Chapter 19
Spinal Cord and Brain Trauma

Samuel David and Phillip G. Popovich

Abstract Microglia are the first responders to central nervous system (CNS) trauma.
They are thought to be a central player in initiating and orchestrating a cascade of
changes that lead to an elaborate inflammatory response at the site of injury.
This inflammatory response also includes the influx of peripheral immune cells into
the injured CNS. In this chapter we will focus our attention on the microglial response
to spinal cord injury, but where possible we will include discussion of microglial
responses after traumatic brain injury. We will discuss the differences in the early and
late responses of microglia to CNS injury; the signaling molecules, cytokines and
other factors that modulate their responses, the evidence for their beneficial and detri-
mental effects, and the effects of their activation at the epicenter of the injury and in
sites distal to the injury. Attention will also be focused on the evidence of microglial
changes in chronic spinal cord and brain trauma. We will highlight the preclinical
evidence for targeting some aspects of the microglial response to treat spinal cord and
brain trauma and take a look at some future directions to pursue.

Keywords Microglia * Spinal cord injury * Traumatic brain injury ¢ Purinergic
signaling * Damage-associated molecular patterns ¢ Toll-like receptors * Cytokines
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Bullet Points

¢ Microglia respond within minutes by sending processes towards the injury.

e The early microglial response to micro-lesions is protective and mediated by
ATP-purinergic receptor, damage-associated molecular patterns (DAMPs)-Toll-
like receptors (TLRs) signaling, and other factors.
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e DAMP-TLR signaling in microglia leads to pro-inflammatory cytokine
expression.

* Microglia, like peripheral macrophages entering the injured spinal cord, become
polarized into cytotoxic M1 and non-cytotoxic M2 states.

* M1 polarization is predominant in the injured spinal cord.

* Microglia respond very slowly in areas of CNS white matter undergoing
Wallerian degeneration the reasons for which are not fully understood.

* Microglia in grey matter regions far removed from the lesion site also respond.

* Microglia play a role in synaptic pruning and reorganization of circuits after
regenerative sprouting.

» Chronic activation of microglia can contribute to pain and functional disability.

* Chronic microglial activation generates free radicals and other toxic mediators
that can impair neurological function even years after injury.

19.1 Introduction

Microglia, which are the resident tissue macrophages of the central nervous system
(CNS), are derived from the yolk sac and populate the CNS during early embryonic
development (Ginhoux et al. 2010). They are widely distributed throughout the
CNS (Lawson et al. 1990; Vela et al. 1995). Their number and distribution pattern
varies between different regions of the CNS and also within the same CNS region,
e.g., in the cerebellum they are more numerous in the deep nuclei as compared to
the molecular layer or granule cell layer (Lawson et al. 1990; Vela et al. 1995). In
general they appear to be more abundant in the grey than the white matter (Lawson
et al. 1990). Microglia, which are located in the CNS parenchyma, have a ramified
morphology in the normal, uninjured CNS. In contrast, macrophages in the lepto-
meninges and choroid plexus, which share many antigenic markers with microg-
lia, are rounded or ameboid in shape (David and Kroner 2011; Perry et al. 1985).
The shape and extent of microglial ramification is also region-specific, with those in
the cerebral cortex and hippocampus having extensively branched morphologies,
while those in the white matter have long processes and slender-shaped cell bodies
(Lawson et al. 1990). The overall shape of these cells appears to reflect the cytoar-
chitecture of the region in which they are found. Microglia in lower vertebrates
such as zebrafish also have a similar branching shape (Sieger et al. 2012). In some
grey matter regions of the mammalian CNS, microglia are so abundant that their
processes almost touch each other to give the appearance of “tiling”. This relatively
close distribution means that microglia in these regions would not need to move far
in response to perturbations, unlike those in the developing zebrafish that migrate to
regions of damage (Sieger et al. 2012).

