling**
PPAR�/RXR� activation‡ TREM1 signaling** Regulation of IL-2 expression in activated and anergic T lymphocytes**
cAMP-mediated signaling FGF signaling† Inhibition of angiogenesis by TSP1
Type I diabetes mellitus signaling Neurotrophin/TRK signaling† Pancreatic adenocarcinoma signaling
Oct4 in ES pluripotency PI3K signaling in B lymphocytes** NF-�B signaling**

*ECM turnover.

**Inflammatory signaling.
†Growth factor signaling.
††Fatty acid/cholesterol metabolism.
‡Nuclear receptor signaling.
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comparing day 15 with day 5 stroke datasets. Intriguingly, In-
hibin A is reported as a repressor of Matrilin-2 expression (Na-
garaja et al., 2010) (Fig. 3d).

In summary, RNAseq of OPCs in the reactive zone after white
matter stroke shows that these cells display a dynamic gene ex-

pression profile distinct from resting OPCs, which changes over
time as OPCs move from an early proliferative phase to one of
limited differentiation. There is an initial activation of retinoic
acid, fatty acid, and cholesterol synthesis pathways and later
growth factor and inflammatory signaling systems. A coordi-

Figure 4. Astrocyte and OL/OPC Matrillin-2 and Inhibin A signaling. a– c, Inhibin A subunit Inhibin� is used as a marker to compare tissue levels of the growth factor (red), Aldh1l1 (white) labels
astrocytes. At 5 d after lesion (a), there is no detectable Inhibin� signal within the stroke, whereas labeling of 15 d stroke sections (b) revealed high levels of Inhibin� 	 cells filling the lesion. In
higher magnification, at the edge of the stroke. c– c�, The majority of Inhibin� label colocalizes with Aldh1l1 	 astrocytes shown in higher magnification. Inhibin� (red) and Aldh1l1 immunohis-
tochemistry 5 d after stroke (a) and 15 d after stroke (b). c, Higher magnification shows colocalization of Aldh1l1 staining with inhibin�. Scale bars: a– c, 100 �m; c�, 20 �m. d, In a NG2-CreERT2/
r26YFP mouse, OPC reporter line 5 d after stroke. d�, YFP 	 (yellow) OPCs colabel with d�, Matrilin-2 (red) (arrows) in addition to other cell types (arrowheads). Scale bar, 100 �m. e– g, Inhibin�
staining in human white matter from control (e), Alzheimer’s disease as a reactive astrocyte condition that is not stroke and in white matter stroke (f ). Scale bar, 20 �m. h, i, Quantification of percent
immunopositive staining for Matrilin-2 and Inhibin� in Olig2 	 cells in control and after stroke. *p � 0.0111 versus 5 d white matter stroke. **p � 0.0040 versus 15 d white matter stroke. ****p �
0.0001.

9352 • J. Neurosci., November 20, 2019 • 39(47):9343–9359 Sozmen, DiTullio et al. • White Matter Stroke OPC Repair



nated upregulation of Rho, RhoGEF, and RhoGAP family mem-
bers and downregulation of CDC42 occur at day 15, which are
downstream from NgR1. We have defined a role for NgR1 signal-
ing in poststroke white matter repair (Sozmen et al., 2016). These
data also highlight ECM turnover as an early pathway in the OPC
response to white matter stroke. One such ECM protein,
Matrilin-2, undergoes a dramatic induction and then inhibition
in OPCs after white matter stroke, and an inhibitor for
Matrilin-2, Inhibin A, is predicted to be active in white matter
stroke by bioinformatic analysis of the day 5 versus day 15
transcriptomes.

