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Abstract

Spinal cord injury (SCI) affects over 17,000 individuals in the United States per year, resulting in
sudden motor, sensory and autonomic impairments below the level of injury. These deficits may be
due at least in part to the loss of oligodendrocytes and demyelination of spared axons as it leads to
slowed or blocked conduction through the lesion site. It has long been accepted that progenitor
cells form new oligodendrocytes after SCI, resulting in the acute formation of new myelin on
demyelinated axons. However, the chronicity of demyelination and the functional significance of
remyelination remain contentious. Here we review work examining demyelination and
remyelination after SCI as well as the current understanding of oligodendrocyte lineage cell
responses to spinal trauma, including the surprisingly long-lasting response of NG2+
oligodendrocyte progenitor cells (OPCs) to proliferate and differentiate into new myelinating
oligodendrocytes for months after SCI. OPCs are highly sensitive to microenvironmental changes,
and therefore respond to the ever-changing post-SCI milieu, including influx of blood, monocytes
and neutrophils; activation of microglia and macrophages; changes in cytokines, chemokines and
growth factors such as ciliary neurotrophic factor and fibroblast growth factor-2; glutamate
excitotoxicity; and axon degeneration and sprouting. We discuss how these changes relate to
spontaneous oligodendrogenesis and remyelination, the evidence for and against demyelination
being an important clinical problem and if remyelination contributes to motor recovery.
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1| NG2 CELLS—A BRIEF BACKGROUND ON THE FOURTH MAJOR CNS
GLIAL CELL

In the early 1980s, William Stallcup’s lab was intensely investigating intriguing central
nervous system (CNS) cells that appeared to be a unique population of immature glia
expressing the NG2 proteoglycan (Stallcup, 1981, 2002). Soon after, Raff and colleagues
discovered a population of progenitor cells in the rat optic nerve that they named O2-A cells
since the cells could give rise to oligodendrocytes and type-2 astrocytes in vitro (Raff,
Miller, & Noble, 1983). It did not take long for Stallcup’s group to verify that the NG2 cells
they detected were the same as Raff’s O2-A cells. These cells are now recognized in the
field as the fourth major CNS glial cell (Stallcup, 2002).

NG2 cells are distributed evenly throughout the brain and spinal cord, occupying
nonoverlapping domains throughout the entire gray and white matter (Nishiyama, Boshans,
Goncalves, Wegrzyn, & Patel, 2016; Nishiyama, Chang, & Trapp, 1999; Nishiyama, Lin,
Giese, Heldin, & Stallcup, 1996). These are the most proliferative cells in the adult CNS and
quickly divide to replace a neighboring NG2 cell or oligodendrocyte if it dies (Dawson,
Polito, Levine, & Reynolds, 2003; Horner et al., 2000; Hughes, Kang, Fukaya, & Bergles,
2013). NG2 cell bodies and their processes constantly surveil and move within their domain,
which is likely how they sense changes in neighboring cells (Hughes et al., 2013). Because
they can replace oligodendrocytes, NG2 cells have come to be known as oligodendrocyte
progenitor cells (OPCs), among other names.

Not only do NG2 cells monitor neighboring oligodendrocyte lineage cells, they also
physically interact with neurons and axons. The first example of this was demonstrated by
the Bergles’ lab in 2000 when they revealed that NG2 cells make “bona fide” synapses with
glutamatergic neurons in the hippocampus (Bergles, Roberts, Somogyi, & Jahr, 2000).
Specifically, NG2 cell processes form close appositions or synapses with glutamate-loaded
axon terminals and exhibit AMPA receptor-mediated inward currents upon stimulation of
excitatory hippocampal axons. Since that discovery, NG2 cell/neuron synapses have been
identified in several gray matter locations and, intriguingly, in white matter tracts such as the
corpus callosum. There unmyelinated axons display periodic swellings along their shafts
where glutamate-containing synaptic vesicles accumulate. At many of these swellings, NG2
cell processes bearing AMPA receptors form “synapses” with the axons (Kukley, Capetillo-
Zarate, & Dietrich, 2007; Ziskin, Nishiyama, Rubio, Fukaya, & Bergles, 2007). When the
axons fire action potentials, glutamate is released from the axons and induces a calcium
wave in the NG2 cell processes, thus showing active communication between these glial
cells and axons. The ultimate function of these neuron/glia synapses remains unclear, but a
reasonable hypothesis is that they form the basis for activity-dependent myelination,
discussed in more detail below (Bakiri et al., 2009; Fields, 2015; Gautier et al., 2015; Sahel
et al., 2015). Interestingly, depolarization of oligodendrocytes seems to in turn reduce
impulse latency in the axons they ensheath suggesting bidirectional communication may
modulate circuit activity (Fields, 2008).

To determine the ability of NG2 cells to serve as a pool for oligodendrocyte replacement in
adult CNS, much work has focused on in vivo demyelination models. As first shown by the
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Nishiyama lab, NG2 cells surrounding demyelinated lesions undergo rapid proliferation,
migrate into the lesions and differentiate into new remyelinating oligodendrocytes within ~3
weeks of chemically-induced demyelination (Watanabe, Toyama, & Nishiyama, 2002).
Much less attention has been paid to oligodendrocyte lineage cell responses to traumatic
CNS injury, such as spinal cord injury (SCI) where oligodendrocytes are also lost in large
numbers (Grossman, Rosenberg, & Wrathall, 2001; McTigue, Wei, & Stokes, 2001;
Rabchevsky, Sullivan, & Scheff, 2007; Tripathi & McTigue, 2007). Here, we will give a
background on white matter damage after SCI and then discuss what is known about the
robust response of NG2+ OPCs, including long-term proliferation and differentiation into
remyelinating oligodendrocytes.

AN UNSETTLED ISSUE: IS DEMYELINATION AN IMPORTANT CLINICAL

TARGET AFTER SCI?

Over 17,000 new SCI cases occur each year in the United States, where ~300,000
individuals are currently living with SCI (National Spinal Cord Injury Statistical Center,
2018). Human and preclinical animal studies reveal that the amount and integrity of white
matter at the injury site largely determines the extent of functional recovery (Basso, Beattie,
& Bresnahan, 1995; Blight, 1983a, 1983b; Blight & Decrescito, 1986; Bresnahan, Beattie,
Todd, & Noyes, 1987; Bresnahan, King, Martin, & Yashon, 1976; Kelley et al., 2014; Kim et
al., 2010; Loy et al., 2007). However, the presence of spared tissue does not always translate
to preserved motor or sensory function. In fact, studies of human SCI cases showed that at
least half of the individuals with complete loss of motor and sensory function below the
injury (a.k.a. clinically complete) were anatomically incomplete (Bunge, Puckett, Becerra,
Marcillo, & Quencer, 1993; National Spinal Cord Injury Statistical Center, 2018; World
Health Organization, 2013; W. Young, 2002). That is, these individuals had tissue preserved,
typically white matter, at the injury site, yet they still had complete loss of motor and
sensory function below the injury. Clearly, this spared tissue was nonfunctional and could
not transmit signals between the brain and distal spinal cord.

This phenomenon of spared but nonfunctional tissue has garnered significant attention (as it
should) from the research community. It is widely thought that if this pathological tissue
could be made functional again, SCI individuals would gain at least some meaningful
recovery. Indeed, several animal and human studies have shown that some level of motor
function is possible with surprisingly few axons. For instance, Windle et al. showed in 1958
that cats with 1-10% spared axons at the lesion site retained some hindlimb motor control
(Windle, Smart, & Beers, 1958). Later work by Blight using quantitative morphometric
analyses of contused cat spinal cords confirmed that only ~10% sparing of myelinated fibers
is needed in key descending motor tracts for some locomotor recovery after SCI (Blight,
1983a, 1983b; Blight & Decrescito, 1986). Studies in rats demonstrated that sparing of 12%
of axons, particularly in the rubrospinal, raphespinal and vestibulospinal tracts, was
associated with significant hindlimb recovery (Fehlings & Tator, 1995). Similarly, work by
Schucht et al. in rats showed that preservation of only a small number of ventral or
ventrolateral axons was required for hindlimb motor function (Schucht, Raineteau, Schwab,
& Fouad, 2002). Lastly, in humans, quantification of surviving corticospinal tract (CST)
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axons in patient samples showed that an individual with just 6% spared CST axons had some
voluntary movement below the injury (Kakulas, 2004). Thus, it is evident that small changes
in the amount or integrity of residual spared tissue at spinal injury sites could have a
significant impact on functional outcome.

The question then turns to why is spared white matter nonfunctional in some cases? An
obvious and seemingly straightforward hypothesis is that demyelination of spared axons
leads to aberrantly slowed conduction or complete conduction block through the lesion site
(Waxman, 1989). Notably, demyelinated axons are a major pathological feature in
preclinical models of acute traumatic SCI, including mice, rats, dogs, and cats (Balentine,
1978; Blight, 1983a, 1983b; Gledhill, Harrison, & WI, 1973; Griffiths & McCulloch, 1983;
Harrison, Gledhill, & McDonald, 1975; Lasiene, Shupe, Perlmutter, & Horner, 2008;
McDonald, 2008; Powers et al., 2012; Siegenthaler, Berchtold, Cotman, & Keirstead, 2008;
Smith & Jeffery, 2006; Tripathi & McTigue, 2007). Furthermore, axons speculated to be
electrically silent have been identified after rodent SCI in multiple studies (for summary, see
Guest, Hiester, & Bunge, 2005).

