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Abstract

Glial cell types were classified less than 100 years ago by del Rio-Hortega. For instance, he correctly surmised that microglia in
pathologic central nervous system (CNS) were “voracious monsters” that helped clean the tissue. Although these historical
predictions were remarkably accurate, innovative technologies have revealed novel molecular, cellular, and dynamic physiologic
aspects of CNS glia. In this review, we integrate recent findings regarding the roles of glia and glial interactions in healthy and
injured spinal cord. The three major glial cell types are considered in healthy CNS and after spinal cord injury (SCI). Astrocytes,
which in the healthy CNS regulate neurotransmitter and neurovascular dynamics, respond to SCI by becoming reactive and
forming a glial scar that limits pathology and plasticity. Microglia, which in the healthy CNS scan for infection/damage, respond
to SCI by promoting axon growth and remyelination—but also with hyperactivation and cytotoxic effects. Oligodendrocytes and
their precursors, which in healthy tissue speed axon conduction and support axonal function, respond to SCI by differentiating
and producing myelin, but are susceptible to death. Thus, post-SCI responses of each glial cell can simultaneously stimulate and
stifle repair. Interestingly, potential therapies could also target interactions between these cells. Astrocyte—microglia cross-talk
creates a feed-forward loop, so shifting the response of either cell could amplify repair. Astrocytes, microglia, and
oligodendrocytes/precursors also influence post-SCI cell survival, differentiation, and remyelination, as well as axon sparing.
Therefore, optimizing post-SCI responses of glial cells—and interactions between these CNS cells—could benefit neuroprotec-
tion, axon plasticity, and functional recovery.
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Introduction

Glial cells—non-neuronal cells that populate the nervous sys-
tem—have critical roles in health and disease. Recounting the
initial discovery and classification of these cells offers a
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fascinating historical perspective [1]. The presence of non-
neuronal substance in the central nervous system (CNS) was first
postulated in the mid-nineteenth century, when Virchow [2] pre-
dicted the presence of CNS connective tissue. Although his
drawings did not definitively show non-neuronal cells,
Virchow observed that the connective tissue of the brain differed
from that of other organs. He called this unique tissue of the CNS
“Nervenkitt,” or neuroglia. In turn, Golgi (1885-1886; see
Somjen [1]) used his precise silver staining techniques to identify
CNS cells that lacked axon projections and appeared non-neuro-
nal. Glial cells were classified gradually over the following
40 years: Ramon y Cajal identified fibrous and protoplasmic cells
as astrocytes; later, Ramon y Cajal’s protégé del Rio-Hortega
revealed the presence of interfascicular glia (oligodendrocytes)
and microglia. Indeed, some of del Rio-Hortega’s remarkable
drawings from the 1920s and 1930s depicted microglia in
healthy tissue (described as “bodyguards [that] extend their ten-
tacles in every direction”) and in tissue with encephalitis (de-
scribed as “voracious monsters” and “valuable assistants in
cleaning the tissue”) [1, 3].
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Now, a century later, we continue to ask: What are glia, and
what are their functions in health and disease?

In this review, we will first discuss how glia and other
non-neuronal cells function in the healthy CNS. Next, we
will consider the beneficial and detrimental roles of glial
cells, and their interactions, after spinal cord injury (SCI).
Finally, we will discuss how glial cell responses and in-
teractions can be manipulated to improve nervous system
repair. Overall, this review will first highlight key active
roles of non-neuronal cells in maintaining CNS homeosta-
sis; it will then emphasize the importance—and therapeu-
tic potential—of optimizing glial responses and interac-
tions after SCI.

Glia and Vascular Cells: Heterogeneous Cells
that Maintain Homeostasis in the Healthy CNS

Glial cells are non-neuronal cell types that reside in the
nervous system to support and enable effective nervous
system function. The focus of this review is the CNS glial
cells, which include astrocytes, oligodendrocytes and their
progenitors, and microglia. Beyond the scope of this re-
view are other related cell types: nonglial CNS-resident
cells include vascular cells such as endothelial cells and
pericytes [4, 5], peripheral nervous system (PNS) glia in-
clude Schwann cells and satellite cells (reviewed by [6, 7]).
In this section, we will focus on the roles of glial cells in
the healthy spinal cord.

Although non-neuronal cell types in the neural paren-
chyma have classically been grouped under the umbrella
term “glia,” divergent developmental origin, program-
ming, and mature expression patterns highlight the fact
that these cell types are quite distinct from one another
[8]. During development, astrocytes and oligodendrocytes
both derive from ectoderm (neural tube), but emerge from
divergent dorsal-ventral regions and progenitor cells [9,
10]. In contrast, microglia populate the CNS from primi-
tive macrophage progenitors in the yolk sac [11-13].
These distinct developmental cell origins manifest as dif-
ferences in the adult as well: recent studies using modern
techniques (e.g., cell sorting, RNA sequencing) have
established that disparate glial cell types have widespread
differences in protein/gene expression signatures [14—16].
Interestingly, even within a cell type, there exist differ-
ences in phenotype by brain region. For instance, based
on microarray profiles, cerebellar microglia are quite dif-
ferent from cortical microglia, whereas cortical and
striatal microglia are relatively similar [17]. Thus, in
studying CNS health and pathology, researchers should
consider the heterogeneity of cells—both between cell
types and between CNS regions.
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Astrocytes: Ubiquitous Cells that Enable Effective CNS
Signaling and Function

Astrocytes constitute ~20—40% of all cells in the mammalian
CNS [18]. These cells have a “bushy” morphology, and indi-
vidual astrocytes maintain distinct territories from one anoth-
er—individually labeled astrocytes tile among each other in
three-dimensional space and display minimal overlap [19, 20].
Subtypes of astrocytes have been identified in the white matter
(protoplasmic) and the gray matter (fibrous) [21]. Astrocyte
processes are complex, and they interact with nearly all cell
types and structures throughout the brain. Given their ubiqui-
tous distribution and extensive network of processes, these
cells are ideally suited for CNS-wide support of homeostatic
mechanisms [20]. Indeed, astrocytes control neuron activity
and health through neurometabolic coupling (dynamically
linking blood flow and energetics to local neuron needs; [22,
23]), and by removing excess neurotransmitters, potassium,
and glutamate from the extracellular space [24-26].
Astrocytes also control delivery and removal (“paravascular
clearance”) of solutes in the cerebrospinal fluid; this requires
astrocyte expression of the water-permeable channel aquapo-
rin-4, linking astrocytic water transport to solute movement
[27]. Impaired glymphatic clearance of solutes (including
amyloid-f3) contributes to age-related cognitive decline and
possibly other neuropathologies [28]. In addition, astrocytes
have endfeet that communicate with pericytes in capillary
walls to control cerebrovascular tone [29]. Astrocytes also
modulate circuit-level transitions between brain states, such
as between sleep-wake cycles [30]. Although astrocytes are
not electrically active, they do display calcium waves that act
in a delayed and prolonged timescale compared to neuronal
action potentials [31-33]. Further, calcium waves in one as-
trocyte can be propagated to nearby astrocytes via gap junc-
tions [34-36]. Astrocytic calcium waves are observed in
awake mice during locomotion and arousal, likely via endog-
enous release of norepinephrine [37, 38]. The cellular and
physiologic importance of these calcium waves remain uncer-
tain, and highlight that we still have an incomplete under-
standing of how astrocytes broadly influence CNS function
and physiology [31]. Overall, it is becoming clear that astro-
cytes regulate CNS function from the molecular-
microenvironment level (e.g., neurotransmitter turnover) to
the physiologic level (e.g., brain states).

Microglia: Resident CNS Immune Cells that Refine
Synaptic Connections

Microglia make up 5-10% of all CNS cells. Microglia are the
main immune cell type resident to CNS parenchyma; howev-
er, other CNS macrophage types associate with CNS struc-
tures, including meningeal, perivascular, and choroid plexus
macrophages [39]. Microglial survival throughout life
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requires activation of the receptor CSFIR by one of its two
ligands, CSF-1 or IL-34 [40—42]. Effective steady-state
microglial activity is ensured by constant communication
through specific receptor systems. For instance, interactions
between CD200R (receptor expressed on microglia) and
CD200 (cell surface ligand expressed on neurons) are required
to maintain microglia in an inactivated state [43, 44].
Microglia in the healthy CNS have a ramified morphology,
and their processes dynamically scan parenchyma for signs of
infection or damage [45]. Under healthy conditions, microglia
possess minimal antigen-presenting machinery compared to
professional antigen-presenting cells (e.g., dendritic cells—
which may also reside in healthy CNS [46]) [44]. Activated
microglia upregulate a suite of proteins involved in immune
activation, such as the antigen-presenting molecule MHC II
(see below for more detail).

