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Stroke in CNS White Matter: Models and Mechanisms

Miguel Alejandro Marin, S. Thomas Carmichael
Department of Neurology, David Geffen School of Medicine at UCLA, Los Angeles, CA 90095

Introduction/abstract

Subcortical white matter stroke (WMS) is demarcated by the continuous formation of small
ischemic lesions within white matter tracts of the central nervous system. WMS is prevalent in
older adults and stands as the second leading cause of dementia. In a startling statistic, most
human beings will present with WMS by the age of 80 (de Leeuw et al., 2001). Early infarctions
in human beings are asymptomatic, hence they are part of a category of “silent stroke”. However,
WMS is progressive with both an increase in infarction size and amount throughout subcortical
white matter of the central nervous system, resulting in cognitive and motor dysfunction.
Pathological analyses of post mortem brain tissue samples from WMS patients reveal the
disruption of white matter architecture as a chief hallmark of infarction. Furthermore, the recent
development of reliable mouse models of WMS has provided corroborating evidence of the
centrality of the central nervous system’s limited capacity to remyelinate following WMS. Taken
together, these data provide an impetus to investigate the pathophysiological mechanisms that
underpin demyelination and remyelination in the central nervous system following ischemic
injury. This review addresses the current understanding of myelin biology and oligodendrocyte
biology, human WMS etiology, the mechanisms of remyelination failure in mouse models of
WMS, and the development of potential therapeutic strategies founded upon recent advances in
our understanding of myelin plasticity.

Structure, source, and function of white matter

White matter tracts in the brain

White matter tracts are composed of a dense array of myelinated and unmyelinated axons,
which allow for rapid communication between various regions of the central and peripheral
nervous system. In the brain, white matter tracts can be categorized into three groups, based
upon their projection pattern: projection pathways, association pathways, and commissural
pathways (Andronikou, 2012). Projection tracts connect cortical regions with subcortical
structures such as the basal ganglia and spinal cord. Association pathways are cortico-
cortical intrahemispheric projections which connect cortical regions within the same brain
hemisphere. Commissural pathways are cortico-cortical interhemispheric pathways that
connect cortical regions across both brain hemispheres. Of three defined telencephalic
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commissure pathways - anterior commissure, hippocampal commissure, and the corpus
callosum — the corpus callosum is the most prominent in the human brain (Raybaud, 2010).
The corpus callosum, which is located just ventral to the cortex, is composed of roughly 20
million axons, of which a majority form homotopic connection with the contralateral cortex
— though a minority do form heterotopic connections (Patel et al., 2013).

CNS white matter is composed of myelin and is derived from oligodendrocytes

White matter is found throughout the central and peripheral nervous system and is produced
by two glial subtypes — oligodendrocytes in the central nervous system and Schwann cells in
the peripheral nervous system. White matter is composed of myelin, a lipid rich extension of
membrane from oligodendrocytes (Baumann and Pham-Dinh, 2001). Each oligodendrocyte
extends multiple myelinated sheaths, termed internodes, and forms multilayered, compacted,
concentric wraps around neighboring large caliber axons (Baumann and Pham-Dinh, 2001;
Hughes et al., 2018; Klingseisen and Lyons, 2018).

Myelin function: insulation, salutatory conduction, metabolic support

Myelin allows for the rapid and efficient propagation of action potentials along axons.
Thick, multilammeler sheaths of myelin formed around individual axon fibers by
neighboring oligodendrocytes results in both an increase in resistance and decrease in
capacitance of the underlying axolemma, allowing for faster conduction velocity and
efficiency of an action potential (Chang et al., 2016). Furthermore, developmental studies in
nodes of Ranvier, 1um gaps situated in between individual internodes, have demonstrated
that molecular cascades initiated by the interaction between the axon and oligodendrocyte,
in part signals the recruitment and enrichment of voltage-gated sodium channels at nodes of
Ranvier (Rasband and Peles, 2016). Nodal formation allows for the regeneration of the
action potential as it traverse down the myelinated axon (salutatory conduction). Finally,
there is evidence that oligodendrocytes also provide metabolic support via lacate transport,
to the underlying axon, which is critical in axonal survival (Hinman, 2014). Genetic
disruption of the monocarboxylate transporter 1 (MCTL), a lactate transporter enriched in
oligodendrocytes, results in axon degeneration in the central nervous system (Lee et al.,
2012b). Finally, in vivo monitoring of ATP demonstrate that MCT1/2 disruption reduces
ATP levels in axons of the central nervous system (Trevisiol et al., 2017).

