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Abstract

In most cases, neurological disorders that involve injuries of the cerebral white matter are
accompanied by demyelination and oligodendrocyte damage. Promotion of remyelination process
through the maturation of oligodendrocyte precursor cells (OPCs) is therefore proposed to
contribute to the development of novel therapeutic approaches that could protect and restore the
white matter from central nervous system diseases. However, efficient remyelination in the white
matter could not be accomplished if various neighboring cell types are not involved to react with
oligodendrocyte lineage cells in this process. Hence, profound understanding of cell-cell
interaction between oligodendrocyte lineage cells and other cellular components is an essential
step to achieve a breakthrough for the cure of white matter injury. In this mini-review, we provide
recent updates on non-cell autonomous mechanisms of oligodendrocyte regeneration by
introducing recent studies (e.g. published either in 2018 or 2019) that focus on crosstalk between
oligodendrocyte lineage cells and the other constituents of the white matter.
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1. Introduction

Although remarkable progress in the field of medical science over the last few decades has
enabled us to deal with some of the neurological disorders that have once been thought as
incurable, majority of the diseases still remain unmanageable. Development of effective
medications for the cerebral white matter damage caused by diseases such as stroke, small
vessel disease, multiple sclerosis (MS), and traumatic brain injury, could be counted as one
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of those unmet needs. To achieve a therapeutic breakthrough towards the demyelinated white
matter, it should be required to elucidate mechanisms by which facilitate remyelination.
Assuming that interaction with other types of brain cells would be necessary for potentially
myelin-producing oligodendrocytes to maintain their roles both under physiological and
pathological conditions, many scientists have investigated into cell-cell interaction between
oligodendrocyte lineage cells and other cellular components of the white matter. We
previously summarized the non-cell autonomous mechanisms of oligodendrocyte
(re)generation [29, 34, 52]. But recently, partly because of the development/advance of
research tools in genetic manipulation and gene analysis, several profound studies using
animal models of white matter-related diseases have demonstrated the importance of cell-
cell interaction in regulating oligodendrocyte precursor cell (OPC) function under
pathological conditions. In this mini-review, therefore, we provide recent updates on non-
cell autonomous mechanisms of oligodendrocyte regeneration after white matter damage, by
introducing recent studies (e.g. published either in 2018 or 2019) that featured the crosstalk
between oligodendrocyte lineage cells and other types of brain cells. Below, we discuss how
each white matter component regulates oligodendrocyte regeneration under the conditions of
white matter diseases.

2. Neuronal axon

White matter consists primarily of axonal bundles ensheathed by mature-oligodendrocyte-
derived myelin. Oligodendrocytes situate in close proximity to neuronal axons to from
myelin sheath, which plays an important role in rapid and efficient signal propagation
between the gray matter of different areas. Because of the close proximity of neuronal axons
with myelinated oligodendrocytes, both cell types coordinately support mutual functions via
exchanging soluble factors and/or through direct interactions. The underlying mechanisms
have been extensively examined, but still, ongoing research is necessary in order to fully
elucidate how oligodendrocytes support neuronal axons, and vice versa. Myelin sheath
wraps neuronal axons, but under some conditions, oligodendrocytes may support axonal
function in a myelin-independent manner. Indeed, a recent study using electrophysiological
recordings of the corpus callosum demonstrated that oligodendrocytes directly support
axonal function by supplying glucose through gap junction connexin-47 [48]. Conversely, as
for the mechanisms as to how neuronal axons regulate oligodendrocyte lineage cells,
molecules secreted from axons or axonal surface ligands have been reported to regulate
differentiation and maturation processes of oligodendrocyte lineage cells. For example,
neurons are known to be involved in glutamatergic synaptic signaling with OPCs. By
modifying the properties of AMPA receptor at axon-OPC synapses in vivo by targeting
GIuA2 subunit, Chen et al. recently reported the importance of ionotropic and non-
ionotropic properties of AMPA receptor in OPCs for the balancing of the OPC response to
differentiation cues [14]. Upon knowledge that oligodendrocyte production and myelination
is stimulated by neuronal activity in normal condition, another recent study established a
mouse model to induce a moderate optogenetic stimulation of demyelinated axons in the
corpus callosum at the level of the motor cortex to examine whether the activity of
demyelinated axons restores their loss of function in a damaged environment [58]. The study
demonstrated that moderate activation of demyelinated axons enhanced the differentiation of
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OPCs into mature oligodendrocytes [58], indicating the need of preserving an appropriate
neuronal activity to promote remyelination within the injured lesion. Although recent studies
have unveiled a complimentary relationship between the two components, mechanism by
which oligodendrocytes myelinate axons still remains relatively unveiled. In addition,
intrinsic mechanism of oligodendrocytes underlying the spatiotemporal specificity of central
nervous system (CNS) myelination has also been undetermined and understudied. However,
one study recently showed that transcription factor EB (TFEB), which is highly expressed
by differentiating oligodendrocytes, may be a key molecular factor for the spatial and
temporal regulation of myelination [66]. Furthermore, very recently, tight adhesion regulated
by cell adhesion molecules such as Cadm4 was reported to be essential for an appropriate
myelin targeting and membrane wrapping [21]. Taken together, recent research progress is
now revealing the complex mechanisms of neuron-OPC interaction. Because proper axonal
repair and/or regeneration after white matter injury may need to be accompanied with
oligodendrocyte regeneration, deeper understanding of the compensative responses in the
axon-OPC interface would be of help in developing an effective therapeutic strategy for
white matter repair and remodeling.