Matrilin-2 and Inhibin relationship in vitro and in vivo in
OPCs and white matter stroke
In line with the RNAseq and qPCR data, we found Matrilin-2
protein is increased in OPCs and in some astrocytes during the
early phase of the disease, compared with the levels in control
white matter (Figs. 4a– d,h, 5a,b). In contrast, at 15 d after stroke,
few OPCs or other cells in white matter contained Matrilin-2,
which is comparable with control white matter (Fig. 5a,c). In-
hibin A exhibits an inverse profile following white matter stroke.
At day 5, few cells in or near the infarct contain Inhibin followed
by a dramatic increase in staining at day 15 in the edges of the

infarct (Figs. 4a– c, 5a,c). At day 15, numerous astrocytes are
positive for Inhibin in the center of the stroke core and in the
peri-infarct white matter (Fig. 4b,c). This indicates that Inhibin is
induced in astrocytes as the response to white matter stroke pro-
gresses and may activate receptors on OPCs. Previous research
has identified Inhibins as binding to Activin receptors and com-
peting with Activin signaling, through ActRIIa. Inhibin A may
have a direct action via Inhibin binding protein/p120. Both Ac-
tRIIa and Inhibin binding protein/p120 are expressed in OPCs
(Suresh et al., 2011) and were detected in OPC reporters or OLs
(Fig. 6a,b). There is variance in the number of Olig2	 OL lineage
cells that are immunopositive for these two receptors, and no
significant change with white matter stroke (Fig. 6c,d). To inves-
tigate whether this signaling system was specific to the mouse
model of white matter stroke, we also examined human stroke
tissue. Inhibin is also induced in human white matter stroke (Fig.
4e) but not in nonischemic areas or in reactive astrocytes sur-
rounding amyloid plaques in Alzheimer’s disease (Fig. 4e).

To further investigate the effects of Matrilin-2 and Inhibin on
OPC differentiation, we investigated their effects on primary
OPC cultures. Matrilin-2 significantly induces expression of ma-
ture OL genes, such as Mobp and Plp1, while inhibiting expres-
sion of immature or progenitor genes, such as PDGFR� and NG2

Figure 5. Matrilin-2 and Inhibin A immunofluorescence in white matter stroke. a, Matrilin-2 (Matn2) and Inhibin� (InhA) immunofluorescence in control white matter, colocalized with makers
of OPCs (PDGFR�), astrocytes (GFAP), and mature OLs (CC1). Matn2 and InhA levels are low in control white matter. b, Matn2 staining is prominent 5 d after stroke and colocalizes extensively with
PDGFR�. InhA staining remains low in 5 d after white matter stroke. c, Matn2 staining is decreased to levels near control white matter at 15 d after stroke. InhA staining is increased and localizes with
GFAP 	 cellular elements.

Sozmen, DiTullio et al. • White Matter Stroke OPC Repair J. Neurosci., November 20, 2019 • 39(47):9343–9359 • 9353



(Fig. 7a). As predicted from the upstream analysis of the OPC
stroke transcriptome, Inhibin inhibits OPC expression of
Matrilin-2 (Fig. 7a). When applied together to in vitro OPC cul-
tures, Inhibin blocks the Matrilin-2-induced expression of the
mature OL genes Mobp and Plp1 (Fig. 7a). In addition to gene
expression studies, we looked at OL morphology, based on the
observation that maturation leads to increased process length
and complexity. We compared the extent of OL process growth
and arborization in the presence of Inhibin and/or Matrilin-2
(Huang et al., 2011a; Rajasekharan et al., 2009) (Fig. 7b). Inhibin
decreased the total number of processes, maintaining the cells in
a simple morphology (PDL: 45.80 
 11.12, PDL 	 Inhibin me-
dia: 9.67 
 3.56, p � 0.01). In contrast Matrilin-2 increased the
average number processes, indicating increased complexity of OL
arbors, compared with growth of OPCS on PDL (standard cell
culture) (Fig. 7b; PDL: 4.94 
 1.05, PDL 	; PDL 	 Matrilin-2:
19.13 
 5.49, p � 0.00001; Fig. 7b,c). Matrilin-2 not only mark-
edly increased the complexity of OLs (p � 0.00001; Fig. 7b,c); it
also blocked the negative effects of Inhibin on OL process forma-
tion (Fig. 7b,c). The individual p values are, for Figure 7a,
PDGFR� overall p � 0.0002, individual p values 0.0006,
�0.9999, 0.0092, 0.9366, NG2 overall p � 0.025, individual p
values 0.0118, �0.9999, 0.0043, �0.9999, MOBP overall p �
0.0141, individual p values 0.0143, �0.9999, �0.999, 0.390, PLP1