The consistency of extensive chronic demyelination and its contribution to functional
impairment in humans or animal models, however, is surprisingly not settled. For instance,
one study of human cervical SCI cases detected axon demyelination in four out of seven
cases, with long-term demyelination “at a few sites” along the lesion cavity in a 22 years
postinjury case (Guest et al., 2005). In other studies of human tissue, however, the presence
of demyelination has been described as “uncommon” (Kakulas, 2004) or extensive only
when chronic compression is present (Bunge et al., 1993). Preclinical animal models have
not settled the issue either. Most studies describing acute demyelination also show robust
remyelination by oligodendrocytes and Schwann cells within 3—4 weeks postinjury
(Gledhill, Harrison, & WI, 1973; Griffiths & McCulloch, 1983; Harrison & McDonald,
1977; Smith & Jeffery, 2006). However, some studies do mention chronic demyelination,
such as a time course study in rats which stated that >60% of axons were “nonmyelinated”
at 2 months postinjury, which declined to 30% at 12 m postinjury suggesting substantial
demyelination was still present chronically (Salgado-Ceballos et al., 1998). Other studies
have described less extensive chronic demyelination. For instance, Smith and Jeffery’s work
(Smith & Jeffery, 2006) documented “occassional” demyelination at 9-12 weeks postinjury
in dogs and cats. In our own work, we have routinely detected what look to be spared
demyelianted axons in chronic rodent moderate SCI tissue, but they are scattered and
appeared much less numerous than remyelinated axons (Hesp, Goldstein, Miranda, Kaspar,
& McTigue, 2015). A separate study claimed that demyelination progresses chronically after
SCI, with a remarkable increase in demyelinated axons between 4 and 15 months postinjury;
unfortunately, histological examples of this robust demyelination were not included in the
manuscript (Totoiu & Keirstead, 2005).

Electrophysiology also has been used in attempt to identify connected but nonfunctional
axons crossing SCI lesions. Several studies have documented decreased conduction velocity
and reduced excitability of axons spared at the lesion site (Blight, 1983a; James et al., 2011,
Nashmi & Fehlings, 2001a) and that cooling the preps enabled ~20% more fibers to fire,
suggesting demyelination on a subset of axons (James et al., 2011). At least one of these
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studies, however, claimed selective sparing of smaller axons was the major reason for
slowed conduction (Blight, 1983a). Additional “evidence” of demyelination has been
benefits observed after treatment with the potassium channel blocker 4-aminopyridine (4-
AP), which can increase conduction through demyelinated axons. While this drug has shown
promise in clinical trials for MS (Dunn & Blight, 2011), results in SCI clinical trials showed
positive but inconsistent results (Cardenas et al., 2007; Cardenas et al., 2014; Hansebout,
Blight, Fawcett, & Reddy, 1993; Hayes et al., 1994) leading to the conclusion that 4-AP may
be beneficial in “a select group” of SCI patients (Hayes et al., 1994)—perhaps those that
happen to have substantial demyelination?

A separate intriguing study using a lateral hemisection model in rats documented a delayed
loss of conduction in spared tissue contralateral to the injury (Arvanian et al., 2009). This
“decay in transmission” contralateral to the injury reached a significantly reduction at 2
weeks postinjury and remained consistently low for another 12 weeks. This was associated
with sodium channel spreading along the axons, a common feature of demyelinated axons;
the presence of bare axons contralateral to the injuries was verified using electron
microscopy (EM) (Hunanyan et al., 2011). A similar chronic spreading of potassium
channels after SCI also has been noted (Nashmi, Jones, & Fehlings, 2000).

While there are several indications from studies above that demyelination may be a chronic
problem in SCI tissue, other work suggests the contribution of spared but bare axons to
functional impairment is minimal. For instance, when spared rubrospinal tracts were
identified in SCI mouse cords (and differentiated from injured axons), they were shown to
get completely remyelinated (Lasiene et al., 2008). In this study, any demyelinated
rubrospinal axons were characterized as dystrophic, calling into question the viability of
demyelinated axons identified in other work. Follow up work by this group in rats verified
complete remyelination of spared rubrospinal axons as well as spared CST axons after SCI
(Powers et al., 2012). This work again suggested that any demyelinated axons were proximal
stumps of injured axons and not intact surviving axons. Importantly, no clear examples of
widespread demyelination of confirmed healthy axons after SCI have been documented in
preclinical work or in studies of human SCI tissue.

Improved recovery following transplantation of myelinating cells also has been used as
evidence to suggest demyelination is a consistent problem after SCI (for thorough review,
see Plemel et al., 2014). For instance, a series of transplant studies by the Fehlings’ lab has
suggested demyelination is a chronic problem after SCI and that repairing it improves
functional recovery. When cells capable of forming oligodendrocytes were transplanted
around subacute (~2 weeks) SCI lesions, transplanted cells formed oligodendrocytes that
myelinated spinal axons and motor recovery was subsequently improved (Hawryluk et al.,
2014; Karimi-Abdolrezaee, Eftekharpour, & Fehlings, 2004; Karimi-Abdolrezaee,
Eftekharpour, Wang, Morshead, & Fehlings, 2006; Nagoshi et al., 2018). Work transplanting
human embryonic stem cell-derived OPCs into rat spinal contusion sites at 7 days postinjury
also showed increased oligodendrocyte remyelination and significantly improved hindlimb
locomotor function (Keirstead et al., 2005). Notably, this study also documents a sizable
number of demyelinated axons in injured control rat spinal cords at 2- and 10-months
postinjury. Importantly, this study was used as justification for an ongoing clinical trial
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transplanting OPCs in acute SCI patients. Functional improvements in transplantation
studies have been put forth as evidence of post-SCI demyelination but these studies can be
complicated by immunosuppressants and/or transplant cells secreting factors that facilitate
repair beyond pure remyelination (Plemel et al., 2014). Furthermore, the ability of
transplanting myelinating cells to “conclusively and significantly ... improve functional
recovery” has not been unequivocally demonstrated (Myers, Bankston, Burke, Ohri, &
Whittemore, 2016).

Thus, it is not easy to rectify the various studies and come to a solid conclusion that there for
sure are or are notsubstantial numbers of demyelinated axons after SCI. The presence,
extent and chronicity of demyelination after SCI likely depends on multiple factors, such as
location, severity of injury and duration of post-SCI compression, which can cause myelin
pathology and/or overt myelin loss and impaired axon conduction (Bunge et al., 1993;
Helweg-Larsen & Laursen, 1998; Nashmi & Fehlings, 2001a). The species examined may
also influence results. For instance, while countless studies show rats and mice rapidly
remyelinate following chemical demyelination, nonhuman primate spinal cords remain
completely demyelinated at least 6 months after chemical demyelination (Sasaki, Lankford,
Radtke, Honmou, & Kocsis, 2011). Furthermore, myelin loss in degenerating tracts appears
to be prolonged in humans versus rodent SCI tissue (Buss et al., 2004), which is relevant as
myelin debris can impair remyelination (Kotter, 2006). Thus, despite ~40 years of research
using rats, mice, guinea pigs, dogs, cats, nonhuman primates and human samples, it is still
unclear if repairing demyelination after SCI should be a universal clinical goal. Given the
wide variation in human SCI pathology and the large number of studies seeing at least some
demyelination, it would seem reasonable that a subset of patients has myelin loss around
spared axons and that these axons could persist indefinitely and contribute to impaired
function. Clearly more work is needed, particularly using a variety of preclinical SCI models
and clinical subjects when possible, to nail down the consistency and extent of chronic
demyelination after SCI. Also needed are ways to screen for patients who may have
substantial demyelination, such as with 4-AP or electrical stimulation across the lesion site,
and who may therefore benefit from remyelination therapies. This would be especially
exciting for the large population of individuals living with chronic SCI.

EARLY POST-SCI CELL LOSS AND ROBUST OPC PROLIFERATION IN

THE ACUTE LESION ENVIRONMENT (0-3 DAYS POSTINJURY)

While the consistency of chronic demyelination after SCI is still unsettled, what is clear, at
least in preclinical work, is that the spinal cord can mount a spontaneous myelin repair
response that is surprisingly robust and long-lasting. Considering how much the intraspinal
tissue milieu changes from acute to chronic times postinjury (detailed below), it is notable
that OPCs continue to proliferate and differentiate into new oligodendrocytes that myelinate
axons in the varying postinjury environments. Understanding what drives the long-lasting
myelin repair response of OPCs and oligodendrocytes could provide important insight and
guidance into how to promote this response in injuries in which it fails, and in other
conditions with oligodendrocyte loss and white matter pathology, such as chronic MS
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plaques and neurodegenerative conditions such as Alzheimer’s disease (Nasrabady, Rizvi,
Goldman, & Brickman, 2018).

Upon traumatic injury to the spinal cord, the parenchymal environment is immediately and
drastically disrupted. As stated above, contusion is the most common type of human SCI and
causes axonal stretching and tissue shearing resulting in rapid bruising and petechial
hemorrhage formation (Blight, 1983a; Blight & Decrescito, 1986). In some instances,
hemorrhage continues and spreads for at least 24 hr, expanding tissue damage and lesion
size (Figure 1; Simard et al., 2007). Notably, the acute distribution of red blood cells closely
predicts the long-term morphology of the lesion (Hill, Beattie, & Bresnahan, 2001).
Components of blood likely have diverse actions on tissue parenchyma, including
oligodendrocyte lineage cells (Sahinkaya, Milich, & McTigue, 2014). For instance, platelet-
rich plasma may be neuroprotective due to its plethora of growth factors (Chen et al., 2018),
but other components are deleterious for myelin repair. The blood-derived clotting factor
fibrinogen activates bone morphogenetic protein (BMP) signaling in OPCs, which inhibits
their differentiation into oligodendrocytes and could impair remyelination (Petersen et al.,
2017). Acute tissue damage also leads to rapid cell death, including significant neuron and
oligodendrocyte loss within 15 min of injury, which continues for at least 24-48 hr at the
epicenter (Grossman et al., 2001; Rabchevsky et al., 2007). Astrocyte death begins slightly
later, with the first significant loss detected at 4 hr postinjury (Grossman et al., 2001).