Oligodendrocytes are derived from OPCs during development and into adulthood

Oligodendrocytes are derived from a population of mitotic small stellate shaped resident
stem cell/precursor cells known as oligodendrocyte precursor cells (OPC). Fate mapping of
OPCs in the mouse central nervous system demonstrate that differentiation into mature
oligodendrocytes begins during early post-natal life and continues into adulthood (Rivers et
al., 2008; Kang et al., 2010). Using a tamoxifen inducible Cre recombinase cytosolic GFP
reporter line, Kang et al. 2010 demonstrated that OPCs generated rapidly in both white and
gray matter at post-natal day 5 (P5). Within 5 days of recombination (P5+5), 35% of GFP
positive OPCs downregulated markers for the OPC lineage (PDGFRa and NG2) while
retaining makers of the oligodendrocyte lineage (Olig2 and Sox10). At 11 days (P5+11), the
majority of recombined OPCs produced oligodendrocyte-like processes and at 28 days
(P5+28), these cells expressed markers for mature oligodendrocytes (CC1). Induction of

Neurosci Lett. Author manuscript; available in PMC 2020 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marin and Carmichael Page 3

recombination at postnatal day 30 (P30) and 70 (P70) also demonstrated the production of
oligodendrocytes, though the rate of differentiation of OPCs into mature oligodendrocytes
was significantly decreased relative to P5 brains. Furthermore, visualization of de novo
myelin, using an inducible Cre recombinase membrane bound GFP line, demonstrated that
adult-born oligodendrocytes also form myelin. Electron microscopic analysis coupled with
silver enhanced immunogold labeling against GFP at P30+150 demonstrated that adult born
oligodendrocytes form compacted myelin in both white and gray matter (Kang et al., 2010).
These data indicate that while OPC generation and myelination is robust in early post-natal
life, the adult rodent brain maintains the capacity to continuously myelinate.

OPC mitosis and myelination

OPCs are mitotic cells that are organized into a dynamic, non-overlapping, web across the
grey and white matter of the central nervous system (Hughes et al., 2013). OPC morphology
is complex, with highly arborized processes and motile filopodia that survey their
environment. The homotypic repulsive properties of OPCs ensure that they arrange
themselves in a tiled pattern in the brain (Hughes et al., 2013). Proliferation and migration of
OPCs into newly vacated parenchymal spaces following OPC loss via death or
differentiation ensures a constant density of OPCs throughout the brain (Hughes et al.,
2013). The primary known function of OPCs are to differentiate into mature
oligodendrocytes both during early post-natal development and into adulthood.
Oligodendrogenesis necessitates their exit from their cell cycle, which varies in length
throughout early post-natal development and adulthood. The length of the OPC cell cycle is
directly correlated with the change in rate of de novo myelin formation in the postnatal
brain. As the brain ages, cell cycle time for OPCs increases. OPCs in the corpus callosum
during early development — post natal day 6 — require 2 days to complete their cell cycle
before exit and maturation. At postnatal day 240-540, that time increases to 70 days
(Psachoulia et al., 2009). Even at an advanced age such as 8 months, the rodent brain
continues to generate oligodendrocytes from OPCs (Psachoulia et al., 2009). However, it
should be noted that the genesis of oligodendrocytes does not necessitate OPC division as an
immediate precursor step — though it does not preclude it. In vivo analysis of GFP labeled
OPCs in the cortex over the course of several weeks demonstrate that only a fraction of
recorded differentiation events (7 of 107) were directly preceded by cell division (Hughes et
al., 2013).

