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OXIDATIVE STRESS CASCADES IN SPINAL CORD INJURY AND
THERAPEUTIC INTERVENTION DEVELOPMENT
CHRISTIAN ALEXANDER ARBELAEZ
ABSTRACT

Secondary injury (Sl) after spinal cord trauma is characterized by the
multiple pathophysiological events that are set in motion by a primary mechanical
insult to the spinal cord. S| produces a post-spinal cord injury (SCI)
microenvironment that severely limits recovery, and results in more functional
deficits. Many advances have been made to increase the scientific understanding
of SI mechanisms, but there remains a lack of standardized clinical treatment to
mitigate the damage caused by secondary pathophysiology. The classification of
Sl processes can be done based on the biological systems they take place:
vascular (hemorrhagic necrosis, ischemia, edema), immune (cytokine and
hormone release, residential inflammatory cells, peripheral inflammatory and
immune cells), and neuronal/glial systems (excitotoxicity, mitochondrial
dysfunction, ionic disturbances, overproduction of reactive oxygen and nitrogen
species, cell death pathway activation, and axon degeneration). Regarding
mechanisms underlying the Sl processes (i.e., S| mechanisms: the biochemical
events that exacerbate structural and functional losses), SCl-induced elevation of
reactive oxygen and reactive nitrogen species (ROS/RNS) serve as one of the
most potent triggers of neural cell and neurite death and inflammation, essentially

affecting all aforementioned systems to worsen neurological dysfunction. In
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addition to the role in pathophysiological circumstances, ROS/RNS are also
important players in mediating physiological functions (e.g., cell signaling). This
feature requires that development of therapeutics for managing post-SCI ROS
and RNS must specifically impede the detrimental effects of the radicals in
propagating the Sl scale without interfering with their physiological roles. In the
context of SCI, regulation of ROS/RNS species at their homeostatic levels may
serve as an effective therapeutic target for future clinical studies to mitigate
neurodegeneration and neuroinflammation, and to promote a permissive
environment for endogenous recovery. Based on these facts, Hydrogen Peroxide
and Peroxynitrite (a representative ROS and RNS, respectively) were evaluated
as S| mediators after SCI and for their potential to be targeted to develop
interventions to treat SCI. Overall, the reviewed research findings suggested that
oxidative damage cascades should be further studied in laboratory and clinical

settings to advance understanding of Sl processes of SCI for devising therapies.
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INTRODUCTION

Spinal cord injury (SCI) still remains one of the most debilitating neural
lesions worldwide, with an estimated 250,000 to 500,000 new cases of SCI
occurring every year.! In the United States alone there are approximately 17,900
individuals who sustain new SCls each year and ~288,000 individuals who are
currently living with SCI.2 The presentation of these cases to healthcare centers
can either be via traumatic injury (e.g., motor vehicle accident, fall, physical
violence, sports-related injury, or other types of injury) or non-traumatic injury
(e.g., tumor, infection, or degenerative disc disease).® Traumatic SCI accounts
for most of the reported cases in the United States and will be the main focus for
the rest of this paper.*

There are several key demographic trends for traumatic SCI including
gender and age. Males account for most of the traumatic SCI patient population
in the United States at 78%, while females comprise the remaining 22%. This
disparity reflects behavioral differences between genders, as men are more likely
to be affected by physical violence (e.g., gunshot wounds) and/or engage in risk-
taking activities (e.g., motor vehicle crashes and diving injuries) compared to
women as found in a study by Chen et. al. 2013.# The distribution of SCI for age
is bimodal, with one large peak occurring in individuals aged 15-29 and another
large peak in individuals >50. The two peaks are reflective of age-specific risk
factors, as the frequency of motor vehicle accidents and high-impact sports

injuries are higher in the younger age cohort, whereas the frequency of low-



impact falls are higher in the older age cohort.® There has also been an increase
in average age at injury from 28.7 years old in the 1970s to 43 years old in the
2010s due to a higher SCI incidence rate in the elderly as compared to the
general U.S. population (i.e., age 18-64 years, 49.9 new cases per million vs age
> 65 years, 87.7 new cases per million in 2009).28 Contributing to the increase in
elderly SCI are many risk factors related to aging (e.g., decline in both muscle
mass and musculoskeletal strength) that lead to higher susceptibility of
experiencing an accidental traumatic injury and the aging U.S. population over
the last 50 years.’