Acute cell loss likely results from a combination of factors in addition to bleeding, such as
vasospasm-induced ischemia and oxidative injury in spared tissue (Figure 1; Almad,
Sahinkaya, & McTigue, 2011; Anthes, Theriault, & Tator, 1996; Benton & Hagg, 2011;
Dohrmann & Allen, 1975; Fassbender, Whittemore, & Hagg, 2011; Guha, Tator, & Piper,
1985; Koyanagi, Tator, & Theriault, 1993; Mautes, Weinzierl, Donovan, & Noble, 2000;
Muradov & Hagg, 2013; Sun et al., 2010; Wallace, Tator, & Frazee, 1986). Proinflammatory
cytokines harmful to oligodendrocytes also increase acutely after SCI (Donnelly &
Popovich, 2008). For instance, intraspinal interleukin-1la (IL-1a) is increased 4 hr after SCI
in mice, and knockout of IL-1a reduces oligodendrocyte death and decreases lesion size
(Bastien et al., 2015). Enhanced oligodendrocyte survival in IL-1a knockout mice is thought
to be mediated by upregulating the survival factor TOX high mobility group box family
member 3 (TOX3) in oligodendrocytes (Bastien et al., 2015). Another potent cytokine
elevated acutely after SCI is tumor necrosis factor-a (TNFa) (Donnelly & Popovich, 2008).
Studies have shown that TNFa can kill oligodendrocytes through the TNF receptor p55 and
apoptosis-inducing factor (AlF)-induced cell death (Akassoglou et al., 1998; Jurewicz et al.,
2005). In addition, TNFa can synergize with IL-1p and C1q, which are also upregulated
after SCI (for review, see Peterson & Anderson, 2014). The combination of TNFa, IL-18
and C1q can induce a cytotoxic “Al” astrocyte phenotype which can kill neurons and
oligodendrocytes (Liddelow et al., 2017). Interestingly, the toxicity of TNFa to
oligodendrocytes is exacerbated if the oligodendrocytes are iron-loaded (Zhang et al., 2005).
This is notable because oligodendrocytes are already the highest iron-containing cells in the
adult CNS (Cheepsunthorn, Palmer, & Connor, 1998; Thorburne & Juurlink, 1996) and iron
levels in the spinal cord rise within 12 hr after SCI (Sauerbeck, Schonberg, Laws, &
McTigue, 2013), which could exacerbate oligodendrocyte iron exposure.
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Another potent mechanism for acute death of oligodendrocytes and other cells after SCI is
glutamate-mediated excitotoxicity. Extracellular glutamate concentration rises to toxic levels
within 40 min of SCI (Xu, Hughes, Ye, Hulsebosch, & McAdoo, 2004). Microinjecting
comparable glutamate levels into naive spinal cord tissue causes significant oligodendrocyte
death (Xu et al., 2004). The toxicity of post-SCI glutamate was verified by injecting an
AMPA antagonist into acute SCI lesions which was neuroprotective and increased
oligodendrocyte survival (Rosenberg, Teng, & Wrathall, 1999; Wrathall, Choiniere, & Teng,
1994; Wrathall, Teng, & Choiniere, 1996; Wrathall, Teng, & Marriott, 1997; Xu et al.,
2004). Similar to IL-1p and C1q, glutamate can synergize with TNFa. For instance,
microinjecting normally nontoxic levels of glutamate and TNFa together into the intact
spinal cord evokes significant cell death at and around the injection site (Hermann, Rogers,
Bresnahan, & Beattie, 2001). Thus, even though peak glutamate and TNFa. levels subside
acutely after injury, the combination of lower levels of these factors may prolong cell loss.

OPCs and oligodendrocytes are vulnerable to other pathological processes in the first days
after SCI, such as ATP-induced excitotoxicity, sphingomyelinase/ceramide-induced
pathology, cytotoxic molecules from acutely infiltrating neutrophils, and basic oxidative
injury (for review, see Almad et al., 2011; Tripathi & McTigue, 2008). Thus, developing
strategies that are oligo-protective for this acute time point could be quite challenging.

Neurons and astrocytes are not typically lost beyond 24 hr postinjury but oligodendrocytes
continue to die by apoptosis (Figure 1), especially in distal axon tracts undergoing
degeneration (Crowe, Bresnahan, Shuman, Masters, & Beattie, 1997; Warden et al., 2001).
However, concomitant with this cell death is a robust, spontaneous oligodendrogenic
response. Our prior work and that of others shows OPCs proliferate robustly within the first
3 days postinjury, especially in gray matter bordering the lesion (Horky, Galimi, Gage, &
Horner, 2006; Lytle & Wrathall, 2007; McTigue et al., 2001; Tripathi & McTigue, 2007; Zai
& Wrathall, 2005). Surprisingly, at least to us at the time, some newly divided OPCs
differentiate into oligodendrocytes within 3 days postinjury (Tripathi & McTigue, 2007).
This rapid pace of OPC proliferation and differentiation illustrates that the typically
prolonged mitotic cycle of nonactivated adult OPCs (Hughes et al., 2013; Wang & Young,
2014; Wolswijk & Noble, 1989) can be markedly accelerated in vivo in response to CNS
injury, as seen previously in vitro (Moyon et al., 2015). Clearly, exposure to the injury
environment reduces the cell cycle length and accelerates differentiation of adult OPCs. In
our study (Tripathi & McTigue, 2007), proliferating OPCs and new oligodendrocytes born
within the first 3 days postinjury were mainly located in tissue directly bordering the lesion.

There are several candidate mechanisms for stimulating acute OPC proliferation and
differentiation. First is the nature of OPCs themselves, which seem to adhere to homeostatic
rules that once an OPC dies, a neighboring OPC detects its loss and divides to replace it
(Hughes et al., 2013). A second factor is the abundant intraparenchymal blood. We showed
previously that intraspinal bleeding alone (without trauma) is sufficient to promote OPC
proliferation within 24 hr (Sahinkaya et al., 2014). Blood contains many potential bioactive
factors, one of which is thrombin, a ligand for protease activated receptors (PARs), which
are highly expressed on OPCs (Shavit et al., 2008; Wang, Richter-Landsberg, & Reiser,
2004; Yoon, Radulovic, Drucker, Wu, & Scarisbrick, 2015). Prior work from our lab showed
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that microinjecting a protease-activated receptor-1 (PAR1) agonist (TFLLR-NH2) into intact
spinal white matter induced significant proliferation of OPCs within 24 hr (Figure 2),
suggesting that PAR ligands from the blood may be early activators of OPCs around the
lesion.

Many other factors could contribute to expanding OPC and oligodendrocyte numbers
acutely after injury, such as the oxidative nature of the injury milieu itself. OPCs with higher
(but not toxic) levels of reactive oxygen species (ROS) are more likely to differentiate than
those with low ROS (Noble, Smith, Power, & Mayer-Prdschel, 2003; Olguin-Albuerne &
Moran, 2018). Elevated glutamate could also influence OPCs surviving the injury;
depending on the situation, glutamate can promote OPC migration, proliferation or
differentiation (for review, see Spitzer, Volbracht, Lundgaard, & Karadéttir, 2016).
Furthermore, the mixture of cytokines and chemokines that spike in the injured spinal cord
over the first 24 hr could have varying effects (Donnelly & Popovich, 2008; McTigue et al.,
1998; Streit et al., 1998). For instance, upregulated C-X-C motif chemokine ligand 1
(CXCL1) may limit OPC migration while acute TNFa and IL-1p could promote early OPC
proliferation and differentiation (Arnett et al., 2001; Mason, Suzuki, Chaplin, &
Matsushima, 2001; Robinson, Tani, Strieter, Ransohoff, & Miller, 1998).

OPC and oligodendrocyte survival is also affected by the Toll-like receptor 4 (TLR4)
signaling pathway, which is prominently expressed in microglia and macrophages. Absence
of TLR4 signaling enhances acute oligodendrocyte and OPC loss after SCI, suggesting that
TLR4 activation acutely postinjury is protective for oligodendrocytes (Church, Kigerl,
Lerch, Popovich, & McTigue, 2016). Enhanced oligodendrocyte loss in these mice may be
due in part to elevated iron-induced toxicity since TLR4-deficient injured spinal cords had
fewer ferritin+ macrophages, suggesting reduced iron uptake and more free iron. As stated
above, iron is markedly increased after SCI, due to cell death and red blood cell
extravasation (Kroner et al., 2014; Rathore et al., 2008; Sauerbeck et al., 2013). Iron is
highly reactive and promotes oxidative cell death through the Fenton reaction (Winterbourn,
1995). TLR4 activation stimulates iron uptake and storage by macrophages in vivo
(Goldstein et al., 2017; Schonberg & McTigue, 2009; Schonberg, Popovich, & McTigue,
2007), and there are many TLR4 ligands within the injury site, such as heme, high mobility
group box 1 (HMGB1) and fibronectin (Kigerl et al., 2009; Kigerl, de Rivero Vaccari,
Dietrich, Popovich, & Keane, 2014). Thus, acute TLR4 signaling after SCI appears to
enhance iron sequestration in the injury site which would be protective to oligodendrocytes
and other cells.

