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Abstract

White matter damage is a clinically important aspect of several central nervous system diseases,
including stroke. Cerebral white matter primarily consists of axonal bundles ensheathed with
myelin secreted by mature oligodendrocytes, which play an important role in neurotransmission
between different areas of gray matter. During the acute phase of stroke, damage to
oligodendrocytes leads to white matter dysfunction through the loss of myelin. On the contrary,
during the chronic phase, white matter components promote an environment, which is favorable
for neural repair, vascular remodeling, and remyelination. For effective remyelination to take
place, oligodendrocyte precursor cells (OPCs) play critical roles by proliferating and
differentiating into mature oligodendrocytes, which help to decrease the burden of axonal injury.
Notably, other types of cells contribute to these OPC responses under the ischemic conditions.
This mini-review summarizes the non-cell autonomous mechanisms in oligodendrogenesis and
remyelination after white matter damage, focusing on how OPCs receive support from their
neighboring cells.
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1. Introduction

From the newborn period to adulthood, stroke is a serious disease without a cure in most
cases. Stroke in newborns can lead to cerebral palsy (CP), cognitive deficits, and serious
neurological dysfunctions which affect the entire lifespan of the patient (Pierrat et al., 2005).
In adults, stroke remains the leading cause of disability around the world (Demaerschalk et
al., 2010). In developing potential therapies for stroke, protection and regeneration of
neurons have been major goals in clinical care and in neuroscience research. It is now well
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known that targeting neurons alone is inadequate therapy for optimizing the likelihood of a
good outcome, and that it is essential to support the entire neurovascular unit, consisting of
neurons, glia, endothelial cells, and pericytes. It is apparent that in hypoxic-ischemic injury,
not only is grey matter injured but white matter is also damaged. Hence, white matter repair
is also important in the process of functional neurological recovery. In recent years, there
has been an increasing number of studies concerning white matter injury in stroke, and a
greater understanding of the importance of white matter involvement in this disease.
However, much is still unknown regarding the physiology of white matter injury and repair
in stroke, and a better understanding of these processes is needed in order to develop
therapeutic interventions to treat white matter injury.

Oligodendrocyte precursor cells (OPCs) are immature forms of oligodendrocytes, the key
source of myelin production, and thus are essential for repair of damaged white matter after
ischemic injury. It is reported that the white matter of animal models and human patients
with hypoxia/ischemia (HI)-induced brain injury contains an increased number of OPCs
(Levine, 1994; Mandai et al., 1997), possibly an adaptive response that increases
remyelination. Additionally, enhanced proliferation, migration and differentiation of OPCs
are seen in the peri-infarct region (Gregersen et al., 2001; Mandai et al., 1997). Given the
important role that OPCs play in remyelination and white matter injury repair, understanding
OPCs characteristics, including mechanisms involved in proliferation, migration, and
differentiation, is essential in exploring new evidence involving white matter protection and
repair.

When hypoxic and/or ischemic injury is introduced, cells within the neurovascular unit react
to the insult and these reactions may make the microenvironment more or less favorable for
neuronal repair, vascular remodeling, and remyelination. For example, activated microglia
and macrophages participate in multiple stages of repair. Macrophages clear up the debris
after demyelination and improve efficacy of remyelination thereafter (Copelman et al.,
2001). In addition to this phagocytic activity, there is some evidence that macrophages
benefit remyelination by secreting a wide variety of trophic factors. In a model of induced
demyelination, mice with reduced expression of macrophages have reduced expression of
insulin-like growth factor 1 (IGF-1) and transforming growth factor beta 1 (TGFB1), as well
as delayed recruitment of OPCs that express the platelet-derived growth factor receptor
alpha (PDGFRa) (Kotter et al., 2005). Recent research has shown that microglia/
macrophages exhibit two distinct phenotypes after brain injury - as, pro-inflammatory M1
cells and anti-inflammatory/immunoregulatory M2 cells. In a demyelination model, OPC
differentiation was enhanced in vitro with M2 cell conditioned media and impaired in vivo
after intra-lesional M2 cell depletion (Miron et al., 2013), suggesting that “M2 cell”
promotes OPC differentiation. Macrophages and microglia play important roles in both OPC
proliferation and differentiation. Other cells, such as astrocytes, neurons, and endothelial
cells, also participate in different aspects of repair. Understanding cellular interactions
during and after stroke may pave the way to find new strategies for the treatment of this
devastating disease. This review gives a summary of known cellular interactions in white
matter in the area of stroke and hypoxic-ischemic brain injury, focusing on
oligodendrogenesis and remyelination.
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2. Oligodendrocyte precursor cells

OPC:s are glial cells primarily generated in germinal zones during development. They appear
from specific germinal regions in sequential waves (Spassky et al., 2001). In the developing
forebrain, the initial wave of OPC production begins in the medial ganglionic eminence at
about embryonic day (E) 12.5 in mice. By E18 in mice, these ventrally-derived OPCs
migrate and populate most of the embryonic telencephalon, including the cerebral cortex. At
about E15.5, a second wave of OPC generation proceeds from the lateral and caudal
ganglionic eminences and join the OPCs in the first wave. Finally, around the time of birth,
the third wave of OPC generation commences from the cortex. Interestingly, OPCs
generated in the first wave disappears during postnatal life and the majority of adult
oligodendrocytes originates from those OPCs generated in the last two waves (Kessaris et
al., 2006). However, the difference between ventrally and dorsally derived OPCs is yet to be
studied in detail.