The characteristic branching morphology of microglia gives the appearance that
these cells are surveying and monitoring the CNS tissue. Two-photon imaging of
microglia in real-time in the normal mouse cerebral cortex and spinal cord white
matter revealed rapid extension and retraction of microglial processes from 2 to 8§ pm
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within seconds to minutes (Davalos et al. 2005; Dibaj et al. 2010) without movement
of the cell soma (Dibaj et al. 2010). These data indicate that the cytoplasmic pro-
cesses of these cells are dynamic and play an active role in constantly monitoring
their microenvironment. Microglia are quick to respond to any type of perturbation
of the CNS, whether it be injury or disease (discussed below). Although they often
respond to CNS alterations by retracting their processes, such morphological changes
are not an essential feature of all microglial responses as phenotype switching in
terms of cytokine expression can be induced without morphological changes as seen
in brains of mice with prion disease after peripheral lipopolysaccharide challenge
(Perry et al. 2007). Microglia in the normal uninjured brain can also be identified by
the expression of various cell surface and intracellular antigens including CD11b,
CD45"%, CX3CR1"e", Ly6C'¥, Gr-1" (David and Kroner 2011). Against this back-
drop, damage or injury to the CNS causes rapid changes in microglial morphology,
and expression of cell surface or intracellular antigens and synthesis/release of cyto-
kines. Like inflammation elsewhere, the inflammatory response initiated and medi-
ated by microglia after CNS injury is largely meant to control infection and initiate
wound healing. This response, which is inherently protective as it ensures survival
against sepsis, can also exacerbate tissue damage and worsen recovery. In this chap-
ter we will discuss some of the salient features of the microglial response to CNS
injury and its implications for CNS repair, with greater focus on spinal cord injury
(SCI) and the relationship of microglia to macrophages derived from blood mono-
cytes during the onset of intraspinal inflammation.

19.2 Early Responses: Minutes to Hours After Injury

Morphological and phenotypic changes at the lesion epicenter: Extreme physical
forces including blunt trauma, penetrating bone or projectiles (e.g., knife, bullet),
or rapid acceleration/deceleration (e.g., blast, whiplash) causes shearing of axons,
dendrites, and blood vessels. At the primary site of injury, bleeding and necrotic and
apoptotic cell death occur creating a “hot zone” that is often referred to as the injury
epicenter. Micro-lesions in the brain and spinal cord generated by either high-
powered laser pulses or with a glass micropipette and then imaged in real-time by
two-photon live imaging showed striking and unexpectedly rapid changes in motil-
ity of microglial processes. The first paper using this approach showed that instead
of process retraction, microglia respond within 10-15 min by extending their cyto-
plasmic processes towards the lesion (Davalos et al. 2005). By 20—60 min these
microglial processes form a dense network tightly around the lesion (Davalos et al.
2005). Other groups have reported similar responses in the cerebral cortex in slice
cultures (Hines et al. 2009) and in vivo in spinal cord white matter microglia (Dibaj
et al. 2010). The studies on the spinal cord laser lesions showed that microglia
located 50-100 pm from the lesion respond by extending their processes towards
the lesion, while at the same time process retraction occurred from regions of the
cell facing away from the lesion (Dibaj et al. 2010; Hines et al. 2009). The processes
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that were retracted were restored after ~40 min (Hines et al. 2009). In experiments
done in the spinal cord, some microglia soma in white matter were found to migrate
towards the lesion within 2 h, sometimes along degenerating axons (Dibaj et al.
2010). A consistent finding is that these microglial responses, regardless of the
CNS region, create within minutes a dense meshwork of microglial processes that
wall-off the lesion border. Blocking or preventing this response in slice cultures by
selective laser ablation of surrounding microglia, preventing actin polymerization,
or chloride channel blocking causes the lesion to expand three to fourfold (Hines
et al. 2009), indicating that this early and rapid microglial response within the first
hour after injury is beneficial and protective. It makes sense that this first and earli-
est response of microglia would be protective, perhaps by participating in lesion
containment or by rapidly surveying regions where the likelihood of pathogen entry
is enhanced (e.g., regions of bleeding or tissue barrier compromise). In contrast to
these small, well-defined laser or micropipette lesions, contusion injuries to spinal
cord or brain cause more extensive damage and it is not known whether microglia
respond similarly to small or large lesions, mostly because comparative real-time
studies of this type have not been completed.

Molecular control of the rapid microglial response to injury: Glia-derived ATP, and
damage-associated molecular patterns (DAMPs) from dying and necrotic cells and
plasma proteins, most notably fibrinogen, are among the most prominent early
microglia activating factors (Davalos et al. 2012; Kigerl and Popovich 2009;
Popovich and Longbrake 2008). The rapid microglial process extension towards
cortical laser or traumatic micro-lesions was shown to be mediated by ATP, as it
could be inhibited by an ATP-degrading enzyme, or be induced by injection of ATP
into the cortex (Davalos et al. 2005). The injury-induced response but not normal
resting state motility of microglial processes is mediated by P2Y, G-protein-
coupled purinergic receptors (Haynes et al. 2006). In addition, the injury response
but not the resting state motility of microglial processes also requires functional
volume-sensitive chloride channels (Hines et al. 2009). However, both types of pro-
cess extension require actin polymerization (Hines et al. 2009). Interestingly,
microglial process motility in the normal brain and injury-induced response is
mediated by ATP released from astrocytes and can be prevented by blocking con-
nexin hemichannels expressed in astrocytes (Davalos et al. 2005). These findings
indicate functional communication between astrocytes and microglia that mediate
microglial behavior in the normal and injured CNS. Nitric oxide gradients at the
lesion also contribute to microglial process extension and soma migration, which
can be augmented by tissue ATP (Dibaj et al. 2010). In the developing zebrafish
brain, where microglia are more sparsely distributed, laser lesions induce microglia
located at a distance to sense signals originating from the lesion and migrate towards
the site of damage (Sieger et al. 2012). These authors have shown that glutamate
released by damaged cells induce influx of intracellular calcium (Ca*") and the
spread of Ca®* waves in astrocytes that leads to release of ATP that is sensed by
microglia located at a distance via the P2Y, receptors (Sieger et al. 2012). Such
mechanisms may also operate in regions of the mammalian CNS in which microglia
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are sparsely distributed such as the white matter in the brain (Lawson et al. 1990)
and spinal cord (Carlson et al. 1998).