overall p � 0.0111, individual p values 0.1836, 0.0348, �0.9999,
0.0724. For Figure 7b, statistics are one-way ANOVA, Bonferroni
post hoc test, sample size � 5, p values 0.0086, 0.00072, 0.0063.

Matrilin-2 did not alter the differentiation potential of OPCs
(Fig. 7d). In contrast, Inhibin did affect differentiation, signifi-
cantly decreasing the number of MBP	 cells in culture (PDL:
45.5 
 9.06%, PDL 	 Inhibin A media: 27.30 
 5.44%, p �
0.001). There are five samples per group (one-way ANOVA, Bon-
ferroni post hoc test, p values are 0.0061, 0.0372). This effect was
attenuated when Matrilin-2 and Inhibin were both present in
culture media. (Fig. 7d; 32.95 
 6.34%, p � 0.01 relative to PDL
control). In summary, soluble Matrilin-2 significantly promotes
maturation of OLs, whereas Inhibin partially blocks Matrilin-2’s
prodifferentiation effect.

Matrilin-2 enhances functional recovery after white
matter stroke
White matter stroke in humans produces profound deficits in
movement control and gait (Whitman et al., 2001; Baezner et al.,
2008; Soumaré et al., 2009) and is strongly age-associated (Iade-
cola, 2013). These motor deficits directly correlate with the de-
velopment of cognitive impairments, vascular dementia, falls,
and death (Verghese et al., 2002; Koo et al., 2012). To model
movement deficits in the mouse, the use of aged mice is both

Figure 6. Colocalization of candidate Inhibin A receptors to OPCs or OLs. a, OPC reporter mouse (NG2-CreERT2/R26 YFP) (Sozmen et al., 2016) and activin receptor IIa immunostaining. b,
Colocalization of the mature OL protein CC1 and Ig superfamily member 1 (IGSF1)/inhibin binding protein/p120. All photomicrographs taken at 7 d after stroke. Scale bar, 100 �m. c, d, Quantification
of percent immunopositive staining for ActRIIa and IGSF-1 in Olig2 	 cells in control and after stroke. There is no statistically significant difference across conditions.
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clinically relevant and experimentally necessary, as young adult
mice recover motor control within weeks of the stroke, whereas
aged (20 –22 months old) mice have persistent motor impair-
ments in gait and skilled reaching (Rosenzweig and Carmichael,
2013). To test the effects of Matrilin-2 on measures of tissue
repair after white matter stroke, this protein was injected into the
boundary region of the stroke, in the site of injured axons and
blocked OPC differentiation, 6 d after stroke (Fig. 1a) (Sozmen et
al., 2016). Matrilin-2 persists for at least 7 d in the ECM around
white matter stroke (data not shown). Aged mice received a
stroke using the same technique as young adult male mice and
either vehicle or Matrilin-2 was injected into the white matter
adjacent to the stroke (n � 8 control, stroke	vehicle; n � 9
stroke	Matrilin-2). Motor control was measured in skilled use
of the forelimb to grab individual pieces of pasta (pasta matrix
task) (Rosenzweig and Carmichael, 2013) and in foot faults while
walking on a challenging grid (grid-walking task) (Rosenzweig
and Carmichael, 2013). Aged mice with stroke experience a dete-
rioration in gait, seen as an increase in foot faults. This does not
recover over 9 weeks after stroke. In contrast, mice with
stroke	Matrilin-2 recover gait function significantly, beginning
at 1 week after stroke (two-way ANOVA, difference of means �
7.958, t � 5.257, p � 0.001, Bonferroni) and at 9 weeks are not
significantly different from control, no-stroke mice (two-way
ANOVA, difference of means � 3.336, t � 2.228, p � 0.076,
Bonferroni) (Fig. 7e). In the pasta matrix test, there is a slight
drop-off in in performance in all groups, due to the time off from
the surgery or the equivalent time gap in controls. Control mice
quickly recover their performance. Stroke	vehicle mice never

