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Oligodendrocyte precursor cells (OPCs) are thought to maintain homeostasis and contribute to long-term
repair in adult white matter; however, their roles in the acute phase after brain injury remain unclear. Mice
that were subjected to prolonged cerebral hypoperfusion stress developed white matter demyelination over
time. Prior to demyelination, we detected increased MMP9 expression, blood-brain barrier (BBB) leakage, and
neutrophil infiltration in damaged white matter. Notably, at this early stage, OPCs made up the majority of
MMP9-expressing cells. The standard MMP inhibitor GM6001 reduced the early BBB leakage and neutrophil
infiltration, indicating that OPC-derived MMP9 induced early BBB disruption after white matter injury. Cell-
culture experiments confirmed that OPCs secreted MMP9 under pathological conditions, and conditioned
medium prepared from the stressed OPCs weakened endothelial barrier tightness in vitro. Our study reveals
that OPCs can rapidly respond to white matter injury and produce MMP9 that disrupts the BBB, indicating
that OPCs may mediate injury in white matter under disease conditions.

Introduction
In adulc brains, oligodendrocyte precursor cells (OPCs) are
thought to maintain homeostasis and mediate long-term repair
in white matter after injury and disease (1). In response to demy-
elination signals, OPCs proliferate, migrate, and rapidly fill in the
damaged area, followed by differentiating into mature oligoden-
drocytes to form and restore myelin sheaths (2, 3). The increase
in OPC numbers is observed at the margins of infarcts after
focal ischemia (4). Moreover, the OPC proliferation rate is also
increased in ischemic white matter lesions after prolonged cere-
bral hypoperfusion (5). Hence, the activation of OPCs is supposed
to represent a protective response in damaged or diseased brain.
Recently, however, reactive glia are now recognized to mediate
complex mechanisms, including both beneficial and deleterious
effects after brain injury and neurodegeneration (6, 7). For exam-
ple, depending on context, astrocytes can either promote neuro-
plasticity (8) or secrete inhibitory matrix molecules that inhibit
axons (9). Similarly, microglia are now known to release both pro-
recovery and neurotoxic factors (10-12). Is it possible that OPCs
may also share these biphasic properties? Beyond the standard role
of contributing to oligodendrogenesis and remyelination, OPCs
can also release multiple factors to modulate neighboring cells and
the microenvironment (1, 13). These intercellular signals may be
especially important, since perturbations in the blood-brain bar-
rier (BBB) are known to be a critical part of white matter pathology
in a wide range of CNS disorders (14, 15). In this study, therefore,
we asked whether OPCs can somehow influence BBB function
after white matter injury.
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Results and Discussion
Mice were subjected to prolonged cerebral hypoperfusion (16).
As expected, after 7 days, they developed white matter injury
and demyelination (Figure 1A and Supplemental Figures 1
and 2; supplemental material available online with this article;
doi:10.1172/JC165863DS1). However, even before demyelination
occurred, BBB leakage (Supplemental Figure 3) and neutrophil
infiltration (Supplemental Figure 4) were observed. Because the
gelatinases, MMP2 and -9, are known to mediate BBB injury
(17, 18), we examined MMP2/9 responses in our model. During
the early phase of BBB leakage at 3 days, white matter MMP9
expression, but not MMP2 expression, was increased (Figure 1B
and Supplemental Figure 5), mostly in OPCs (Figure 1, C and
E). During later time points, at 7 or 14 days, expression pat-
terns shifted and a secondary expression of MMP9 occurred in
cerebral endothelial cells (Figure 1, D and E). No other glial cell
types (mature oligodendrocytes, astrocytes, microglia) appeared
to produce MMP9 in this model of cerebral hypoperfusion and
chronic hypoxic stress (Supplemental Figure 6). Moreover, no
significant MMP9 increases were observed in blood neutro-
phils nor plasma at day 3 in our model (Supplemental Figure
7). Importantly, MMP9-expressing OPCs were located close to
cerebral endothelial cells (Supplemental Figure 8), and indeed,
OPCs existed near the BBB leakage areas at the acute phase of
white matter injury (Figure 1F).