Although microglia are renowned for their immunocompe-
tence, these cells are also versatile orchestrators of nervous
system development and homeostatic control [39].
Microglial processes intimately interact with synapses.
Microglia use the complement system—classically defined
as an immune defense mechanism—to remove synapses and
refine circuits [47—49], and to modulate synaptic activity [50].
Further, microglia regulate and coordinate neuron activity in
the brain of mice, under healthy conditions and after cerebral
ischemia [51]. Microglia are also involved in phagocytosing
cellular [52, 53] and myelin components [54] as part of
healthy CNS maintenance. In addition, microglia have key
roles in regulating development and responses of other cells.
For instance, microglia produce trophic factors that support
neuron survival [55] and axon growth [56] during develop-
ment. Microglia also aid oligodendrocyte precursor survival
and myelination [57, 58]. Finally, microglia direct endothelial
cells to increase brain vascular complexity [59]. Thus, microg-
lia display an impressive array of functions that regulate CNS
development and homeostatic balance.

Oligodendrocytes: Myelinating Glia that Optimize
Axon Integrity, Structure, and Conduction

Oligodendrocytes are glia that myelinate axons. Myelin is a
specialized membrane that extends from glia to enwrap axon
segments, which accelerates axon conduction and supports
axonal function. Oligodendrocytes extend multiple processes
to myelinate several segments simultaneously [60, 61].
Myelin accelerates axon signal transduction by promoting sal-
tatory conduction—which is fast action potential propagation
enabled by lower membrane capacitance in the presence of
myelin (on axons > 1 um), between nodes of Ranvier (short,
myelin-free axon segments with high ion channel density)
[62, 63]. Interestingly, myelin sheath length is intrinsically
programmed in oligodendrocytes by region: spinal cord oli-
godendrocytes produce longer myelin sheaths than cortical

oligodendrocytes [64]. Individual axons may modify the
myelination process via neuregulin-1 type III [65, 66] and
Fyn kinase [67] signaling.

Although oligodendrocytes are known for their ability
to myelinate, these cells have other key active roles in the
CNS (see McTigue and Tripathi [68]). Oligodendrocytes
preferentially myelinate larger-caliber axons; in turn, the
myelination process feeds back to further increase axon
diameter [69]. Myelination and oligodendrocytes are also
required to initiate and maintain sodium channel clustering
in the nodes, which is essential for saltatory conduction
[63, 70]. In addition, oligodendrocyte and myelin contact
on axons ensures effective transport of cytoskeletal com-
ponents [71]. Recent data reveal the existence of oligoden-
drocyte—axon metabolic coupling: oligodendrocytes pro-
duce and use lactate, but can also supply lactate to axons
[72, 73]; similarly, oligodendrocyte glucose uptake is
linked to neuron activity and supports action potential
propagation [74-76]. Finally, axons and their cell bodies
require oligodendrocytes for trophic support: removing
key CNS myelin proteins elicits axon degeneration [77],
and oligodendrocyte-derived growth factors support sur-
vival of several neuron populations [68, 78, 79] (although
note that these trophic support studies were completed
in vitro; future work should establish whether oligodendro-
cytes support neuron survival in vivo). The wide-ranging
roles of oligodendrocytes in the healthy CNS suggest that
they likely influence physiologic function. Indeed, ablating
oligodendrocytes caused secondary axon damage in the
CNS, which was associated with early-onset and long-
lasting neuropathic pain symptoms (cold and mechanical
pain), as well as motor deficits [80]. Thus, oligodendro-
cytes and axons have an intimate, active relationship that
enables steady-state axon integrity, structure, and conduc-
tion—and ultimately influences animal physiology and
behavior.

Oligodendrocytes are derived from oligodendrocyte pre-
cursor cells (OPCs). OPCs (or “NG2" cells”) are progenitor
cells that migrate and differentiate from neuroepithelial layers
during development (for details, see van Tilborg et al. and
Bergles and Richardson [10, 81]. In the adult CNS, OPCs
are the main proliferative cell type and constitute ~ 5% of all
cells [82, 83]. OPCs have a lattice-like distribution throughout
the healthy CNS parenchyma; these cells constantly divide
and are removed to maintain cell density. OPCs exhibit exqui-
site homeostatic control of cell density: loss of a single OPC—
by differentiation, ablation, or apoptosis—causes a nearby
OPC to rapidly divide to replace the lost OPC [84]. In this
manner, tiled OPCs may be optimally distributed to differen-
tiate or (re-)myelinate in response to local requirements [81].
Although NG2* OPCs predominantly generate oligodendro-
cytes [85, 86], they can differentiate into other cell types in-
cluding neurons [87, 88].

@ Springer



A. D. Gaudet and L. K. Fonken

Glial Cell Responses to Spinal Cord Injury

SCI causes peri-lesional glial cells to robustly alter their pheno-
types and activities. Whereas spinal astrocytes typically regulate
neurotransmitter availability and blood flow, post-SCI reactive
astrocytes form a glial scar that limits both lesion expansion and
axon regeneration. Whereas microglia in healthy spinal cord
scan for pathogens and control synapse density, post-SCI mi-
croglia can promote plasticity, yet also become hyper-activated
for prolonged periods and worsen damage. Whereas OPCs and
oligodendrocytes in healthy spinal cord maintain effective axon
conduction through myelination and trophic support, post-SCI
OPCs and oligodendrocytes attempt to proliferate and
remyelinate damaged axons.

Thus, SCI elicits both reparative and unproductive re-
sponses from each glial cell type. These responses shift over
time (Fig. 1) and are defined by spatial location (Fig. 2) rela-
tive to the lesion. In this section, we detail glial cell responses
to SCI, and how these characteristic responses help or hinder
spinal cord repair.

POST-SPINAL CORD IN

HEALTHY

Astrocytes React to SCI by Forming a Glial Scar,
Which Limits Both Secondary Damage and Axon
Regeneration

Neuropathology causes astrocytes to take on a stereotypic
suite of molecular, morphologic, and functional changes that
together constitute “astrogliosis” (formed by “reactive” astro-
cytes) [89]. Astrogliosis after SCI exists along a gradient of
intensity defined by the injury severity, time postinjury, and
relative spinal location of astrocytes to the lesion epicenter
[90, 91]. The most minor signs of astrogliosis include modest
molecular and morphologic changes. Reactive astrocytes be-
gin to upregulate key astrocyte intermediate filaments, includ-
ing glial fibrillary acidic protein (GFAP) (whose upregulation
is a hallmark of gliosis), and various secreted factors (e.g.,
proteoglycans, cytokines, etc.) [92]. In addition, these low-
intensity reactive astrocytes show cellular and nuclear hyper-
trophy; however, this slight stimulation induces minimal as-
trocyte proliferation and does not cause individual astrocyte
domains to overlap with one another [93]. Reactive astrocytes
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Fig. 1 Temporal dynamics of SCl-elicited glial cell activation. In healthy
CNS tissue, astrocytes, microglia, and oligodendrocytes/OPCs have key
roles in maintaining homeostasis. SCI causes primary trauma, eliciting
hemorrhage, and spreading cell death. Immediately after SCI, astrocytes,
microglia, and OPCs become activated: they proliferate, secrete cyto-
kines, and contribute to secondary damage. At acute times post-injury,
hematogenous immune cells including macrophages are recruited to the
lesion site. In addition, astrocytes, microglia, and other glial cells migrate
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toward the lesion site and the glial scar forms. At sub-acute to chronic
times post-SCI, the glial scar matures. The glial scar prevents axon plas-
ticity, but also inflammation-elicited lesion expansion. Oligodendrocytes
in perilesion zones are susceptible to cytotoxicity, but their death is par-
tially compensated for by OPC proliferation, differentiation, and
remyelination. Differentiation and remyelination by OPCs can proceed
into chronic post-SCI times
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Fig. 2 Spatial dynamics of SCl-elicited glial cell activation. At sub-acute
to chronic times post-SCI, glial cell responses have stabilized to limit
further damage and axon plasticity. Glial cells form a gradient of activa-
tion, with peak activation at or near the epicenter. Astrocytes (gold) be-
come reactive, proliferate, and contribute to the glial scar. The glial scar
limits axon plasticity, but also restricts secondary damage. Microglia and
macrophages (red) become hyperactivated for prolonged periods, and
hematogenous macrophages are recruited to the lesion epicenter.
Microglia and macrophages exacerbate secondary damage, but
microglia/macrophage-derived factors can also promote axon growth
and remyelination. Oligodendrocytes and oligodendrocyte precursor cells
(OPCs) (purple) are susceptible to cytotoxicity. OPCs can differentiate

exposed to moderate-to-severe local stimuli show more robust
upregulation of GFAP, exaggerated hypertrophy, and upregu-
lated secretion of cytokines (e.g., TGF-f3, IL-1f3, IL-6) and
other factors (e.g., COX-2, iNOS, S100(3) [90]. Further, these
astrocytes proliferate and begin to impinge on each other’s
parenchymal domains [91, 94]. The most robust astrogliosis
is observed in the area surrounding the frank lesion: SCI-
elicited blood-brain barrier breakdown and inflammation
cause reactive astrocytes to proliferate, migrate, and align to
contribute to a glial scar that surrounds the lesion (see Cregg
et al. [95]). This glial scar forms between 5 and 14 days post-
SCI in rodents [96], and remains intact throughout chronic
SCI stages in rodents [96] and humans [97]. Perilesional re-
active astrocytes—along with other cells such as fibroblasts
and OPCs—form a mesh-like entanglement that creates a
physical barrier, and they secrete various molecules that shape
later inflammatory and repair processes [95] (Fig. 3).