achieve �60% of their baseline performance. In contrast,
stroke	Matrilin-2 mice are significantly better at skilled reach
than stroke	vehicle at 5 weeks (two-way ANOVA, difference of
means � 23.514, t � 4.813, p � 0.037, Bonferroni) after stroke
and are not significantly different from control mice at 9 weeks
(two-way ANOVA, difference of means � 10.626, t � 1.114, p �
0.762, Bonferroni) (Fig. 7f). These data indicate that local in-
creases in Matrilin-2 after white matter stroke produce improved
motor recover in this stroke subtype, in clinically relevant aged
cohorts of mice.

Matrilin-2 promotes OPC differentiation and white matter
repair in vivo after white matter stroke
To determine the effects of Matrilin-2 on tissue outcomes after
white matter stroke, we measured OPC differentiation and my-
elin ultrastructure in control, stroke, and stroke	Matrilin-2, also
using aged mice to understand the tissue effects that underlie
behavioral recovery. OPC differentiation was quantified through
immunohistochemical staining of Olig2, a marker of the OL lin-
eage to the point of mature OLs (Huang et al., 2011a; Simon et al.,
2011) and the mature OL marker, GSTpi (Simon et al., 2011).
Cells in three states were quantified: immature OPCs (Olig2/
GSTpi�), intermediate maturation (Olig2/GSTpi	), and a ma-
ture state (low or absent Olig2/GSTpi	). This approach was
validated in showing a significant association with morphological
complexity of the OPCs as they mature, measured with viral cell
filing in vivo with mCherry (Fig. 8a,b) and with virally tracked
MBP expression (Fig. 8c,d). To measure OPC differentiation dur-
ing a condition of Matrilin-2-stimulated behavioral recovery, tis-

Figure 7. Matrilin-2 and Inhibin A in vitro and Matrilin-2 behavioral effects. a, Primary OPC cultures exposed to control conditions, or Matrilin-2 (10 �g/ml) and inhibin� (10 �g/ml) and assessed
with qPCR for mRNA levels of OPC (PDGFR� and NG2) and mature OL (Plp1, Mopb) markers. ***p � 0.001, **p � 0.01, *p � 0.05, versus control. ###p � 0.001 versus Matrilin-2. b, The number
of crossings of OPC or OL branches, assessed by Sholl analysis. c, The mean number of cell branches (y axis) at specific distances from the cell body (x axis) according to treatment condition.
d, Percentage of MBP 	 Olig2 	 double-labeled cells over the total number of Olig2 	 cells. **p � 0.01, *p � 0.05 versus control. e, f, Behavioral testing of aged animals. Aged mice (n � 8 per
group) were injected with Matrilin-2 or vehicle 6 d after white matter stroke and functional testing was assessed via (e) grid-walking and (f ) pasta handling tests. Results are presented as
performance relative to prestroke baseline. *p � 0.05, ***p � 0.001, compared with sham	veh. ##p � 0.01, ###p � 0.001, compared with stroke	vehicle (two-way ANOVA with Bonferroni
t test pairwise comparisons).
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sue sections from the aged cohorts of mice used in the behavioral
studies were analyzed at study end, 9 weeks after stroke. OPC and
mature OL number were digitally mapped in control, stroke	
vehicle, and stroke	Matrilin-2 (Fig. 8e). Stroke causes an in-
crease in total Olig2	 cells and a loss of mature, low Olig2/
GSTpi	 cells (Fig. 9a,b). This is consistent with our previous
reports of white matter stroke inducing a proliferation of Olig2	