To confirm that OPCs have a capacity of releasing MMP9 under
pathologic conditions, we prepared primary OPC cultures from
neonatal rat brains (Supplemental Figure 9). Gelatin zymography
showed that OPCs did not produce MMP9 under normal con-
ditions, but after treatment with nonlethal levels of the inflam-
matory cytokine IL-1f, MMP9 secretion was markedly increased
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(Figure 2A and Supplemental Figure 10). Next, we performed
medium transfer experiments (Figure 2B) to ask whether MMP9
from stimulated OPCs could perturb endothelial BBB function.
Conditioned medium from normal OPCs did not alter endothelial
function, but conditioned medium from IL-1B-treated OPCs
degraded the tight-junction protein ZO-1 in cerebral endothelial
cells without affecting cell survival (Figure 2, C-E, and Supple-
mental Figure 11). Consistent with this effect on tight junctions,
conditioned medium from IL-1f-stimulated OPCs significantly
increased endothelial permeability and neutrophil transmigra-
tion (Figure 2, F and G, and Supplemental Figure 12). This effect
was dependent on MMPs; the broad-spectrum MMP inhibitor
GM6001 ameliorated these perturbations in endothelial perme-
ability and neutrophil transmigration (Figure 2, F and G).
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OPCs and MMP9 under white matter pathology. (A) Cerebral pro-
longed hypoperfusion stress—induced demyelination in the mouse
corpus callosum. n = 5. Quantitative data are shown in Supplemental
Figure 1. (B) In our white matter injury model, MMP9 but not MMP2
was increased in the white matter. (C—E) At day 3, most MMP9 sig-
nals were observed in NG2/PDGF-R-a—positive OPCs. But at later
time points, at days 7 and 14, CD31-positive cerebral endothelial cells
(EC) were colocalized with MMP9 signals. n = 5. (F) Notably, OPCs
(PDGF-R-a) existed around BBB leakage areas (IgG) at day 3.

Thus far, our in vivo and in vitro findings suggest that stimulat-
ed OPCs release MMP9, which degrades the BBB in white matter.
If so, does this potentially represent a therapeutic target that inter-
rupts white matter disease at an early stage, thus preventing fur-
ther damage and downstream inflammation and demyelination?
To test this hypothesis, mice were subjected to cerebral hypoper-
fusion and treated with either vehicle or GM6001 immediately
after surgery and on day 2 after hypoperfusion onset (Figure 3A).
GM6001 has a short half-life, so this treatment protocol limits
MMP inhibition to only the early phase, when MMP?9 is expressed
in OPCs. As expected, BBB leakage and neutrophil infiltration on
day 3 were reduced by the GM6001 treatments (Figure 3, B-D,
and Supplemental Figure 13). Importantly, inhibition of the early
MMP9 phase in OPCs also prevented the secondary expression of
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OPC cultures and in vitro BBB model. (A) Gelatin zymography showed that MMP9 but not MMP2 was secreted from cultured rat OPCs by treat-
ment with IL-1f (1-hour treatment at 100 ng/ml followed by 23-hour incubation under normal culture conditions). (B) We prepared conditioned
medium from normal OPCs (OPC-CM) or IL-1p—treated OPCs (OPC’-CM), and then added them to cerebral endothelial RBE.4 cells. (C—E)
Twenty-four hours after treatment with OPC’-CM degraded the tight-junction protein ZO-1 in RBE.4 cells. n = 3. *P < 0.05. (F and G) Compared
with OPC-CM, OPC’-CM increased both endothelial permeability and neutrophil filtration. Importantly, BBB breakdown was reduced by cotreat-

ment with MMP inhibitor GM6001 (10 uM). Ve, vehicle; GM, GM6001. n

MMP?9 in cerebral endothelium on day 7 (Figure 3E and Supple-
mental Figure 14) and subsequently the development of white
matter injury and demyelination (Figure 3F and Supplemental
Figure 15) as well as cognitive deficits (Supplemental Figure 16)
in this model of cerebral hypoperfusion. Those data indicate that
OPC-derived MMP?9 in the acute phase may trigger further second-
ary cascades of cerebrovascular damage in white matter.

After brain injury and disease, progenitor/precursor cells in the
adult brain are thought to be recruited as part of an endogenous
response that helps compensate for lost brain function (19, 20).
For example, OPCs can be triggered to become mature oligoden-
drocytes (or cortical projection neurons) after white matter injury
(1,21). But beyond this expected beneficial role, our current study
suggests that under some conditions, OPCs can rapidly respond to
white matter injury and produce MMP9 that appears to open the
BBB and trigger secondary cascades of cerebrovascular injury and
demyelination (Figure 3G).

