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Post-traumatic inflammation following spinal cord injury
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Inflammatory reaction following a spinal cord injury (SCI) contributes substantially to
secondary effects, with both beneficial and devastating effects. This review summarizes the
current knowledge concerning the structural features (vascular, cellular, and biochemical events)
of SCI and gives an overview of the regulation of post-traumatic inflammation.
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Introduction

Spinal cord injury (SCI) initiates a robust immune
response characterized in part by the synthesis of
cytokines and chemokines and a coordinated infiltration
of the damaged site by peripheral leucocytes.!® SCI-
induced inflammation may result in further reduction in
functional recovery because of the development of scar
tissue, as well as necrosis or apoptosis of neurons and
oligodendrocytes. However, a potentially beneficial role
of the inflammatory process has also been reported,
illustrating the dual nature of post-traumatic inflamma-
tion.® The exact mechanism and consequences of a SCI-
induced inflammatory response, with activation of
central nervous system (CNS) resident microglia and
recruitment of blood-born inflammatory cells, are not
fully understood at present.

Within the context of modulation of the post-
traumatic events, this review focuses on the regulation
of the inflammatory response following SCI. Compared
to an equivalent stimulus in peripheral non-neuronal
tissue, the inflammatory response seen in the CNS
is generally much weaker.”!” Several unique character-
istics of CNS tissue contribute to CNS-specific responses
to trauma. First, the blood—brain barrier (BBB) largely
excludes serum proteins from the extracellular CNS
milieu. Further, microglia, the CNS resident macro-
phages, are normally in a quiescent state and must be
activated to evoke a response.” The CNS extracellular
matrix consists of large molecular weight proteins (such
as laminin, collagen, fibronectin, proteoglycan, and
tenascin) that are known to regulate cell behaviour
during development and in response to injury. SCI
induces synthesis of tenascin-C, keratan sulphate and
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chondroitin sulphate proteoglycans (CSPs) by reactive
microglia, macrophages, and oligodendrocytes.'''3!12
However, many of the molecules necessary for initiation
and modulation of the inflammatory response are
present in the CNS parenchyma. For example, chemo-
kines and cytokines are expressed in the CNS either
constitutively or in response to injury.'* The infiltration
of the CNS by leucocytes is orchestrated by specific cell
adhesion molecules that promote cell-to-cell interactions
between astrocytes, endothelial cells, microglia, and
macrophages.® Interestingly, it has been shown that the
acute inflammatory response to traumatic injury is
greater in the spinal cord than in the cerebral cortex.”'”
Following a comparable mechanical injury, the number
of neutrophils and activated microglia/macrophage, as
well as the extent of their infiltration, was much less in
the cerebral cortex than in the spinal cord.® However, in
contrast to the less permissive environment of the
cerebral cortex, a marked inflammatory reaction in the
meninges and the choriod plexus may be seen. Finally,
the absence of mast cells and dendritic cells contributes
to the atypical characteristics of the inflammatory
response in the CNS.

While initial damage is induced by contusion of the
cord (for example, haemorrhage, membrane disruption,
and vascular damage), the final pathohistological lesion
is far greater than that identifiable in the first few hours
after the injury. Clearly, the size of the final lesion is
correlated to functional outcome. The spread of the
damage (such as excitatory amino-acid-induced intra-
cellular Ca®>" increase, proteolysis, formation of free
radicals and nitric oxide) is thought to be because of the
activation of the biochemical events leading to cellular
dysfunction or even cellular death.'>'® This cascade
of injury-induced, destructive events is defined as
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secondary injury. Another important characteristic of
SCI is that longitudinal spreading of the secondary
injury causes further segmental loss of function.

It is important to point out that regulation of the
secondary injury cascade may differ significantly be-
tween animal strains and species. Consequently, promis-
ing scientific observations or potential therapies may not
be interspecific or even interstrain applicable without
appropriate investigation in the respective animal
model. However, one feature of the post-traumatic
reaction of the CNS that occurs regardless of species,
animal strain, or injury model, is the patterned and
regional degeneration of both myelinated and unmyeli-
nated axons. This is accompanied by local activation of
resident microglia cells.'

Primary and secondary injury

The SCI site contains large numbers of both apoptotic
and necrotic neurons and glia. Typically, the centre of a
SCI is predominantly characterized by necrotic death.
The primary injury refers to the mechanical damage
leading to direct cell death and bleeding. Further
progressive destruction of the tissue surrounding the
necrotic core is known as secondary injury.®'? There are
parallels between this area of secondary tissue damage
and damage seen in the penumbra zone following a focal
ischaemic lesion in which apoptotic cell death also
dominates. Several mechanisms contribute to this
pattern of destruction including hypoxia, excitotoxicity,
free radical formation, release of proteases, inflamma-
tory response with activation of CNS resident
microglia and invasion of peripheral macrophages.
Table 1 summarizes the cascade of vascular,
cellular, and biochemical events of the secondary
neuroinjury.