OPCs are generated from multipotential neural progenitor cells (NPCs). As there are
numerous extrinsic factors involved in specification process of OPCs, a clear and complete
picture of this pathway has not yet been completed. It is interesting that different
morphogens act on NPCs in spatially different areas of the developing brain (Mitew et al.,
2014). Ventrally, sonic hedgehog (SHH) is the key player of the OPC specification signaling
pathway. SHH is secreted from notochord and floor plate and binds the Notch-1 receptor on
the surface of NPCs. This activity results in the induction of expression of NKx6 and Olig2
in ventral NPCs, driving the first embryonic wave of OPC specification (Orentas et al.,
1999). The role of SHH in inducing the formation of OPCs from NPC is supported by
studies that examined the ectopic formation of OPCs in chick embryos with ventral SHH-
expressing tissue grafted just beside the dorsal neural tube tissue (Orentas and Miller, 1996;
Trousse et al., 1995). Other factors contributing to this spatially-specific ventral SHH
signaling are dorsally expressed Wnt/B-catenin and bone morphogenic protein (BMP)
pathways which can antagonize the SHH effect (Dai et al., 2014; Megason and McMahon,
2002; Mekki-Dauriac et al., 2002). Inhibition of Wnt/B-catenin signaling (Langseth et al.,
2010), or blocking endogenous dorsal BMP (Miller et al., 2004), results in increased
production of OPC. It is noteworthy that there exists a SHH-independent pathway for OPC
generation since some studies showed OPCs can be generated in SHH null mice in vitro (Cai
et al., 2005; Chandran et al., 2003). Fibroblast growth factor (FGF)-2 is one of the factors
involved in this SHH-independent OPC specification. In an in vitro model, FGF-2 induced
the generation of OPCs from dorsally derived neural precursor cells from both the
embryonic spinal cord and cerebral cortex (Abematsu et al., 2006; Chandran et al., 2003).
Moreover, dorsal induction of OPCs in embryonic forebrain was shown in vivo when FGF-2
was injected into the lateral ventricles of mouse fetal forebrain. Increased expression of the
OPC markers Olig2 and PDGFRa was seen in dorsal forebrain ventricular and intermediate
zones after a single injection of FGF-2 at E13.5 and this did not involve SHH signaling
(Naruse et al., 2006). The mechanism of this FGF action involves the inhibition of BMP
signaling which is mediated by activation of the extracellular signal-regulated kinase (ERK)
1/2-mitogen-activated protein kinase (MAPK) pathway via the FGF receptor. This action
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blocks the nuclear translocation of transcription factor Smad, a main effector of BMP
signaling (Bilican et al., 2008; Furusho et al., 2011).

While most OPCs differentiate into mature myelinating oligodendrocytes, some significant
numbers remain in an undifferentiated state and are abundant in the adult brain, making up
about 5-8% of the glial cell population in the central nervous system (CNS) (Dawson et al.,
2003; Levine et al., 2001). These undifferentiated cells may enable myelin sheath renewal
by differentiating into oligodendrocytes throughout adult life. Adult OPCs were originally
isolated from adult optic nerve and characterized in vitro as small unipolar or bipolar cells
that can develop into either astrocytes or oligodendrocytes (Wolswijk and Noble, 1989).
These cells are often referred to as adult O-2A progenitor cells to distinguish from perinatal
O-2A progenitor cells. Although they express many of the same cell markers, such as 04
glycolipid antigen and NG2 chondroitin sulfate, and adult O-2A progenitors are thought to
be derived from perinatal progenitor cells, they differ in motility, cell cycle duration, and
time required for differentiation, all of which are slower in adult cells (Shi et al., 1998;
Wolswijk and Noble, 1989). Nevertheless, they generally follow the same differentiation
and maturation program (Fancy et al., 2011).

3. Proliferation and Maturation of OPCs

To contribute to myelination, OPCs need to proliferate, migrate to areas in need of axon
myelination, and differentiate into myelin-producing mature oligodendrocytes. OPCs
proliferate not only during the developmental period, but also in the adult CNS, in response
to demyelination or injury (Kang et al., 2010). The most important mitogen for OPCs is
PDGF-A (Noble et al., 1988; Richardson et al., 1988). In mice lacking PDGF-A, OPC
densities are decreased and fewer numbers of mature oligodendrocytes are observed
(Fruttiger et al., 1999). Conversely, in PDGF-A overexpressing mice, the number of OPC in
embryos is increased about 5-fold, but the excess OPCs decrease by apoptosis during
development and the final OPC number is the same as that of wild type mice (Calver et al.,
1998). The FGF family and IGF-1 are also prominent OPC mitogens. Like PDGF-A, bFGF
can stimulate proliferation of OPCs, but bFGF also actively inhibits differentiation into
oligodendrocytes while PDGF-A maintains OPCs in an undifferentiated state (Grinspan et
al., 1993; Kotter et al., 2011). IGF-1 promotes OPC proliferation and survival by activating
the phosphatidylinositol 3-kinase (P13K)/Akt pathway through the IGF-1 receptor (Bibollet-
Bahena and Almazan, 2009; Zeger et al., 2007).

At the start of OPC differentiation, OPCs are guided to exit the proliferative cell-cycle. This
is triggered by the thyroid hormone triiodothyronine (T3) and the withdrawal of PDGF
(Billon et al., 2001; Dugas et al., 2012; Tokumoto et al., 1999). As they mature into mature
oligodendrocytes, both perinatal and adult OPCs progressively downregulate the expression
of PDGFRa and NG2, while O4, a marker also present in immature oligodendrocytes,
remains (Nishiyama, 2007). As they get closer to full maturation, O4 is downregulated and
the cells begin to express myelin-specific proteins such as myelin oligodendrocyte
glycoprotein, proteolipid protein (PLP), myelin basic protein (MBP), cyclic nucleotide 3-
phosphohydrolase (CNPase), glutathione S-transferase pi (GSTn), and galactocerebroside.
(Nishiyama, 2007; Polito and Reynolds, 2005).
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4. Oligodendrogenesis after stroke

White matter is especially susceptible to stroke (Dewar and Dawson, 1997; Pantoni et al.,
1996; Petito et al., 1998), in part due to the vulnerability of oligodendrocytes to a variety of
insults. Oligodendrocytes are easily damaged by oxidative stress, trophic factor deprivation,
the actions of excitatory amino acids and activation of apoptotic pathways (Arai and Lo,
2009b; Bakiri et al., 2009). Similarly, white matter injury is a prominent feature of hypoxic
ischemic encephalopathy (HIE) in the newborn, which leads to diffuse white matter injury
(WMI) along with neuronal apoptosis in affected term and premature infants. (Khwaja and
Volpe, 2008; Logitharajah et al., 2009; Martinez-Biarge et al., 2012).