Taken together, our cell and in vivo data suggest that OPCs in
adult brain are not merely precursor cells for white matter remod-
eling, but may also surprisingly contribute to injury and demy-
elination under some injury or disease conditions. Nevertheless,
there are a few issues that warrant further studies. First, we only
focus on OPCs, but other precursor/progenitor cells might also
be important. Roles of neuronal or endothelial precursor cells
and pericytes on BBB dysregulation should be examined in future
studies. Second, although OPCs contribute to the early BBB open-
ing after injury in white matter, what cell types contribute in the
gray matter? Comparing mechanisms between gray and white mat-
ter will be very important. Third, we only focus on the roles of
gelatinases (MMP2 and -9). They are well-known proteinases that
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break down BBB after brain injury, but our current pharmacologi-
cal approach is somewhat limited to the broad-spectrum MMP
inhibitor GM6001, which can inhibit MMP1 and -8 in addition
to MMP2 and -9. Future studies should carefully examine roles
of the larger MMP network in the white matter pathophysiology.
Finally, we need to assess the deleterious function of OPCs in other
diseased models. Previous study has demonstrated that MMP?9 is
expressed in endothelial cells at early time points after stroke (22).
Hence, in other brain diseases, OPCs may cooperate with other
cell types to induce vascular dysfunction at an early injury phase.

Dynamic interactions among neuronal, glial, and vascular
cells contribute to brain homeostasis, while abnormal cell-cell
signaling leads to BBB dysfunction in various brain diseases
(23). Notably, white matter pathophysiology is an important
aspect in those diseases (24). Because early GM6001 treatment
prevented demyelination and cognitive deficits in our white
matter injury model, future studies are warranted to investigate
drugs that target OPCs for white matter diseases such as stroke
or vascular dementia. In conclusion, our study suggests that
OPCs can play a surprisingly deleterious role in cerebrovascular
injury and demyelination in white matter.

Methods
Prolonged cerebral hypoperfusion stress by bilateral common carotid artery stenosis.
Male C57BL/6 mice (10 to 12 weeks old, 24 to 29 g) were anesthetized with
4.0% isoflurane and maintained on 1.5% isoflurane in 70% N,O and 30%
O, using a small-animal anesthesia system. Through a midline cervical
incision, both common carotid arteries were exposed. A micro-coil with
a diameter of 0.18 mm (Sawane Spring Co.) was applied to the bilateral
common carotid artery.
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OPCs and BBB function under white matter pathology. (A) Schematics for in vivo experiments using mouse white matter injury model. (B—D)
Treatments with GM6001 blocked both BBB leakage and neutrophil infiltration at days 3 and 7 after white matter injury by prolonged cerebral
hypoperfusion. Representative images for neutrophil staining are shown in Supplemental Figure 13.n = 5. *P < 0.05. (E and F) GM6001 also
inhibited MMP9 production in endothelium as well as the development of white matter injury at day 7. n = 5. Quantitative data for MMP9 produc-
tion and myelin density are shown in Supplemental Figures 14 and 15, respectively. (G) Schematics for the role of OPCs under acute phase after
white matter injury; OPC secretes MMP9 to trigger BBB disruption leading to BBB breakdown and neutrophil infiltration.

Myelin staining. Mouse coronal sections of 12-um thicknesses were pre-
pared on glass slides using cryostat. Myelins were visualized using Fluoro-
Myelin green fluorescent myelin stain kit (Molecular probes).

IgG staining. After PFA fixation, 12-um-thick brain sections were incu-
bated in 3% H,O,, followed by blocking with 10% bovine serum albumin
(Sigma-Aldrich) in PBS. Then the sections were incubated overnight at
4°C with antibody against donkey anti-mouse IgG (1:200; Jackson Immu-
noresearch Laboratories). Immunoreactivity was visualized using the avi-
din-biotin complex method (ABC Staining Kits; Pierce Biotechnology) or
fluorescence-conjugated streptavidin.

Immunobistochemistry. Mouse brains were taken out after perfusion with
PBS (pH 7.4) and then quickly frozen using liquid nitrogen. Coronal sec-
tions of 16-um thicknesses were cut on cryostat at -20°C and collected on
glass slides. Sections were fixed by 4% PFA and rinsed 3 times in PBS (pH
7.4). After blocking with 3% BSA, sections were incubated at 4°C overnight
in PBS/0.1% Tween/0.3% BSA solution containing primary antibodies.
Then sections were washed and incubated with secondary antibodies with
fluorescence conjugations at room temperature for 1 hour.