Table 1 Summary of events of secondary neuroiniury
following SCI

Vascular events:  breakdown of blood-spinal cord barrier
oedema formation

ischaemia and hypoxia

release of vasoactive substances

alteration of spinal cord perfusion

Biochemical events:excitotoxicity
formation of free radicals and nitric oxide
release of proteases
damage of mitochondrias
energy depletation
Cellular events: invasion of neutrophils
activation of resident microglia
invasion of peripheral macrophages
infiltration of lymphocytes
activation of astrocytes
apoptosis of oligodendrocytes
Wallerian degeneration
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Experimental models
In general, to study the pathophysiology of SCI on the
cellular and molecular levels, animal models of SCI have
to be reliable, consistent, and reproducible. To have
clinical relevancy, they need to imitate the pathological
features of human SCI. In most laboratories, either
contusion injury or transection models are used in
mammals such as rats or mice. The standardized NYU
weight drop contusion model allows the induction of
reproducible minor, moderate, or severe contusion
injury typically of the thoracic spinal cord.”*** Other
laboratories use electromechanical-driven, feedback-
controlled impaction devices (for example, the Ohio
State or OSU device).”*** Further, experimental injuries
using an extradural clip compression at the cervical level
have been reported.?® Intraspinal injection of quisqualic
acid (QUIS) produces excitotoxic injury with pathophy-
siological characteristics similar to those associated with
traumatic SCI.>78

To take advantage of various transgenic and knock-
out mice, murine SCI models using dorsal hemisection?’
or extradural calibrated clip compression have recently
been used with a modified murine BBB hind limb
locomotor rating scale.*®! The histopathology corre-
lates positively with the biomechanical impact.**

Lesion cavity
Typically, the contusion SCI model is characterized by a
central haemorrhagic necrosis that spreads radially and
rostrocaudally, resulting in an ellipsoidal, loculated
cystic cavity. The cavity is filled with macrophages and
lined by activated astrocytes. Cells born in the rostral
and caudal ependymal zones contribute to trabeculae
that divide the cavity and provide a matrix for invading
Schwann cells and axons.'> A peripheral rim of spared
axons persists in the ventral and dorsal funiculi that may
be seen even after severe injuries. The centre of the
cavity is filled with granular debris and fascicles of small
myelinated and unmyelinated axons are interspersed
with macrophages. Large numbers of activated resident
microglia and invading peripheral macrophages are
present soon after the injury and persist for several
months. The area is occupied by granular debris, myelin
fragments, macrophages, and invading blood vessels.
The amount of spared white matter in the thoracic
spinal cord correlates highly with preserved locomotor
function.'”2!3341% pharmaceutical treatment in the
acute phase following SCI, targets such spared tissue to
reduce the spread of secondary injury, leaving more
fibres and myelin in the white matter intact. Fibres can
be seen approaching the rostral end of the lesion and
branching into the adjacent grey matter.'”> Many
degenerating axons exhibit retraction bulbs.>* 3¢

In contrast to the contusion model, transection lesions
are characterized by a limited rostrocaudal spread of
secondary injury.'’ Transections or hemisections of the
spinal cord include damage to the meninges with
consequent differences in the invasion by peripheral
macrophages and meningeal cells.



Vascular events of secondary injury

Vascular events of secondary injury include the disrup-
tion of the blood-spinal cord barrier (BSB) that is
closely associated with oedema formation. Breakdown
of the BSB also triggers the post-traumatic inflamma-
tory response by invasion of neutrophils and macro-
phages. Further, trauma-activated endothelial and glial
cells release vasoactive substances (eg reactive oxygen
molecules, bradykinins, histamines, and nitric oxide)
that influence the spinal cord perfusion and facilitate the
crossing of plasma-derived molecules into the cord.’
Together, these vascular events, being part of the
secondary injury cascade, play an essential role in
activating and regulating the secondary events, includ-
ing the post-traumatic inflammatory response. The
disruption of the BSB is characterized both by a
transient loss of anionic charge at sites along the
endothelial glycocalyx and extravasation of plasma
proteins, including cytokines.>” The BSB breakdown is
maximal 1 day after lesion and gradually declines
thereafter.”*® BSB breakdown extends along the axis
of the injured spinal cord and consequently is not
restricted to the injured site.”?373 However, the area
and duration of increased membrane permeability is
much greater in the spinal cord than in the brain
following a comparable lesion.’