3. Endothelial cells

The concept of neurovascular unit provides a conceptual framework that emphasizes the
importance of cell-cell interactions between neuronal, glial, and vascular components [18,
31, 33, 42, 43, 73, 74]. One of the most examined aspects of the neurovascular unit in gray
matter is observed in the cell-cell interaction between neuronal precursor cell and the
vascular compartment in the so-called neurovascular niche. In the neurovascular niche, cell-
cell signaling among these different cell types sustains pockets of ongoing neurogenesis and
angiogenesis in the adult brain, which plays important roles in compensatory neurovascular
remodeling after brain injury [5, 15, 26, 32, 54, 73, 74]. Similarly, in the white matter,
endothelial cells (ECs) and OPCs may coordinately form an analogous oligovascular niche,
wherein ECs support oligodendrocyte lineage cells by secreting trophic factors [1, 3].
Although whether or not mature oligodendrocytes physically contact with endothelial cells
has not been confirmed, rodent immunohistological studies predict that some types of OPCs
attach with endothelial cells in the peri-vascular region of the cerebral white matter [46, 64].
Another experiment using embryonic mouse brain supports this notion by revealing that
perivascular migration and differentiation of OPCs are coordinated by endothelial-OPC
interaction regulated by Wnt-chemokine receptor 4 (Cxcr4) signaling at the stage of
development [68]. The same group also recently found that if this Wnt signaling is
excessive, activated OPCs secrete Wnt inhibitory factor 1 which interferes with EC tight
junction integrity leading to the disruption of the blood-brain barrier (BBB) [56]. More
recently, another group proposed that mechanisms of vascular-OPC interaction may differ
during neocortical development, depending on the three-dimensional vessel patterns [39].
All these studies introduced above mostly discussed the mechanisms of endothelium-OPC
interaction during development or in cell-culture conditions, but the roles of oligovascular
niche in compensatory oligodendrogenesis after white matter damage in adult brain are still
unknown. However, a recent transcriptome profiling study of the perivascular area within the
demyelinated lesion using a rat brain demonstrated that peri-vascular niche was enriched
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with secreted ligands of the bone morphogenic protein (BMP) and Whnt signaling pathways
produced by activated OPCs and ECs, which would trigger the fate switch of neural
progenitors to OPCs [70]. In the study, the authors proposed that these signals from
OPCs/ECs became dominant in the remyelination process because of the low number of
astrocytes within the site of injury and the low level of the astrocyte-derived dual BMP/Wnt
inhibitor Sostdc1 in those areas. Nevertheless, we may need to be aware that function of
BMPs have been described in a rather opposite way in other literatures, i.e. decreasing the
proliferation of precursor cells and inhibiting the maturation of oligodendrocytes [25, 62].
Therefore, future studies are warranted to investigate how and why this identical factor BMP
can show opposite effects on oligodendrocyte linage cells under diseased conditions. Aside
from mature ECs, endothelial progenitor cells (EPCs) are also gathering attention to regulate
OPC proliferation and differentiation. A recent study has demonstrated that a secretome
from EPCs could boost OPC proliferation and maturation under diseased conditions both in
vitro and in vivo [47]. In turn, a secretome from OPCs may also play some roles in the
cerebral vascular system. Cultured OPCs maintained under hypoxic conditions secreted
more pro-angiogenic factors, such as vascular endothelial growth factor (VEGF), which then
increased the viability and tube formation of ECs in vitro [38]. The same study also showed
that when conditioned media from hypoxically cultured OPCs was introduced into the lesion
caused by middle cerebral artery occlusion in mice, post-stroke angiogenesis was facilitated
to alleviate the infarct volume [38]. Therefore, in adult CNS, progenitors for ECs and
oligodendrocytes may not merely serve as a backup for regeneration processes, but rather,
they may actively participate in the recovering mechanisms by promoting the differentiation
(or proliferation) of neighboring progenitor cells. Because the disturbance of cerebrovascular
system is one of the major characteristics of white mater-related diseases, examining the
cell-cell interaction between oligodendrocyte lineage cells and endothelial lineage cells
would be crucial for deeper understanding of the white matter pathology.