DAMPs-TLR-mediated responses: As microglia extend processes towards the site of
injury, they are likely to interact with intracellular molecules and fragments of
extracellular molecules (ECM) generated from damaged cells and tissue. These
DAMPs can signal microglia via binding and activation of various pattern recogni-
tion receptors (PRRs). In response to DAMPs that are liberated by sterile injury,
such as in non-penetrating, contusion or compression type CNS injury, or pathogens
that enter the CNS, microglial PRRs respond in a similar manner with the ultimate
goal of preventing infection and promoting tissue repair. Toll-like receptors (TLRs)
are one of the major classes of PRRs through which DAMPs signal microglial
responses. Some of the known DAMPs include intracellular molecules released
after injury such as heat-shock proteins (Hsp 22, 60, 70 and 72), some members of
the S100 family of calcium-binding proteins, mRNA and single-stranded RNA
(ssRNA); fragments of ECM molecules fibronectin, tenascin, versican, heparan
sulfate, and hyaluronic acid; and serum amyloid (Piccinini and Midwood 2010).
Except for mRNA and ssRNA, the other DAMPs listed signal via TLR2 and TLR4.
Activation of TLR2 and 4 via the MyD88-dependent pathway leads to NFkB activation
and expression of pro-inflammatory cytokines such as interleukin 1 p (IL-1f), TNFa,
as well as expression of cyclooxygenase (COX), inducible nitric oxide synthase,
and matrix metalloproteinases, all of which are increased after CNS injury. In a
model of autoimmune demyelination, DAMP-mediated activation of microglia via
TLR4 and integrin receptors (CD11b/CD18) results in the production of inflamma-
tory chemokines and destructive oxidative bursts (Davalos et al. 2012; Smiley et al.
2001). In vivo two-photon imaging of the spinal cord in experimental autoimmune
encephalomyelitis (EAE) showed microglia clusters co-localized to zones of fibrin-
ogen leakage in the perivascular space (Davalos et al. 2012). These changes pre-
ceded axonal injury and demyelination, which could be inhibited by blocking
reactive oxygen species (ROS) or deleting the fibrinogen binding site in microglia
CD11b receptors (Davalos et al. 2012). A similar response is likely to occur after
SCI or traumatic brain injury (TBI) since fibrinogen, albumin, and other as yet to
be defined factors in blood persist at and near the epicenter for extended periods of
time (days to weeks post-injury).

The binding of DAMPs to TLRs induces inflammatory signaling. When such
signals persist or when active resolution of inflammation is impaired, chronic
inflammation and pathology ensue resulting in conditions such as rheumatoid
arthritis, and inflammatory lung or bowel disease (Piccinini and Midwood 2010).
Spinal cord injuries result in an immediate and abundant availability of DAMPs and
robust induction of TLRs (Kigerl et al. 2007). DAMP-TLR signaling likely contin-
ues chronically after SCI as the period of secondary tissue damage can extend for
weeks or months, and as components of extracellular matrix molecules involved in
tissue repair can also act as DAMPs. In addition, resolution of inflammation is
impaired in injured spinal cord (Pruss et al. 2011). After spinal cord contusion
injury in mice, there is increased expression of TLR1, 2, 5, and 7 mRNA immediately
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Fig. 19.1 Upper: Morphology of microglia prior to injury (resting state) and changes in their
morphology over time after SCI. Lower: The bottom part of the figure is a representation of the
spatial distribution of these cells in the contused spinal cord about 2 weeks after contusion injury.
“Resting” microglia: CD11b, CD45"*, CX3CR1"e", Ly6C*¥, Gr-1"%. “Activated’ microglia (and
newly infiltrating monocytes) at and near lesion: CD11b, CD45%eh CX3CR1"*, CD68, MHC
class II, Ly6Chie", Gr-1"%. Microglia located at a distance from lesion: CD11b, CD45, CXCR3,
CCL21, IL-6, MHC class II