Astrocytes: Beneficial Roles in SCI Repair

Reactive astrocytes near the lesion have roles that are both
beneficial and detrimental to SCI repair. First, beneficial

Axon with
endbulb

Oligodendrocyte
& myelin

Activated
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and remyelinate, but they also produce growth inhibitory factors and
contribute to the glial scar. Axons (light blue) die back from the injury
site due to interactions with microglia/macrophages and other cells; po-
tential plasticity is prevented by proteoglycans and cells present in the
glial scar (as well as a poor intrinsic growth response). Spared axons near
the lesion site can be demyelinated; these may or may not be remyelinated
by chronic times. Schematic shows relative density of glial cells (and not
other cells) to simplify presentation. Cells with deeper shading and bold
borders represent activated/reactive cells near the lesion. The close prox-
imity of several activated glial cell types highlights the importance of
understanding post-SCI glial cell reactions and interactions

effects will be considered. As in other tissues, fibrosis during
pathology was likely evolutionarily adaptive due to its tissue-
preserving (and potentially life-saving) benefits [98].
Typically, the SCI lesion epicenter contains abundant inflam-
matory cells, such as macrophages and microglia, which pro-
duce secreted factors that can exacerbate tissue damage
(“secondary damage”). Within acute times post-SCI, the le-
sion epicenter is devoid of parenchyma or surviving endoge-
nous CNS cells—many CNS cells at the lesion site will have
died through necrosis or apoptosis. The epicenter gradually
becomes surrounded and contained by the glial scar
preventing the spread of necrotic and apoptotic cell death.
The glial scar’s role in confining inflammation to the lesion
epicenter has been studied extensively by Sofroniew’s group.
Early studies showed that genetically ablating astrocytes had
severe consequences for postinjury pathology and recovery
[99-101]. Ablating astrocytes using a ganciclovir-thymidine
kinase strategy greatly worsens pathology: a simple stab
wound SCI in mice lacking astrocytes robustly worsened in-
flammation, lesion expansion, and motor dysfunction [100].
The ability of astrocytes to limit inflammatory spread requires
signal transducers and activators of transcription (STAT)-3
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Fig. 3 Astrocyte responses after SCI. Astrocytes respond soon after SCI
by becoming reactive, proliferating, and migrating toward the lesion.
Surviving astrocytes closest to the lesion reorient to form a dense
meshwork. This meshwork of cells, combined with secreted
extracellular matrix molecules such as chondroitin sulfate

signaling. STAT3 is a transcription factor that drives expres-
sion of several injury-induced cytokines and trophic factors,
including IL-6, IL-10, TGF-«, EGF, LIF, and CNTF [102].
Astrocytes in uninjured spinal cord that lacked STAT3 had
typical morphology and density; however, in mice that re-
ceived L1/L2 moderate crush injury, conditional deletion of
STAT3 in astrocytes prevented typical scar formation and ex-
acerbated inflammation, lesion expansion, and motor dys-
function [94, 96]. Disrupting scar formation by ablating astro-
cytes or by removing astrocyte STAT3 also prevented growth
factor-elicited axon regeneration [103, 104]. Limiting
astrogliosis or removing astrocytes can be detrimental in other
models of CNS pathology, including ischemia and experimen-
tal autoimmune encephalomyelitis [105, 106]. It is notable,
however, that specific aspects of SCl-elicited astrogliosis
worsen inflammation [107, 108]. Indeed, a recent compelling
study highlighted the complex nature of post-SCI astrocyte
dynamics: mice lacking the complement factor C5a receptor
showed initial locomotor improvements at 7 days post-SCI,
but had worsened recovery at chronic times versus wild-type
mice; early improvements in deficient mice were associated
with reduced astrocyte proliferation and epicenter inflamma-
tion [109]. This suggests that future preclinical and therapeutic
strategies should consider the complex temporal dynamics of
glial scar formation. Overall, these studies suggest that scar-
forming astrocytes can help restrict the spread of toxic aspects
of inflammation, thereby preventing lesion expansion and fur-
ther loss of function.

Astrocytes: Detrimental Roles in SCI Repair

Astrocytes also have detrimental roles after SCI. The physical
and molecular properties of the scar limit the spread of toxic
inflammation, but they also prevent axon regrowth. Densely
packed astrocytes present a physical barrier to regenerating
axons ([96]; however, simply removing the scar may not be
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useful—see above and [104]). SCI-elicited breakdown of
scaffolding in the extracellular matrix (ECM) likely softens
tissue and contributes to regeneration failure [110, 111]. In
addition, pioneering research in the 1980s and 1990s by
Silver’s group established that scar-localized astrocytes gen-
erate a long-lasting molecular barrier to axon regeneration.
Early in vitro studies suggested that mature astrocytes form
an entangled scaffold that prevents axon extension and that
sulfated proteoglycans are inhibitory to neurite outgrowth
[112—114]. Soon after, chondroitin sulfate proteoglycans
(CSPGs) and extracellular proteins called tenascins in the scar
were identified as local inhibitors of axon growth [115].
Indeed, inhibiting CSPGs using antibodies improved neurite
growth on glial scars in vivo [116]. CSPGs are deposited into
the ECM within 24 h of SCI, and remain around the epicenter
for months postinjury [117].

An especially effective strategy for attenuating CSPG in-
hibitory activity occurs by removing glycosaminoglycan
(GAG) side chains (see [110, 118]). CSPGs are composed of
a protein core with attached GAG side chains; GAGs can be
removed using the bacterial enzyme chondroitinase ABC
(ChABC). Bradbury et al. [119] found that ChABC treatment
after C4 dorsal column crush lesion improved corticospinal
axon regeneration, functional axon reconnection (using elec-
trophysiology), and recovery of sensorimotor function (tape
removal and walking tests). This initial work led to a flood of
research highlighting the widespread effects of ChABC as a
treatment for SCI (current number of PubMed results for
“chondroitinase ABC spinal cord injury” = 185).
Subsequent studies have shown that ChABC promotes plas-
ticity of various axon systems, including primary afferents
[120, 121] and descending axons derived from brainstem nu-
clei [122, 123]. ChABC also affects the response of non-
neuronal cells: ChABC reduces lesion size and causes epicen-
ter macrophages to take on a less damaging, anti-
inflammatory phenotype [124], and ChABC relieves CSPG-



Glial Cells Shape Pathology and Repair After Spinal Cord Injury

dependent inhibition of OPC recruitment and morphological
differentiation [90, 125]. In addition, ChABC has been used
recently in effective combinatorial strategies. Combining
ChABC with peripheral nerve graft and growth factors or
other treatments increases post-SCI axon plasticity and recov-
ery in various rodent SCI models, including after chronic SCI
[103, 126—-129]. Although challenges related to ChABC safe-
ty and delivery have delayed clinical trials in humans [130],
these studies using ChABC underscore the potential of mod-
ulating the glial scar for effective stand-alone or combinatorial
SCI therapies.

Additional research has revealed CSPG-specific recep-
tors that mediate axon growth inhibition [131]. Disrupting
signaling by either receptor protein tyrosine phosphatase
(PTP)-o [132, 133] or leukocyte common antigen-related
phosphatase [ 134, 135] improved the post-SCI regenerative
capacity of CNS axons; however, corticospinal axon regen-
eration beyond the scar with these treatments was limited
suggesting persistent inhibitory signaling via unidentified
CSPG receptors, additional extrinsic factors (e.g., myelin-
associated inhibitors), and/or an insufficient neuron-
intrinsic growth response. CSPGs also indirectly activate
an EGFR-dependent pathway in neurons to inhibit axon
growth [136, 137]. Dampening intracellular signaling path-
ways within reactive astrocytes also shows promise: in-
creasing the microRNA miR-21, which likely limits activa-
tion of several intracellular signaling pathways, reduced
astrogliosis and improved axon plasticity [138].