4. Astrocytes

Astrocytes, which constitute nearly half of brain cell population, also interact closely with
oligodendrocyte lineage cells. Since early times, it has been reported that astrocytes directly
interface with oligodendrocytes to support their function through gap junction in vitro [12,
57]. Other studies using in vitro cell culture system have demonstrated that astrocytes also
affect OPC function indirectly, i.e. by secreting soluble factors that protect them from
external stress such as hypoxia [2, 36]. Early animal studies which used a model of white
matter injury showed that astrocytes regulate OPC function in vivo. For example, cultured
astrocytes were shown to facilitate myelin restoration when transplanted into the
demyelinated lesion by proliferating the endogenous OPCs [23], and transgenic mice with
brain-derived neurotrophic factor (BDNF) downregulation in astrocytes exhibited lower
levels of oligodendrocyte regeneration in a mouse model of subcortical ischemic vascular
dementia (SIVD) [51]. Despite these knowledges, however, a key pathway to reinforce the
remyelination process is still under investigation. Nevertheless, in regard to the direct
interaction, relationship between oligodendrocyte gap junction connexin-47 (Cx47) and
astrocyte gap junction connexin-43 (Cx43) was recently clarified [22]. Heterotypic channels
formed by these 2 junctions were found to exhibit ionic and chemical rectification to barrier
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the movement of ions and larger negatively charged molecules from oligodendrocytes to
astrocytes [22]. Further, the same study found that this barrier was abolished by a mutation
(Cx47P90S) associated with leukodystrophy [22], implicating a novel disease mechanism.
Importance of astrocyte for efficient remyelination was also demonstrated by recent high-
throughput genome sequencing studies. Cell/region-specific gene expression analysis of
astrocytes from optic nerve and spinal cord of experimental autoimmune encephalomyelitis
(EAE) mouse model (a mouse model of MS) revealed that expression of cholesterol
synthesis genes was decreased while immune pathway gene expression was increased in
astrocytes, and more interestingly, gene pathways related to cholesterol-synthesis dominated
as the top up-regulated pathways in oligodendrocyte lineage cells during remyelination
process [35, 71]. From these results, insufficient supply of the cholesterol from astrocytes to
myelin composition was proposed to be one of the important reasons why oligodendrocytes
fail to remyelinate in MS. In regard to the astrocytic role in myelinating oligodendrocytes,
another recent study demonstrated an importance of paranodal astrocytes in the regulation of
myelin structure [19]. The study showed that inhibition of exocytosis leads to an increased
nodal gap length and thinning of the myelin sheath in vivo [19]. Another important aspect of
astrocyte-OPC interaction would be in a heterogeneity of reactive astrocytes (e.g.
astrogliosis) after brain injury. Depending on the context, astrogliosis would be both harmful
and beneficial for oligodendrocyte regeneration. For example, glial scar formation has been
understood to inhibit the white matter regeneration [11]. On the other hand, recent study
utilizing in situ hybridization/immunohistochemistry double staining of EAE mice spinal
cord demonstrated that recruitment of OPCs into the scar lesion does not differ from that of
healthy region, and that the astrocytes within the scar showed high expression of OPC
guidance molecules such as Sema3A and Sema3F [10, 28]. Further studies are warranted to
carefully determine how and why astrogliosis exhibits these opposite effects on
oligodendrocyte lineage cells after white matter injury. Because astrocytes and
oligodendrocytes constitute the two major types of glial cells in white matter, and because
some subsets of OPCs tend to trans-differentiate into astrocytes under diseased conditions
[20, 65], their interaction should play a pivotal role in compensatory gliogenesis, which
contributes to white matter repair and regeneration.