Despite this “inhospitable” environment full of blood, activated macrophages, iron,
glutamate, free radicals, etc., surviving OPCs seem to thrive. They undergo significant
proliferation acutely, especially in gray matter, and begin accumulating within and along the
lesion edge (Horky et al., 2006; McTigue, Tripathi, & Wei, 2006; Tripathi & McTigue,
2007; Zai & Wrathall, 2005), suggesting that lesion-derived factors provide mitogenic and
tropic signals for them. Our prior work also showed that OPCs readily migrate into and
proliferate within clusters of TLR4-activated macrophages within the spinal cord
(Schonberg et al., 2007, 2012), indicating that macrophages may induce OPC migration and
proliferation after SCI. The identity of the macrophage-derived signals may be hard to nail
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down, however, as TLR4-activated macrophages produce hundreds of molecules.
Macrophage phenotype may also play a role. Macrophages are often classified as pro-
inflammatory M1 (more deleterious) or anti-inflammatory M2 (more pro-reparative)
phenotypes, both of which are present acutely in SCI tissue (Kigerl et al., 2009). Although
this terminology is oversimplified as it does not represent the complexity of macrophage
activation, it does provide convenience when discussing macrophage contributions. For in-
depth reviews on macrophage activation, we refer the reader to Ginhoux, Schultze, Murray,
Ochando, & Biswas, 2016 and Martinez & Gordon, 2014. Macrophages consistent with an
M2-like phenotype release activin-A which, in vitro, promotes oligodendrocyte
differentiation (Miron et al., 2013). Thus, factors produced by acute TLR4- and/or M2-
activated macrophages may contribute to driving acute OPC proliferation and
oligodendrogenesis.

ROBUST OPC PROLIFERATION AND OLIGODENDROGENESIS

CONTINUE IN THE SUBACUTE SCI ENVIRONMENT DESPITE A MARKEDLY
CHANGING TISSUE MILIEU (~3-14 DAYS POSTINJURY)

The tissue microenvironment gradually changes over the first week post-SCI (Figure 1).
Hemorrhage subsides, although the blood—brain barrier remains permeable to small
molecules for at least 1 month after SCI (Popovich, Horner, Mullin, & Stokes, 1996). Over
the first 7 days postinjury, edema at the epicenter resolves and monocyte-derived
macrophages accumulate in large numbers (Popovich & Hickey, 2001). Microglia and
macrophages engulf red blood cells (Rathore et al., 2008) and become loaded with
intracellular iron and ferritin (Sahinkaya et al., 2014; Sauerbeck et al., 2013; Schonberg et
al., 2012), which can alter their functional state (Goldstein et al., 2017; Schonberg et al.,
2012; Schonberg & McTigue, 2009; Zhang, Surguladze, Slagle-Webb, Cozzi, & Connor,
2006). For instance, iron-loaded microglia enhance oligodendrocyte survival, while iron-
loaded lipopolysaccharide-activated microglia kill oligodendrocytes, revealing that the iron
status of microglia modulates their effects on other cells (Zhang et al., 2006).

By 3 dpi, myelin debris is abundant, the clearance of which occurs much more slowly
compared to peripheral nervous system injury. Myelin debris prevents oligodendrocyte
differentiation (Kotter, 2006; Plemel, Manesh, Sparling, & Tetzlaff, 2013), therefore its
presence in and around the injury site may hamper oligodendrocyte differentiation,
especially within the SCI lesion cavity where OPCs accumulate but rarely differentiate into
oligodendrocytes (McTigue et al., 2001).

OPC proliferation remains high between 3 and 14 days post-SCI (Hesp et al., 2015;
McTigue et al., 2001; Zai & Wrathall, 2005), especially in the surviving gray matter
(Tripathi & McTigue, 2007). OPCs begin accumulating among astrocytes along the lesion
border in a dense network (Church et al., 2016; Hesp et al., 2015; Hesp et al., 2018; Zai &
Wrathall, 2005). Interestingly, this overlapping OPC accumulation implies that the density-
dependent, self-avoidance feedback that typically inhibits OPC over-expansion is overruled
along SCI lesion borders (Hughes et al., 2013; Zhang & Miller, 1996). OPCs also closely
intermingle with activated macrophages along the lesion borders and in spared tissue (Figure
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3), which means they are in position to be directly influenced by the numerous macrophage-
release products.

OPC differentiation persists in the first 2 weeks postinjury, resulting in a continuous rise in
oligodendrocyte numbers mainly along lesion borders and in spared gray matter (Horky et
al., 2006; Rabchevsky et al., 2007; Sellers, Maris, & Horner, 2009; Tripathi & McTigue,
2007; Zai & Wrathall, 2005). This robust oligodendrogenesis pushes total oligodendrocyte
numbers from below normal at 3 dpi to ~threefold greater than naive levels at 14 dpi
(McTigue & Tripathi, 2008; Tripathi & McTigue, 2007). This clearly more than
compensates for ongoing oligodendrocyte apoptosis, which peaks ~2 weeks postinjury
(Crowe et al., 1997). The preferential distribution of dividing OPCs and new
oligodendrocytes in spared gray matter is interesting in light of data showing that white
matter-derived OPCs normally have a higher maturation rate than those in gray matter
(Vigano, Mobius, Gétz, & Dimou, 2013).

As referred to above, classic studies from the 1970s showed clear evidence that some spared
axons become demyelinated over the first 2 weeks post-SCI (Gledhill et al., 1973; Harrison
& McDonald, 1977). While surviving mature oligodendrocytes are unable remyelinate axons
(Crawford, Chambers, & Franklin, 2013), the robust OPC response to SCI provides an pool
of new cells that can remyelinate axons. However, despite having new oligodendrocytes
present as early as 3 dpi (Tripathi & McTigue, 2007), remyelination has not been definitively
detected until 14 dpi or later, revealing that the time to associate with spared axons and form
detectable compact myelin still requires ~2 weeks.

Despite the shifting tissue environment over 2 weeks postinjury (Figure 1), robust
oligodendrocyte formation continues, indicating that the dynamic tissue milieu remains
overall pro-reparative for oligodendrocyte replacement. As stated above, microglia and
monocyte-derived macrophages accumulate during this time, although they are not a
homogenous population. Instead, during the first week postinjury, microglia and
macrophages are a mixture of so-called M1 and M2 phenotypes. Over the second week
postinjury, M2 cells decline and the M1 phenotype predominates (Gensel & Zhang, 2015;
Kigerl et al., 2009; Wang et al., 2015). This is relevant to oligodendrogenesis as both
phenotypes promote OPC proliferation but only the M2 phenotype has been shown to
promote oligodendrocyte differentiation and remyelination in vitro (Miron et al., 2013). In
addition, transplantation of M2 macrophages into the SCI site increased myelination and
promoted functional recovery in rats (Ma et al., 2015). Therefore, pushing macrophage
population toward the “M2-type” phenotype in the injured spinal cord may be a promising
strategy to promote oligodendrogenesis and tissue repair.

While cytokine expression declines over this time, certain growth factors increase, including
transforming growth factor p (TGFp) and ciliary neurotrophic factor (CNTF), both of which
promote oligodendrocyte differentiation. TGF and its receptors increase over the first 7-10
days postinjury (McTigue, Popovich, Morgan, & Stokes, 2000; Semple-Rowland et al.,
1995). TGFB RNA is mainly expressed by macrophages within the lesion, suggesting its
greatest influence would be on OPCs within or directly around the lesion (McTigue et al.,
2000). CNTF is predominantly produced by astrocytes; its expression is low in the intact
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CNS, due in part to a,B5 integrin signaling induced by physical contact with neurons (Kang,
Keasey, Cai, & Hagg, 2012; Keasey, Kang, Lovins, & Hagg, 2013). After SCI, CNTF levels
increase significantly by 14 days compared to naive and continue to rise throughout the first
month postinjury (Figure 1; Tripathi & McTigue, 2008). Since CNTF promotes
oligodendrocyte survival, maturation and myelination (Hackett et al., 2016; Steelman et al.,
2016; Yokogami, Wakisaka, Avruch, & Reeves, 2000), this rich CNTF environment may
contribute to the oligodendrogenic nature of the early post-SCI tissue environment.

Other extracellular factors could influence OL lineage cell responses from 3 days to 14 dpi
as well. For instance, fibroblast growth factor-2 (FGF-2) expression rises over the first 2
weeks, especially in spared gray matter and along lesion borders (Follesa, Wrathall, &
Mocchetti, 1994; Koshinaga, Sanon, & Whittemore, 1993; Mocchetti, Rabin, Colangelo,
Whittemore, & Wrathall, 1996; Tripathi & McTigue, 2007). Interestingly, this effect may be
enhanced by CNTF, as expression of FGF-2 and the FGF receptor-1 are both stimulated by
CNTF (Albrecht, Dahl, Stoltzfus, Levenson, & Levison, 2002; Jiang, Levison, & Wood,
1999). FGF-2 is produced by astrocytes and microglia (Albrecht et al., 2002; Miron, 2017)
and promotes OPC migration, proliferation and expression of PDGFRa,; it can also prevent
oligodendrocyte differentiation suggesting its effects may be predominantly on OPCs
(Armstrong, Le, Frost, Borke, & Vana, 2002; Engel & Wolswijk, 1996; Goddard, Berry,
Kirvell, & Butt, 2001; McKinnon, Matsui, Dubois-Dalcq, & Aaronsont, 1990; Wolswijk &
Noble, 1992). Notably, insulin-like growth factor-1 (IGF-1) also increases acutely after SCI
and can synergize with FGF-2 to enhance OPC proliferation (Frederick & Wood, 2004; F.
Jiang, Frederick, & Wood, 2001; Hawryluk et al., 2012; Yao et al., 1995). Similarly, bone
morphogenetic protein 4 (BMP4), which pushes progenitors toward an astrocytic rather than
oligodendrocyte fate, is increased at 7 dpi (Sellers et al., 2009). However, since
oligodendrogenesis is robust over the first 2 weeks after SCI, the combination of pro-
differentiation factors must override inhibitory effects of FGF-2 or BMP4 on new
oligodendrocyte formation.

Astrocytes produce many additional molecules after injury that can affect OPC fate and
function (for an excellent review, see Burda & Sofroniew, 2014). One interesting factor is
tissue inhibitor of metalloproteinase-1 (TIMP-1), which is an endogenous regulator of
matrix metalloproteinases normally expressed at low levels in the adult CNS. After SCI,
however, TIMP levels rise by 3 days and continue increasing for at least 28 dpi (Sandhir,
Gregory, He, & Berman, 2011; Wu et al., 2010). In vitro, TIMP-1 stimulates maturation of
OPCs into oligodendrocytes and in vivo, TIMP-1 knockout worsens myelin recovery in
experimental allergic encephalomyelitis (EAE), a preclinical model of MS (Crocker et al.,
2006; Moore et al., 2011). Thus, astrocyte-derived TIMP-1 may be an early inducer of
oligodendrocyte formation in the traumatized spinal cord.