Myelin impairment associated with loss of oligodendrocytes is well documented in both
newborn and adult hypoxic-ischemic injury. In an HIE model in the newborn rat, significant
loss of oligodendrocytes and associated demyelination was seen in the corpus callosum
(Levison et al., 2001). Oligodendrogenesis, the formation of new oligodendroytes, is an
important process for brain repair after stroke. Because injured oligodendrocytes are unable
to produce new myelin sheaths (Franklin and Ffrench-Constant, 2008; McTigue and
Tripathi, 2008; Zhang et al., 2013a) and mature oligodendrocytes do not proliferate in the
adult brain, newly generated oligodendrocytes are essential for axonal repair after stroke.

Although the most studied disease with demyelination is multiple sclerosis (MS), there are
some findings reported for research studies dealing with stroke model. After brain ischemia,
immature oligodendrocytes proliferate in the regions surrounding the lateral ventricles
(Mandai et al., 1997) and the infarction site (peri-infarct areas) (Tanaka et al., 2001), with a
delayed increase in the number of mature oligodendrocytes in peri-infarct areas (Mandai et
al., 1997). Under normal conditions, oligodendrocytes can be generated in the subventricular
zone (SVZ) and migrate to white matter tracts of the corpus callosum, fimbria fornix and
striatum (Menn et al., 2006). After demyelination, SVZ-generated OPCs proliferate and
migrate to peri-lesional areas, attempting to differentiate into mature oligodendrocyte and
remyelinate axon in response to humerous mediators (Jablonska et al., 2010; Nait-
Oumesmar et al., 2008) (Figure 1). This finding has been reported in rodent models of
ischemic brain injury, in which OPCs are generated by SVZ neuronal progenitor cells and
later become mature myelinating oligodendrocytes which help restore damaged white matter
(Bain et al., 2013; Kim and Chuang; Zhang et al., 2010; Zhang et al., 2012). Thus,
increasing the recruitment of immature oligodendrocytes to the injured site and promoting
their progression to mature oligodendrocytes will enhance white matter repair after injury.
The process of oligodendrogenesis is influenced by many intrinsic and extrinsic factors from
various types of cells, thus offering a number of pathways for potential therapeutic
interventions. (Boulanger and Messier, 2014).

5. Factors affecting Remyelination after Stroke

Under pathological conditions associated with demyelination, the re-myelination process
takes place in several steps. OPCs are activated, recruited to the site of injury, and
differentiated into mature oligodendrocytes. These OPC activities proceed in a coordinated
fashion in response to complex signaling events involving numerous mediators (Franklin,
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2002; Zhang et al., 2013a; Zhao et al., 2005). In the first step, OPCs are activated by
phenotypically switching from a mitotically dormant inactive state to a proliferative active
state (Franklin and Ffrench-Constant, 2008; Franklin and Kotter, 2008). The next step is
OPC recruitment, which is a process involving proliferation and migration. In the final step,
the differentiation phase, recruited OPCs exit the mitotic cell cycle and change their
phenotype to mature oligodendrocytes. Lastly, newly created oligodendrocytes establish
contact with un-myelinated axons and form functional myelin sheaths around them (Fancy
etal., 2011; Miron et al., 2011; Zhao et al., 2005). The mechanisms underlying this complex
process has been the subject of several recent studies, in which the role of cell-cell
interaction in re-myelination has been increasingly recognized, especially those involving
reactive astrocytes and microglia (Miron et al., 2013; Moore et al., 2011). In the next
section, we will review the cell-secreted soluble factors that contribute to
oligodendrogenesis after white matter injury.

5.1. Growth Factors

Trophic factors secreted from reactive astrocytes, macrophages/microglia, and cerebral
endothelial cells are essential for white matter repair as they promote OPC proliferation and
differentiation. Research in mouse models of demyelination has shown that a decreased
level of growth factors in aged mice is associated with a reduced level of remyelination
compared to young mice (Hinks and Franklin, 2000), highlighting the important role of
growth factors in myelin repair. In an animal model of demyelinating disease, it has also
been shown that exogenous administration of growth factors promotes OPC proliferation
and enhances repair (Kumar et al., 2007; Ramos-Cejudo et al., 2014). Those growth factors
include PDGF, FGF-2, IGF-1, neurotrophin-3 (NT-3), and brain-derived neurotrophic factor
(BDNF).