5. Microglia

Similar to oligodendrocyte/OPCs and astrocytes, microglia belong to a type of glial cells.
Microglia are responsible to immune responses in brain, and contribute to brain homeostasis
by surveying their surrounding microenvironment for indicators [30, 37, 72]. Upon
encountering indicators of injury or infection, microglia quickly become activated to clear
cellular debris from dead/damaged cells by phagocytosis, as a response to maintain the
microenvironment in the brain. In fact, microglia are known to affect OPC differentiation
rate through the clearance of myelin debris or/and by the secretion of pro-regenerative
factors [49, 50, 55]. However, under the acute phase of white matter damage, microglia also
serve as a major source of pro-inflammatory molecules that are cytotoxic to white matter
components, including neurons and oligodendrocytes, which results in disease initiation and
progression [6, 9, 40, 60, 67]. This biphasic beneficial vs deleterious polarization/switching
mechanism has been considered as a basic concept of microglial activation after CNS injury.
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However, accumulating evidence now suggests the existence of different microglial subsets
and their functional diversity under diseased conditions. For example, a recent gene
expression analysis revealed that a distinct amoeboid microglia population, formerly
described as the “fountain of microglia”, which appears only postnatally in myelinated
regions, such as corpus callosum, arise from a CNS endogenous microglia pool independent
from circulating myeloid cells [27]. The same experiment demonstrated an essential role of
postnatal microglia for the proper development and homeostasis of oligodendrocytes lineage
cells by microglia depletion study in vivo [27]. Another recent finding shows that microglia-
derived transglutaminase-2 (TG2) signals to adhesion G protein-coupled receptor ADGRG1
on OPCs in the presence of the extracellular matrix protein laminin, promoting OPC
proliferation and improving remyelination in a mouse model of demyelination [24]. Diverse
functional phenotypes of microglia range from pro-inflammatory classically activated
phenotypes to pro-regenerative alternatively activated phenotypes. Past study has proposed
that cell polarization of microglia to pro-regenerative phenotype is essential for efficient
remyelination by demonstrating that oligodendrocyte differentiation was enhanced in vitro
with alternatively activated cell conditioned media and impaired in vivo following intra-
lesional depletion of alternatively activated microglia in MS model mice [49]. Difference in
reaction towards the OPCs was also confirmed between the 2 phenotypes by recent
experiments. When extracellular vesicles (EV) produced in vitro by either pro-inflammatory
or pro-regenerative microglia were applied to lysolecithin-induced white matter lesion in
mice, EV released from the former phenotype blocked remyelination while EV produced
from the latter phenotype were found to promote recruitment of the OPCs and myelin
repairment [44]. Another recent study also emphasized the importance of focusing on
environment-induced cell polarization of microglia by revealing that classically activated
microglia undergo necroptosis and repopulates to a regenerative state before the onset of
remyelination in a mouse model of MS [41]. Notably, microglia play an essential role in
white matter degeneration caused by aging as well. It is understood that age-related change
in microglia lead to decline in the efficiency of remyelination [13, 24, 63]. Latest study
shows that rising levels of circulating TGFp in aged rats stimulate the aged microglia to
release proteoglycan NG2, which diverts the differentiation of OPCs from oligodendrocytes
into astrocytes [7]. As noted, microglia were traditionally considered as deleterious cells in
the acute phase of CNS diseases, and in cerebral white matter excessive microglial activation
damages neuronal axons and myelin sheaths. However, an emerging literature now suggest
that a more complicated mechanism may involve in both damaging and beneficial microglia
phenotypes. Therefore, understanding the molecular mechanisms by which regulate
functional properties of microglial subsets may lead us to a novel and efficient therapy for
various white matter diseases.