Myelin and non-synaptic forms of plasticity

Recent evidence in both mice and humans demonstrate that myelin is plastic, is actively
modulated by neuronal input, and that this phenomenon may be instrumental to the
acquisition of certain types of motor memory (McKenzie et al., 2014; Fields, 2015; Kaller et
al., 2017). The canonical understanding of plasticity in the central and peripheral nervous
system places neuronal synapses at it center. However, recent studies in non-synaptic forms
of plasticity reveal other, non-synapse, neural structures and glial cells to be inherently
plastic as well and involved in the active modulation of neuronal input. For example, the
axon initial segment (AIS), which functions in part as the site of synaptic integration and
action potential induction, is involved in neural plasticity via altering either its length or
position along the axons thereby tuning neural firing (Grubb and Burrone, 2010; Rasband,
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2010; Grubb et al., 2011). Both chronic depolarization and optogenetic stimulation of
dissociated hippocampal cultures results in a shift in AIS position relative to the soma,
producing a change in the neuron’s current threshold for action potential spiking (Grubb and
Burrone, 2010). Together, this data indicates that the idea of non-synaptic forms for
plasticity are not unprecedented. Indeed, evidence from the emerging myelin plasticity field
now demonstrate that the production of de novo myelin and potentially the restructuring of
pre-established myelin sheaths are also part and parcel of the homeostatic mechanisms that
govern brain plasticity. The underlying mechanism of action for myelin plasticity is the CNS
actively modulating the conduction speed of the action potential by directly altering the level
of myelin on an individual axon (Bergles and Richardson, 2016). This means that axons can
stimulate myelination through a local signaling action: the more active an axon the more it
might enhance or alter its pattern of myelination. The available evidence suggests that axons
actively signal, through a variety of signaling mechanisms, onto neighboring
oligodendrocyte precursor cells (OPCs), driving them to differentiate into myelinating
oligodendrocytes (Purger et al., 2016; Almeida and Lyons, 2017). Furthermore, there is also
evidence in zebrafish and in vitro models that neurons signal directly onto myelin sheaths,
altering their geometry (remodeling) and ultimately affecting neural processing (Purger et
al., 2016; Almeida and Lyons, 2017).

Human WMS: predictors, pathology, behavioral consequences

White matter stroke (WMS) constitute a subtype of lacunar stroke — ischemic lesions, which
form within subcortical regions of the brain including, white matter, basal ganglia, and brain
stem — and account for 20% of all stroke subtypes and 25% of all ischemic strokes (Gouw et
al., 2008; Bailey et al., 2012). Lacunar lesions are the result of abnormalities and occlusion
of deep penetration small perforating vessels and are the pathological outcome of cerebral
small vessel disease (cSVD) (Gouw et al., 2008; Wardlaw et al., 2015; Loos et al., 2018).
Human neuroimaging in patients suggest that WMS begins as acute infarcts, of which 10%
are transient (Wardlaw et al., 2015). These lesions present at hyperintensities in both white
matter (white matter hyperintensity) and gray matter on T2 weighted, proton density
weighted, and fluid attenuated inversion recovery (FLAIR) magnetic resonance imaging
(MRI) sequences (Wardlaw et al., 2015). White matter hyperintensites that remain continue
in the same form or cavitate into 3-5mm cerebral spinal fluid filled lacunes (Wardlaw et al.,
2015). The etiology of the WMS is unknown. However, WMS is highly correlated with age
and a population based MRI analysis of human patients suggests that most people will have
WMS by 80 years of age (Leeuw et al., 2001) Furthermore, an MRI analysis of human
patients demonstrates metabolic syndrome, an increasing common condition of obesity,
hypertension and hypercholesterolemia, to be correlated with the formation of subcortical
white matter lesions, silent lacunar infarcts, and periventricular hyperintensities (Bokura et
al., 2008; Park et al., 2008).

WMS post mortem analyses

Pathological analyses of WMS in post mortem human brains demonstrate white matter
damage, microglia activation, astrogliosis, inflammatory cell infiltration, and axon
degeneration (Wardlaw, 2008; Bailey et al., 2012; Wardlaw et al., 2015).
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Immunofluorescence analysis of node of Ranvier and paranodal architecture in human WMS
samples demonstrate a specific disruption of these subcellular structures in areas up to 150%
of the infarct diameter. Curiously, in this study, neurofilament and myelin basic protein
immunostaining demonstrate that axon and myelin structure are relatively intact in these
areas (Hinman et al., 2015). Disorganization and loss of nodes of Ranvier and associated
paranodal structures are a common pathological consequence of neural injury and disease in
mouse models and suggest a disruption in the interaction between the axon and the
oligodendrocyte (Susuki, 2013). These studies demonstrate that the peri-infarct region in
white mater is susceptible to the disassembly of axo-oligodendrocyte interactions and
suggests that this event precedes myelin and axon degeneration.