5.1.1. PDGF—PDGEF controls OPC proliferation in the developing brain as well as in
lesion areas in models of experimentally induced demyelination. PDGF actions are mediated
through its receptor PDGFRa, which is expressed specifically by OPCs (Hart et al., 1989).
In stroke patients, both mRNA and protein expression of PDGF are increased in the stroke
core region and penumbra compared to the same areas in the contralateral hemisphere
(Krupinski et al., 1997). PDGF is produced by reactive astrocytes following demyelination
(Moore et al., 2011). A study using transgenic mice that overexpress PDGF-A in astrocytes
under the control of the glial fibrillary acidic protein (GFAP) gene promoter (GFAP-PDGF-
A mice) showed improved remyelination after a demyelination insult, indicating that
increases in astrocytic PDGF can enhance white matter repair (Woodruff et al., 2004). To
exert trophic activity, PDGFRa is required. PDGFRa activation promotes OPC
proliferation, but it is thought to inhibit OPC differentiation into mature oligodendrocytes
(Abbaszadeh et al., 2014). NG2, another OPC marker, also regulates PDGF action (Asher et
al., 2005). In the absence of NG2 expression, OPCs fail to proliferate even in the presence of
PDGF. Withdrawal of PDGF terminates the proliferative phase and allows OPCs to
differentiate into mature oligodendrocyte, which no longer express NG2. These data suggest
that NG2 is required for PDGF signaling (Asher et al., 2005) which promotes proliferation
of immature OPCs, and that when proliferation is no longer required, cessation of PDGF
signaling enables OPC maturation to take place.
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5.1.2. FGF—Together with PDGF, FGF-2 can support OPC survival and proliferation.
Expression of both PDGF and FGF-2 is increased during the recruitment phase of
remyelination (Hinks and Franklin, 1999) and the rate of OPC proliferation is increased
when PDGF is presented in combination with FGF-2 (Wolswijk and Noble, 1992).
Exogenous administration of FGF-2 has been shown to promote OPC production in the SVZ
in both immature and adult mice (Azim et al., 2012). Similar to PDGF, FGF-2 maintains
OPCs in a mitotic state and enhances proliferation (Kotter et al., 2011), but does not support
differentiation, and may in fact be deleterious to mature oligodendrocytes. In a study which
evaluated the effect of PDGF-AA and FGF-2 on myelin-producing oligodendrocytes in rat
caudal anterior medullary velum, PDGF-AA treatment did no harm to myelination or
myelin-producing oligodendrocytes, but FGF-2 induced loss of axonal myelin sheaths and
disrupted the cellular distribution of myelin-related gene products (Goddard et al., 2001).
Astrocytes, the cells that secrete PDGF-A, are also thought to secrete FGF-2. In CNS injury,
FGF-2 is expressed at high levels in activated astrocytes and stimulates glial cell
proliferation (Albrecht et al., 2003). Since FGF-2 released by cerebral endothelial cells have
been shown to support OPC proliferation (Arai and Lo, 2009a), it is possible that endothelial
cells also provide FGF-2 during the repair process after injury. It was also recently reported
that neurons contribute to the regulation of oligodendrocyte myelination through the
expression of GTPase Arf6, which controls the secretion of FGF-2. In mice with Arf6
knocked out specifically in neurons, secretion of FGF-2 was reduced and myelination was
abnormal (Akiyama et al., 2014).

5.1.3. BDNF—BDNF has been shown to be protective in animal models of stroke model by
supporting neuronal survival. Here we will review BDNF's known actions on neuronal
protection, then discuss newer data that shows that BDNF is also important in supporting
OPCs and re-myelination. As far as supporting injured neurons, intraventricular
administration of BDNF in a rat stroke model reduced infarct area (Schabitz et al., 1997),
and administration of BDNF gene via adeno-associated virus (AAV) protected against
neurodegeneration after ischemia (Zhang et al., 2011). In addition to neuronal support, there
is growing evidence for BDNF's role in white matter protection and remyelination. Both in
vitro studies and in vivo studies using BDNF knockout animal have demonstrated that
BDNF promotes the proliferation and differentiation of OPCs and is required in normal CNS
myelination (Cellerino et al., 1997; Xiao et al., 2010). In a cuprizone-induced demyelination
mouse model, increases in BDNF levels in reactive astrocytes correlated with an increase in
myelin proteins which helped to reverse neurological deficits following demyelination
(Fulmer et al., 2014). In experimentally induced subcortical stroke in rats, intravenous
injection of BDNF was associatd with increased OPC proliferation, remyelination, and
improved functional outcome (Ramos-Cejudo et al., 2014). BDNF may be secreted by
several types of cells since it has been reported that cerebral endothelial cells may provide
this trophic factor (Arai and Lo, 2009a). However, it is likely that astrocytes are one of the
important sources of BDNF, which helps to restore white matter after demyelinating injury.

5.1.4. VEGF—Vascular endothelial growth factor (VEGF) is well known as a regulator of
angiogenesis by stimulating endothelial cell proliferation, migration, and tube formation
(Greenberg and Jin, 2005). Similar to BDNF, some VEGF isoforms has also been found to
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affect other types of cells in the neurovascular unit through its trophic or protective effects.
VEGF's role in neurogenesis has been supported by data from in vitro experiments, in which
VEGF stimulated proliferation of neuronal precursor cells (Jin et al., 2002). In in vivo
experiments, administration of VEGF in a rat middle cerebral artery occlusion (MCAOQO)
model reduced infarct area and promoted survival of newly generated neurons from the
dentate gyrus and the SVZ (Sun et al., 2003). In addition to mediating angiogenesis and
neurogenesis, VEGF is also known to affect oligodendrogenesis. An in vitro study suggested
that VEGF-A secreted from cerebral endothelial cells promotes migration but not
proliferation of OPCs (Hayakawa et al., 2011). Another study using VEGF-C deficient
mouse embryos showed a selective loss of OPCs in the embryonic optic nerve, and, in
parallel experiments in vitro, VEGF-C stimulated the proliferation of OPCs expressing the
VEGF receptor (VEGFR)-3 and nestin-positive ventricular neural cells which some part will
develop into OPCs in future (Le Bras et al., 2006). Another study extended these findings
using a neonatal HI rat model, showing that VEGF-A and VEGF-C were induced in the
SVZ after HI insult; while VEGF-A promoted production of astrocytes, VEGF-C stimulated
the proliferation of both early and late oligodendrocyte progenitors in which VEGFR-3 is
the crucial mediator (Bain et al., 2013). These recent studies highlight the importance of
VEGF signaling in OPC development.