Oligodendrocyte lineage cell fate and function are also strongly modified by intracellular
signals, including transcription factors, epigenetic modification and miRNAs (for a thorough
review, see Emery & Lu, 2015). Two well-recognized intracellular inhibitors of OPC
maturation into oligodendrocytes are inhibitor of differentiation (1d)2 and Id4. Prior work
revealed that 1d2 mRNA is upregulated at 3 dpi in tissue distal to the SCI site (Tzeng,
Bresnahan, Beattie, & De Vellis, 2001). In our work, we did not observe a change in 1d2

Glia. Author manuscript; available in PMC 2020 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pukos et al.

5]

Page 13

mRNA at 3 dpi, but we did detect a significant reduction in Hes Family BHLH transcription
factor 5 (Hes5) and SRY-box 11 (Sox11) from 3 to 28 days postinjury (Hesp et al., 2015),
both of which block OPC differentiation into oligodendrocytes (Li, He, Richardson, &
Casaccia, 2009; Swiss et al., 2011). Therefore, reducing their levels would be
prooligodendrogenic. Another intriguing intracellular molecule is peroxisome proliferator-
activated receptor-6 (PPAR-8). PPAR-§ is a ligand-activated transcription factor in the
nuclear hormone receptor family (Qi, Zhu, & Reddy, 2000), and is implicated in
oligodendrocyte development and myelination. For instance, PPAR-& stimulates myelin
protein expression, and PPAR-& knockout mice display hypomyelination of the corpus
callosum (Granneman, Skoff, & Yang, 1998; Peters et al., 2000; Saluja, Granneman, &
Skoff, 2001). After SCI, PPAR-8 expression increases in OPCs and oligodendrocytes over
the first 2 weeks and thus may contribute to oligodendrocyte formation (Almad & McTigue,
2010).

Collectively, studies examining the first 2 weeks after SCI reveal concomitant OPC
proliferation and differentiation. This indicates that OPCs must integrate the multiple
fluctuating signals in the acute SCI microenvironment resulting in cell division with a subset
maturing into new oligodendrocytes.

OPC PROLIFERATION, DIFFERENTIATION INTO NEW

OLIGODENDROCYTES AND PRODUCTION OF NEW MYELIN CONTINUE
FOR MONTHS AFTER RODENT SCI (>14 DAYS POSTINJURY)

The robust oligodendrocyte formation in the first 2 weeks after SCI begins to pay off with
axon remyelination visible by the third week. Using different reporter mice, several labs
have demonstrated new oligodendrocyte myelin can be detected at this time, (Figure 4;
Assinck et al., 2017; Hesp et al., 2015; Lasiene et al., 2008; Powers et al., 2013), which is
consistent with earlier EM work that shows axon remyelination beginning 3 weeks
postinjury (Gledhill et al., 1973; Harrison & McDonald, 1977). In contrast to typical
chemical demyelination models which have a single wave of OPC proliferation,
differentiation and typically complete remyelination (Blakemore & Franklin, 2008; Franklin
& ffrench-Constant, 2017), OPC proliferation and new oligodendrocyte formation continue
for weeks after SCI. For instance, our work revealed that OPC proliferation remains
markedly elevated for at least 10 weeks after SCI in tissue at and distal to the epicenter
(Hesp et al., 2015). We also detected a significant jump in new oligodendrocyte numbers
between 4 and 5 weeks postinjury with continued oligodendrocyte formation throughout the
third month after SCI (Hesp et al., 2015). This is consistent with work by Assinck et al. who
showed a significant increase in oligodendrocyte numbers between 3 and 12 weeks
postinjury such that >50% of oligodendrocytes present at 12 weeks were formed after injury
(Assinck et al., 2017). These late-born oligodendrocytes continue to produce myelin around
spinal axons during the third month postinjury revealing a surprisingly long-lasting
endogenous repair response initiated by spinal trauma (Hesp et al., 2015). While it is true
that even uninjured mice produce new oligodendrocytes and myelin throughout adulthood
(Young et al., 2013), the post-SCI response is 6- to 10-fold greater than age-matched
uninjured controls (Assinck et al., 2017), revealing a robust injury-specific effect.
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The majority of PO+ Schwann cells that accumulate in injured spinal cords also may be
derived intraspinally from OPCs (Assinck et al., 2017; Bartus et al., 2016; Duncan et al.,
2018). Intriguingly, if oligodendrocyte remyelination after SCI is prevented, Schwann cells
do not compensate to myelinate the bare axons (Duncan et al., 2018). Similarly, if post-SCI
Schwann cell myelination is blocked, oligodendrocytes do not myelinate the dorsal column
axons typically remyelinated by Schwann cells (Bartus et al., 2016). Thus, if
oligodendrocytes and Schwann cells are derived from the same progenitor population (e.g.,
OPCs) as suspected, the progenitors must respond to highly localized cues that direct them
toward one cell fate or the other.

Although the chronic SCI microenvironment is quite different from the acute setting where
robust OPC proliferation and new oligodendrogenesis are initiated, it still clearly promotes
and supports formation of oligodendrocytes and new myelin. This may be due in part to
continued expression of pro-oligogenic factors such as CNTF and FGF-2, which are elevated
for at least 3 m postinjury (Figure 1; Hesp et al., 2015). Accordingly, phosphorylated signal
transducer and activator of transcription 3 (pSTAT3) is expressed in NG2+ OPCs for over 1
month after SCI, suggesting active continued signaling by CNTF (or other family members)
(Hesp et al., 2015). Other promyelinating factors, including leukemia inhibitory factor (LIF),
IGF-1, and TGF-B1, also have been detected chronically at the injury epicenter in mice
(Hawryluk et al., 2012) and in human SCI patients as well (Ferbert et al., 2017; Moghaddam
et al., 2016; Resnick et al., 2004). LIF and CNTF are part of the same cytokine family and
exert similar functions on oligodendrocyte lineage cells (Kerr & Patterson, 2005; Stankoff et
al., 2002).

In addition to pro-myelin signals in chronic SCI tissue, factors that inhibit oligodendrocyte
differentiation and could possibly push progenitors to an astrocytic fate also rise with time.
One example is BMPs, members of the TGF- superfamily that, as stated above, suppress
OPC differentiation and instead push OPCs toward an astrocytic fate (Grinspan et al., 2000;
Mabie et al., 1997; Petersen et al., 2017; See et al., 2004). Early during development, a
population of OPCs gives rise to astrocytes (Masahira et al., 2006; Zhu et al., 2011), but this
behavior is eliminated during normal adulthood (Simon, Gétz, & Dimou, 2011; Zhu et al.,
2011). However, OPCs are highly sensitive to their environment and it is possible that OPCs
revert back to a developmental state in the injured CNS milieu. Indeed, genetic fate mapping
studies show a small fraction of OPCs generate astrocytes after focal demyelination
(Zawadzka et al., 2010) and SCI (Barnabé-Heider et al., 2010). After SCI, BMP4 mRNA
reaches a significant peak at 14-28 days postinjury (Hesp et al., 2015). BMP4 effects on
oligodendrocyte lineage cells are mediated, at least in part, by upregulating the transcription
factors 1d2 and I1d4, which sequester the pro-oligodendrocyte transcription factors (Olig)1
and Olig2 in the cytoplasm and prevent their translocation to the nucleus (Cheng et al., 2007;
Samanta, 2004; Songli Wang, Sdrulla, Johnson, Yokota, & Barres, 2001). Similar to BMP4,
Id2 and 1d4 mRNA are elevated at 14-28 days postinjury, which, if expressed by OPCs,
would impair their ability to differentiate into new oligodendrocytes (Hesp et al., 2015).
Thus, reducing BMP4 signaling in chronic SCI tissue may effectively release a “brake” on
oligodendrogenesis and maintain production of new oligodendrocytes at a higher level.
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The presence of new myelin formed at 2- and 3-month postinjury begs the question of which
axons are becoming myelinated. Are they axons that were demyelinated acutely and for
whatever reason were not remyelinated while nearby axons were? Or are there axons that
become newly demyelinated chronically and are subsequently remyelinated? It is also
possible they are regenerating axons, although this is less likely as the more chronically
formed myelin was mostly on axons somewhat distal from the epicenter in spared white
matter bordering the pia (Hesp et al., 2015); the axons did not have the morphology of
growing axons and it has been shown that regenerating axons typically do not become
myelinated (see below). The identity of the chronically myelinated axons after SCI requires
further study.

Understanding the sequelae that lead to chronic myelin formation after SCI should yield
important insights into how the axons became demyelinated and what mechanisms drive
myelination in this chronic injury environment (which are likely different from the acute
setting). This knowledge could potentially prove useful in other conditions with chronically
bare axons such as MS. These results also emphasize that the field still has much to learn
about the endogenous capacity of the adult CNS to induce “self-repair” and to determine if
this robust reparative response in rodents is also present in humans. This is especially true
since, as mentioned above, chemical demyelination lesions that remyelinate within weeks in
rodents remain demyelinated for at least 6 months in nonhuman primates (Sasaki et al.,
2011). As discussed above, we still have little understanding of the extent of demyelination
routinely present in chronic SCI in humans and basically no information on the possibility
that spontaneous chronic remyelination occurs. Since some human subjects show recovery
throughout the first-year postinjury (Kakulas, 2004), it is plausible that ongoing
remyelination contributes to the process. Having better insight into the mechanisms of
myelin replacement in chronic SCI as well as more thorough knowledge of the prevalence
and consistency of chronic demyelination in human SCI should allow better and more
targeted therapies to potentially improve recovery of patients in which chronic
demyelination is present.