OPCs but a block in the differentiation of these progenitors into
mature OLs (Sozmen et al., 2016). Stroke	Matrilin-2 signifi-
cantly blunts the increase in Olig2	 cells and increases the
number of low Olig2/GSTpi	 cells, markers of mature oligoden-
drocytes (Fig. 9a,b). Thus, in digital maps of the subcortical white
matter near the infarct, Matrilin-2 induces more cells with mark-
ers of intermediate and mature OLs after stroke. To directly vi-
sualize myelin structure in aged mice with stroke	vehicle and
stroke	Matrilin-2, separate cohorts were processed for elect-
ron microscopy of myelin profiles (stroke	vehicle and stroke	
Matrilin-2, n � 5 each), and g ratio was measured in the corpus
callosum medial to the stroke site at 9 weeks after stroke in
stroke	vehicle and stroke	Matrilin-2. The g ratio is the ratio of
the inner axonal diameter to the total outer diameter, a sensitive
indicator of remyelination. Matrilin-2 promotes remyelination
of axons adjacent to the infarct, seen as axons with significantly
lower g ratios (Fig. 9c,d) (stroke	vehicle mean � 0.686, SD �
0.020; stroke	Matrilin-2 mean � 0.612, SD � 0.019, 5 animals
per group, at least 100 axons measured per animal, p � 0.0003,
two-tailed t test). Matrilin-2 delivery after stroke also increases
the total percentage of axons adjacent to the stroke site that
are myelinated (data not shown). These results indicate that

Matrilin-2 enhances OPC differentiation and remyelination in
the brain after subcortical white matter stroke.

Discussion
White matter stroke triggers a unique molecular profile within
OPCs in the partially damaged tissue adjacent to stroke and in
adjacent reactive astrocytes, which both initiate and limit tissue
repair. Stroke induces OPCs to respond to the damage through
proliferation, but these responsive OPCs have only a very limited
differentiation into mature OLs (Sozmen et al., 2016). In this
study, we report a unique OPC transcriptome specific to white
matter stroke pathology. This dataset indicates that, in the pro-
liferative phase of this OPC response, distinct molecular path-
ways are induced related to ECM remodeling, retinoic acid/
nuclear receptors, PTEN signaling, and membrane biosynthesis.
During the phase of limited differentiation, there is a marked
upregulation of inflammatory signaling and growth factor path-
ways. One prominent gene that is highly induced during the pro-
liferative phase of the OPC stroke transcriptome, and then
significantly downregulated, is Matrilin-2, which codes for an
ECM adapter protein associated with peripheral nerve regenera-
tion. Analysis of the OPC stroke transcriptome for upstream reg-
ulators of this gene set and of Matrilin-2 identifies Inhibin A as a
secreted molecule that is predicted to control expression of a
significant number of genes in the OPC stroke transcriptome.
Inhibin A is localized to reactive astrocytes in both mouse and
human stroke, suggesting a poststroke glial signaling niche. In-
deed, Matrilin-2 is initially upregulated in OPCs after stroke,
until reactive astrocytes begin secreting Inhibin A, which down-