Behavioral consequences of WMS

Early formation of WMS is often asymptomatic or produces subtle neurological deficits
such as visual field impairment, motor disturbances, and frailty, which often go unnoticed by
the patient (Vermeer et al., 2007). Hence, they are considered a form of “silent stroke”..
Progression of WMS results in profound motor and cognitive deficits. WMS is associated
with hemiparesis, gait abnormalities, verbal processing deficits, and disruption of executive
function (Sozmen et al., 2012). WMS is also associated with an increase in depression and is
amongst the leading causes of human dementia, “vascular dementia” (ladecola, 2013;
Wardlaw et al., 2015). One thing that is under-appreciated in the field is the degree that
WMS produces motor impairments. The location and number of white matter
hyperintensities in humans affect gait: stride length is shorter and balance is poorer with a
higher density of white matter hyperintensities, resulting in increased falls and greater
physical decline (Whitman et al., 2001; Baezner et al., 2008; Soumaré et al., 2009). In older
adults without cognitive impairment or dementia, gait deterioration is associated with
declining cognitive abilities (Hausdorff et al., 2005; Yogev-Seligmann et al., 2008; Rosano
etal., 2012). Gait abnormalities also predict the development of non-Alzheimer (or white
matter stroke) dementia (Rosano et al., 2012). This association between altered gait and
cognition with aging in white matter disease has been attributed to disruption of longitudinal
tracts within the brain, especially those located in periventricular and subcortical regions that
link motor function and executive control of gait (kanth et al., 2010; Moscufo et al., 2011;
Koo et al., 2012; Nadkarni et al., 2015)

Modeling White matter stroke

A key question in modeling WMS or vascular dementia in rodents, is what kind of stroke or
ischemic process is being modeled? Is white matter stroke or vascular dementia in humans
associated with global brain hypoperfusion, or is white matter stroke and vascular dementia
instead associated with focal ischemia and accumulation of these ischemic lesions? If global
hypoperfusion is responsible for white matter stroke and vascular dementia, then rodent
models of global brain reduced blood flow might be useful to study the human condition. If
focal ischemia is the source of white matter stroke, and this accumulates to produce more
confluent lesions and vascular dementia, then a focal ischemic model would better mimic
the human condition. The evidence from humans is not totally clear in differentiating from
these two conditions. There is an age-related decline in cerebral blood flow, but this is
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matched with the age-related decline in brain metabolism (Leenders et al., 1990; Marchal et
al., 1992; Petit-Taboué et al., 1998). However, in aging and in white matter ischemia, and
vascular or mixed dementia there is not a general or progressive state of brain hypoperfusion
(Henriksen et al., 2017; Yew et al., 2017). Further, detection of low blood flow in human
dementia is confounded by the fact that sick neurons will likely have reduced blood flow due
to reduced metabolism, and neurons are dysfunctional very early in dementing illnesses,
before clear structural or other imaging evidence for disease (Altmann et al., 2015.;
Kemppainen et al., 2017). This means that older blood flow imaging studies that detected
brain global hypoperfusion in dementia, including vascular dementia, likely reflect “effect”
and not “cause”. A second reason for concern for animal models of white matter stroke and
vascular dementia that use global hypoperfusion is that these models produce neuronal cell
death in many areas, including throughout the brain and even in the retina (Khan et al.,
2018). Further, global brain ischemia models in rodents produce white matter damage
throughout the brain, including the optic nerve—patterns of white matter damage that are
not consistent with white matter stroke and vascular dementia in humans (Wakita et al.,
1994; Farkas et al., 2004; Shibata et al., 2004; Sozmen et al., 2012).