Thus, reactive astrocytes in the glial scar have beneficial
roles—they help confine toxic elements to the epicenter and
limit secondary damage—and detrimental roles—they pro-
duce molecules and matrix that prevent axon plasticity and
limit post-SCI repair. Unmodified post-SCI astrocyte re-
sponses can be deleterious to OPC and neuron survival, and
may further activate microglia (discussed below). Another
intriguing and under-studied possibility is that activated peri-
lesional astrocytes become “preoccupied” with pathology and
neglect their typical homeostatic roles, thereby incidentally
exacerbating cell damage and death. Ultimately, effective
treatments related to astrogliosis will not completely ablate
cells or the scar indiscriminately; rather, therapies will involve
a more nuanced approach that modifies the glial environment
at an optimal postinjury time to promote axon regrowth and
remyelination, while maintaining a barrier against lesion
expansion.

Activated Microglia (and Macrophages)
Around the Lesion Secrete Factors that Promote
Plasticity and Toxicity

Given that microglia are the main CNS-resident immune cell
type, it follows that they are strongly activated by spinal cord
trauma. Indeed, microglia activation state is tightly linked to

the absence or presence of immunomodulatory factors in the
CNS microenvironment. Trauma (or other pathology) causes
build-up of excess extracellular damage-associated molecular
patterns (DAMPs). DAMPS include proteins (e.g., hemoglo-
bin and its products), purine metabolites (e.g., ATP), RNA,
and DNA that are either typically found inside the cell (so
once released extracellularly, they signal that damage has oc-
curred) or are factors that are actively secreted to initiate in-
flammation [139-143]. These DAMPs bind to pattern recog-
nition receptors, such as toll-like receptors, which can strongly
activate microglia [7, 144]. In addition, SCI elicits massive
upregulation of other secreted factors, such as cytokines, that
bind cell surface receptors to further activate microglia. Post-
SCI immune receptor activation causes microglia to engage
signaling pathways that upregulate transcription factors, im-
munomodulatory receptors, and secreted factors, which con-
stitute a robust pro-inflammatory response that amplifies in-
flammation and exacerbates pathology (secondary damage)
[145]. As with astrocytes, microglia show graded activation
phenotypes after SCI: inactivated microglia are ramified, with
many long and fine processes; “primed” microglia do not
secrete appreciable amounts of pro-inflammatory factors but
show morphological evidence of activation and are molecu-
larly sensitized by prior stimulation for a robust inflammatory
response; moderately activated microglia show hypertrophy
with shorter processes and induced inflammatory factor ex-
pression; and strongly activated microglia take on an amoe-
boid (spherical) morphology in parallel with a robust molec-
ular inflammatory response. It is likely that perilesional mi-
croglia migrate and proliferate in the lesion epicenter to form
strongly activated microglia; however, these hyperactivated
microglia are nearly indistinguishable from hematogenous
macrophages, which are likely more prevalent in the lesion
epicenter. Indeed, hematogenous macrophages—which have
no access to the healthy adult CNS—invade the lesion site
after SCI, attracted by chemotactic factors and by the break-
down of the blood—brain barrier (BBB) [146]. These recruited
macrophages (and microglia) make up a significant proportion
of cells in the lesion epicenter within 7 days post-SCI [147],
and remain within the lesion site into chronic postinjury times
in rodents and humans. Like microglia, macrophages display
plastic responses that depend on factors present in their local
milieu. (Other immune cells infiltrate the epicenter as well, but
are beyond the scope of this review; see Anwar et al. [148].)

Macrophage responses to CNS injury can be better under-
stood by first considering the immune response in the periph-
ery (non-CNS tissue). How does a healthy peripheral macro-
phage response proceed? After injury in the periphery (e.g.,
injury to skin or peripheral nerve), recruited macrophages take
on a transient pro-inflammatory phenotype that involves re-
lease of cytotoxic molecules that sterilize the wound.
Although these cytotoxic factors also cause bystander damage
of tissue, this pro-inflammatory portion of the response helps
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remove pathogens and is temporary [149, 150]. After 1 week,
the response shifts toward a more anti-inflammatory prolifer-
ative response—this involves the release of anti-inflammatory
molecules that help remodel, repair, and regenerate the periph-
eral tissue. During the final remodeling phase (within weeks),
inflammation is resolved as excess immune cells are removed
via apoptosis or the circulation (see Gaudet et al., Gensel and
Zhang, and Novak and Koh [7, 151, 152]).

Unfortunately, the remarkable effectiveness of the periph-
eral immune response is not recapitulated in the adult mam-
malian CNS. The immune response to injury in non-CNS
tissue successfully sterilizes, remodels, and repairs the wound
within weeks [7, 153]. In contrast, inflammation begins soon
after SCI, and a disproportionate pro-inflammatory response
persists into chronic phases [154—158] without appreciably
enhancing tissue repair or functional recovery. Given that
microglia/macrophages display phenotypic plasticity in time
based on local conditions [159], it appears that the chronic SCI
environment promotes and maintains exaggerated pro-
inflammatory microglia/macrophage polarization. In this sec-
tion, we describe these differences, and consider the beneficial
and detrimental aspects of post-SCI microglial/macrophage
responses (Fig. 4).

Microglia and Macrophages: Beneficial Roles in SCI Repair

The microglial and macrophage response to SCI has benefi-
cial aspects [160]. Activated microglia and macrophages pro-
duce factors that encourage axon growth. Intraspinal injection
of the inflammatory stimulus zymosan, which activates mac-
rophages and microglia, destroyed axons around the injection

SCl

Microglia Activated microglia
- Scan CNS - Proliferate
for pathology - Migrate

- Edit synapses - Robust inflammation

Fig. 4 Microglial responses after SCI. Microglia respond to SCI in
graded manner; they proliferate, produce cytokines, and orchestrate a
massive inflammatory response. Microglia help break down the blood—
brain barrier, which enables leukocyte infiltration of the lesion epicenter.
Aspects of the microglial response to injury are maladaptive—they cause
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site [161]. Interestingly, transplanted GFP™ neurons showed
increased axon growth toward the area of macrophage activa-
tion [161], suggesting these activated macrophages have con-
comitant growth-promoting and neurotoxic properties. When
dystrophic adult axons contact activated microglia or macro-
phages, retraction is induced (axon dieback; [162, 163]). This
suggests that microglia/macrophages promote axon growth
from a distance, but can suppress axon growth or maintenance
upon contact.

Our recent data using a novel co-culture system underscore
that macrophages can support axon growth and neuron sur-
vival. Adult dorsal root ganglion neurons survived and ex-
tended neurites on macrophages (in the absence of laminin
or any other substrate coating the wells) [164]. Pro-
inflammatory macrophages—which model the cell type found
in the SCI epicenter—were less growth-supportive and more
cytotoxic, whereas anti-inflammatory macrophages enhanced
neurite outgrowth. This highlights that shifting post-SCI po-
larization of microglia and macrophages could help support
axon plasticity after SCI.

Beneficial aspects of inflammation can be harnessed by
activating specific microglia/macrophage receptors and intra-
cellular signaling cascades, or by promoting release of repar-
ative molecules. Activating the immune receptor toll-like re-
ceptor 2 (which is expressed on microglia/macrophages as
well as other resident CNS cells) increased post-SCI inflam-
mation, yet also reduced secondary damage and axon dieback
[161, 165]. Spinal cord-infiltrating macrophages may also se-
crete protective factors, such as the anti-inflammatory cyto-
kine interleukin-10 [166], and boosting release of protective
molecules would be advantageous. In addition, MMP-2,
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% @ - Elicit secondary damage
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cytotoxicity, axon dieback, and demyelination—while other aspects are
reparative—microglia can elicit axon growth and remyelination. Post-
SCI microglia also produce myriad cytokines and trophic factors to influ-
ence nearby CNS glial cells
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which is upregulated during wound remodeling at 7-14 days
post-SCI, is beneficial for SCI recovery: MMP-2-deficient
mice showed exacerbated lesion expansion, scar formation,
vascular instability, and locomotor deficits [167, 168].