after spinal cord contusion injury (1-14 days after SCI), in addition to increased
MyD88 and NFkB (Kigerl et al. 2007). Interestingly, mice lacking TLR2 and TLR4
showed a subtle but noticeable worsening of locomotor control, unusual patterns of
myelin and axon pathology, and a poorly formed glial limitans after SCI (Kigerl
et al. 2007). In wild-type mice after spinal cord contusion injury, macrophages that
appear “foamy” due to the breakdown of phagocytosed material (Fig. 19.1) often
remain clustered in the central core of the lesion within a well-defined glial bound-
ary. In contrast, TLR-deficient SCI mice had smaller clusters of phagocytic macro-
phages scattered in the ventral white matter beyond the normal extent of the glial
limitans (Kigerl et al. 2007). This distribution of macrophages in TLR null mice
may be due to failure of normal wound healing in the CNS that includes the forma-
tion of a glia limitans. The reformation of the glia limitans prevents immune cells
from entering damaged CNS tissue (Bush et al. 1999). These findings suggest that
DAMP-TLR signaling immediately after SCI prior to the formation of the glia limi-
tans may be protective. Whether this is due to reparative programs that are activated
in microglia or macrophages by TLR signaling or to the effects of TLR signaling in
astrocytes which also express TLR2 and 4 (Kigerl et al. 2007) is not clear at present.
Furthermore, the effects of prolonged DAMP-TLR signaling beyond the acute
period after SCI cannot be known from these studies because signaling mutants or
conventional knockout mice were used. Studies using conditional deletion TLR2
and 4 in microglia/macrophages after the first week after injury may help to better
define the role of TLR signaling in these cell types after SCI.
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Expression of pro-inflammatory cytokines: DAMP-TLR signaling can be expected
to lead to the early expression of IL-1 and TNFa in microglia after injury. In fact,
increased expression of these cytokines is seen soon after spinal cord contusion
injury (Pineau and Lacroix 2007; Rice et al. 2007). The IL-1p mRNA expressing
cells increase in number 6 h after contusion injury, peak at 12 h then return to nor-
mal levels by 48 h (Pineau and Lacroix 2007). At the peak of expression this cyto-
kine is expressed mainly by microglia and astrocytes (Pineau and Lacroix 2007).
IL-1 receptor antagonist (IL-1ra) is also up-regulated after SCI but at much lower
levels than IL-1f (Pan et al. 2002). Intrathecal treatment with IL-1ra for the first 3
days after SCI in rats prevented apoptosis and caspase-3 expression (Nesic et al.
2001) and improved locomotor recovery (Zong et al. 2012). After TBI, activated
microglia also increased expression of IL-1f (Bye et al. 2007). Following brain
ischemic injury, treatment with IL-1ra reduces infarct volume (Loddick and
Rothwell 1996; Relton et al. 1996), while treatment with exogenous IL-1f worsens
brain injury (Lawrence et al. 1998; Loddick and Rothwell 1996). Furthermore, neu-
tralizing IL-1p with function-blocking antibodies reduces tissue damage and
improves cognition after brain injury (Clausen et al. 2011).

TNFa mRNA expressing cells detected by in-situ hybridization are seen within
15 min after spinal cord contusion injury, reach peak expression at 1 h, and return to
baseline levels after 2 days. In addition, there is a second period of TNFo expression
between 14 and 28 days (the maximum time examined) (Pineau and Lacroix 2007).
During the period immediately after injury, TNFa is expressed by microglia rather
than invading monocytes because of the rapid expression within 1 h, which precedes
entry of monocytes (Pineau and Lacroix 2007). In addition to microglia, astrocytes,
oligodendrocytes, and neurons also expressed TNFa at this early period after injury
(Pineau and Lacroix 2007). During the second peak of expression at 2—4 weeks after
injury, microglia and macrophages appear to be the main cells expressing TNFa
(Pineau and Lacroix 2007). In the injured human spinal cord, TNFa protein is also
detected early at 1-3 h after injury in microglia and neurons (Yang et al. 2005).
There is also evidence that IL-1p and TNFa produced by microglia are associated
with white matter damage around the ventricles in brain hypoxia injury (Deng et al.
2011). Blocking TNFa with a monoclonal antibody (Infliximab) or a TNF recep-
tor—Fc fusion protein (Etanercept) improves histological and locomotor outcomes
after SCI (Genovese et al. 2006, 2008).