IS REMYELINATION NEEDED FOR MOTOR RECOVERY?

As discussed above, oligodendrocyte remyelination begins within the first few weeks after
SCI and continues for several months in rodents. The contribution of this new myelin to
motor recovery, however, was recently called into question. Transgenic mice in which the
myrfgene was deleted in OPCs were used to prevent new oligodendrocyte remyelination
from occurring after thoracic SCI (Duncan et al., 2018). Remyelination after injury was
almost completely prevented in these mice, yet their level of motor function recovery was
the same as control mice that did remyelinate. The authors concluded that their study “raises
doubts whether remyelination is a validated target for clinical translation following moderate
spinal cord contusion.” Furthermore, the title of the paper pointedly states that locomotor
recovery after SCI “does not require oligodendrocyte remyelination”.

The experiments were well-designed and the results straightforward. However, some caveats
should be considered before completely discounting the relevance of oligodendrocyte
remyelination after SCI. First, the net difference in myelinated axon number between the
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experimental groups may not have been sufficient to negatively impact gross hindlimb
locomotion. Specifically, SCI control mice had ~19% of the total number of myelinated
axons compared to naive mice, while myrfknockout (myr-KO) mice had 10%. As stated
above, several studies show motor recovery is possible with just ~10% sparing (Blight,
1983a, 1983b; Blight & Decrescito, 1986; Fehlings & Tator, 1995; Windle et al., 1958).
Furthermore, two different studies showed that locomotor recovery after SCI is not linear
with respect to tissue sparing and that there are thresholds of sparing that are associated with
certain levels of recovery. First, Schucht et al. (2002) showed that a range of white matter
sparing can produce similar locomotor recovery. Furthermore, they showed that preservation
of a small number of axons in the ventrolateral white matter allowed recovery of hindlimb
plantar stepping and forelimb-hindlimb coordination (but not parallel paw placement, BBB
of ~14) (Schucht et al., 2002). This is the same level of recovery obtained by the myrf-KO
mice, suggesting that animals from both studies surpassed this threshold of recovery but did
not reach the next threshold. Second, careful work by the Basso lab (Kloos, Fisher, Detloff,
Hassenzahl, & Basso, 2005) showed that 10% white matter sparing also could produce the
same level of recovery noted in the Duncan et al. study. To get greater recovery (e.g., parallel
paw position), a minimum of 30% white matter sparing was needed. Thus, 10-19% sparing
in the Duncan study places both groups of mice in the lower threshold of recovery range,
which is likely why they displayed similar recovery. This is consistent with classic work by
Blight that also concluded that motor recovery occurs within a wide range of tissue sparing
and that there is “no simple relation ... between lesion morphometry and behavioral
recovery, except at the extremes of injury intensity” (Blight & Decrescito, 1986). Moreover,
Schucht et al. (2002) showed that locomotor recovery correlates best with sparing of the
reticulospinal tract in ventrolateral white matter, which appears to be spared in the Duncan
work. Thus, these studies suggest that there is redundancy in spinal pathways such that
sparing of ~10% of spinal white matter allows substantial recovery of function. When taken
together, it is feasible that there were enough myelinated axons to surpass the threshold for
the achieved level of hindlimb recovery in control and myrfKO mice, and that tissue sparing
would need to drop below 10% to have a better chance of revealing if lack of remyelination
hampers motor recovery.

Another interesting point about myr~KO mice having the same locomotor recovery as
controls is that 95% of ventrolateral white matter axons were myelinated in control mice
while only 65% were myelinated in myr~KO (Duncan et al., 2018). In order to significantly
affect locomotor function, however, it is likely that almost complete demyelination of this
region would be needed, as was shown in work by Loy et al. (2002). Their study revealed
that demyelination of the entire ventrolateral and ventral column white matter is necessary to
significantly impair locomotor function. Their results suggested that a diffuse arrangement
of multiple descending motor pathways control hindlimb locomotor functions, and that
almost all these pathways need to be demyelinated before a large difference in BMS
locomotor score would be observed.

Duncan et al. also highlight the dissociation between locomotor recovery, which plateaued
by 2 weeks postinjury, and remyelination, which is not visible until after 2 weeks. This is
said to be further evidence that remyelination does not play a role in recovery (Duncan et al.,
2018). It is possible, however, that fine features of motor control would be more sensitive to

Glia. Author manuscript; available in PMC 2020 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pukos et al.

7|

Page 17

altered remyelination. For instance, rodent studies characterizing cervical SCI show a much
more protracted recovery of forelimb function, with substantial increases in recovery
between 2 weeks and 6-8 weeks postinjury (Dunham, Siriphorn, Chompoopong, & Floyd,
2010; Gensel et al., 2006; Martinez, Brezun, Bonnier, & Xerri, 2009). Furthermore, given
that human SCI patients can recover function over the first year postinjury (Kakulas, 2004),
the association between remyelination and recovery may be different between rodents and
humans. Notably, a nonhuman primate SCI study showed that the number of new
oligodendrocytes increases 3.5-fold between 7 and 29 weeks postinjury, indicating that the
process of cell replacement after SCI in primates is quite protracted (Yang et al., 2006).

Finally, clinical data showing that 4-aminopyridine or epidural stimulation can improve
function in chronic SCI subjects, including return of some voluntary motor control, suggest
that there are indeed intact but functionally silent axons present in some patient populations
(Angeli et al., 2018; Angeli, Edgerton, Gerasimenko, & Harkema, 2014; Harkema et al.,
2011; Hayes et al., 1993; Hayes et al., 1994; Rejc, Angeli, Atkinson, & Harkema, 2017).
This variability in human SCI cases brings to mind discussions raised at the recent NIH
SCI2020 meeting: Launching a Decade for Disruption in SCI research (https://
videocast.nih.gov/summary.asp?live=30194&bhcp=1), which emphasized that strict control
of animal models to reduce variability may be limiting our ability to accurately model all
aspects of the human condition, including those who could potentially benefit from myelin-
promoting therapies. Thus, while the Duncan et al. study is thought-provoking and suggests
that oligodendrocyte remyelination may not improve hindlimb recovery after moderate
thoracic SCI, it would seem prudent to proceed with caution until the idea that remyelination
has no role in motor recovery from SCI is more widely tested and/or disproven.

POTENTIAL EFFECTS OF OLIGODENDROCYTES AND MYELIN ON

AXON STRUCTURE AND FUNCTION AFTER SCI

Saltatory conduction of action potentials relies on properly formed nodes of Ranvier, which
include axonal potassium K,,1.2 channels in the juxtaparanode, Contactin associated protein
(Caspr) in the paranode, and sodium Na, 1.6 channels in the node. When ion channels are
properly organized in this way, action potentials “jump” from node to node, thereby
significantly increasing conduction velocity. This highly structured organization of axonal
proteins depends on physical associations between axonal proteins and proteins expressed
by myelin at the paranodal loops, revealing that myelin plays an active role in axon structure
(Chang et al., 2014; Dupree, Girault, & Popko, 1999; Marin et al., 2016; C. Zhang &
Rasband, 2016). When axons lose their myelin sheath, nodal proteins diffuse, intermingle
and lose their highly organized distribution on the axon, thereby preventing saltatory
conduction. Notably, disrupted nodal protein organization has been detected in acute and
chronic SCI tissue (Nashmi & Fehlings, 2001b; Powers et al., 2012); indeed we have noted
nodal disruption on axons as late as 6 months postinjury in mice (Figure 5). These axons
will have a drastically reduced ability to transmit signals between the brain and spinal cord.
Fortunately, remyelination reestablishes proper nodal organization and therefore assists in
recovery of conduction velocity (Marin et al., 2016). Notably, some nodal reorganization has
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been documented on remyelinated spinal axons after SCI (Hesp et al., 2015; Lasiene et al.,
2008).

Myelination also alters the axonal cytoskeleton, including the composition of neurofilaments
and promoting phosphorylation of their side chains, which effectively spreads
neurofilaments apart and widens the axon diameter (Brady et al., 1999). Axon demyelination
results in a loss of side chain phosphorylation leading to axon thinning, which reduces action
potential conduction speed (Powers et al., 2012). Demyelination-induced axon thinning is
also thought to contribute to frank axon transection (Bjartmar, Yin, & Trapp, 1999; Waxman,
1989). Thus demyelination could make spared axons vulnerable to damage after SCI as well.

An interesting idea for which there is some evidence is that oligodendrocytes provide
metabolic support for neurons (Lee et al., 2012). Since some axons are literally meters in
length, it is implausible that the neuronal soma provides all the energy and nutrients
necessary for the entire axon. Since oligodendrocytes wrap large segments of axons, the idea
arose that perhaps oligodendrocytes supply energy substrates to axons. This oligodendrocyte
to axon signaling could be initiated by what has been called the “axo-myelinic synapse”
(reviewed in Micu, Plemel, Caprariello, Nave, & Stys, 2018). The myelin layer facing the
axon expresses NMDA receptors, and when axons fire, these receptors are activated by
glutamate released into the adaxonal space. This increases calcium locally in the
oligodendrocyte process, which in turn is thought to promote lactate release from the myelin
(Micu et al., 2018). Axons take up the lactate and use it for local energy production, which
would efficiently couple axon activity with metabolic support from oligodendrocytes (Micu
et al., 2018). Interestingly, this signaling is a two-way street that also benefits
oligodendrocyte function due to glutamate-stimulated local MBP translation (Wake, Lee, &
Fields, 2011). Other means of metabolic supply to axons may also exist, such as glucose
uptake by axons at nodes of Ranvier and molecules released by nearby astrocytes, both of
which may be sufficient for axonal energy production (Harris & Attwell, 2012; Waitt, Reed,
Ransom, & Brown, 2017). Thus, long-term or even short-term demyelination of spinal axons
after injury could not only impair action potential signaling but may also compromise the
health and sustainability of the bare axons.