Figure 8. Validation of white matter OL quantification approach. Immunohistochemical staining for levels of Olig2 staining intensity (low/absent vs high) and presence or absence of the mature
OL marker GSTpi was tested against other measures of OL morphology, including morphological complexity (b) and a marker of MBP expression (c). a, Lentivirus with mCherry was injected using a
dilute solution into subcortical white matter to fill sparse cells in the white matter with this fluorescent protein. The crossing points and number of branches were measured in Olig2/GSTpi-stained
cells by segmenting the fully labeled cells as filaments (a, bottom) and quantifying brain points of these filaments per cell. b, Quantification of Olig2/GSTpi measurements against cellular complexity
as measured by branch points. Each dot represents quantification of one cell. Two cells were quantified per mouse, in 4 mice. The greatest arborization and complexity of cells are in the condition of
low/absent Olig2 and GST� staining. c, Lentivirus with GFP under the MBP promoter was injected into subcortical white matter. This labels cells with activation of the mature OL promoter MBP. The
number of Olig2 high/low and GSTpi-expressing cells with GFP expression was quantified. Arrowhead indicates a cell with low Olig2/GSTpi 	. Arrow indicates a cell with high Olig2/GST� �. d,
Quantification of percent of all pMBP-GFP 	 cells in subcortical white matter with distribution of Olig2 high/low-absent and GSTpi immunostaining by condition of GFP localization to these labeled
cells. The morphologically mature, low olig2/GSTpi 	 OL population comprises �80% of MBP-GFP cells in subcortical white matter (682 cells in total from 8 sections). e, To map the Olig2-GSTpi-
labeled cells, OLs in the subcortical white matter were categorized into three spot objects: Olig2 	/GSTpi � cells (red arrow/spot), Olig2/GSTpi 	 cells (white arrow/spot), and low or absentOlig2/
GSTpi 	 cells (green arrow/spot). f, Quantification of OL lineages cells in white matter within 400 �m of stroke, as in Figure 6b, with each data point shown. Scale bars: (in a, right) c, e, 10 �m.
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regulates Matrilin-2 and may be part of the inability of OPCs to
differentiate in this disease. In vitro studies confirm that
Matrilin-2 induces, and Inhibin A opposes, OPC differentiation
and that Inhibin A regulates Matrilin-2 expression in OPCs. In
vivo studies show that Matrilin-2 promotes OPC differentiation
and remyelination in white matter stroke and promotes behav-
ioral recovery. These data identify an OPC-astrocyte niche that is
triggered after white matter stroke and signals to inhibit tissue
repair through in part an Inhibin/Matrilin-2 axis.

White matter stroke triggers an important interplay among
astrocytes. Astrocytes are triggered into a reactive state over the
course of the first 7 d after stroke in the region of initial OPC
proliferation and later limited differentiation in white matter
stroke. Further, a portion of the reactive (7%–13%) astrocytes
bordering the lesion are actually derived from OPCs (Sozmen et
al., 2016). This shunting of OPCs toward astrocytes instead of
toward differentiated OLs in white matter stroke has been de-
scribed in other diseases and cell culture (Raff et al., 1983; Barres
et al., 1990; Zhu et al., 2008). In inflammatory and toxin-induced
white matter injury, an astrocyte effect on OPC responses has
been recently recognized. Astrocytes secrete or express on their
surface a large number of molecules that either stimulate or block
OPC differentiation (Barnett and Linington, 2013). There are no
reported systems in oligo-astrocyte signaling in white matter
stroke. Rather than work sequentially through the many astrocyte
signaling systems identified in inflammatory or toxin injury to
discover signaling systems in white matter stroke, we took a sys-
tems biology approach. We identified the transcriptional profile

that is distinct between the proliferative phase of OPCs after
stroke, and the phase of very limited differentiation into OLs.
Among other gene systems, this approach identified Matrilin-2 as
one of the most differentially regulated genes between the prolif-
eration and limited-differentiation stages of OPCs after white
matter stroke. We then predicted the molecules that could regu-
late this collection of genes, identifying candidate upstream reg-
ulators that themselves were not present in the two OPC stroke
transcriptomes. A secreted factor with one of the highest z scores
in this predicted set of upstream OPC regulators was Inhibin A,
which has been reported to decrease the expression of Matrilin-2
(Skory et al., 2013).