Thus, rodent models that utilize progressive arterial constriction or other global brain or
forebrain hypoperfusion are not actually human white matter stroke models but rather,
diffuse brain cell death models, and do not model a human condition of generalized brain
hypoperfusion that is present in white matter stroke or vascular dementia. There may be
widespread vascular dysfunction in human white matter stroke in blood brain barrier
dysfunction or in cerebral autoregulation, and these are valid points for animal modeling, but
these are not deficits of global hypoperfusion (Toth et al., 2016; Lin et al., 2017; Sweeney et
al., 2018).

N5-(1-iminoethyl)-L-ornithine (LNIO)
A recently developed mouse model of WMS, which involves the focal microinjection of the
vasoconstrictor N(5)-(1-Iminoethyl)-L-ornithine HCL (LNIO) into the corpus callosum, has
provided substantial information on the pathological consequences of focal ischemic injury
in white matter tracts (Rosenzweig and Carmichael, 2013, 2015; Sozmen et al., 2016). LNIO
is an nitric oxide synthase inhibitor with greater effect on the endothelial isoform, which has
no known off target paracrine effects in the white matter and has been used in multiple
models of ischemic brain injury across several species (Slooten et al., 2015; Nunez et al.,
2016).

WMS across ages: pathology and motor deficits

The first characterization of the LNIO focal microinjection as a model of WMS was
conducted by Rosenweig et al. 2013. In this study, WMS was induced in the corpus
callosum ventral to the motor cortex in three aged cohorts of mice - “young” (3 month),
“middle-aged” (15 month), “aged” (24month) — and tissue and motor outcomes were
assessed. Mice subjected to ischemic white matter injury presented typical pathological
damage regardless of age. All groups showed pronounced white matter atrophy, axon
degeneration, and oligodendrocyte apoptosis. However, degeneration was more severe in
aged mice. Neutrophil and microglial/macrophage infiltration was localized to the infarct in
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young animals, while they were found to be distributed across the motor cortex in middle-
aged and aged mice. Furthermore, motor deficits were detected in all three groups, however
recovery was seen only in the young brain. These data suggest that the young rodent brain
retains innate mechanisms for white matter recovery, which are lost later in life. One
potential mechanism is a failure of OPC differentiation into mature oligodendrocytes.
Indeed, prior analyses of OPC dynamics in other white matter injury models, such as
inflammatory or toxin-induced white matter injury, demonstrate decreased rates of
differentiation (Sim et al., 2002).

differentiate following WMS

Sozmen et al. 2016 conducted an analysis of OPC dynamics following WMS. In this study,
they determined that OPCs fail to differentiate into myelinating oligodendrocytes, a
phenomenon which is underpinned by NgR1 signaling. Following WMS, OPCs become
hyper proliferative in the peri-infarct. However, a majority of these cells remain in an
immature progenitor state, while a minority (4-13%) are differentiated into GFAP positive
astrocytes. Shunting of OPCs into astrocytes was not detected in the uninjured corpus
callosum and has been reported before in rodent injury models of traumatic brain injury and
in cultured OPCs derived from the optic nerve and the cortex (Kondo and Raff, 2000;
Alonso, 2005; Zhu et al., 2008). Indeed, OPCs have been reported to express surface
markers for immature astrocytes such as nestin and vimentin following stab wound in the rat
brain and subsequently become integrated into the glial scar (Alonso, 2005). Transcriptional
analysis of the corpus callosum following WMS demonstrated NgR1 and its co-receptor
Lingo-1 as the candidate signaling molecules involved in OPC differentiation failure.
Indeed, both NgR1 and Lingo-1 signaling have been implicated in oligodendrocyte
maturation and myelination in the mouse central nervous system. Knockout of both NogoA
and MAG, myelin associated ligands of NgR1, results in disrupted myelination, internode
formation, and oligodendrocyte differentiation in the mouse CNS (Pernet et al., 2008; Chong
etal., 2012). NgR1 knockout disrupts paranodal loop structure and myelin decompaction in
descending myelinated axons of the spinal cord (Lee et al., 2017). Finally, deletion of
myocilin, an astrocyte derived secreted glycoprotein, which interacts with Lingo-1, in the
optic nerve resulted in myelin deficits, decreased, oligodendrocyte differentiation, and
abnormal visual function as assessed by flash visual evoked potentials (Kwon et al., 2014).