The major determining factors in the mortality and morbidity of SCI are the
neurological level and completeness of the injury. Physical examination of
dermatomes (area of the skin innervated by the sensory axons within the
segmental peripheral nerve) and myotomes (collection of muscle fibers
innervated by the motor axons within the segmental peripheral nerve) by
clinicians allows determination of the neurological level and completeness of a
particular injury.® The neurological level of injury is designated by the most
caudal segment of the spinal cord that retains intact sensory (i.e., sensation to
light touch and/or pin-prick input to the corresponding dermatome) and motor
function (a detectable muscle contraction at grade 23 within the corresponding
myotome; see reference for grade characterization).? In contrast, the anatomical
level of injury is defined by the segment of the spinal cord at which the primary

damage occurred. The neurological level is the more important parameter to



consider clinically, as the secondary injury (Sl) spreads above and below the
lesion epicenter which can result in an extension of functional impairment in the
spinal cord beyond what would be classified by the original anatomical level of
the primary injury.® The completeness of injury is clinically defined by degree of
the sensorimotor loss below the neurological level of injury.® Complete injuries
are characterized by losing all sensorimotor function below the neurological level
of the lesion, whereas individuals with incomplete injuries retain some
sensorimotor function below the level.® The higher a neurological injury is, the
more severe the neurological deficits are, due to greater scales of sensorimotor
function loss (e.g., a complete C2 injury results in quadriplegia versus paraplegic
sequelae caused by T11 injuries).

Patients with SCI, especially those with higher neurological levels of injury,
experience significant alterations to their physical, mental, economical, and social
well-being following their injury. Individuals with SCI often require caregiver
support, have a reduced life expectancy compared to the general population due
to increased risk of health complications, and require substantial financial support
for their continued health management post-injury.'2° SCl-related health
complications include autonomic dysreflexia (in injuries occurring above T6),
orthostatic hypotension, urinary tract infections, pressure sores, neuropathic
pain, gastrointestinal dysfunction, and increased risk of pulmonary embolus,
pneumonia, obesity, diabetes, respiratory deficits, and cardiovascular

disease.’ %1911 Given the severity of the condition, there have been many efforts



to develop therapies to treat major complications in the acute and chronic stages
of injury. The historical context of SCI thus provides important insights into the
progress of the scientific and medical understanding of this condition, as well as
the efforts to develop suitable treatments.
Brief History of Spinal Cord Injury

The first known documentation of spinal cord injury and traumatic brain
injury (TBI) came from an Egyptian surgical papyrus written in 1600 BCE. This
report highlighted 46 cases of traumatic injury to the head, neck, and chest,
which included 6 extensively documented cases of SCI. It is evident through
analysis of the documentation that the author of the papyrus had, for that time
period, a general understanding of anatomical, surgical, and scientific
knowledge, demonstrated by the inclusion of specific complications post-SCI
(e.g., loss of sensation and bladder control). Of the 6 selected cases, 2 sustained
direct damage to their spinal cords, one suffering from a dislocated vertebra and
the other suffering from a crushed vertebra. For these individuals, it was stated
that their condition was “an ailment not to be treated”, due to the severity of the
injury, limited understanding of the pathophysiological sequelae of SCI, and lack
of medical resources (i.e., advanced skills, technology and facility). 1213

Therapeutic nihilism regarding SCI continued in the clinical landscape until
major medical advancements in the fields of hematology (blood typing), imaging
(X-ray, CT, MRI), and surgery (tools and techniques) in the 19" and 20"

centuries allowed for safer and more practical general surgical treatment.'"12



14,15,16,17,18,19.20 Dr_ Paul Harrington’s methodology for improved surgical spinal
stabilization in the 1960s was of notable importance, allowing improved
alignment and stabilization of the spine for patients with scoliosis using the first
implantable spinal instrumentation system. This standard treatment was quickly
adopted for the stabilization of spine fractures and dislocations, given their
practicality and ease of translation.?° These medical innovations improved
methods for pre-operative planning and operative management and marked new
progresses in outcomes post-injury.'?