Microglia and Macrophages: Detrimental Roles in SCI Repair

Unlike the PNS macrophage response, the CNS microglial/
macrophage response is ineffective at repair or resolution.
Early studies by Popovich and colleagues highlighted a role
for macrophages in spinal cord repair. Microglia and macro-
phages were found in the lesion epicenter at 3—7 days post-
SCI [169]. Depleting macrophages in rats using acute
clodronate treatment improved tissue pathology (with minor
locomotor improvements) [170], and activating microglia/
macrophages (and other glial cells) in the healthy spinal cord
using zymosan created an inflammatory lesion [171]. Thus,
microglial/macrophage activation appeared necessary to cre-
ate typical post-SCI tissue pathology and sufficient to cause
lesions in uninjured spinal cord.

More recently, it has become clear that the post-SCI pheno-
type of microglia/macrophages (not just their presence or ab-
sence) helps define extent of pathology. Unlike macrophages
in the periphery, microglia/macrophages in the CNS do not
switch to a reparative phenotype that leads to resolution of
inflammation. At 7 days post-SCI, lesion-localized microglia/
macrophages displayed a balance between pro- and anti-
inflammatory phenotypes; however, by 28 days post-SCI (a
chronic time in rodents), microglia/macrophages expressed
predominantly pro-inflammatory markers and persisted in the
lesion [159]. When in vitro-transformed anti-inflammatory
macrophages were injected into the SCI environment, they
rapidly switched to a pro-inflammatory phenotype [159].
Thus, the environment of the injured CNS signals to cognate
microglia/macrophages to take on a persistent, and ultimately
damaging, pro-inflammatory phenotype [159, 172].

Emerging technologies are increasingly effective at delin-
eating post-SCI microglia and macrophage responses. Using
mice expressing enhanced green fluorescent protein (EGFP)
on a lysozyme M promoter (EGFP expressed in macrophages,
but not microglia; however, note that lysozyme M is also
expressed by neutrophils [173]), Greenhalgh and David
[174] found that microglia were responsible for early (1—
3 days) post-SCI phagocytosis, whereas macrophages were
the major phagocytic cell from 7 to 42 days post-SCI.
Interestingly, microglia were better at clearing intracellular
phagocytosed debris; macrophages contained persistent
phagocytic debris and were more susceptible to apoptotic
and necrotic cell death. Another distinction is that macro-
phages, but not microglia, showed SCl-elicited upregulation
of the anti-inflammatory enzyme arginase-1 [175]. In a mouse
model of multiple sclerosis (called experimental autoimmune
encephamyelitis), preventing infiltration of hematogenous

macrophages (by using parabiosis donors lacking the chemo-
kine receptor Ccr2) substantially ameliorated disease progres-
sion and severity [176]. This suggests that infiltrating macro-
phages in particular could worsen the course of neurologic
diseases, and that microglia and macrophages can have dis-
tinct responses during pathology [177]. Recent research has
identified other microglia-specific markers, including Salll,
Ferls, and P2ry12 [41, 178]. Future studies should use these
and other tools to compare post-SCI responses of microglia
versus macrophages.

Improving the resolution or reparative capacity of post-SCI
microglia/macrophages can benefit spinal cord repair.
Intraperitoneal treatment with the pro-resolution mediator
Maresin 1 shifted intraspinal microglial/macrophage re-
sponses toward an anti-inflammatory phenotype; this im-
proved phagocytosis, neuroprotection, and locomotor recov-
ery [179]. Reducing early SCl-induced expression of specific
matrix metalloproteinases (MMP-9 or MMP-12), which are
enzymes that degrade extracellular proteins and remodel the
environment, better preserved BBB integrity and improved
neuroprotection, locomotor recovery, and bladder function
[146, 180—182]. Shifting the microglia and macrophage SCI
response toward an anti-inflammatory phenotype can also be
protective. Genetic deletion of the pro-inflammatory cytokine
TNF increased post-SCI anti-inflammatory markers arginase-
1 and CD206, and led to improved locomotor recovery in an
open field [172]. Similarly, inhibiting the NOX enzyme—
which increases release of reactive oxygen species—reduced
post-SCI oxidative stress, pro-inflammatory microglia/
macrophage polarization, miroglial/macrophage density, and
locomotor deficits [183, 184].

Another promising neuroprotective approach is to mod-
ulate key upstream regulators of CNS macrophage polari-
zation. To that end, our group studied a critical pro-
inflammatory microRNA, miR-155. microRNAs act by
binding to complementary oligonucleotide regions in the
3’ untranslated region of specific mRNAs to cause their
downregulation or degradation; miR-155 targets several
anti-inflammatory mRNAs, including SHIP-1, C/ebpb,
and others, and contributes to inflammatory disorders
[185-187]. Indeed, our group found using microarrays that
miR-155 is required for a strong induction of pro-
inflammatory macrophage polarization [188]. miR-155 al-
so drives pro-inflammatory polarization of microglia [189,
190]. When co-cultured with dorsal root ganglion neurons,
miR-155 knockout macrophages better supported axon
growth and neuron survival [164]. These results corrobo-
rated with our in vivo findings: miR-155 knockout mice
with SCI showed improved regeneration of CNS axons,
neuroprotection, and locomotor recovery [164]. Thus, a
more reparative inflammatory response may be created by
targeting microRNAs or other key microglia/macrophage
signaling hubs.

@ Springer



A. D. Gaudet and L. K. Fonken

Therefore, post-SCI activated microglia/macrophages pro-
duce cytotoxic factors that cause secondary damage; a
prolonged and exaggerated pro-inflammatory response hin-
ders tissue repair and resolution of the immune response.
Revealing novel therapies that shift the microglial/
macrophage response to preferentially stimulate beneficial im-
mune effects could help repair the injured spinal cord.

Oligodendrocytes and OPCs After SCI Are Susceptible
to Apoptosis, but Also Have the Ability to Repopulate,
Remyelinate, and Communicate

SCI-induced oligodendrocyte death in rat occurs within
15 min and oligodendrocytes continue to die for at least
3 weeks [191-194]. After contusion SCI in rat, there was a
50% decrease in OPC and a 93% decrease in oligodendrocyte
numbers in the lesion epicenter [195]. Oligodendrocytes suc-
cumb to apoptotic or necrotic death via several post-SCI pro-
cesses [68]: ischemia and oxidative damage, with oligoden-
drocytes being particularly sensitive [196, 197]; glutamate- or
ATP-elicited excitotoxicity, which can elicit in oligodendro-
cytes toxic accumulation of exorbitant calcium [198-200];
pathologic lipid signaling, which can activate cell death path-
ways [201]; and an extreme inflammatory environment,
which includes cytokines that can kill oligodendrocytes di-
rectly or indirectly (see [191]).

Within hours of SCI, degenerating myelin and loss of my-
elin proteins has been observed [202], and demyelination oc-
curs within 2 weeks post-SCI in rodents and cats [203, 204].
Similarly, humans with chronic SCI present with variable
amounts of demyelination in the lesion penumbra [205].
Therefore, demyelination of spared axons in the lesion border
could restrict axon conduction and contribute to post-SCI
functional deficits.

OPCs in the adult mammal have the ability to proliferate,
differentiate, and remyelinate [78, 206]. Indeed, groundbreak-
ing studies by Richard and Mary Bunge showed that
remyelination occurs after demyelinating lesion ([207, 208];
see Bunge and Bunge [209]), and that a population of small
glia proliferate and form remyelinating cells [210]. These
remyelinating progenitors proliferate in response to demyelin-
ation, but not in a purely inflammatory lesion [211]. Recent
data suggest that CNS remyelination by oligodendrocytes and
Schwann cells is a dynamic and protracted process: newly
generated myelin after SCI initially forms thinner and shorter
sheaths, but these expand and extend over time to form myelin
similar to control myelin [212-215].

SCI causes OPCs to become activated, which includes
shortening of the cell cycle, altered cell morphology (stub-
by, thicker branches, and cell hypertrophy), and accumula-
tion of the cells into a dense cellular meshwork surround-
ing the lesion site [216]. McTigue’s group and others have
revealed that post-SCI OPCs proliferate and offer modest
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intrinsic replenishment of endogenous oligodendrocytes
(see [191]). NG2" OPCs showed significant proliferation
in and near the lesion at 1, 2, and 4 (but not 10) weeks post-
SCI [195]. Interestingly, despite proliferation, the absolute
number of NG2* cells did not increase in parallel, suggest-
ing that proliferating OPCs replenished the population but
was likely balanced by cell death [195]; although note that
other cells such as pericytes and macrophages can express
NG2 [217]. In the perilesional area, OPCs proliferated par-
ticularly in the first week post-SCI and differentiated into
mature oligodendrocytes [218]. Others have shown that
SClI-elicited OPC increases were sustained for at least
42 days [219]. Although most new oligodendrocytes are
generated after SCI from OPCs, some are derived from
ependymal cells [220, 221].