There are still other ways in which oligodendrocyte myelin facilitates axon health and
function, although the cellular mechanisms are not completely understood (Nave & Trapp,
2008). For instance, deletion of CA/P-1, a gene encoding an oligodendrocyte myelin protein,
causes axon degeneration but does not impair myelin formation (Lappe-Siefke et al., 2003).
Similarly, mice missing myelin proteolipid protein (PLP) have compact myelin and normal
appearing oligodendrocytes, but undergo axon swelling and progressive axon loss over time
(Griffiths et al., 1998). Interestingly, axon pathology even occurs when nonmyelin proteins
are deleted in oligodendrocytes, such as Pex5, which codes for the peroxisomal protein
peroxin-5. When Pex5 is deleted specifically in oligodendrocytes, mice develop progressive
motor dysfunction and premature death, which is associated with extensive axon
degeneration but not oligodendrocyte loss (Kassmann et al., 2007). Thus, oligodendrocytes
serve a neuroprotective role that apparently requires them to have optimally functional
peroxisomes. Oligodendrocytes can also release glial-derived neurotrophic factor (GDNF),
which promotes neuron survival (Wilkins, Majed, Layfield, Compston, & Chandran, 2003).
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Clearly, oligodendrocyte/axon interactions are more complex than first meets the eye, which
emphasizes that clarifying myelination issues after SCI will go beyond simply restoring
conduction velocity. It may also facilitate preserving axons in a functioning and healthy
state.

POTENTIAL ROLE OF AXON ACTIVITY IN POST-SCI REMYELINATION

It is well established that axon activity can drive developmental myelination, as first shown
in rat pups where decreasing retinal ganglion cell activity led to reduced OPC proliferation
in the optic nerve (Barres & Raff, 1993). It has since been shown that neural activity in the
adult CNS can induce OPC proliferation, differentiation, myelin sheath synthesis and
increased oligodendrocyte survival (Becker, Sadowsky, & McDonald, 2003; Fannon,
Tarmier, & Fulton, 2015; Fields, 2015; Gautier et al., 2015; Gibson et al., 2014;
Kougioumtzidou et al., 2017; Wake et al., 2011). Oligodendrocytes and OPCs rely on
growth factor and neurotransmitter receptors to detect changes in neural activity (Karadottir
& Attwell, 2007). In particular, glutamate is widely studied in the context of myelination due
to its multifaceted effects.

As stated above, depending on the situation, glutamate can promote OPC migration,
facilitate OPC-axon contact and/or initiate OPC differentiation into myelinating
oligodendrocytes (Gautier et al., 2015; Gudz, Komuro, & Macklin, 2006). Contrary to
popular belief, vesicular neurotransmitter release is not restricted to the synaptic cleft; as
discussed above glutamate-containing vesicles are stored and released along axon shafts
(Kukley et al., 2007; Ziskin et al., 2007). Neural activity stimulates axonal glutamate release
via vesicle exocytosis, after which glutamate binds to and activates AMPA receptors on
adjacent OPC processes (Kukley et al., 2007; Ziskin et al., 2007).

It is plausible that glutamate also regulates OPCs after SCI. As mentioned above, excess
glutamate causes excitotoxicity acutely after SCI, which may prompt surviving OPCs to
migrate, proliferate and replace the lost cells (Xu et al., 2004). Based on recent evidence
showing glutamate is necessary for remyelination after chemical demyelination (Gautier et
al., 2015; Sahel et al., 2015), it may also be a mediator of remyelination after SCI. For
instance, after moderate SCI, spared rubrospinal tract axons become demyelinated and then
remyelinated by oligodendrocytes (Lasiene et al., 2008; Powers et al., 2012). Since over
95% of these axons are glutamatergic (Du Beau et al., 2012), axon-derived glutamate may
signal to local OPCs and promote remyelination. While this mechanism may raise concerns
of excitotoxicity, levels of released glutamate likely mimic those released at neuron/neuron
synapses, which do not cause pathology. Future studies are needed to identify the role of
glutamate (and other neurotransmitters) in endogenous repair after SCI.

ADDITIONAL FACTORS TO CONSIDER IN OPC RESPONSES AND

MYELINATION AFTER SCI

9.1

Regenerating axons typically do not get myelinated

Despite the robust myelination of spared axons after SCI, axons induced to regenerate
typically fail to become myelinated. For instance, ascending sensory axons can be stimulated
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to regenerate beyond a cervical SCI and reinnervate the appropriate brainstem nuclei;
however, sensory function is not returned because the new axons lack myelin (Alto et al.,
2009). This is similar to regenerated optic nerve axons reconnecting to their appropriate
target in the superior colliculus but failing to restore visual function due to lack of
myelination (Bei et al., 2016). Similarly, only a quarter of axons growing out from
intraspinal neural progenitor transplants become myelinated (Hunt, Lu, & Tuszynski, 2017).
Thus, understanding mechanisms that drive remyelination of spared axons after SCI may
provide insight into enticing oligodendrocyte lineage cells (or Schwann cells) to also
myelinate growing axons. This is not a trivial problem as there are hundreds of studies and
numerous laboratories currently working to enhance axon regrowth after SCI, not to mention
countless individuals with SCI placing their hopes for recovery on axon regeneration. It
would be a shame if methods to recreate descending and intraspinal circuits were successful
yet functional improvements remain absent because myelination of the new axons did not
occur.

Physical activity levels and environmental changes

Physical activity is obviously reduced after SCI, especially during the acute phase. This
likely has detrimental effects on overall recovery, as demonstrated by the fact that SCI
rodents placed in “rat wheelchairs” recover significantly less locomotor abilities compared
to controls (Caudle et al., 2011). SCl-induced restriction of patients to hospital beds could
potentially be viewed as being placed in an “impoverished” environment, given that patients
typically go from a life with unlimited mobility to lying in a hospital room for days. While
enriched environments promote myelination in rodents (Markham, Herting, Luszpak,
Juraska, & Greenough, 2009; Pusic & Kraig, 2014; Yang et al., 2013; Zheng, Ding, Li, &
Yang, 2017), social isolation has the reverse effect. Just 2 weeks of social isolation is
sufficient to significantly reduce myelin thickness in the prefrontal cortex of adult mice (Liu
etal., 2012). A comparable effect may take place in the spinal cord in that reduced mobility
could impair spontaneous remyelination. Reassuringly, reintroducing animals into a social
environment reversed myelin loss in the brain (Liu et al., 2012). For the SCI patient, these
results suggest that getting as much social interaction and physical activity as soon as their
condition allows may be critically important for recovery.

Indeed, recent evidence suggests that increased physical activity after SCI may promote
remyelination. Currently there is much excitement in the SCI field over the remarkable
results being obtained with activity-based training and epidural stimulation in SCI
individuals (Capogrosso et al., 2016; Formento et al., 2018; Gill et al., 2018; Moraud et al.,
2016; Wagner et al., 2018; Wenger et al., 2014). The most common form of activity-based
therapy is body weight supported treadmill training in which SCI subjects are placed in a
harness and trainers move their limbs to provide sufficient input to the neuromuscular
system (Dobkin et al., 2003). Activity-dependent training is associated with functional
reorganization of spinal circuitry and enhanced motor recovery in animals and humans with
chronic SCI (Fouad & Tetzlaff, 2012; Leblond, L’Esperance, Orsal, & Rossignol, 2003;
Wernig & Miuller, 1992). The cellular mechanisms driving activity-based recovery are not
clear. However, active or passive exercise drives growth factor expression within the CNS,
including factors that positively regulate myelination such as brain-derived neurotrophic
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factor (BDNF) (Keeler et al., 2012; Leech & Hornby, 2017; Wang et al., 2015; Ying et al.,
2008; Ying, Roy, Edgerton, & Gomez-Pinilla, 2005). How activity-based training alters
oligodendrocyte functions or myelination status after SCI is currently unknown.

As stated above, neuronal activity-induced myelination in the adult CNS is also emerging as
an exciting approach. For instance, optogenetic stimulation of murine cortical neurons
increases axon-OPC contacts, mature oligodendrocyte numbers, myelin sheath formation,
and alters motor function (Gibson et al., 2014; Li & Li, 2017). This may also be true in the
spinal cord. For instance, electrical stimulation of the motor cortex or medullary pyramids
stimulates OPC proliferation and differentiation in the corticospinal tract (Li, Brus-Ramer,
Martin, & McDonald, 2010; Li, Houdayer, Liu, & Belegu, 2017). After SCI, epidural
stimulation of the spinal cord activates spinal circuitry to stimulate locomotor activity, and
when combined with physical therapy, completely paralyzed animals and some human
subjects experience locomotor recovery (Angeli et al., 2018; Carhart, He, Herman,
D’Luzansky, & Willis, 2004; Ichiyama, Gerasimenko, Zhong, Roy, & Edgerton, 2005; Rejc
et al., 2017). Excitingly, SCI subjects undergoing this treatment report additional important
benefits, such as improved cardiovascular function (Angeli et al., 2018), demonstrating that
measuring nonmotor functions is critical as well.

Since neural activity can facilitate OPC-axon contact through vesicular glutamate release, it
is theorized that glutamate plays a role in neuromodulation-induced locomaotion. Indeed,
stimulating murine brainstem glutamatergic neurons in conjunction with gravity-assisted
rehabilitation promotes extensive reorganization of neural projections, ultimately leading to
long lasting motor recovery, even when epidural stimulation is discontinued (Asboth et al.,
2018). Perhaps neuromodulation allows electrically silent neurons/axons to regain activity-
induced glutamate release after SCI. This in turn could induce permanent rewiring and
remyelination necessary for motor control. The power of this technique to reverse disability
in some SCI subjects is quite profound. Therefore, it is essential that studies work toward
understanding the cellular mechanisms, including potential remyelination induced as part of
this response, so that it may be optimized and perhaps better translated to those individuals
in which it does not work.