Tator and Koyanagi®® report in their study on the
vascular effects in human SCI, that at the level of the
injury, haemorrhagic patterns were more pronounced in
the grey matter. Conversely, most of the white matter
showed nonhaemorrhagic degenerative changes includ-
ing myelin degradation and axonal swelling in the acute
stage.*” Since at the site of injury, none of the major
arteries on the surface of the spinal cord was found to be
occluded, the authors have suggested that the intrame-
dullary vascular system may be primarily responsible for
the vascular damage seen in humans.

Liberation of catalytic metal ions, which are present
in high concentration during the degradation of
haemoglobin, is essential to the formation of free
radicals.*® Ischaemic tissue exhibits profound energy
depletion by loss of adenosine triphosphate (ATP).
Restoration of ATP pools in sublethally ischaemic cells
causes some cells to undergo reperfusion injury because
of reoxygenation. This leads finally to energy-dependent
apoptosis.*! These questions concerning energy deple-
tion will be addressed later.

Biochemical events of secondary injury

Ca’ " -dependent,  glutamate-associated neuronal ~ cell
death SCI initiates biochemical cascades that lead to
an increase in extracellular excitatory amino-acid (EAA)
concentration, resulting in glutamate receptor-mediated
excitatoxic events.*” Glutamate is a major excitatory
neurotransmitter in the mammalian nervous system.
After its release, specific transporter proteins rapidly
remove extracellular glutamate from the synaptic cleft.
The clearance of excess glutamate prevents accumula-
tion under normal conditions. However, SCI elevates
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extracellular glutamate concentrations to neurotoxic
levels. Excitotoxicity refers to the ability of glutamate
and aspartate to destroy neurons by prolonged excita-
tory synaptic transmission. Glutamate cell membrane
receptors can be divided either into the (i) ionotropic N-
methyl-p-aspartate (NMDA) and AMPA /kainate re-
ceptors or (ii) the metobotropic glutamate receptors.*>**
However, there is general consensus that the NMDA
glutamate receptor subtype plays a key role in mediating
certain  aspects of glutamate excitotoxicity in
SCI.?7344346 Expression of glial and neuronal gluta-
mate transporter proteins is upregulated rapidly after
SCI, reaching peak values within 6 h, decreasing there-
after, but remaining elevated for 24 h.*’” Further, the
three different subtypes of metabotropic glutamate have
different spatial and temporal expression patterns
following SCL**** Since metabotropic glutamate recep-
tors are G-protein coupled, their activation can initiate
numerous intracellular signalling pathways that have a
variety of complex and long-lasting effects following
SCIL.* Interestingly, spinal neurons were found to be
less vulnerable to NMDA toxicity and more vulnerable
to AMPA /kainate toxicity than cortical neurons.*® In
general, hy;)oxia makes cells more sensitive to glutamate
challenge.”

In the adult mammalian nervous system, cellular
Ca’" overload is intimately related to glutamate-
induced traumatic and ischaemic neuronal cell death,
both of which are associated with increased tissue
Ca’" #0 Recent work suggests that both the total
neuronal Ca”>" load and the route by which the loading
occurs to be important.** The influx of Ca®>" ions into
neurons by glutamate activation of NMDA receptors
leads to activation of various secondary processes. This
leads to cellular death. EAA induce a prompt intracel-
lular Ca”?" increase. This triggers the Ca’"-dependent
neurotoxicity at a very early time point.

Ca’" excess-related neurotoxicity is responsible for
further specific processes including formation of free
radicals and nitric oxide, activation of proteases and
endonucleases, mitochondrial damage, and induction of
apoptosis. These will be discussed in the following
sections.

Formation of free radicals and nitric oxide Free radicals
such as superoxide (O3) and hydroxyl (OH™) are
produced in small amounts by normal cellular processes
as part of the mitochondrial electron transport chain
and the microsomal cytochrome P-450 system. Free
radicals play important physiological roles such as
modulation of membrane receptor function. For exam-
ple, free radicals are known to affect NMDA function.”!

Free radicals are formed during traumatic or hypoxic
injuries as a consequence of insufficient oxygenation.
Further, during post-traumatic reperfusion, reactive
oxygen radicals may also be formed as byproducts
of the biochemical reactions, which produce prosta-
glandins and leucotrienes from arachidonic acid.®#>
Liberation of catalytic metal ions, that are present in
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high concentration during the degradation of haemo-
globin, is essential to the formation of free radicals.