Is the early microglial response beneficial or detrimental: The two-photon imaging
studies showing that microglial ablation or prevention of microglial process exten-
sion towards the site of lesion enlarged lesion volume (Hines et al. 2009) indicate
that this early response is beneficial. The latter work was done with micro-lesions.
Whether microglial process extension occurs after large lesions such as spinal cord
contusion injury is not known. Furthermore, if microglial process extension was to
occur to any extent after contusion injuries, it would be important to assess if it is
beneficial in limiting the size of the lesion. The early DAMP-TLR signaling
response, which serves to alert the body of tissue damage, is thought to be involved
in restoring tissue homeostasis and effect repair. The evidence obtained from
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conventional TLR knockout mice indicates that lack of TLR2 and 4 results in
noticeable worsening of locomotor control, and a poorly formed glial limitans at the
injury site with spreading of clusters of phagocytic macrophages beyond the normal
extent of the glial limitans that surround the lesion core (Kigerl et al. 2007). The
expression of the pro-inflammatory cytokines IL-1p and TNFa by injured CNS tis-
sue has been shown in a variety of experiments to be detrimental and contributing
to secondary damage.

19.3 Late Responses that Occur Days and Weeks
After Injury

Phenotypic and functional polarization of microglialmacrophages: Within 2-3 days
after SCI, circulating monocytes infiltrate the injury epicenter where they differenti-
ate into tissue macrophages, i.e., monocyte-derived macrophages (MDMs). Within
a few days after SCI microglia begin to retract their processes and become phago-
cytic at the site of lesion (Fig. 19.1). Within 1 week post-injury, routine phenotypic
or morphological criteria cannot be used to distinguish between macrophages
derived from activated microglia or MDMs. In general, a large proportion of mac-
rophage/microglia that are phagocytic (foamy-looking cells) migrate into a cluster
at the very center of the lesion, while activated microglia with short processes are
seen in the surrounding areas (Fig. 19.1). As these macrophage/microglia accumu-
late, factors in the extracellular milieu will modulate their phenotype with discrete
effects on neuron survival and axon growth (Kigerl et al. 2009; Stout et al. 2005).
For example, cytokines and TLR agonists (e.g., DAMPs) can promote the differen-
tiation of classically activated “M1” or alternatively activated “M2” macrophages.
The canonical in vitro model for stimulating M1 differentiation is exposure of naive
myeloid cells to LPS and IFNy or, to promote M2 differentiation, cells are stimu-
lated with IL-4 (Gordon and Taylor 2005). M1 macrophages were originally
described as potent microbicidal effector cells; a function associated with release of
inflammatory cytokines and ROS. M2 macrophages were found to have enhanced
phagocytic capacity and release cytokines and growth factors that promote revascu-
larization and tissue formation (Gordon and Taylor 2005). Both types of macro-
phages can phagocytose dying cells and tissue debris and their phagocytic activity
is likely influenced by the tissue environment. SCI and TBI induce a heterogeneous
macrophage response that can be defined by the increased expression of M1 and M2
phenotypic markers (Hsieh et al. 2013; Kigerl et al. 2009). After SCI, M1 macro-
phages dominate at the injury epicenter and nearby penumbra, overwhelming a
comparatively smaller number and transient M2 macrophage response (Kigerl et al.
2009). M1 macrophages likely contribute to neurotoxicity and axonal “die-back”.
Depletion or inhibition of the acute macrophage response, which are likely to be M1
macrophages, is neuroprotective and reduces axonal retraction at the site of injury
(Blight 1994; Gris et al. 2004; Horn et al. 2008; Popovich et al. 1999). In vitro,
M2 macrophages can promote long-distance axon growth without causing
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neurotoxicity (Kigerl et al. 2009). Therefore, in theory, any manipulation that biases
the endogenous response toward an M2 phenotype could limit tissue damage and/or
enhance tissue repair and perhaps axonal growth/regeneration. In support of this
hypothesis, recent data show that post-injury administration of substance P, neural
stem cells, granulocyte-colony-stimulating factor (G-CSF), mesenchymal stem
cells or acidic-fibroblast growth factor laced peripheral nerve grafts improve recov-
ery and/or promote repair in the injured spinal cord, and in each case, these inter-
ventions enhanced intraspinal M2 macrophage reactions (Guo et al. 2013; Jiang
et al. 2012; Nakajima et al. 2012). A direct effect of M2 macrophages on mediating
tissue repair or improving functional recovery has not been proved unequivocally in
SCI or TBI models.