As discussed above, oligodendrocytes and OPCs after SCI
are often considered to respond to other cells as passive by-
standers—rather than active players—but accumulating evi-
dence suggests a more active role for these cells in beneficial
and detrimental processes after SCI (Fig. 5).

Oligodendrocytes and OPCs: Beneficial Roles in SCI Repair

Several manipulations can improve post-SCI oligodendro-
cyte differentiation and remyelination (for comprehensive
review, see Plemel et al. [78]). Major approaches include
cell transplantation and promoting endogenous repair.
Remyelination can be improved by transplanting various
cells types; cell transplants that encourage oligodendrocyte
differentiation and remyelination can enhance spinal cord
repair and neurologic recovery [222]. Transplant of human
embryonic stem cell-derived OPCs improved
remyelination and locomotor recovery. Indeed, OPCs
transplanted into rats at 7 days (but not 10 months) post-
SCI integrated and migrated in tissue, and differentiated
into oligodendrocytes to promote remyelination [223].
Similarly, transplant of mouse neural precursor cells (sup-
ported by concomitant growth and immunosuppressive
factor treatment) into the injured rat spinal cord supported
remyelination and functional recovery when transplanted
at 2 but not 8 weeks post-SCI [224]. Transplanted cells
could encourage recovery through direct myelination by
transplanted cells, but also by producing factors that mod-
ulate other key physiologic processes (e.g., endogenous
myelination, gliosis, inflammation, etc.). Issues related to
cell transplantation (e.g., immunosuppression or un-
checked cell division [78]) could be circumvented by iden-
tifying and using efficacious transplant-derived molecular
constituents. In a model of multiple sclerosis, the benefi-
cial effects of mesenchymal stem cell treatment were reca-
pitulated by delivering a single key secreted factor, hepa-
tocyte growth factor [225]. Similar strategies could be used
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Fig. 5 OPC and oligodendrocyte responses after SCI. Oligodendrocytes
are sensitive to perturbation and can die or demyelinate after SCI.
Surviving oligodendrocytes have some inherent ability to remyelinate.
OPCs respond to SCI by becoming activated, proliferating, and
migrating to replace lost cells. OPCs can differentiate into

to discover effective transplant-derived molecules for im-
proving post-SCI repair.

Several treatment strategies could be used to promote en-
dogenous repair. Boosting OPC recruitment and
remyelination directly can be achieved by increasing spinal
levels of OPC mitogens. Transplant of fibroblasts engineered
to express the growth factors neurotrophin-3 or brain-derived
neurotrophic factor into the 2-day post-SCI rat lesion support-
ed oligodendrocyte differentiation, myelination, and axon
penetration in the graft (assessed at 10 weeks post-SCI)
[226]. Delivering the growth factor neuregulin-1 alone or in
combination with fibroblast growth factor in mice improved
post-SCI OPC proliferation, oligodendrogenesis, and neuro-
logic recovery [227, 228].

Remyelination after SCI can be improved through
myelination by Schwann cells, which typically myelinate cells
in the PNS. After SCI, the majority of Schwann cells in the
CNS are likely derived from OPCs [212, 229, 230]. Recent
data support a role for neuregulin-1 in improving myelination
by Schwann cells: neuregulin-1 deletion was associated with
deficient post-SCI remyelination by CNS-derived Schwann-
like cells, as well as worsened axon conduction and locomotor
recovery [229]. In addition, relieving inhibition of
oligodendrogenesis and myelination can benefit post-SCI out-
comes [231]. In demyelinating models, injection of myelin
impairs remyelination [232], and myelin clearance is ineffi-
cient after SCI—SCI myelin debris persists for at least 3 years
in humans [233]. Thus, rendering OPCs insensitive to extra-
cellular myelin [234] or improving phagocytic capacity of
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oligodendrocytes, and then remyelinate denuded axons. In addition,
OPCs contribute to the glial scar, where they can inhibit axon growth
(e.g., through exposure of NG2 proteoglycan) and may also enable
some plasticity. OPCs can also communicate to other glial cells to
influence post-SCI processes

immune cells [235] could expedite oligodendrocyte differen-
tiation and remyelination.

Oligodendrocytes and OPCs: Detrimental Roles in SCI Repair

OPCs respond to SCI by producing factors that can hinder
spinal cord repair [236]. NG2* cells can secrete growth-
inhibitory CSPGs neurocan and versican [237]. In addition,
the NG2 proteoglycan, which is a CSPG expressed on the
membranes of these progenitor cells, has complex roles in
axon growth after SCI. Cell surface NG2 may help entrap
axons near the lesion; axons around the lesion formed stable
synaptic-like contacts on NG2* cells and NG2 knockout SCI
mice had further axon dieback, suggesting that NG2 may help
prevent axon dieback but also limits axon extension due to
NG2’s “stickiness” [238]. In parallel, cell surface NG2 may
help promote axon regrowth [238, 239]. Regenerating axons
are more prevalent around NG2* cells [240, 241], and NG2
knockout mice show reduced plasticity of serotonergic fibers
[242].

In addition to being a cell-surface protein, NG2 can be
cleaved by MMPs and liberated into the ECM [243]; this
soluble NG2 can inhibit axon outgrowth. NG2 expression is
increased in the glial scar [244], and NG2 as a substrate in-
hibits neurite outgrowth in vitro [245]. Treatment with an
NG2 function-blocking antibody improved post-SCI axon re-
generation, conduction, and neurologic recovery [246, 247].
Thus, cell-surface NG2 may have some permissive properties,
but overall NG2 in the adult postinjury spinal cord appears to
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limit growth and entrap extending axons. Interestingly, NG2
and other CSPGs increased by SCI inhibit process outgrowth
from oligodendrocytes [125, 248], suggesting that SCI-
elicited CSPG deposition also impairs remyelination [249].
In addition, OPCs likely contribute to inflammatory reactions
that can affect SCI outcomes ([236]; see below).

Post-SCI Glial Cell Interactions

In this section, the interactions between CNS glial cells will be
considered. Although it is convenient to compartmentalize
post-SCI processes by individual cell type, it is critical to con-
sider and to study post-SCI cell—cell interactions. Cross-talk
between cell types after SCI could lead to detrimental or bene-
ficial feed-forward loops that amplify over time and could sub-
stantially alter the course of pathology. For instance, microglia
and astrocytes cooperate to shape the neuroinflammatory re-
sponse and influence oligodendrocyte dynamics. In turn, oligo-
dendrocytes and OPCs can modify neuroinflammation. Here,
we highlight how interactions between glial cell types helps
define post-SCI neuroinflammation.

A Dynamic Duo: Astrocytes and Microglia Collaborate
to Shape Neuroinflammation

Both astrocytes and microglia contribute to postinjury inflam-
mation. Microglial inflammatory responses are so intense that
they can mask astrocyte influences (e.g., even 5% microglia
contamination of astrocyte cultures has massive effect on in-
flammatory outcomes) [250]; however, there is also evidence
that astrocytes influence the phenotype of microglia. For in-
stance, astrocytes can modulate microglial responses to in-
flammatory stimuli. The bacterial cell wall component lipo-
polysaccharide (LPS) upregulates pro-inflammatory factors in
microglia but not astrocytes; however, microglia cultured with
astrocytes show even stronger increases in pro-inflammatory
factors than microglia alone [251], implying the existence of
an astrocyte-microglia feedback loop.

Several astrocyte-derived inflammatory mediators have
been identified. Astrocyte-derived galectin-9 drives microglial
secretion of the pro-inflammatory cytokine TNF [252]. In ad-
dition, reactive astrocytes with activated NFkB-dependent
transcription produce the complement factor C3; C3 acts on
microglial C3aR to induce phagocytosis during acute neuro-
inflammation, but inhibits phagocytosis during chronic neu-
roinflammation [253]. Treatment with a C3aR antagonist im-
proved phagocytosis and reduced microglial activation in a
mouse model of Alzheimer’s disease [253]; similarly, remov-
ing C3 enhanced axon growth and neuron survival after SCI
[254]. (Complement also has roles in the healthy CNS, includ-
ing amyloid-[3 plaque removal [255] and synapse remodeling
[256], highlighting the complexity and sensitivity of this sys-
tem.) Growth-associated protein 43 (GAP-43, normally

@ Springer

associated with actin cytoskeletal dynamics in intrinsic axon
growth programs) is expressed in reactive astrocytes and
GAP-43-expressing astrocyte-conditioned media-activated
microglia to be less toxic and more growth-promoting [257].
Deficiency of aquaporin-4, a water-selective membrane transit
protein, caused stimulated astrocytes to robustly upregulate
pro-inflammatory cytokines IL-13 and TNF-« and to
hyperactivate co-cultured microglia [258]. Astrocytes can also
decrease microglial adhesion [259], inflammatory gene ex-
pression [260] and co-stimulatory molecule expression [261].