5.1.5. IGF-1—IGF-1 plays an active role in recovery after stroke. In ischemia-injured adult
rat brain, intracerebroventricular injection of IGF-1 antibody prevented ischemia-induced
neural progenitor proliferation. (Yan et al., 2006). In this study, IGF-1 expression was
increased in activated astrocytes in the ischemic penumbra, indicating that this astrocytic
IGF-1 has a role in post-ischemic neurogenesis. IGF-1 is also implicated in OPC recruitment
following demyelination. In animal models of experimentally induced demyelination, an
increase in IGF-1 mRNA is seen at the same time as the proliferation and accumulation of
newly generated OPCs in the area of the lesion, suggesting potential involvement of IGF-1
in the remyelination process (Mason et al., 2000). IGF-1 knock-out mice have a significantly
reduced number of oligodendrocytes and OPCs in all brain regions with altered myelination
(Ye et al., 2002), suggesting that IGF-1 is important in OPC physiology. Pathways through
which IGF-1 supports proliferation or survival of oligodendrocyte progenitors have been
identified as those involving the mitogen-activated protein kinase kinase (MEK)-ERK and
the PI3K-Akt cascades (Bibollet-Bahena and Almazan, 2009).

5.1.6. TGFB—During murine embryonic development, OPCs generated in the germinative
zone in the ventral forebrain migrate to the dorsal cortex, where the cortical germinative
zone gives rise to OPCs around the time of birth (Kessaris et al., 2006). Recent research
shows that TGFp-family proteins produced by the meninges and pericytes during this
embryonic stage participate in the regulation of OPC migration into the cortex (Choe et al.,
2014). OPC migration was dramatically reduced by conditional inhibition of Tgf1, Bmp4,
or Bmp7 expression in mesenchymal cells. This regulatory pathway is also thought to be
present in the adult brain in response to injury. It is noteworthy that in the brains of stroke
patients, TGFp expression is elevated both in the ischemic penumbra and in the ischemic
core areas, indicating a possible role for TGFp proteins in the post-stroke period (Krupinski
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et al., 1996). Based on the combined data, it is likely that TGF is a key factor in white
matter repair after stroke, serving to promote OPC recruitment to injured area.

5.1.7. NRG1—Neuregulin-1 (NRGL1), a growth factor with multiple isoforms acting on
different pathways, has been reported to have possible neuroprotective effects in CNS injury
(Dammann et al., 2008; Li et al., 2007; Shyu et al., 2004). In a rat model of stroke with
MCAO, immunohistochemical staining 3 days after injury revealed an increase in NRG-1
expression in the penumbral regions of the cortex (Parker et al., 2002). This increase was
thought to be neuronal, since the staining was co-localized with neuronal cell marker but not
with astrocytes or macrophage/microglia cell marker. Pre-treatment of NRG1 reduced
infarct volume in MCAO rat brain (Xu et al., 2004). Its precise mechanism of
neuroprotective action is unclear and needs further investigation. In white matter
physiology, NRG has been demonstrated in vitro to promote OPC survival and proliferation,
but it prevents differentiation and maintains OPCs in an immature state (Canoll et al., 1999;
Vartanian et al., 1994). NRG1 effects on CNS remyelination have been studied in animal
models, but its role is still controversial. While systemic delivery of recombinant human
GGF-2, an NRG1 isoform, in a mouse model of experimental autoimmune
encephalomyelitis (EAE) resulted in enhanced remyelination in lesion areas (Cannella et al.,
1998; Marchionni et al., 1999), both local and systemic administration of GGF-2 in a rat
model of gliotoxin-induced demyelination showed no significant alteration of the
remyelination process (Penderis et al., 2003). Additional research is needed to further define
the role of NRG1 in remyelination after stroke.

5.2. Cytokines and chemokines

Cytokines and chemokines are proinflammatory signaling proteins that are secreted by
various cells in the brain, especially astrocytes and microglia, in response to insults such as
demyelination (Franklin and Kotter, 2008; Miron and Franklin, 2014). In the cerebrospinal
fluid (CSF) of MS patients, the expression level of cytokines was shown to be upregulated,
and direct injection of CSF from MS patients into mouse brain induced demyelination
(Cristofanilli et al., 2014). However, in cell culture experiments, CSF from MS patients
promoted neuronal and oligodendrocyte differentiation when incubated with neural
precursor cells (Cristofanilli et al., 2013). Because it is difficult to isolate the effects of
cytokines from other proteins in CSF, no definite conclusion can be drawn from these
findings. Nevertheless, inflammatory cytokines are thought to be one of the key factors
involved in the repair process after demyelination.

5.2.1. TNFa—Tumor necrosis factor alpha (TNFa) is a proinflammatory cytokine having
both positive and negative effects on repair after demyelination, depending on the type of
receptor it affects. While TNF receptor 1 (TNFR1) mediates cell death and demyelination
(McCoy and Tansey, 2008), TNF receptor 2 (TNFR2) mediates remyelination (Arnett et al.,
2001; Declercq et al., 1998; Fischer et al., 2011). In a cuprizone-induced demyelination
model, both TNFa and TNFR2 are upregulated, and mice lacking either TNFa or TNFR2
showed reduced accumulation of oligodendrocyte precursors and less remyelination
compared to wild-type mice. These data suggest that TNFa-TNFR2 interaction mediate both
OPC recruitment and remyelination after injury (Arnett et al., 2001).
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5.2.2. CNTF—<Ciliary neurotrophic factor (CNTF) is produced by astrocytes and neurons in
the CNS. Since it shares a high level of sequence homology with the interleukin-6 (I1L-6)
family, it is included in the IL-6 superfamily of cytokines along with leukemia inhibitory
factor (LIF) (Patterson, 1992). Although CNTF originally was identified as a protective
factor for neurons during CNS injury (Linker et al., 2002; Yokota et al., 2005), it is also
shown to enhance myelin formation (Stankoff et al., 2002). In addition to enhancing OPC
proliferation and survival (Barres et al., 1996), CNTF is also known to directly influence
myelination by promoting maturation of oligodendrocytes through the gp130-JAK pathway
(Marmur et al., 1998). gp130 is a signal transducer which forms a heterodimer with the LIF
receptor when activated by CNTF or LIF, exerting a pro-myelinating effect in response
(Stankoff et al., 2002). In a MCAO-induced stroke model in mice, CNTF expression was
increased in the SVZ by more than 4-fold at 12 days post-injury (Kang et al., 2013). This
result supports a role for CNTF in remyelination after stroke injury.