Phenotypic changes: Morphological transformation of microglia is accompanied by
de novo expression of new membrane and cytoplasmic proteins. Since microglial
phenotype varies throughout the CNS (de Haas et al. 2008), the phenotypic changes
induced by injury, whether the injury is to brain or spinal cord, will vary as a func-
tion of injury location. For example, in brain and spinal cord, microglia express
CD11b, CD40, CD45, CD80, CD86, F4/80, TREM-2b, CXCR3, and CCRY, albeit
at relatively different levels indicating increased migration, phagocytic activity,
antigen presentation, T and B cell interactions, inflammatory responses, and others.
CD11b and CD45 are expressed by both microglia and MDMs, but overall levels of
CD45 are reduced in microglia. Differential expression of CD45 can be detected
using flow cytometry and is often used to distinguish between microglia and MDMs,
but such differences cannot be distinguished by immunofluorescence in tissue sec-
tions. Microglia constitutively express various surface antigens common to other
cells of the myeloid cell lineage including CX3CR1 and complement receptors.
Activated microglia increase expression of these proteins and begin to express other
antigens including major histocompatibility complex class II antigens (MHC class II).
After SCI and TBI in rats, mice, non-human primates and humans, MHC class II
expression is increased primarily on microglia found within white matter undergo-
ing degeneration distal to the site of injury called, Wallerian degeneration (Kigerl
et al. 2006; Popovich et al. 1993; Schmitt et al. 2000; Watanabe et al. 1999). There
is no obvious relationship between MHC class II expression and demyelination in
these regions, signifying diverse roles for MHC class II in microglia.

Mechanisms and functional implications of microglial activation distal to the injury
epicenter: Axonal degeneration and plasticity also occur at sites distal to the epicen-
ter, either as a result of physical severing of axons or diffuse axonal injury. Severed
axonal segments located distal to the epicenter, whether they are located in spinal
cord, brain, or peripheral nerve, undergo Wallerian degeneration. Wallerian degen-
eration is an active process that invariably transforms the phenotype of microglia.
Several factors produced by Wallerian degenerating axons or their surrounding glia
activate microglia. Complement proteins, members of the phospholipase A, super-
family of enzymes, galectins, and PRRs (e.g., TLRs), among others, all have been
implicated in microglial activation and/or recruitment of MDMs (Boivin et al. 2007;
Gaudet et al. 2009; Lopez-Vales et al. 2008; Mietto et al. 2013). Although microglia
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and MDMs phagocytose degenerating axons and myelin debris, whether these cells
also cause collateral damage to intact axons or directly promote regeneration of
injured axons remains controversial (Gaudet et al. 2011). Clearly, effective regen-
eration of injured peripheral nerve requires inflammatory signaling in macrophages
(Boivin et al. 2007) that promote rapid clearance of myelin and axonal debris, and
the secretion of growth promoting factors. In the CNS, the macrophage/microglial
response that underlie Wallerian degeneration is significantly delayed (George and
Griffin 1994; Vargas and Barres 2007). This delay in Wallerian degeneration is
thought to contribute to the failure of axon regeneration in the CNS.

Microglial activation also occurs in grey matter regions remote from the site of
injury and can have pathological consequences. For example, after a mid-thoracic
SCI (e.g., T9), remote activation of microglia occurs over a period of several weeks
post-injury in lumbar spinal cord (~10 segments below the level of injury), sensory
relay nuclei in the brainstem (e.g., cuneate nucleus), and the ventral posterolateral
(VPL) nucleus of the thalamus (Detloff et al. 2008; Hains and Waxman 2006;
Koshinaga and Whittemore 1995). The microglia in these regions remain process-
bearing (Fig. 19.1) but display other immunohistochemical evidence of activation.
These responses occur within regions that process and relay sensory information,
including pain. After SCI, activated microglia are implicated in the onset and
progression of neuropathic pain (Hulsebosch et al. 2009; Tsuda et al. 2005) (see
Chap. 11). A novel mechanism for transynaptic microglial activation has been
described in which injured neurons increase synthesis of CCL21, a chemokine that
is packaged into vesicles and is transported to presynaptic terminals and activates
microglia via interactions with CXCR3 (de Jong et al. 2005). Transynaptic increases
in CCL21 after SCI may also regulate microglial contributions to neuropathic pain.
In a model of mid-thoracic SCI, CCL21 levels increase in neurons and microglia
below the level of injury and in the VPL of the thalamus (Zhao et al. 2007b).
Blocking axonal transmission rostral to the injury site or locally applying anti-
CCL21 antibodies reduces CCL21 in the VPL, impairs microglial activation, and
attenuates neuropathic pain (Zhao et al. 2007b). Cortical contusion injuries also
cause remote microglia activation in cerebellum and spinal cord (Czeiter et al. 2008;
Fukuda et al. 1996). These findings suggest that delay in microglial activation in
white matter tracts undergoing Wallerian degeneration distal to the site of injury
may contribute to the lack of regeneration in the CNS, while rapid and prolonged
activation of microglia in grey matter regions distal to the injury site contribute to
the generation of neuropathic pain.