Free radicals can react with and subsequently damage
proteins, nucleic acids, lipids, and extracellular matrix
proteins such as glycosaminoglycans. Polyunsaturated
fatty acids are found in very high concentrations in the
CNS as plasma membrane components. They are
particularly vulnerable to free radicals and this vulner-
ability is responsible for the deleterious post-traumatic
ischaemia-induced lipid peroxidation within the CNS.

Nitric oxide (NO) is a diffusible highly reactive gas
that is produced physiologically in small amounts in the
CNS by the vascular endothelium and neurons. NO acts
as a potent vasodilatator.”> NO per se is not highly
toxic. However, it reacts with O5 to form the powerful
oxidant, peroxynitrite (ONOO™) that can directly
oxidize lipids, DNA, and proteins.®* Immediately
following contusion SCI, concentrations of NO mark-
edly increase and then gradually decrease between 1 and
12 days after injury.”> ONOO™ itself causes significant
neuronal loss and locomotor dysfunction when gener-
ated in the rat spinal cord in vivo.>® The endogenous free
radical scavenger, superoxide dismutase (SOD) can
moderate this reaction. Excessive NO production has
been postulated to be the causative mechanism under-
lying neurotoxicity.>’

Mitochondrial damage

A landmark of secondary tissue loss following CNS
injury is the devasting loss of intracellular energy
substrates.>*>%% This energy loss is caused by vascular
damage and subsequent reperfusion-induced endothe-
lium damage.*>®® Hypoxia causes dysfunction of
mitochondria, which normally serve as an energy buffer
during physiological and pathological conditions. How-
ever, mitochondrial dysfunction is a common event in
cell injury in ischaemic or mechanical injury. This may
be caused by the anoxic collapse of the transmitochon-
drial membrane potential leading to intramitochondrial
Ca®" accumulation. It is likely that extreme intracellular
Ca’" overload irreversibly damages mitochondria and
ATP depletion leading the cell to die.*!

Cellular reaction of secondary injury

Invasion of neutrophils Neutrophils are the first in-
flammatory cells to arrive at the site of injury in non-
neuronal and neuronal tissue. By their phagocytic and
properties, they are able to remove tissue debris and
restore homeostasis. Post-traumatic accumulation of
neutrophils, as measured by myeloperoxidase (MPO)
activity, is significantly increased within 3 h and remains
elevated up to 3 days after SCL®" % Typically,
neutrophils accumulate at the vascular endothelium.
Although neutrophils accumulate also intraparenchy-
mally in areas adjacent to the haemorrhagic necrosis,
there is no histological evidence that they infiltrate the
spinal cord.®"®> Compared to an experimental brain
injury, the number of recruited and infiltrated neutro-
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phils is much higher in the spinal cord following a
similar lesion.” The greater degree of neutrophil
recruitment in the spinal cord may be because of the
stronger upregulation of intercellular adhesion molecule
(ICAM-1) and platelet—endothelial cell adhesion mole-
cule (PECAM). Both molecules are expressed in
endothelial cells. However, higher amounts are found
in the cord as compared to the cerebral cortex.'
Neutrophils are involved in the modulation of the
secondary injury by release of neutrophil proteases and
reactive oxygen species. Neutrophil elastase is an
enzyme capable of damaging endothelial cells resulting
in increased vascular permeability. Since post-traumatic
haemorrhage within the spinal cord is markedly reduced
by an neutrophil elastase inhibitor, haemorrhage may be
a consequence of neutrophil elastase-induced endothe-
lial cell damage.®

Microglia activation and invasion of macrophages Rest-
ing microglia occupy approximately 13% of the entire
glial cell population and are distributed diffusely
throughout the CNS.** Microglia respond rapidly to
disturbances within the microenvironment by change in
morphology, expression of specific cell surface mole-
cules, and release of cytokines such as interleukin-1 (IL-
1), tumour necrosis factor alpha (TNF-o) and chemo-
kines such as leucotrienes and prostaglandins. The term
‘activated microglia’ is used to describe proliferating
nonphagocytic cells that demonstrate changes in their
immunophenotype and their morphology, but have not
undergone transformation into brain phagocytic macro-
phages.”®