5.2.3. LIF—LIF is another cytokine which enhances cell growth, and which is included in
the IL-6 superfamily secreted by astrocytes. Similar to CNTF, LIF also promotes OPC
proliferation, survival and maturation (Barres et al., 1996; Kerr and Patterson, 2005;
Stankoff et al., 2002). In a cuprizone-induced model of demyelination, LIF knockout mice
had increased demyelination and oligodendrocyte loss compared with wild-type mice
(Marriott et al., 2008). The major source of LIF is thought to be astrocytes. The importance
of astrocytic LIF in OPC differentiation was proposed based on the recent finding that
selective stimulation of astrocytic TNFR2 promoted OPC differentiation into mature
oligodendrocytes but addition of LIF neutralizing antibodies inhibited this effect (Fischer et
al., 2014). LIF has been shown to have a positive effect on white matter preservation in an
experimental model of stroke. In a rat MCAO model, LIF administration effectively reduced
infarct size and reduced white matter injury (Rowe et al., 2014). In oligodendrocytes injured
with OGD, addition of LIF into the media during OGD resulted in a reduced level of
oxidative stress, through pathways that are partly mediated by Akt-signaling (Rowe et al.,
2014).

5.2.4. CXCL12—C-X-C motif chemokine ligand (CXCL12), also called stromal cell-
derived factor-1 (SDF-1), functions by interacting with its receptors CXCR4 and CXCR?7,
which are expressed in leukocytes and stem cells. CXCL12 regulates the migration,
proliferation, and differentiation of stem cells when these cells attempt to repair brain tissue
under pathological conditions, including stroke (Li et al., 2012; Ohab et al., 2006). It has
been reported that CXCL12 promotes post-stroke neuroblast migration coupled with
angiogenesis, leading to functional recovery (Li et al., 2014; Ohab et al., 2006).
Correspondingly, CXCR4 antagonists were shown to alleviate inflammatory responses and
BBB disruption after stroke in a rodent model of MCAO (Huang et al., 2013; Ruscher et al.,
2013). CXCR4 is also expressed in the majority of EPCs, and CXCL12 promotes EPC
migration, which could mediate neuroprotection and increase angiogenesis after stroke in
mice (Fan et al., 2010). In terms of oligodendrogenesis, previous studies showed that
cultured OPCs express CXCR4, whose activation leads to their proliferation, migration and
differentiation (Dziembowska et al., 2005; Kadi et al., 2006). In a mouse model of
caprizone-induced demyelination, reactive astrocytes and microglia activate the CXCL12/
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CXCR4 pathway in OPCs, which then enhances remyelination (Patel et al., 2010; Patel et
al., 2012). Activation of the CXCL12/CXCR7 pathway may also promote oligodendroglial
maturation and remyelination in a mouse model of experimental autoimmune
encephalomyelitis (EAE) (Gottle et al., 2010). In the EAE model, transplanted OPCs
migrated into the injured white matter and differentiated into mature oligodendrocytes via
the CXCL12/CXCR4 signaling pathway (Banisadr et al., 2011). Although CXCL12 plays a
key role in white matter pathology after stroke, the underlying mechanisms of CXCL12 on
oligodendrogenesis after stroke are still largely unknown. Further studies are necessary to
elucidate how these chemokines and their receptors regulate oligodendrocyte regeneration
after stroke.

5.3. MMPs and extracellular matrix molecules

Matrix metalloproteinases (MMPs) are zinc-endopeptidases possessing proteolytic
properties, with both positive and negative effects on adult myelination. In response to
demyelination injuries including post ischemic stroke, MMPs are rapidly upregulated (Heo
et al., 1999; Skuljec et al., 2011; Ulrich et al., 2006). MMPs play a deleterious role in this
setting by exacerbating demyelination through breakdown of the blood-brain barrier and
degradation of myelin-specific proteins (Asahi et al., 2001; Shiryaev et al., 2009). On the
other hand, MMPs also play a positive role in stroke recovery by creating a favorable
environment for remyelination by cleavage of extracellular matrix components (Skuljec et
al., 2011). In a rat model of transient focal cerebral ischemia, inhibition of MMPs at 7 days
after injury suppressed neurovascular remodeling, increased ischemic brain injury and
impaired functional recovery at day 14 (Zhao et al., 2006). Inhibition of MMPs resulted in
reduced endogenous VEGF, which may contribute to the negative effect of MMP inhibition,
since VEGF is shown to have positive effect in stroke repair (Hayakawa et al., 2011; Jin et
al., 2002; Sun et al., 2003).