Implications of chronic microglia and macrophage activation: Microglia and mac-
rophages within the epicenter and in regions distal to the injury site remain activated
for months or even years post-injury. Immunohistochemical analysis of postmortem
human SCI specimens reveal activated phagocytic macrophage/microglia in degen-
erating white matter distal to the injury epicenter where they cluster or assume
rounded phagocytic morphologies. These cells increase de novo expression of MHC
class II glycoproteins or the lysosomal protein CD68, which may be functionally
related to phagocytosis (Fleming et al. 2006; Schmitt et al. 2000). Identical responses
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are evident in white matter of SCI rats and mice several weeks after injury (Kigerl
et al. 2006; Popovich et al. 1997). SCI also causes chronic microglial activation in
remote regions of spinal cord gray matter and in the thalamus (Detloff et al. 2008;
Zhao et al. 2007a, b). Expression of inflammatory signaling proteins including p38
mitogen-activated protein kinase (MAPK) and phosphorylated extracellular signal
regulated kinase 1/2 (pERK1/2) increases in microglia in lumbar spinal cord gray
matter, several segments below the level of a thoracic SCI (Detloff et al. 2008; Zhao
et al. 2007a). pERK1/2 is an upstream regulator of prostaglandin E2 (PGE2), a lipid
inflammatory mediator that is produced downstream of pERKI1/2 and
COX. Pharmacological blocking of PGE2 release in chronically injured spinal cord
lowers the firing threshold for dorsal horn neurons resulting in aberrant sensory
function including the onset of neuropathic pain (Zhao et al. 2007a). The neuronal
chemokine CCL21 which activates microglia is increased in the dorsal horn of the
spinal cord and VPL of the thalamus after SCI and was shown to induce pain-related
behaviors (Zhao et al. 2007b). IL-6 levels are increased 3 weeks and later in regions
caudal to the site of SCI and may be involved in the maintenance of pain (Detloff
et al. 2008). These findings suggest that microglial activation in regions far removed
from the site of SCI can contribute to pain and functional disability.

Interestingly, blockade of the C5a fragment of complement, a potent microglia
activator and leukocyte chemoattractant, impairs recovery of locomotor function
and exacerbates pathology at the site of injury when given beginning at 2 weeks
post-injury (Beck et al. 2010). These data may indicate a role for complement in
regulating inflammatory-mediated repair processes or, alternatively, the importance
of complement in signaling microglia to participate in the surveillance and mainte-
nance of spinal circuitry. Microglial phagocytosis of synapses is triggered by synap-
tic complement proteins expressed by neurons during postnatal development
(Schafer et al. 2012) (see Chap. 9). If microglia function is impaired, the formation
and refinement of new circuits resulting from regenerative sprouting or therapeutic
intervention could be adversely affected (Paolicelli et al. 2011; Schafer et al. 2012;
Stephan et al. 2012). In the adult CNS, microglia strip and phagocytose axon-
somatic synapses on facial motor neurons after nerve injury (Kreutzberg 1993).

Chronic activation of microglia or macrophages may predispose the injured
brain and spinal cord to excess oxidative stress and inflammatory signaling. Gene
expression profiling studies show that a subset of inflammatory genes expressed
early after SCI or TBI persist for up to 6 months post-injury and are translated into
proteins that may have pathogenic significance (Byrnes et al. 2006). For example,
p22Fx and gp91Pho* are components of NADPH oxidase and are increased early
after injury but expression is maintained for up to 6 weeks (latest time examined).
NADPH oxidase produces ROS which in turn activates NFkB and MAPK-dependent
inflammatory signaling. Chronic activation of microglial NADPH oxidase can
cause neurotoxicity in vivo (Lull and Block 2010). Inhibition of NADPH oxidase
during the first week post-contusive SCI with diphenylene iodonium reduces the
normally high levels of NADPH oxidase, as well as other inflammatory genes and
proteins, and is associated with a decrease in lesion volume (Byrnes et al. 2011).
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Chronic oxidative stress also produces a pool of lipid inflammatory mediators
that persist in chronically injured spinal cord. Oxidative metabolism of arachidonic
acid (AA) yields leukotrienes (LTs) and prostaglandins (PGs). LTs and PGs are
elevated in injured rat spinal cord for up to 9 months post-injury (Dulin et al. 2013).
These inflammatory mediators are potent activators of microglia and macrophages
and can elicit inflammatory signaling that lowers the threshold for neuronal depo-
larization and can result in neuropathic pain. Licofelone, a novel inhibitor of COX
and 5-lipoxygenase (5-LOX), i.e., the enzymes responsible for LT and PG synthe-
sis, normalized the oxidative and inflammatory microenvironment associated with
chronic SCI and reduced post-injury allodynia. Licofelone did not improve motor
recovery (Dulin et al. 2013).