However, it is not possible to reliably distinguish
activated microglia from invading peripheral blood-
born macrophages using immunohistochemistry alone.
The morphological diversity of microglia is indicative of
functional heterogeneity.>****%° For example, the con-
comitant increase in expression of major histocompat-
ibility complex (MHC) antigen class II is only seen in a
subpopulation of microglia with increased OX42 im-
munoreactivity.” The OX42 antibody recognizes com-
plement CD 11 (C3b receptor) expressed by resting and
activated resident microglia as well as by peripheral
macrophages.®’ Microglia/macrophages are the only
OX42-positive cells present in the CNS. The EDI
antibody reacts with an intracellular antigen in activated
microglia and macrophages. Resting microglia are
recognized by their distinct star-shaped morphology,
particularly with the OX42 antibody. Conversely,
activated phagocytotic microglia are rounded and, are
therefore, not easily distinguishable from peripheral
macrophages.®! Interestingly, in contrast to ED1-posi-
tive phagocytic macrophages, activated microglia were
found distal to the lesion centre and in areas with
moderate rather than severe demyelination.” In the first
24 h following transection of the spinal cord, a narrow
belt containing a dramatic reduction in the number of
0X42-positive microglia has been described around the
injury site.%*



Post-traumatic activation of microglia is evident at
day one. However, the number of activated microglia
increases during the first 7 days and then plateaus, 2—4
weeks postinjury, depending on the animal strain.’
Thus, the mononuclear phagocytic response to SCI is
considerably greater than that seen following a similar-
size lesion in the forebrain.’

It is well known that activated microglia secrete
cytotoxic substances including various cytokines such as
TNF-a, IL-1, reactive free radicals, and nitric oxide.
However, the major role of microglia at the lesion centre
is probably rapid phagocytosis of debris rather than
induction of apoptosis.®® Heterogeneous neurotrophin
expression in vivo and differential responses to neutro-
trophins by microglia in vitro suggest that these cells
may elicit unique functional properties in the patholo-
gical CNS and thus, subsequently control the inflam-
matory response at the injury site.'®

The prolonged presence of active microglia/macro-
phages in CNS tissue, in contrast to the peripheral
nervous system, has a number of effects, either
deleterious or beneficial.*¢” For example, prolonged
release of proinflammatory cytokines by microglia/
macrophages may contribute to subsequent further
destruction. On the other hand, activation of microglia
as well as astrocytes may lead to the production of
growth factors essential for neuronal survival and tissue
repair. Further, results have suggested that transplanta-
tion of peripherally activated macrophages has bene-
ficial effects on functional spinal cord regeneration.
Clearly, the environment dictates the response of the
macrophage.®®

Lymphocyte infiltration T-lymphocytes are scattered in
the uninjured spinal cord and progressively increase in
number after injury in parallel with the activation of
microglia and influx of peripheral macrophages, within
the first week and predominantly within the epicentre.
Under normal conditions, activated T cells can cross the
BBB and enter the CNS parenchyma. In comparison
with other inflammatory cells recruited, the number of
lymphocytes remains low.” However, T-lymphocytes
play an important role in the CNS immune system, since
on activation, T-lymphocytes may kill target cells and
produce cytokines.

Schwartz and co-workers have pointed out that both
innate and adaptive autoimmune responses may be
needed for recovery after axonal CNS injury; that
macrophages are required for repair, and that activated
T cells directed against CNS antigenes are needed for
defence and protection.®” A single postinjury injection of
autoimmune T cells directed against CNS myelin basic
protein has been found to reduce the spread of damage
and promote recovery following contusion SCI in rats.®’
The degree of functional recovery was found to be
dependent on the final lesion as revealed through
morphometric analysis, immunohistochemical staining,
and techniques of diffussion magnetic resonance ima-
ging.”® Collectively, these studies suggest that the slow
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longitudinal degeneration seen within the spinal cord
because of axoplasmatic disruption following SCI may
have consequences that are both advantages and
deleterious to functional outcome. Degeneration then
may be considered to have dual action and should not
necessarily be regarded as an undesirable process.®”!!?

Astrocytic activation/| GFAP upregulation After SCI, a
selected population of astrocytes known as reactive
astrocytes, contributes to the inhibitory environment
within the injured spinal cord. Typically in mammals,
there is a subsequent proliferation and hypertrophy of
astrocytes around the injury site.>***7". Specifically,
reactive astrogliosis is denoted by increased immunor-
eactivity of glial fibrillary acid protein (GFAP;, which is
a distinct cellular marker of astrocytes.'®#%71-74111 ¢
has been demonstrated that reactive adult astrocytes
upregulate the production of laminin and neurotrophin
C.”>7® In addition to the endogenously present myelin-
associated neurite growth inhibitory constitutents,
reactive astrocytes form an astroglial scar that acts as
a phg/sical and/or chemical barrier to axonal regenera-
tion.>3>7>7778 Proximity to the lesion epicentre deter-
mines whether the reactive glial environment will be
growth supportive or inhibitory.®> Although the func-
tional role of glial scarring is not completely understood,
it has been suggested to be an attempt by the CNS to
restore_homeostasis through isolation of the damaged
region.”""*" Activated astrocytes upregulate expression
of various cell surface molecules including cell adhesion
molecules and extracellular matrix proteins.