Analysis of NgR1 signaling systems in young (3 month) and aged (24 month) mice
following white matter was conducted at 2 time points: 5 days post WMS upon which OPC
proliferation is enhanced and 10 days post WMS upon which OPC proliferation is limited
(Sozmen et al., 2016). WMS reduced expression of three negative regulators of NgR1:
leucine-rich glioma inactivated 1 (Lgil), cartilage acidic protein-1B (LOTUS), and
disintegrin and metalloproteinase domain-containing protein 22 (ADAM22). Reduction of
all three NgR1 negative regulators is worsened in the aged brain. Finally, a variety of
chondroitin sulfate proteoglycans CSPGs, which are known interactors of NgR1, are
upregulated following WMS. Indeed, it well established that NgR1 interacts with extra
cellular matrix proteins such as CSPGs and heparin sulfate dermatan sulfate proteoglycans,
glypicans, and syndecans (Mironova and Giger, 2013; Shen, 2014). Following WMS, there
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is an increase in expression of aggrecan, versican, and brevican, and the heparan sulfate
proteoglycan core proteins glypican 2 and syndecans 1 and 3.

Activity induced myelination in the healthy adult brain

The observation that WMS induces an environment that is inhibitory to oligodendrocyte
differentiation myelination points to a necessity for a mechanistic understanding of innate
CNS signaling systems that drive remyelination in the healthy brain. Indeed, the white
matter field has produced data that demonstrates that neurons retain the capacity to actively
signal onto OPCs in the adult brain and drive their differentiation into adult, myelinating
oligodendrocytes. Indeed, simultaneous calcium imaging of OPCs and stimulation of co-
cultured neurons demonstrate that OPCs display calcium transients in response to neural
activation (Stevens et al., 2002; Wake et al., 2011, 2015). Furthermore, there is also evidence
that motor activity in both humans and rodents drive myelination dynamics and that direct
activation of cortical motor circuits drives OPC proliferation and differentiation (Kaller et
al., 2017). These data demonstrate that novel mechanisms may be utilized to rebuild myelin
in the infarcted and injured brain

Neurons drive myelination

In vitro evidence has pointed to the existence of a several neuronal signaling molecules that
drive OPC proliferation and maturation. One such signaling molecule is glutamate. OPCs
express a variety of NMDAR and AMPAR specific glutamate receptor subtypes including
NR1 and GIuR1, GluR2, GIuR3, GIuR3 and GluR4 (Gudz et al., 2006; Biase et al., 2011).
Electrical stimulation of dorsal root ganglion neurons results in OPCs trafficking and
upregulating transferrin receptor (TfR), activated Fyn kinase, and cell adhesion molecule L1
- proteins necessary for the cell to cell interaction between oligodendrocytes and neurons —
as well as local synthesis and compartmentalization of myelin basic protein in cultured OPC
processes (Wake et al., 2011). Furthermore, OPCs co-cultured with a mixture of dorsal root
ganglion neurons that were either treated with botulinum A — an inhibitor vesicular release -
or left untreated showed preferential interaction with and formation of compact myelin
sheaths (presumably from those OPCs that differentiated into mature oligodendrocytes)
around electrically active control axons (Wake et al., 2015). Though, not all glutamate
receptors are necessarily involved in myelination, some play instrumental roles in other OPC
processes. avp3 mediated OPC migration is modulated by AMPAR signaling. (Gudz et al.,
2006). Incubation of cultured OPCs with an agonist for AMPA and kainate-specific
glutamate receptors drove OPC migration, while addition of NMDA had no effect (Gudz et
al., 2006). Furthermore, /n vivo ablation of Nrl, an NMDAR subunit, from OPCs failed to
disrupt myelination or their differentiation in either the grey or white matter in adult mice
(Biase et al., 2011). These data suggest that while glutamate activates signaling cascades in
the OPCs, the receptor subtype may prove instrumental in the specification of OPC
differentiation and maturation programs. Another consideration is the role other neuronal
signaling cascades play in OPC differentiation and myelination in the central nervous
system.