Despite evidence that acute neuroinflammatory cascades are distinct in injured
brain and spinal cord (Batchelor et al. 2008; Schnell et al. 1999), microglia and
macrophage reactions in the chronic lesion environment of traumatically injured
brain are remarkably similar to those described above for injured spinal cord. In
non-human primates, lesions in the primary motor cortex elicit microglial activation
for up to 1 year post-injury; microglia in cortex exhibit an activated phenotype
(CD68*) with prolonged expression of brain-derived neurotrophic factors (BDNF)
and tyrosine receptor kinase B (TrkB) receptors evident in cortical and spinal cord
microglia (Nagamoto-Combs et al. 2007). Activated microglia were detected in
subcortical grey and white matter in humans 11 months or longer after TBI using
positron emission tomography (PET) for the translocator protein (TSPO), which is
found in high levels in the mitochondria of activated microglia (Ramlackhansingh
etal. 2011). They found that the magnitude of microglial activation in thalamus cor-
related with cognitive impairment but not structural brain damage (Ramlackhansingh
et al. 2011). In addition, in a post-mortem study of humans with single TBI, acti-
vated microglia detected by immunohistochemistry for CR3-43 and CD68 were
seen in 28 % of cases in which there was also evidence of white matter damage
(Johnson et al. 2013). Although correlative, these data indicate that chronically acti-
vated microglia could contribute to damage and long-term neurologic impairment.
If true, microglia-specific therapeutic intervention may still be effective for several
years post-injury.

19.4 Future Directions

Microglia and MDMs are derived from distinct myeloid precursors with discrete
transcriptional requirements (Ginhoux et al. 2010; Kierdorf et al. 2013); monocytes
develop from hematopoietic stem cells in bone marrow, a process that requires the
transcription factor Myb (Schulz et al. 2012). Conversely, microglial development
from yolk sac myeloid progenitors is Myb-independent (Schulz et al. 2012).
Additional cell-specific differences are likely to be discovered and will yield new
genetic tools that will allow scientists to independently manipulate these distinct
myeloid cell lineages, further refining our knowledge about how these myeloid cell
subsets contribute to CNS injury and repair.
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How aging affects microglia and CNS repair is also an important experimental
and clinical variable for future consideration, especially since aging affects microg-
lial function (Streit 2006) (see Chap. 13). Aging can affect hematopoiesis, and acti-
vation of these and other innate immune cells may affect macrophage and microglial
function (Kovacs et al. 2009; Shaw et al. 2010). Aging has become an area of intense
preclinical study and a significant clinical concern after SCI and TBI, especially
since the effects of injury may accelerate aging of some organ systems such as the
cardiovascular, endocrine, and musculoskeletal (Hitzig et al. 2011). There is little
known about how aging affects microglia and MDMs after SCI, although this is
likely to be an area of research that will receive increased attention (Kumamaru
et al. 2012).

Why microglia and macrophages remain activated in chronically injured brain
and spinal cord is also unclear. It is probable that specific “on” signals including ATP,
DAMPs, degenerating axons, myelin debris, and cytokines persist indefinitely or
reappear slowly over time creating a pool of ligands that can stimulate microglia and
macrophages (Biber et al. 2007). Chronic activation may also be explained by the
loss of “off” signals including CD200L or CX3CLI1. These proteins are normally
found on or are released by healthy neurons and effectively inhibit or silence microg-
lia effector functions (Biber et al. 2007). The presence of “off” signals indicates that
the intact nervous system actively regulates microglial function. However, after SCI
or TBI, inflammation does not appear to be self-limiting (Pruss et al. 2011).

It seems intuitive that limiting chronic activation of microglia and MDMs would
yield better outcomes after SCI or TBI. However, a more in-depth understanding
about the functional heterogeneity of these cell types in both the acute and chronic
lesion microenvironment is needed. As treatment and care for SCI and TBI indi-
viduals improve, lifespan is increasing. Thus, the consequences of an aging microglia
repertoire also need to be considered in order to optimize CNS repair.
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