Apoptosis  Apoptosis permits cell death in the absence
of an inflammatory response in the surrounding tissue.
Apoptosis is fundamentally distinct from necrosis;
characterized by initial surface blebs, cell shrinkage,
chromatin aggregation with genomic fragmentation,
and nuclear pyknosis.'®* In contrast, necrosis is
characterized by passive cell swelling, mitochondrial
damage with rapid energy loss, and disruption of
internal homeostasis.®' The sequence of events leading
to membrane rupture with release of intracellular
constitutes activates a rapid inflammatory reaction.

Apoptosis is regulated through numerous genes, some
of which have remained highly conserved throughout
evolution. The mammalian apoptotic cell death pro-
gramme is regulated by the caspase family of cysteine
proteases.'®*!8%82 In particular, downstream caspase-3
has been shown to be important to neuronal develop-
ment and injury by inducing fragmentation of nuclear
DNA in vitro and in vivo.**'"* Additional control of cell
death/survival is provided by the mammalian antiapop-
totic proteins Bcl-X; and Bcl-2. The latter was shown to
be upregulated in injured white matter axons following
SCI. Major proapoptotic proteins are Bax, Bad, and
Bid.
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Two different apoptosis signalling pathways in
mammalian cells have been described. The first intrinsic
pathway is initiated by mitochondrial dysfunction.
Mitochondrial dysfunction can be caused by various
triggers such as hypoxia or ATP depletion, which results
in cytochrome c release from mitochondria and trigger-
ing of caspase-9 activation. The intrinsic pathway is
mainly modulated by Bcl-2 and Bax, which are anti- and
proapoptotic proteins, respectively.*! The second well-
established apoptosis pathway involves signalling by cell
surface ‘death receptors’. These ‘death receptors’ are
members of the TNF receptor (TNFR) family and
include TNFRI1, Fas, Fas ligand, p75, and DR3. These
receptors recruit and activate caspase-8 and caspase-10
through their intracellular death domains.’®** % Fas
and p75 receptors are expressed on oligodendrocytes,?
astrocgytes, and microglia in the spinal cord following
SCI.*®* NMDA receptor activation by EAA, such as
glutamate, promotes delayed apoptotic neuronal and
glial cell death. The exact mechanism by which EAA
induce apoptosis remains unclear. However, Ca’"-
dependent and/or TNF-a-mediated activation, in part
via NO produced inducible NO synthase (iNOS), may
be involved.>”®” Further, it has been demonstrated that
TNF-u potentiates cell death mediated by glutamate.*
Activation of nuclear factor kappaB (NF-xB) by TNF-«
induces transcriptional activation of iNOS, thus causing
further cell damage.® This effect is partially blocked by
the NMDA receptor antagonist MK-801 in the spinal
cord white and grey matter and offers a potential
therapeutic target.®®

In the CNS, apoptosis involves predominantly non-
neuronal cells such as oligodendrocytes.'®2%% Apopto-
tic cells were observed, mainly in the grey matter, 1h
after trauma with an increase for the first 8 h, at which
time the cells were found both in the grey and white
matter.®® Interestingly, from 24 to 72h postinjury, the
number of apoptotic cells decreased in the grey matter,
but increased in the white matter.®® Apoptotic cells are
greatest in number closest to the lesion epicentre and are
spatially associated with degenerating axons.?® Follow-
ing contusion SCI in rats, apoptosis of oligodendrocytes
is maximal 8 days postinjury.®® However, early activa-
tion of upstream and downstream apoptotis-inducing
components has been reported within neurons follow-
ing SCL¥ Emery et al® confirmed the occurrence of
apoptotic cells by caspase-3 activation in human SCI 3 h
to 2 months after injury.®® Rescuing oligodendrocytes
and preservation of myelin are expected to have lar%e
effects on the functional outcome after SCI.'6:6%%
Recently, using the anti-ssDNA monoclonal antibody
F7-26 (Apostatin), it has been demonstrated that
systemic administration of dexamethasone decreases
apoptosis-related cell death in the injured spinal cord.”