Inhibins are dimers of � and �A or �B subunits originally
described as antagonizing activin signaling in the anterior pitu-
itary. There has been no described role for Inhibin A secretion
and action within the brain. By tracking the specific subunit for
Inhibin A, it is induced in reactive astrocytes at the margin of
white matter stroke by 7 d after the infarct in the mouse white
matter stroke model. Inhibin A is also induced in human white
matter stroke in a specific manner, as it is not seen in reactive
astrocytes in Alzheimer’s disease. OPCs and OLs express Inhibin
A receptors, although the receptor biology of Inhibin A is not well
defined (Suresh et al., 2011). We confirm that Inhibin A reduces
Matrilin-2 transcription in OPCs. Matrilin-2 stimulates differen-
tiation of OPCs, and Inhibin A blocks differentiation of OPCs.
The Inhibin A block to OPC differentiation can be partially over-
come by Matrilin-2, suggesting that Matrilin-2 is downstream
from Inhibin signaling in OPCs, as predicted. In vivo after white

Figure 9. Matrilin-2 promotes tissue measures of OPC differentiation in vivo. a, Distribution of OLs in the subcortical white matter was mapped 8 weeks after stroke. The number of spots in each
category of mature OL (low olig2/GST� 	), intermediate OL (Olig2 	/GST� 	), and immature OL or OPC (Olig2/GST� �) and their distance from the stroke lesion center (blue circles) mapped. Blue
circle represents the center of the stroke. b, Quantification of OL lineage cells in control, stroke, and stroke	Matrilin-2 delivery, 8 weeks after stroke. *p � 0.05 versus Stroke	veh. ***p � 0.001
versus Stroke	veh. c, d, G ratio was measured 9 weeks after stroke. The data are the mean g ratio for each animal (n � 5 for each group) 
 SD. e, Representative EM images from corpus callosum
that were used to calculate g ratios, showing the different conditions in aged white matter, stroke, and two examples of exogenous matrilin-2 delivery.
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matter stroke, Matrilin-2 promotes OPC differentiation, en-
hances remyelination of axons adjacent to the stroke, and
promotes behavioral recovery. Matrilin-2 is an ECM adapter
protein, which binds to and links together collagens and pro-
teoglycans into a filamentous extracellular network. Matrilin-2 is
active in muscle and liver regeneration (Korpos et al., 2015) and is
also secreted by Schwann cells in peripheral nerve injury, pro-
moting axonal regeneration. (Malin et al., 2009). Recently,
Matrilin-2 has been implicated as an axonal signal in MS that
stimulates macrophages (Jonas et al., 2014). These data identify
Matrilin-2/Inhibin A as a new oligo-astrocyte signaling system in
a glial niche within white matter stroke, which blocks OPC dif-
ferentiation and recovery by inhibiting the ability of the OPC to
modify the local ECM into a reparative state.

Bioinformatic analysis of the proliferative OPC stroke tran-
scriptome and the limited differentiation OPC stroke transcrip-
tome identifies other key molecular pathways that are active in
each stage and predicted master regulators, which might control
OPC responses. The downstream genes that are controlled by
several classes of nuclear receptors are prominently regulated in
the proliferative phase of OPC response after stroke. Five such
pathways are activated: LXR/RXR, PXR/RXR, VDR/RXR, TR/
RXR, and PPAR/RXR. Interestingly, these receptors themselves
are not significantly altered in their gene expression levels in
stroke OPCs, but many genes that are upregulated or downregu-
lated at high statistical significance (FDR � 0.1) are regulated by
these nuclear receptors These RXR nuclear receptors are from
Type I and II classes and form homodimeric or heterodimeric
pairings of a hormone-specific ligand element with a DNA bind-
ing element, which then control the expression of functionally
related genes (Dawson and Xia, 2012). Changes in expression of
nuclear receptors and their downstream genes are seen in OPC
responses in toxin and inflammatory white matter lesions during
OPC differentiation (Huang et al., 2011a), as opposed to stroke,
where regulation of these genes occurs during the proliferative
phase. RXRg has a causal role in OPC differentiation in MS mod-
els (Huang et al., 2011a). Nuclear receptors/RXR signaling
promote differentiation, inhibit proliferation in cancers, and
promote maturity in adaptive immune responses (Du et al., 2005;
Dawson and Xia, 2012). The transcriptional data suggest that
additional targets in nuclear receptor signaling systems may ma-
nipulate OPC differentiation in white matter stroke.