5.4. Other factors

5.4.1. eNOS—Several studies have indicated that endothelial nitric oxide synthase (eNOS)
can promote recovery following stroke by increasing angiogenesis and neurogenesis (Zhang
et al., 2013b). When administered in a rat stroke model 24 hours after injury, one of the
nitric oxide (NO) donors, DETA NONOate, increased angiogenesis in the peri-infarct area
(Zhang et al., 2003). A similar effect was observed when PDE5 inhibitors, such as sildenafil
and tadalafil, were given to rats after brain ischemia, with elevation of brain cGMP levels
(Zhang et al., 2006; Zhang et al., 2003). As for its involvement in oligodendrogenesis after
stroke, there is some data suggesting that eNOS contributes to white matter regulation via
activation of BDNF pathway. eNOS knock out mice showed reduced expression of BDNF
(Chen et al., 2005). Since BDNF is shown to be protective for oligodendroglial lineage cells
by promoting OPC proliferation, survival and differentiation (Xiao et al., 2010), decreased
numbers of oligodendrocyte and OPC after ischemia in eNOS deficiency mice may be due
to the lack of BDNF effect (Cui et al., 2013). Treatment with sildenafil in ischemic mice
increased the number of neural stem cells, mature neurons and oligodendrocytes, indicating
enhanced neurogenesis and oligodendrogenesis in the post-ischemic brain (Zhang et al.,
2012).
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5.4.2. EPO—The beneficial effect of erythropoietin (Epo) on oligodendrogenesis after
stroke has recently been reported. Epo administration enhanced oligodendrogenesis and
neurological functional recovery in a rat model of cerebral ischemia (Iwai et al., 2010;
Zhang et al., 2010). In another study, post-natal day 7 rat that underwent MCAQ were
treated with three doses of exogenous Epo given by intraperitoneal injection post injury.
Compared to vehicle-treated mice, Epo-treated mice showed increased neurogenesis and
oligodendrogenesis (Gonzalez et al., 2013). In an in vitro study, endogenous Epo secreted
from cultured astrocytes after hypoxia had a protective effect on OPCs subjected to hypoxia
and reoxygenation injury (Kato et al., 2011). This finding suggests that endogenous Epo
secreted by astrocytes, as well as exogenously administered Epo, may be beneficial to OPCs
during the recovery process after ischemia. Of note, Epo is one of the promising agents for
treatment of HIE in the newborn. Phase I/11 trials of high-dose Epo given to both preterm
infants and term infants have been reported, establishing pharmacokinetic and safety profiles
(Fauchere et al., 2008; Juul et al., 2008; Wu et al., 2012). While one trial of Epo treatment
for term infants with moderate HIE showed reduced disability (Zhu et al., 2009), an
organized randomized controlled clinical trial is needed to provide further evidence
supporting efficacy of Epo.

5.4.3. Lipocalin-type prostaglandin D synthase (L-PGDS)—Upregulated in
oligodendrocytes in an animal model of demyelination and thought to have neuroprotective
properties, lipocalin-type prostaglandin D synthase (L-PGDS) is a unique bifunctional
protein which acts as both a prostaglandin (PD)D2-producing enzyme and a lipophilic
ligand-carrier protein of the lipocalin family. In brains of human neonates who died after
suffering from neonatal HIE, neurons and oligodendrocytes in infarcted lesions had high
expression of L-PGDS (Taniguchi et al., 2007). L-PGDS is also upregulated in
oligodendrocytes and astrocytes in the demyelinated lesion of chronic MS patient (Kagitani-
Shimono et al., 2006). Consistent with these human findings, L-PGDS was upregulated in
oligodendrocytes and neurons in a mouse model of neonatal HIE. In this report the authors
concluded that L-PGDS may be an early stress marker for ischemia-injured neurons, and
increased secretion of L-PGDS by oligodendrocytes and neurons could be neuroprotective in
neonatal HIE (Taniguchi et al., 2007). Therefore, L-PGDS from neurons, astrocytes, or
oligodendrocytes may work to enhance damage repair after an ischemic insult, but roles of
L-PGDS on oligodendrogenesis and remyelination after brain injury still remain to be
elucidated. Further studies are required to address the precise mechanism of L-PGDS in
white matter repairing.

5.4.4. S14G-Humanin (HNG)—Humanin (HN) has been identified as an endogenous
peptide that inhibits Alzheimer disease-relevant neuronal cell death. It has been reported that
S14G-HN (HNG), a variant of HN in which the 14th amino acid serine was replaced with
glycine, can reduce infarct volume and improve neurological deficits after ischemia/
reperfusion injury (Xu et al., 2008). HNG has also been reported to have neuroprotective
roles after traumatic brain injury (TBI) and intracranial hemorrhage. In a mouse model of
TBI, HNG administered by intracerebroventricular injection was associated with improved
neurofunctional outcomes, with the mechanisms of action speculated to be attenuation of
neuronal apoptosis (Wang et al., 2013b). In an intracranial hemorrhage mouse model,
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intraperitoneal administration of HNG improved neurological function and reduced brain
edema. The mechanism of this neuroprotective effect was associated with suppression of
apoptosis through PI13K-Akt/GSK-3p signaling pathway (Wang et al., 2013a). Recently it
was reported HNG also enhanced oligodendrogenesis in an animal model of neonatal HI,
with an increase in BDNF expression after HNG administration (Chen et al., 2014). These
data support the idea that BDNF, secreted from surrounding cells, promotes
oligodendrogenesis after HI injury.

5.4.5. Ketone bodies—The majority of cholesterol in the brain resides in myelin,
accounting for about 80% of the brain cholesterol content (Dietschy, 2009). Cholesterol in
myelin serves integral brain function, including oligodendrocyte myelination and neuronal
differentiation/synaptogenesis (Saher and Stumpf, 2015). Dysregulation of cholesterol
homeostasis may result in various types of demyelinating disorders (Saher and Stumpf,
2015). Among the essential substrates for cholesterol, ketone bodies can provide
acetoacetyl-CoA for synthesis of cholesterol in addition to fatty acids and complex lipids
(Koper et al., 1981). When persistent mild hyperketonemia is observed in neonatal rats and
human newborns, ketone bodies serve as an indispensable source of energy and cholesterol
synthesis for extrahepatic tissues and especially for the developing brain (Koper et al.,
1981). Even in the adult brain, ketogenesis may occur when glucose availability is limited,
such as during starvation, prolonged hypoglycemia, or ischemia (Takahashi et al., 2014). In
addition to oligodendrocyte lineage cells, other cells such as astrocytes and neurons can be a
source of cholesterol (Guzman and Blazquez, 2001). It has been reported that cultured
neurons and astrocytes produce ketone bodies under hypoxic or ischemic conditions
(Takahashi et al., 2014). Although exogenous ketone bodies have been shown to exert
neuroprotective effects after brain injury (e.g., cerebral ischemia) (Puchowicz et al., 2008),
the roles of ketone bodies on function of oligodendrocyte lineage cells under demyelinating
conditions remain mostly unknown. Further studies are warranted to elucidate the roles of
ketone bodies derived from various types of cells in demyelinating disorders.