Western blotting. Lysates from the corpus callosum region were prepared in
Pro-PREPTM Protein Extraction Solution (Boca Scientific). Samples were
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heated with equal volumes of SDS sample buffer (Novex) and 10 mM DTT
at 95°C for 5 minutes; then each sample (20 ug per lane) was loaded onto
4%-20% Tris-glycine gels. After electrophoresis and transferring to polyvinyli-
dene difluoride membranes (Novex), the membranes were blocked in Brockace
(AbD Serotec) for 60 minutes at room temperature. Membranes were then
incubated overnightat 4°C in Brockace solution containing primary antibod-
ies, followed by incubation with peroxidase-conjugated secondary antibodies.

Cell culture. OPCs were prepared from cerebral cortices of 1- to 2-day-old
Sprague-Dawley rats according to our previous study (25). OPCs were cul-
tured in Neurobasal Media (Invitrogen) containing glutamine, 1% penicil-
lin/streptomycin, 10 ng/ml PDGF, 10 ng/ml FGF, and 2% B27 supplement
onto poly-dl-ornithine-coated plates. Rat brain microendothelial cell lines
(RBE.4) were cultured in EGM-2MV containing a EGM-2MV Single Quots
kit onto collagen-coated flasks. Leukocytes were prepared from mouse
peritoneal cavity. Twenty-four hours later, nonadherent cells were collected
as a leukocyte population, then cultured in RPMI medium containing 10%
fetal bovine serum and 1% penicillin/streptomycin.

Preparation of OPC-conditioned medium. One hour after treatment with
IL-1B, OPC cultures were washed with PBS to remove IL-1f and main-
tained in Neurobasal medium for 23 hours. Culture medium was then
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collected and centrifuged at 10,000 g for 5 minutes at 4°C to remove cells
and debris. The OPC-conditioned medium was stored at -80°C until use.

Gelatin zymography. The collected conditioned medium was concen-
trated using Microcon (Millipore) with a 10-kDa pore diameter cutoff,
then each sample was mixed with equal amounts of SDS sample buffer
(Novex) and electrophoresed on 10% SDS-polyacrylamide gels (Novex)
containing 1 mg/ml gelatin as the protease substrate. Following electro-
phoresis, gels were placed in 2.7% Triton X-100 for 1 hour to remove SDS
and then incubated for 16 hours at 37°C in Novex’s developing buffer on
arotary shaker. After incubation, gels were stained in 30% methanol, 10%
acetic acid, and 0.5% w/v coomassie brilliant blue for 1 hour followed by
destaining. Mixed human MMP2 and MMP9 standards (Chemicon) were
used as positive controls.

Immunocytochemistry. After cells were confluent, they were washed with
ice-cold PBS (pH 7.4), followed by 4% PFA for 15 minutes. After being fur-
ther washed 3 times in PBS, they were incubated with 3% BSA in PBS for 1
hour. Then cells were incubated with primary antibody against ZO-1 (1:200;
Invitrogen) at 4°C overnight. After washing with PBS, they were incubated
with secondary antibodies conjugated with fluorescein isothiocyanate for 1
hour at room temperature. Finally, nuclei were counterstained with DAPL

In vitro endothelial permeability assay. Permeability across the endothelial
cell monolayer was measured by using type I collagen-coated Transwell
units (6.5 mm diameter, 3.0 um pore size polycarbonate filter; Corning).
After RBE.4 cells became confluent on the Transwell, OPC-conditioned
medium was treated for 24 hours. Then, fluorescein isothiocyanate-labeled
dextran (molecular weight, 40,000) was added to the upper chamber. After
incubation for 10 minutes, 100 ul of sample from the lower compart-
ment was measured for fluorescence at 620 nm when excited at 590 nm
with a spectrophotometer.

In vitro neutrophil filtration assay. Neutrophil transmigration assay was
performed using Cytoselect 24-well Migration Assay Kit (Cell Biolabs)

according to the manufacturer’s instructions. Briefly, cell-culture inserts
(3-um pore size) were used to form dual compartments in a 24-well culture
plate. When the RBE.4 cells were confluent in Transwell, freshly isolated
mouse neutrophils were loaded on the RBE.4 monolayer. Neutrophils were
allowed to migrate for 24 hours at 37°C and 5% CO,. The neutrophils that
had crossed the RBE.4 layer were collected from the lower compartment
and stained and quantified.

Please see Supplemental Methods and Supplemental Figures for detailed
experimental procedures and additional data.

Statistics. Quantitative data were analyzed by using either 2-tailed t-tests
or ANOVA, followed by Tukey’s honestly significant difference tests. Data
are expressed as mean + SD. A value of P < 0.05 was considered significant.

Study approval. All experiments were performed following protocols
approved by the Massachusetts General Hospital Institutional Animal
Care and Use Committee in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
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