Wallerian degeneration and demyelination ~Apoptosis of
oligodendrocytes leads to chronic demyelination thus
causing anterograde neurodegeneration. The degenera-
tion of fibres characterized by the disruption of their
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myelin sheaths is known as Wallerian degeneration
(WD). WD is accompanied by the activation of resident
microglia that are in intimate spatial contact with
apoptotic oligodendrocytes in the white matter, largely
in ascending tracts above and in descending fibre tracts
below the lesion in humans and rodents.'®%8%82 WD
is partly responsible for the delayed sensory—-motor
dysfunction. Further, SCI induces a reduced expression
of various myelin proteins; for example, proteolipid
protein and myelin basic protein, at the transcriptional
level. This causes abnormal myelination.”!

Regulation of CNS inflammation

Intracellular signal transduction cascades regulate gene
expression by converting transcriptional activator pro-
teins from an inactive to an active state in which they are
able to bind to DNA.”> A rich variety of signal
transduction pathways exists within all neurons. Activa-
tion of these pathways is typically initiated by neuro-
transmitters that bind to receptors including ligand-
gated ion channels, G-protein-coupled receptors and
tyrosine kinase receptors. A common outcome of the
activation of these receptors is the production of second
messengers such as cAMP and Ca’?", which bind to
effector enzymes. Particularly important effectors are
protein kinases and phosphatases that regulate the
phosphorylation state of their substrates, and thus
regulate their function. These substrates can be meta-
bolic enzymes or signal transduction factors such as ion
channels, protein kinases, or transcription factors that
regulate gene expression.

Pro- and antiinflammatory cytokines tune this in-
tracellular signal cascade. TNF-a, IL-18, and IL-6 are
considered to be proinflammatory cytotoxic cytokines
and are critical mediators of the post-traumatic inflam-
matory reaction. IL-10 is a potent anti-inflammatory
cytokine that supresses the majority of microglial/
macrophage responses.**®?* This cytokine blocks the
activation of NF-xB and attenuates the synthesis of
various cytokines, chemokines, and matrixproteases.
With respect to the CNS, IL-10 reduces the TNF-«
production by astrocytes as well as the antigen
presentation by both astrocytes and microglia.***
Further, IL-10 is known to act at the BBB preventing
adhesion and extravasation of leucocytes.”> QUIS
injection causes excitotoxic SCI. QUIS injection results
in an increase mRNA encoding IL-1p, cyclooxygenase-2
(Cox-2), and iNOS.?® QIUS injury in combination with
systemic injection of IL-10 has been shown to signifi-
cantly downregulate expressiom of IL-1f and iNOS
mRNA.?® In mice lacking TNF-o receptors, reduced
microglia activation was found following traumatic
brain injury,”® suggesting that TNF-o plays an impor-
tant role in microglia activation.

Intraspinal injection of recombinant IL-1£ was found
to induce significant BSB breakdown and recruitment of
neutrophils and lymphocytes. In contrast, a similar
injection into the brain parenchyma failed to evoke a
BBB breakdown and neutrophil recruitment.'® Further,



intracerebral microinjection of IL-1f was found to
induce apoptosis of intrinsic CNS cells, whereas a
similar injection of TNF-a did not cause DNA
fragmentation. However, both caused vasogenic ede-
ma.”” Axotomy exerts strong IL-6 immunoreactivity in
motoneurons and upregulation of IL-6 mRNA 2 days
postinjury. This is claimed to trigger the proliferative
aspect of microglia activation, thus having a neuropro-
tective function.”®*® However, injection of fibroblasts
secreting hyperinterleukin-6 (cytokine growth factor,
IL-6, and its alpha receptor) did result in a marked
increase in number of neutrophils and in the area
occupied by activated microglia and macrophages,
correlating with a two-fold increase in the lesion size.”

Following experimental SCI, transcripts of both the
proinflammatory cytokines, TNF-o, IL-1f, and IL-6
and the chemokines, MIP-1o and MIP-1§, are upregu-
lated within the first hour postinjury.'®® However, the
expression of TNF-« is nearly completely downregu-
lated by 24 h.>>"1%! Therefore, CNS cells, and not the
invading non-CNS resident cells, seem to be the source
of the transcripts. In juvenile rats, an age-related
‘window of susceptibility’ to the inflammatory stimulus
on leucocytes and BBB permeability secondary to an
intracerebral IL-1p injection has been demonstrated.'*?
Further, TNF-o prevents degradation of RGS7, a
regulator of G-protein signalling, thus contributing to
the regulation of CNS inflammation.'” SCI-induced
expression of RGS7 in activated microglia and periph-
eral macrophages is supported by in vitro studies with
TNF-a-stimulated cell lines.*® This work suggests that a
RGS7 modified G-protein regulates activation of
microglia by TNF-a.