Activated microglia, in turn, strongly influence astrocyte
responses. How do microglia regulate the phenotype of astro-
cytes? A recent study from the Barres group used cytokine
arrays to identify key microglial factors that induce reactive
astrocytes. Microglia-derived IL-1x, TNF, and C1q were suf-
ficient to elicit detrimental hallmarks of astrogliosis: reduced
ability to support neuron and oligodendrocyte survival, syn-
aptogenesis, and phagocytosis, and increased cytotoxicity
[262]. Several microglia-derived pro-inflammatory cyto-
kines—including IL-1f3, IL-1¢, and IL-18—are activated by
inflammasomes, intracellular conglomerates of proteins that
cleave/activate cytokines and are expressed specifically in mi-
croglia but not astrocytes [139, 263-265]. Exaggerated
microglial expression of the pro-inflammatory cytokine
TNF-o can disrupt a delicate astrocyte homeostatic mecha-
nism: TNF-« caused upregulation of astrocyte prostaglan-
din-E2, which ultimately elicited excess astrocyte release of
glutamate [266]. In turn, excess extracellular glutamate can
cause excitotoxicity [267]. Conditioned media from IL-6-
treated microglia activated inflammatory signaling in astro-
cytes and facilitated their proliferation [268]. Microglia that
produce the anti-inflammatory cytokine IL-10 act on astrocyte
IL-10R1 receptors; in turn, these astrocytes produce the cyto-
kine TGF-f3 that dampens microglial activation [269].

Overall, activated microglia and astrocytes exist in close
proximity and share overlapping inflammatory functions, so
it is difficult to delineate specific roles for each cell type. It is
important that future studies use innovative cell culture, trans-
genic, and drug delivery strategies to better understand the
individual and combined contributions of microglia and astro-
cytes. In addition, future research could systematically test the
influence of graded activation states of the two cell types and
the relationship between in vitro and in vivo phenotypes. Thus,
microglia/macrophages and astrocytes communicate with
each other, and likely collaborate in a pernicious post-SCI
feedback loop to amplify inflammation.

Astrocytes and Microglia Regulate Post-SCI
Oligodendrocyte/OPC Survival, Proliferation,
and Differentiation

After SCI, reactive astrocytes limit differentiation and
myelination by OPCs. In vitro, CSPGs prevented OPC
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process outgrowth and differentiation into mature oligoden-
drocytes [270]. Adding ChABC improved post-SCI OPC mi-
gration and differentiation [271]. Interestingly, CSPGs also
limit survival and migration of experimentally engrafted neu-
ral precursor cells [128]. In addition, post-SCI reactive astro-
cytes upregulate bone morphogenetic proteins (BMPs), which
caused OPCs to differentiate into astrocytes instead of oligo-
dendrocytes; BMPs reduced remyelination and recovery of
function [272]. Another study found that tenascin-C-elicited
quiescent astrocytes inhibited myelination, whereas ciliary
neurotrophic factor stimulated astrocytes to promote
myelination [273]. The prolonged prevalence of CSPGs and
tenascin-C in the injured spinal cord [110] suggests that astro-
cytes likely limit OPC differentiation and remyelination, and
that these processes could be improved with appropriate ther-
apeutics. Recent studies show that astrocytes activated by mi-
croglia produce soluble factors that kill oligodendrocytes and
neurons [262].

Microglia modulate post-SCI survival/death of oligo-
dendrocytes, and survival, differentiation, and myelination
by OPCs. After SCI, activated microglia promote oligoden-
drocyte apoptosis, even long distances from lesion epicen-
ter; oligodendrocyte death peaks around 8 days post-SCI
and likely contributes to demyelination of spared axons
[274]. Several microglia-derived factors have been impli-
cated in oligodendrocyte death: activated microglia in-
crease TNF-«, IL-1f3, nitric oxide and reactive oxygen spe-
cies, and extracellular glutamate, all of which can contrib-
ute (directly or indirectly) to oligodendroglial death [198,
275-279]. Upregulation of complement factors during in-
flammation can tag myelin for microglia-mediated phago-
cytosis [280-282]. Similarly, microglia can contribute to
OPC remyelination failure and toxicity [283, 284]. Focal
LPS-elicited activation of microglia-driven inflammation
caused loss of oligodendrocytes, with subsequent replen-
ishment by OPC division [285]. Indeed, while activated
microglia exacerbate oligodendrocyte/OPC death,
microglial factors have seemingly paradoxical effects by
promoting OPC proliferation, differentiation, and
remyelination [286]. Activated microglia produce a suite
of factors that promote OPC migration and remyelination
[235, 279]. In a cuprizone model of demyelination/
remyelination, treatment with the anti-inflammatory drug
minocycline reduced remyelination and this correlated with
suppressed ciliary neurotrophic factor [287]. Interestingly,
reducing TNF-« decreases OPC proliferation and
remyelination via the receptor TNFR2 [288, 289], suggest-
ing a dual role for the cytokine. A subset of CD11¢* mi-
croglia produce insulin-like growth factor 1, which sup-
ports myelination in the developing CNS [290]. Another
study showed that pro-inflammatory microglia/
macrophages support OPC proliferation, whereas anti-
inflammatory microglia/macrophages—which are sparse

after SCI—promote oligodendrocyte differentiation and
remyelination via activin-A [291]. In addition, demyelinat-
ing models have highlighted the importance of microglial/
macrophage-mediated phagocytosis of myelin debris.
Suppressing the phagocytic response impairs remyelination
[292, 293]. Given the complex roles of microglia in OPC/
oligodendrocyte cell dynamics, it is perhaps unsurprising
that the size of demyelinated lesions correlates both with
intensity of inflammation and accumulation of OPCs [294].

Oligodendrocytes and OPCs Modify the Post-SCI
Inflammatory Milieu

OPCs can affect the response of other glial cells. Rodriguez
et al. [295] identified a detrimental role of cell-intrinsic OPC
responses in SCI repair. Wnt-3-catenin signaling is important
in OPC-oligodendrocyte development. Interestingly, selec-
tively deleting [3-catenin from OPCs reduced OPC prolifera-
tion, but also reduced microglial/macrophage activation,
astrogliosis, and axon growth inhibition [295, 296]. Thus, (3-
catenin-mediated support of OPC proliferation is counter-
balanced by detrimental influences on neuroinflammatory
dynamics.

There is evidence that oligodendrocytes express im-
mune receptors and cytokines, which could modulate acti-
vation of adjacent glial cells [279, 297]. Human oligoden-
drocytes infected with bacteria upregulated the cytokines
IL-6, IL-8, and CCL-2 [298]. Similarly, IFN-y, which is
produced by neutrophils and macrophages after SCI [299],
caused oligodendrocytes to upregulate several chemokines
[300]. OPCs and oligodendrocytes can express the pro-
inflammatory cytokine IL-13 [301, 302], which worsens
post-SCI pathology [303]. After cerebral hypoperfusion
stress, OPCs upregulated MMP-9, thereby eliciting BBB
breakdown and neutrophil infiltration; in this manner, early
pathological OPC activation caused white matter injury
[304]. In a rat model of fetal growth restriction-induced
brain damage, transcriptomic and gene network analyses
showed that postnatal day 4 oligodendrocytes upregulated
inflammatory pathways; these included RNAs related to
TNF, IL-6-JAK-STAT3, and complement signaling [305].
Future studies should use similar network analyses after
SCI to better understand intrinsic responses of oligoden-
drocytes and OPCs, and whether these cells produce anti-
inflammatory (as well as pro-inflammatory) mediators.

Overall, much remains unknown about how CNS cells
interact to influence post-SCI tissue dynamics. Microglia
(and macrophages) mount a particularly robust inflamma-
tory response, and participate in cross-talk with astrocytes
to shape the neuroinflammatory response. These cells both
affect oligodendrocyte and OPC cell responses, but there is
also some evidence that oligodendrocytes and OPCs can
alter astrocyte and microglial phenotype.
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Future Directions: Manipulating Glial
Responses to Improve Nervous System Repair

As described above, rodent models have been used extensively
for development of potentially translatable SCI therapies. This
large body of work shows that several glial-related processes
could be targeted to improve spinal cord repair, including re-
active astrogliosis and glial scar formation, microglia/
macrophage-driven inflammation, and oligodendrocyte-OPC
survival and remyelination. Innovative transgenic technologies
can help elucidate mechanisms underlying post-SCI changes
in astrocytes [104], microglia/macrophages [306], and oligo-
dendrocytes [295]. To further clarify the relationship between
glial cells, it is critical to study how these cells respond and
interact after SCI, considering both temporal dynamics (Fig. 1)
and the spatial relationship between cells (Fig. 2).