Common therapeutic and experimental SCI medications

Spinal cord injured individuals are often prescribed multiple medications for the many
complications they routinely face. The potential off-target effect of these medicines,
however, on endogenous cell responses is not always clear or considered, and these effects
could be beneficial or detrimental. For instance, spasticity is a common problem after SCI,
which is often managed by intrathecal administration of baclofen. While baclofen typically
provides relief of excess spasticity, it may also affect oligodendrocyte lineage cells. OPCs
express functional gamma-aminobutyric acid B (GABA(B)) receptors that, when activated
by baclofen, promote OPC migration and proliferation (Luyt et al., 2007). This could
theoretically impact their repair response by interfering with differentiation into
oligodendrocytes. Another commonly prescribed medication is pregabalin or gabapentin
(aka Neurontin) for neuropathic pain. Gabapentin is structurally similar to GABA, and while
studies of its effects on CNS myelin have not been completed, it does increase MBP
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expression and myelination of peripheral nerves (Camara et al., 2015). Higher doses of
gabapentin have been associated with memory impairment and decreased executive function
in a small cohort of SCI individuals (Shem, Barncord, Flavin, & Mohan, 2018), which could
be mediated, at least in part, by effects on myelination of the prefrontal cortex.

Minocycline, an anti-inflammatory agent currently in Phase 3 clinical trials for SCI, is a
tetracycline antibiotic that promotes white matter sparing in preclinical SCI models (Stirling
et al., 2004). The mechanisms by which minocycline work could be varied, but may include
reducing pro-nerve growth factor production by microglia, which is a known toxin for
oligodendrocytes (Beattie et al., 2002; Yune et al., 2007). Minocycline is beneficial in in
vitro models of oxygen—glucose deprivation of OPCs and in vivo demyelination models
(Schmitz, Endesfelder, Chew, Zaak, & Bihrer, 2012; Skripuletz et al., 2010). However, other
work showed that minocycline can impair OPC responses after demyelination (Li, Setzu,
Zhao, & Franklin, 2005), which may be mediated in part by reducing CNTF levels (Tanaka,
Murakami, Bando, & Yoshida, 2013). While the collective actions of minocycline after SCI
appear to be positive, oligodendrocyte-specific effects should be kept in mind when
interpreting data.

A drug currently in clinical trials for SCI due to its axon growth-promoting effects is the
Rho/ROCK inhibitor Cethrin (Dergham et al., 2002; Forgione & Fehlings, 2014). While
Rho/ROCK actions on axon growth are well known, less recognized may be that
oligodendrocyte lineage cells also use Rho/ROCK signaling (Harlow & Macklin, 2014).
ROCK inhibition in cultured OPCs promotes differentiation and enhances myelination of
neurons cocultured with the OPCs (Pedraza et al., 2014). Rho-ROCK signaling may also
promote oligodendrocyte survival through a PPAR-mediated mechanism (Paintlia, Paintlia,
Singh, & Singh, 2013). Thus, Cethrin treatment after SCI may not only increase recovery by
enhancing axon growth, but also by inducing oligodendrocyte sparing and myelination of
spared or regenerated axons, which, as stated above, typically do not undergo spontaneous
myelination.

Lastly, a potentially promising therapeutic agent currently in clinical trials for SCI is
riluzole. Riluzole is a neuroprotective agent that interferes with glutamate signaling and is
currently FDA approved for ALS. While glutamate excitotoxicity is a recognized secondary
injury mechanism after SCI, as discussed above, glutamate signaling also may be important
for activity-dependent myelination (Gautier et al., 2015; Xu et al., 2004). Therefore,
examining white matter changes after riluzole treatment will be important to help delineate
mechanisms that contribute to improved recovery.

SUMMARY

Overall, it is clear that the injured spinal cord is a highly dynamic environment in which cell
death and replacement continue long after the initial trauma, and in which circuit function

may be “reawakened” chronically with neuromodulation. While SCI research has generated
>33,000 manuscripts and dates back over 100 years, in many ways it is still in its infancy in
understanding what actually occurs at a cellular level within and around the injury site, both
acutely and chronically. Preclinical animal models have been perfected perhaps to a fault, in
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that they may not represent a large portion of SCI individuals and we may therefore miss
potentially promising treatments for that set of patients.

With regard to myelination in particular, it is important to determine if the surprisingly
robust and long-lasting oligodendrogenesis and remyelination observed in rodents also
occurs in the clinical human population. It is also imperative that better assays be developed
for SCI subjects to determine if there is a need for improved remyelination, which will likely
depend on the variety of factors discussed above. It is also important to recognize that the
cellular environment fluctuates after SCI, and therefore any therapeutic treatment targeting
remyelination (or other repair mechanisms) should take into consideration possible
concomitant environmental factors that could enhance or impair the therapy. Likewise,
therapies targeting particular cellular mechanisms should be aware that a fairly robust
endogenous reparative response may be occurring that should not be interfered with by the
treatment.

While the ever-changing SCI environment makes studying cellular interactions and signaling
mechanisms challenging, this could also be viewed as a strength of the model. SCI studies
give the opportunity to examine OPC (and other cellular) responses during times of active
hemorrhage, vascular shearing, excitoxicity and cell death in the acute phase; during times
of angiogenesis, immune cell infiltration, initiation of growth factor expression, axon
sprouting and Wallerian degeneration in the subacute phase; and during long-term tissue
remodeling, glial and fibrotic scarring, and rising pro- and anti-myelinating factor expression
in the chronic phase. SCI provides different tissue environments in terms of proximity to the
injury site and injury responses in distal white matter and gray matter. Lets hope that it does
not take the next 100 years of research to bring us clarity on cellular mechanisms and
therapeutic strategies that allow rapid and tailored responses to SCI so that it is no longer the
devastating event that it is today.
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FIGURE 1.
Summary time line diagram of different events after spinal cord injury, which can be

generally divided into acute, subacute and chronic, as indicated in the diagram. Acute time
points include intraspinal bleeding, glutamate release, microglial activation cytokine
expression such as TNFa and IL-1p. There is also neuron death over the first 1-2 days and
vasospasm in spared tissue leading to ischemic damage. OPCs begin proliferating almost
immediately upon injury and differentiate into new oligodendrocytes within 3 days. In the
subacute time, OPC proliferation and differentiation continue, while early cytokines decline
as others such as TGFp increase. Growth factor expression such as CNTF and FGF-2
continues to rise and oligodendrocyte apoptosis is ongoing in degenerating axon tracts. This
is also a time of robust monocyte infiltration and macrophage (m¢) activation (derived from
monocytes and microglia). In the chronic period, new oligodendrocyte and new myelin
formation continues, and growth factors remain at levels significantly above naive
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Microinjections of a protease-activated receptor-1 (PAR1) agonist into the intact spinal white
matter induces cell proliferation including OPCs within 24 hr. (a) Injection site of PAR
agonist (TFLLR-NH2, 60 nmol/1.5 pL, Abgent, San Diego, California) immunolabeled for
NG2 (for OPCs; black) and Ki67 (brown) to label dividing cells. Two double-labeled NG2
cells are indicated by arrowheads. Vehicle (phosphate-buffered saline, PBS) injection sites
contained no Ki67+ cells. (b) The number of Ki67+ cells expressing NG2 were quantified in
the injection site. PAR1 agonist injection significantly increased the number in dividing NG2
cells. (c) The total number of Ki67+ cells was also quantified in the injection sites revealing
a significant increase in overall proliferation in PAR agonist-injected tissue compared to
PBS control. ***p < .001 t-tailed #test
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FIGURE 3.
OPC:s closely intermingle with macrophages after spinal cord injury. Single channel and

merged confocal images from ventral white matter bordering the lesion (*) immunolabeled
for NG2 (red) (a) and Cd11b (green) (2’). The merged image (2”) is counterstained with
Dapi (blue) and the ventral pial border is outlined in white. NG2+ OPCs and their processes
are commonly adjacent to macrophages (examples indicated by arrowheads). This section is
taken from the lesion epicenter at 14 days postinjury
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FIGURE 4.
New myelin (GFP+) is present extensively throughout white matter after SCI. Reporter mice

(Pdgfra-CreER™?: Tau-mGFP) were treated with tamoxifen during the second week
postinjury and spinal cords examined at 5 weeks postinjury. In these mice, tamoxifen
induces membrane GFP expression by newly formed oligodendrocytes. Since the Tau
promoter is only active after OPCs differentiate into oligodendrocytes, only
oligodendrocytes born after tamoxifen treatment are labeled (and not OPCs). These results
indicate the new oligodendrocytes and myelin were formed between 3 and 5 weeks after
SCI. Single channel confocal images are from sections immunolabeled for GFP (myelin, a)
and the oligodendrocyte cell body marker GSTpi (red, a’); merged confocal images are
shown in a”. Since the GFP is membrane labeled, myelin profiles are visible (arrowheads).
Asterisk on image refers to the SCI lesion cavity
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FIGURE 5.
Axonal node of Ranvier disruption is present chronically in the injured mouse spinal cord.

Nodes are identified by Kv1.2+ segments (green) flanking Caspr+ segments (red). Axon
neurofilaments are labeled with blue. (a) Confocal z-stacks of longitudinal sections from
naive spinal cords showing normal nodes of Ranvier. (b) White matter bordering SCI lesion
sites at 6 months postinjury reveal marked spreading of Caspr and Kv1.2, an indication of
demyelination. Pial border is at the top of the section in b-b”. Box in a,b shown at higher
power ina’, b’. Boxes in a’, b’ shown at higher power in a” and b”. (a’-b”) lon channel and
Caspr spreading indicated by arrowheads in b”. Scale bars (a-b”) 25 ym, (a”, b”) 10 ym
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