Plasma levels of inflammatory mediators, including
cytokines (for example IL-2, IL-6), the soluble IL-2
receptor, and adhesion molecules (for example ICAM-
1), are elevated in chronic SCI patients. This may
expleggn the prolonged inflammatory response in human
SCI.

Chondroitin Sulphate Proteoglycans (CSPs) are a
group of inhibitory molecules of the injured CNS that
are mainly produced by astrocytes.”” CSP within the
extracellular matrix effectively encapsulate transplants
of sensory neurons at the host—transplant interface. This
prevents migration into the host white matter even in the
absence of a physical scar barrier.*> The bacterial
enzyme chondroitinase ABC (ChABC) trims the carbo-
hydrate side chains off large extracellular proteins by
degradation of CSP at the SCI site. It has been shown
that intrathecal injection of ChABC yields an upregula-
tion of a regeneration-associated protein in injured
neurons and promotes regeneration in both ascending
sensory Projections and descending corticospinal tract
axons. ™ Further, ChABC treatment is also reported to
restore postsynaptic activity below the lesion after
electrical stimulation of corticospinal neurons and to
promote functional recovery of locomotion and pro-
prioception.'*

Proteinases, and in particular, matrix metalloprotei-
nases (MMPs) are likely mediators of early secondary
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vascular pathogenesis after SCI. MMPs form a large
family of zinc- and Ca® " -dependent endopeptidases that
together can hydrolyse essentially all components of the
extracellular matrix.*' MMPs are necessary for
remodelling of the extracellular matrix. MMP activity
is required for inflammatory cell infiltration and may
contribute to the early alteration of the BSB perme-
ability. MMP-9 is predominately expressed by inflam-
matory cells and plays an important role in BSB
dysfunction and post-traumatic inflammation. MMP-9
is rapidly increased after contusion SCI and reaches a
maximum at day 1.'°° Methylprednisolone has been
shown to suppress the expression of MMP-9 after
SCL.'"7 Further, MMP released by axonal growth cones
break down inhibitory CSPs.*

Whether or not inflammation is beneficial or deleter-
ious depends not only on the cellular and soluble
components but also, importantly, on the timing of the
acute inflammatory process. Klusman and Schwab®
showed that following SCI, the induction of a well-
timed cytokine-specific inflammatory response in the
spinal cord may be neuroprotective.® They demon-
strated that after injecting a cytokine cocktail (TNF-a,
IL-1 and IL-6) into the spinal cord 4 days after injury,
there was a slight increase in the recruitment of
peripheral macrophages while microglial activation
was decreased. In contrast, with injection at day 1 after
injury, an increase in the number of macrophages and
microglial activation was observed. The balance be-
tween neuronal growth potential and inhibition by adult
CNS environmental cues holds the key to structural and
functional repair of the adult CNS.*

Interestingly, hypothermia attenuates the production
of oxygen-free radicals, suppresses release of EAA,
reduces intracellular Ca®* overload, delays induction of
iINOS, and diminishes induction of IL-1§ messenger
RNA. This finally inhibits the effects of the secondary
injury by reducing the post-traumatic inflammation and
lipid peroxidation.'®® Therefore, moderate hypothermia
may be used to beneficially modulate the cascade of the
secondary injury.

The extensive repair following CNS injury in lower
vertebrates may not be because of differences in CNS
myelin structure alone. Since frogs and fish exhibit
continual and indeterminate body growth throughout
life, many extrinsic and intrinsic CNS conditions
required for axonal outgrowth may endure and facilitate
axonal regeneration.'” Differences in the regulation of
post-traumatic inflammatory responses in lower verte-
brates may protect them from further deterioration by
the secondary injury.

Summary

SCI initiates a robust immune response characterized in
part by the synthesis of cytokines and chemokines and a
coordinated infiltration of the injured area by peripheral
leucocytes. SCl-induced inflammation may result in a
further deterioration of functional outcome because of
the development of scar tissue and necrosis or apoptosis
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of neurons and oligodendrocytes. However, post-
traumatic inflammation has a dual role. Apart from
deleterious effects, beneficial effects of the inflammatory
response are evident. Initially, the post-traumatic
inflammatory response is dominated by the recruitment
of neutrophils, peaking at day 1 postinjury, and by
breakdown of the BSB. Cell adhesion molecules are
rapidly upregulated in the vascular endothelium. From
day 2 onwards, blood-born macrophages and activated
CNS resident microglia dominate the inflammatory
response. Lymphocytes also appear, though in small
numbers. Astrocytes react with upregulation of GFAP
expression.
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