6. Pericytes

Pericytes are cells that are defined based on their anatomical location surrounding the blood
vessel. They communicate with endothelial cells through physical contacts and paracrine
signaling to maintain vascular homeostasis. Pericytes possess similar properties as the ones
of smooth muscle cells, and traditionally, the major role of pericytes has been considered
cerebral blood flow (CBF) regulation [8, 59]. However, pericytes would also play other
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multiple roles in the neurovascular unit, including regulation of BBB integrity [4, 8, 16],
clearance of cellular debris and/or byproducts [61, 74], and serving as a cellular source of
pluripotent stem cells [61]. In addition, an electron microscopic analysis suggested that
pericytes are attached to OPCs via basal lamina [46], suggesting a potential anatomical and
functional interaction between pericytes and OPCs. To date, precise mechanisms by which
oligodendrocyte lineage cells interact with the pericytes remain mostly unknown. However,
some of the recent studies have demonstrated that pericyte-derived factors could affect the
fate of OPCs. A histopathological study of the white matter using a mouse model of chronic
cerebral hypoperfusion showed high expression of BMP4 in pericytes accompanied by
astrogliogenesis and reduced number of oligodendrocyte lineage cells. In the same study,
recombinant BMP4 were shown to convert cultured OPCs into astrocytes [69]. A-kinase
anchor protein (AKAP12) was also reported to regulate differentiation of OPCs into mature
oligodendrocytes by controlling the secretion of growth factors from pericytes via PKA and
PKC signaling [45]. In addition, a study using pericyte-deficient mice showed that lack of
pericytes delayed remyelination of the damaged white matter, while remyelination
proceeded to completion [17]. The same study identified that OPC differentiation was
stimulated by Lamaz2 secreted by pericytes [17]. Another recent comprehensive study using
pericyte-deficient mice also confirmed the crucial role of pericytes in oligodendrocyte
homeostasis. By conducting magnetic resonance imaging (MRI), viral-based tract-tracing,
behavior and tissue analysis, the study demonstrated that deprivation of pericytes resulted in
a loss of myelin, axons and oligodendrocytes of the white matter [53]. This pathological
change was attributed to an accumulation of toxic blood-derived fibrin (fibrinogen) deposits
and CBF reduction triggered by disrupted white matter microcirculation [53], further
supporting the importance of pericyte-oligodendrocyte interaction in white matter
homeostasis. Compared to other white matter components, roles of pericytes in
oligodendrocyte (re)generation are relatively understudied. However, as discussed in this
section, pericytes are indeed an important cell type in regulating the function of
oligodendrocyte lineage cells, especially in the vascular niche. Therefore, further studies are
warranted to investigate how and when pericytes can promote OPC proliferation/
differentiation after oligodendrocyte/myelin damage, for the purpose of deeper
understanding the white matter pathology in demyelinating diseases.

7. Conclusion

In most cases of CNS diseases, cerebral white matter injury involves demyelination and
oligodendrocyte damage. Since it seems unrealistic to correspond simultaneously to multiple
detrimental reactions that are predicted to cause death of oligodendrocytes, promoting
remyelination process through the maturation of OPCs may be a reasonable approach to
achieve an effective therapy for protecting and restoring the white matter from CNS
diseases. As discussed in the text above, efficient oligodendrogenesis and remyelination may
not be accomplished by oligodendrocyte lineage cells alone, and involvement of many other
types of neighboring cells in the white matter should be essential for this process (Figure 1).
Therefore, deeper understanding of cell-cell interaction between oligodendrocyte lineage
cells and other cellular components in the white matter would be an important step to
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establish a breakthrough for the cure of white matter injury caused by various neurological
diseases.
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Highlights
. Promotion of remyelination process can be a novel therapeutic approach for
CNS diseases.
. Oligodendrocyte lineage cells receive trophic support from neighboring cells.
. We provide recent updates on non-cell autonomous mechanisms of

oligodendrocyte regeneration.
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Figure 1.

Schematic drawing of cell-cell interaction between the oligodendrocyte lineage cells and
other cellular components in the white matter. As the concept of NVU emphasizes,
oligodendrocyte lineage cells collaborate with other cells to maintain homeostasis of the
white matter under physiological conditions. Even under the pathophysiological conditions,
OPC-related cell-cell interaction is maintained to promote the compensatory
oligodendrogenesis (e.g. oligodendrocyte regeneration). On the other hand, after injury,
some types of brain cells could be harmful for oligodendrocyte lineage cells, partly through
releasing detrimental factors such as proinflammatory cytokines. Note that OPCs could
trans-differentiate into astrocytes after white matter damage, but the underlying mechanisms
still remain elucidated. Also, depending on the context (e.g. signals from neighboring cells
and surrounding environmental conditions), each sub-type of brain cells could be both
beneficial and detrimental under the conditions of white matter diseases. Profound
understanding of these cell-cell interactions is essential for the discovery of therapies that
would effectively cure the degeneration of the white matter in CNS diseases. Black arrow:
differentiation, black dotted arrow: phenotype change, blue arrow: beneficial effects, red
arrow:
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