One of the most promising treatments in rodent models of
SCI involves degrading glial scar CSPGs using ChABC.
ChABC administration after rodent SCI can improve axon
plasticity [307], inflammation [124], and remyelination
[131], as well as recovery of locomotor [119, 122], respiratory
[308], and bladder function [309, 310]. Future studies should
design and optimize delivery of a ChABC analogue in
humans.

In humans, the magnitude of acute SCI-induced inflamma-
tory cytokines in cerebrospinal fluid correlates with later sen-
sorimotor deficit [311], suggesting that neuroinflammatory
modulators could help improve post-SCI neuroprotection.
Several candidate therapies are in clinical trial [312].
Minocycline, a BBB-permeable antibiotic, inhibits microglial
and glial cell activation and related neuroinflammation after
rodent SCI [313-315], and has shown some safety and modest
efficacy in a phase II placebo-controlled randomized trial
[316] (though more subjects and statistical power would be
desired [317]). It is important to note that minocycline has
broad anti-inflammatory activities (it is not microglia-specif-
ic), that some patients treated with minocycline experience
deleterious side effects, and that promising preclinical data
with minocycline did not translate well in clinical trials for
at least one CNS disease, amyotrophic lateral sclerosis
[318-320]. Therapeutic hypothermia is protective after cardi-
ac arrest [313] and reduces systemic inflammation [321]. In
improving poststroke outcomes, therapeutic hypothermia con-
fers neuroprotection via several coordinated mechanisms: hy-
pothermia reduces CNS metabolism, decreases reactive nitro-
oxidative and glutamate toxicity, reduces inflammation and
cell death, and dampens edema [322]. The effectiveness of
therapeutic hypothermia after SCI has been studied in rodent
models; therapeutic hypothermia will also be tested in an up-
coming phase II/III trial, which will assess the safety and
efficacy of treating within 6 h post-SCI [312]. Other potential
neuroprotective agents that are already in use clinically for
other indications have shown promise in rodent models of
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SCI, but have not yet been tested in human trials; these include
erythopoietin and nonsteroidal anti-inflammatory drugs
(NSAIDS; e.g., ibuprofen) [323]. In translating promising pre-
clinical SCI findings to the clinic, several hurdles must be
overcome [324]: challenges include effective study design/
blinding, patient recruitment, therapeutic post-SCI time win-
dows, heterogeneity of injuries (e.g., severity, lesion level),
and variable degree/type of concomitant polytrauma. Thus,
deciphering particularly effective preclinical treatments and
relevant/responsive patient populations is critical to enable
best use of research time and funds. Regardless, future pre-
clinical studies will continue to identify promising post-SCI
immunomodulatory candidates; effective treatments targeting
microglia/macrophages will likely boost anti-inflammatory
responses, dampen inflammation, and/or capitalize on specific
beneficial aspects of the pro-inflammatory response.

Cell or nerve transplants after SCI can also help improve
recovery [222]. Cells used for transplant could promote repair
by remyelinating axons, populating the lesion cavity, provid-
ing a substrate, and/or secreting reparative factors. Potentially
effective cells for transplant include Schwann or other
myelinating cells, stem/progenitor cells, neural and glial pre-
cursor cells, and bone marrow stromal cells. Cell transplant as
a therapy has several challenges: these challenges relate to
replicating findings; to lack of efficacy/testing in chronic
SCI; and to encouraging regenerating axons to leave grafts
and re-enter host CNS. Further, there can be challenges related
to the specific stem cell used in clinical trial. A recent study
used immunodeficient SCI mice that received human stem
cells that did not effectively improve human SCI [325]. The
mice also did not show significant improvement, despite the
fact that other similar human stem cell lines had improved
post-SCI recovery; this underscores the importance of
selecting, maintaining, and testing effective cell lines prior to
clinical trial. In addition, collecting and implanting certain
nonautologous cells raises concerns that are ethical (e.g., stem
cell collection and use) and safety-related (immune rejection
or suppression; unrestrained proliferation of stem cells). Once
an effective cell transplant is identified, ethical and safety
issues could be avoided by revealing and using the effective
mechanical or molecular constituents.

One mechanical strategy for improving spinal cord re-
pair involves implanting biomaterials that modulate glial
responses and support axon growth. For instance, hydrogel
polymers can support cell migration, trophic factor deliv-
ery, and cell transplant [326—328]; they can also be altered
to improve cell differentiation and neuroprotection.
Several other biomaterials promote post-SCI repair, includ-
ing agarose, collagen, and hyaluronan/methylcellulose
[312]. In addition, self-assembling nanofibers, which form
at body temperature a structure similar to in situ ECM,
improved post-SCI astrogliosis, neuroprotection, and axon
plasticity [329].
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Another strategy for understanding how to promote com-
plete repair of the spinal cord is to use comparative models.
Zebrafish, frogs, and salamanders provide useful models of
effective spinal cord and/or tissue regeneration [330, 331].
Comparative models of repair can also be studied in mam-
mals: neural repair and regeneration occur more effectively
in the immature mammalian CNS [332, 333] and in the adult
mammalian PNS [7].

Given the complexity and challenge of improving post-SCI
reparative responses, it is possible that spinal cord repair will
be maximized through combinatorial approaches. Indeed,
promising preclinical SCI studies have used several strategies
in parallel. After complete transection SCI, a combination of
transplanted Schwann cells, olfactory ensheathing cells, and
ChABC injection improved axon regeneration and locomotor
scores [127]. ChABC combined with exercise [334] or periph-
eral nerve graft [335] promoted recovery in chronically in-
jured rats. Intraspinal implant of human induced pluripotent
stem cells, combined with fibrin matrix and a trophic factor
cocktail, elicited neuronal differentiation and long-distance
axon growth [336]. Integrating therapeutic stimulation or
brain-computer interfaces with biological therapies could also
prove effective [337, 338]. For instance, flexible nanowires
have been developed that are biocompatible and stretchable
for integration in the spinal cord; these enabled optoelectronic
interrogation of spinal cord circuits in chronically implanted,
free-moving mice [339]. These engineered technologies will
be further improved (e.g., to measure single-neuron action
potentials), and could be included in a combinatorial SCI ther-
apy. In addition, better understanding cell—cell interactions
using in vitro (co-culture, media transfer) and in vivo strategies
would further aid development of combinatorial strategies
[164, 262]. Although combining treatments presents chal-
lenges (e.g., number of groups, treatment compatibility/safety,
optimal timing) [340], revealing new effective treatments and
thoughtfully combining complementary strategies could lead
to robust improvements and novel therapies.

Conclusions

Glial cell biology has progressed remarkably since these cells
were first classified in the 1920s. We now know much more
about del Rio-Hortega’s microglia that presented as
“voracious monsters”—for instance, that they are activated
by specific extracellular cues, that activation involves engag-
ing intracellular signaling cascades, and that these signaling
cascades effect morphological and functional changes in the
cell. Further, it is clear that SCI causes a set of stereotypic
changes to glial cells that both hinder and help repair. The
glial scar formed largely by astrocytes limits axon plasticity,
but also restricts spread of toxic lesion-derived components.
Inflammation directed by microglia and macrophages elicits

secondary damage, but also drives modest axon plasticity and
remyelination. Oligodendrocytes and OPCs may succumb to
bystander damage, but also achieve differentiation and
remyelination. Given that the response of each of these cells
has beneficial aspects, completely abolishing one of these
cells or responses is unlikely to be effective. Instead, modify-
ing the post-SCI response of glial cells to promote protective
and reparative phenotypes could ameliorate spinal cord pa-
thology. Further, targeting the interactions between these cells
could offer synergistic benefits: shifting post-SCI astrocyte—
microglia cross-talk could improve the physical and molecular
reparative properties of the extracellular milieu; similarly, en-
hancing astrocyte, microglial, and oligodendroglial responses
could boost remyelination and axon sparing. Therefore, mod-
ifying SCl-elicited glial cell responses and their interactions
presents a promising avenue for therapeutic development.
Future studies should identify novel targets and strategies that
improve post-SCI reparative responses of glial cells.
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