Neurosci Lett. Author manuscript; available in PMC 2020 January 25.
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In a study conducted by Stevens et al. 2002, it was shown that adenosine drives myelination
in in vitro OPC cultures. OPCs express at least four purinergic receptor subtypes including
Al, A2a, A2b, and A3 (Stevens et al., 2002). Evoked action potentials in dorsal root
ganglion neurons co cultured with OPCs resulted in an increase in intracellular calcium in
OPCs, which was inhibited upon incubation with purinergic receptor blockers (Stevens et
al., 2002). An analysis of isolated dorsal root ganglion axons following neural stimulation
demonstrates that ATP is released from volume-activated anion channels (Fields and Ni,
2010). Furthermore, application of adenosine to OPCs co cultured with dorsal root ganglion
neurons resulted in a decrease in OPC proliferation and a significant increase in myelinating
oligodendrocytes. Previous work suggests that ATP is immediately hydrolyzed by ecto-
enzymes into adenosine (Zimmermann et al., 1998). Indeed, addition of a nonhydrolyzable
form of ATP to OPCs in /n vitro preparations fail to drive myelination while stimulation of
dorsal root ganglion neurons produces spikes of ATP that return to base line concentrations
within 7 minutes of stimulation (Stevens et al., 2002; Fields and Ni, 2010). This data
suggests that adenosine released from activated neurons inhibits cell cycle progression and
promotes differentiation of OPCs into adult oligodendrocytes.

These data suggest the neural activity directly coordinates myelination in the nervous
system. This points to the possibility that activating neural circuits via behavior or
optogenetic stimulation can drive myelination via the modulation of lineage progression in
OPCs and oligodendrocytes.

Stimulating myelination: motor activity and optogenetics

There are several studies that demonstrate that motor learning drives myelination in the
healthy human and rodent brain (Kaller et al., 2017). Longitudinal human neuroimaging
studies demonstrate that acquisition of a complex visuo-motor skill such as juggling, results
in alterations in myelin structure in the intraparietal sulcus, a region of brain involved in
motor coordination and correction of movement errors (Grefkes and Fink, 2005; Scholz et
al., 2009). Furthermore, a related cross sectional human neuro imaging study demonstrates
that adults who learned to play the piano in their childhood have increased myelin signal in
the bilateral posterior limbs of the internal capsule, a myelinate fiber tract composed of
cortico-spinal axons (Paus et al., 1999; Bengtsson et al., 2005).

Similar in the rodent, training on learned motor tasks drives myelination in the subcortical
white matter tracts. Rats trained on skilled reach, a learned repetitive motor task,
demonstrates increased myelin signal in subcortical white matter in the hemisphere
contralateral to the trained limb (Sampaio-Baptista et al., 2013). Measurement of both
myelin basic protein immunohistochemical signal intensity and MRI fractional anisotropy
(FA) - a measurement of directional dependence of water diffusion across cellular structures
- indicates that increased myelin signal correlated with the learning rate in rats (Sampaio-
Baptista et al., 2013). In a similar study in mice, animals trained on a complex wheel — a
running wheel with irregular spaced rungs of which the mouse has to develop motor
strategies to master — results in increased OPC proliferation and oligodendrogenesis
(McKenzie et al., 2014). Average speed attained at the complex wheel was hindered in
animals in which genetic knockout of myelin regulatory factor (myrf), a transcription factor
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involved in OPC differentiation, was induced prior to the training (Bujalka et al., 2013;
McKenzie et al., 2014). Curiously, induction of myrf knockout after the acquisition of the
motor program failed to disrupt running speed (McKenzie et al., 2014). This suggest that
acquisition of the complex wheel motor program required active myelination while recall
does not.

Finally, direct stimulation of neurons has been shown to drive myelination dynamics in the
central nervous system. The first study to demonstrate this /n7 vivo came from an analysis of
myelination after high frequency stimulation of the medullary pyramid in the adult rat (Li et
al., 2010). Histological analysis of the dorsal cortical spinal tract after stimulation
demonstrated an increase in OPC proliferation (Li et al., 2010). In a later study conducted by
Gibson et al. 2014, optogenetic stimulation of neurons in the motor cortex of juvenile and
adult mice resulted in an increase in OPC proliferation, oligodendrogenesis, and myelin
basic protein signal in the both the motor cortex and underlying corpus callosum.
Transmission electron microscopic analysis of the corpus callosum following stimulation
indicated thicker myelin sheaths (Gibson et al., 2014)

The data suggest that neuronal activity directly cues oligodendrocyte lineage progression in
the healthy adult brain. OPCs maintain a molecular profile of receptors that allows for their
response to neurotransmitter release from neurons in /in vitro preparations. Finally,
modulation of neural circuits by either acquisition of complex motor programs or direct
stimulation drives myelination in the healthy adult rodent brain. Interestingly, recent
evidence also suggests that absent neuronal cues, oligodendrocytes maintain an innate
capacity to myelinate axons of a specific diameter.