6. Cross-talk between OPC and other cell types in stroke injury and repair

As discussed in the previous section, support from neighboring cells is required for
oligodendrogenesis and remyelination after white matter damage (Figure 2). However, the
role of OPCs in post-stroke repair is not restricted to restoration of damaged myelin. OPCs
give support to other cell types during the recovery process after ischemic injury. While
there are only a limited number of studies describing this process, we will briefly introduce
how OPCs contribute to vascular and neuronal remodeling after brain damage.

6.1. OPCs and Vascular Remodeling (Angiogenesis)

Cell-cell signaling between cerebral endothelium and OPCs contribute to vascular
remodeling after stroke, in processes mediated by secretion of trophic factors and
extracellular matrix proteins such as MMPs (Miyamoto et al., 2014). BDNF is one such
trophic factor, which promotes endothelial cell survival and angiogenesis (Kermani and
Hempstead, 2007). It has been suggested that BDNF derived from oligodendrocyte-lineage
cells do support angiogenesis, since BDNF mRNA is present in oligodendrocytes, and the
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physical proximity of oligodendrocytes to cerebral endothelial cells would allow
oligodendrocyte-secreted BDNF to interact with the endothelial cells (Dai et al., 2003;
Miyamoto et al., 2014). TGF-B is another factor essential for vascular development and
maturation. OPCs are one of the cell-types in neurovascular unit secreting TGF-$1 and this
OPC-derived TGF-B1 has a role in maintaining BBB integrity (Seo et al., 2014). Treating
endothelial cells with OPC-conditioned media increased tight junction proteins in
endothelial cells; while OPC-specific TGF-B1 knock out mice exhibited cerebral
hemorrhage, indicating loss of BBB function (Seo et al., 2014). Recent research examining
OPC contribution to postnatal angiogenesis showed that OPCs regulate angiogenesis within
the white matter through OPC-encoded hypoxia-inducible factor (HIF) signaling. OPC-
specific HIF stabilization resulted in increased expression of the proangiogenic genes
Wht7a/7b, and promoted angiogenesis and endothelial proliferation in vivo (Yuen et al.
2014). Further studies are needed to determine whether this OPC-specific HIF pathway
plays a role in recovery after CNS injury.

6.2. OPCs and Neurogenesis

OPCs also support neuronal survival by secreting soluble factors. When rat embryonic
cortical neurons were co-cultured with OPCs, enhanced survival of neurons was noted.
Similarly, treatment with OPC-conditioned media also increased neuronal survival. This
effect was abolished by addition of neutralizing antibody to IGF-1, suggesting that OPC-
derived IGF-1 enhanced survival of neurons (Wilkins et al., 2001). In the setting of brain
injury, OPC actions are not always beneficial to neurons. At the injured site, OPCs, along
with microglia and astrocytes, form a glial scar that inhibit axonal growth and regeneration
of neurons (Chen et al., 2002). In a spinal cord injury model, mice with deletion of -catenin
specifically in OPCs had reduced glial scar formation and increased axon regeneration. 8-
catenin dependent Wnt signaling is required for the injury-induced activation of OPCs, and
knock down of OPC specific 3-catenin reduced accumulation of OPCs in the injured site and
reduced formation of glial scars (Rodriguez et al., 2014). However, specific research
regarding the role of OPCs in post-stroke neurogenesis is limited and further studies are
needed in this area.

7. Conclusion

Adult mammalian brain has a high degree of plasticity, especially after brain injury. After
oligodendrocyte loss and demyelination by ischemic stress, OPCs may contribute to myelin
repair by acting as a source of new oligodendrocytes. As seen in this mini-review, some
non-cell autonomous mechanisms should underlie in the oligodendrogenesis, i.e. the
neurovascular components such as astrocytes, neurons, microglia and endothelial cells make
contributions in the OPC response after white matter damage. A greater understanding of
cell-cell interactions in the white matter will help to identify novel therapeutic approaches to
boost endogenous brain repair for CNS disease.
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Figure 1. Schematic of oligodendrogenesis after demyelination
Under normal conditions, neuronal axons receive support from myelinated

oligodendrocytes. After injury such as stroke, damaged oligodendrocytes no longer support
axons, resulting in failure of proper neuronal function. However, during the remodeling
phase after stroke, residual OPCs (or OPCs differentiated from NSPCs) proliferate, migrate
to the injured region, and then differentiate into oligodendrocytes which help to restore the
damaged myelin sheaths. Importantly, neighboring cells including microglia, astrocytes,
cerebral endothelial cells, also actively support oligodendrogenesis by secreting soluble
trophic factors. It is unclear, however, whether neuronal axons that have been damaged after
stoke, and subsequently repaired through the process of oligodendrogenesis, may be able to
regain normal myelin function.
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Figure 2. Factors provided by surrounding cells that affect oligodendrogenesis
Neurons, astrocytes, cerebral endothelial cells, and microglia/macrophages secrete soluble

factors to regulate OPC function, such as proliferation and differentiation. These non-cell
autonomous mechanisms should be crucial for oligodendrogenesis after stroke. Please refer
to the text about the detailed roles of those factors.
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