In the limited differentiation OPC stroke transcriptome 15 d
after white matter stroke, a substantial number of inflammatory
signaling pathways are present. These include 12 pathways that
relate to intrinsic inflammation (Trem 1), or specific cytokine
signaling pathways (IL-14, IL-12, and NF-�b). One of the defin-
ing features between the cellular responses to white matter stroke
in young adult to those of aged mice is the greater activation of
inflammation with age (Rosenzweig and Carmichael, 2013). In-
flammatory signaling has been extensively studied in T cell and
macrophage/microglial effects in multiple sclerosis modeling.
However, inflammatory cytokine signaling is clearly heteroge-
neous in its direct effects on OLs (Rodgers et al., 2015), and will
require study of the individual pathways to understand their con-
tribution to the brain’s response to white matter stroke.

Overall, these data indicate that white matter stroke induces a
sequential OPC response within a glial cellular niche adjacent to
the infarct that dynamically regulates tissue reorganization and
repair and has a role in aged stroke. These findings have relevance
to the two major clinical features of white matter stroke: it is
strongly linked to aging (even normal aging), and this disease
spreads locally to engulf greater adjacent areas of white matter.

Aging white matter stroke has reduced nuclear receptor signaling
and myelin repair in nonstroke white matter injury, via a de-
creased activation of the retinoid X receptor pathway (Natrajan et
al., 2015). White matter stroke in the aged brain provokes a
greater inflammatory response in the injured white matter
(Rosenzweig and Carmichael, 2013; Xu et al., 2018), but there has
been little evidence for a systemic or generalized increase in brain
inflammation in white matter stroke with aging (Aribisala et al.,
2014; Chen et al., 2016). The OPC transcriptional data indicate
that white matter stroke induces inflammatory signaling locally
within the OPCs that border the infarct, developing over time, in
a process that may not be detectable using traditional biomarkers
of microglial or systemic inflammation. By targeting the unique
OPC nuclear receptor and inflammatory responses and modulat-
ing astrocyte signaling, the data in the present study suggest dis-
tinct avenues that might enhance recovery in this disease.
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White R, Krämer-Albers EM (2014) Axon-glia interaction and membrane
traffic in myelin formation. Front Cell Neurosci 7:284.

Whitman GT, Tang Y, Lin A, Baloh RW, Tang T (2001) A prospective study
of cerebral white matter abnormalities in older people with gait dysfunc-
tion. Neurology 57:990 –994.

Xu M, Wang MM, Gao Y, Keep RF, Shi Y (2018) The effect of age-related
risk factors and comorbidities on white matter injury and repair after
ischemic stroke. Neurobiol Dis 126:13–22.

Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, Barres BA (2012)
Genomic analysis of reactive astrogliosis. J Neurosci 32:6391– 6410.

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, Phatnani
HP, Guarnieri P, Caneda C, Ruderisch N, Deng S, Liddelow SA, Zhang C,
Daneman R, Maniatis T, Barres BA, Wu JQ (2014) An RNAsequencing
transcriptome and splicing database of glia, neurons, and vascular cells of
the cerebral cortex. J Neurosci 34:11929 –11947.

Zhu X, Bergles DE, Nishiyama A (2008) NG2 cells generate both oligoden-
drocytes and gray matter astrocytes. Development 135:145–157.

Sozmen, DiTullio et al. • White Matter Stroke OPC Repair J. Neurosci., November 20, 2019 • 39(47):9343–9359 • 9359


	White Matter Stroke Induces a Unique Oligo-Astrocyte Niche That Inhibits Recovery
	Introduction
	Materials and Methods
	Results
	Discussion
	References