Axon diameter and myelination

Myelination is reserved for axons of a specific diameter range. In the central nervous
system, minimal myelination threshold for axon diameter ranges from 0.2-0.8um
(Hildebrand et al., 1993). A recent analysis of axon diameter myelination thresholds was
conducted where OPCs were cultured, in the presence of the OPC mitogen platelet derived
growth factor (PDGF), with electron spun poly (L-lactin) acid (PLA) nanofibers of
diameters ranging from 0.2-4.0um for two weeks (Lee et al., 2012a). Analysis of OPCs after
this period demonstrated a preference for wrapping of large diameter fibers alongside
upregulation of myelin proteins such as myelin associated glycoprotein (MAG) and myelin
basic protein (MBP). While OPCs did successfully differentiate into oligodendrocytes and
form membranous sheaths around small diameter fibers, no concentric wraps or compact
myelin sheaths were apparent (Lee et al., 2012a). A further comparison of myelination
dynamics in cortex derived oligodendrocytes versus spinal cord derived oligodendrocytes
cultured with PLA nanofibers for 2 weeks demonstrated that both populations indeed
maintain the capacity to form myelin wraps around fibers of diameters ranging from 0.5-
4um (Bechler et al., 2015). However, there was a significant increase in sheath length in
larger diameter fibers for both oligodendrocyte populations while spinal cord derived
populations showed longer sheaths in all fiber diameters relative to cortex derived
populations (Bechler et al., 2015). These data suggest that absent active neuronal cues,
oligodendrocytes maintain the capacity to myelinate fibers within defined geometric
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parameters. Though, the sheaths formed are poorly organized relative to those found /in vivo.
This suggests that despite these innate processes, neurons do indeed provide pro and anti-
myelination cues, mechanisms that may play a role in the regulation and fine tuning of
myelination in the central nervous system (Chang et al., 2016).

Conclusion

White matter stroke (WMS) is a debilitating disorder of which most people will succumb. It
is demarcated by axon degeneration, oligodendrocyte death, demyelination, inflammation,
and cognitive and motor dysfunction. The development of a mouse model of WMS has
provided a means to study the pathological and behavioral consequences of ischemic injury
in white matter. Recent analysis of this model has revealed that following WMS, OPCs fail
to differentiate into myelinating oligodendrocytes, a consequence of NgR1 signaling and the
deposition of the growth inhibitory NgR1 ligands and extracellular matrix proteins in the
infarcted corpus callosum. Indeed, circumventing the growth inhibitory environment of the
infarcted white matter may prove instrumental in the development of viable therapeutic
approaches for post WMS recovery. One potential approach comes from studies of the
interaction between neurons and OPCs, which demonstrate that stimulation of neurons
drives OPC lineage progression into mature myelinating oligodendrocytes. Indeed, direct
neural stimulation via optogenetics or activation of motor circuits via learned motor tasks
drives OPC differentiation in the healthy adult brain. Though it is unclear as to whether
similar methods can be employed in human patients, these data point to the necessity of
implementing these approaches in rodent mouse models of WMS as a means to explore the
molecular mechanisms that underpin this form of recovery.
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Highlights

. White matter stroke is a prominent stroke subtype, the second leading cause
of dementia (vascular dementia) and commonly co-occurs with Alzheimer’s
disease (“‘mixed dementia’)

. Unlike similar sized white matter lesions in multiple sclerosis and animal
models of multiple sclerosis, there is no cellular repair process in white matter
stroke

. Several animal models of white matter exist, each with strengths and
limitations

. Recent studies have defined the effects of age and of specific molecular

systems on outcomes in white matter stroke
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