In the early 1900s, while some of these clinical advancements in SCI
treatment were being made, Dr. Alfred R. Allen, an American neuropathologist
and researcher at the University of Pennsylvania, postulated the existence of
“secondary” injury mechanisms that were causing significant damage following
traumatic SCI.'2 These findings offered another layer to understanding the
pathophysiology of neurotrauma extending beyond the mechanical insults.?’
These insults, now defined as the “primary injury”, are characterized by their
type, strength and speed (e.g., laceration, contusion, or compression) to a
particular locus and level of the spinal cord.?? Dr. Allen’s experiments
hypothesized that, following the primary injury, there was continuous tissue
damage as a result of “edematous and hemorrhagic outpouring into the cord
tissue” that increased pressure and chemical activity and contributed to the
pathological destruction of the spinal cord.??® He further identified the presence

of hemorrhage and edema as damaging Sl processes by demonstrating that



decompression surgery (laminectomy and myelotomy) to remove these agents
from the spinal cord improved neural outcomes in dogs with experimentally-
induced contusion SCls.'223 Dr. Allen thus introduced a new pathophysiological
understanding of SCI by describing a correlation between the presence of
hemorrhage and edema with the extent of the damage observed post-injury.'2
Since his work, laboratory and clinical researchers have uncovered numerous
additional pathophysiological events following trauma to the spinal cord,
categorized by vascular disruptions (i.e., breakdown of the blood-spinal cord
barrier), immune and inflammatory response overactivation,
neuronal/axonal/dendritic damages, metabolic dysregulation, ionic disturbances,
cell death, and oxidative cascades (Figure 1).12:24.25.26,27,28,29.30 Experimental
treatments have aimed to mitigate these secondary pathophysiological events
given their roles in exacerbating tissue loss after SCI.3! This line of
research-reasoning and findings helped to initiate the clinical trials for
Methylprednisolone, one of the most notable developments of pharmacological

interventions in the history of SCI treatment.32:33
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Figure 1. Overview of Secondary Injury Mechanisms.
lllustrative diagram highlighting the biochemical, pathophysiological, and
systemic events that occur following spinal cord injury. a) The acute phase of
spinal cord injury occurring in the first 0-48 hours after mechanical insult,
characterized by damaged central nervous system cells (i.e., neurons,
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oligodendrocytes, blood vessels, and axons). Playing major roles in the acute
phase of injury are vascular disruptions (hemorrhagic necrosis, thrombosis,
ischemia, and edema), immune response (inflammatory cell infiltration and
activation), nervous system disruptions (excitotoxicity and conduction failure),
and cellular deficits (increased levels of reactive oxygen species/reactive
nitrogen species, ionic imbalance, and mitochondrial disruptions) that all
contribute to the sequelae of secondary injury. b) The continued presence of
these mechanisms during the subacute phase in the ensuing 2-14 days leads to
a compounding damage via a continued inflammatory response, ischemia, and
increased levels of reactive oxygen species/reactive nitrogen species. The result
of these pathophysiological mechanisms is cell death (via apoptosis or necrosis),
which the suppression of endogenous recovery mechanisms and promotes
further axon degeneration and microcavity formation. c) The intermediate to
chronic phase of spinal cord injury, which encompasses all time past the 2-week
point, is characterized by the establishment of an “equilibrium state” where the
injury environment subsides after significant white/gray matter degeneration and
syrinx formation. In these stages, Wallerian degeneration, activation of microglia,
and persistent pro-inflammatory cytokines play a key role in the pathophysiology
and continue to inhibit the recovery response. d) Overview of the systemic
complications that result from the degenerated spinal cord following injury,
including respiratory, cardiovascular, gastrointestinal, reproductive, urinary, and
musculoskeletal system issues. Figure taken from (Non-invasive approaches to
functional recovery after spinal cord injury: Therapeutic targets and multimodal
device interventions).'?



Methylprednisolone/NASCIS Trials

In the late 20" century, the therapeutic potential of high-dose
glucocorticoid treatment of spinal cord injury was evaluated by a number of
experimental studies.'?3 It was demonstrated through animal models of SCI that
the glucocorticoid methylprednisolone (MP) could minimize SI by mitigating
oxidative damage/ischemia and improving spinal cord blood flow.'?3334 These
experimental results were then translated to a randomized controlled trial of 330
patients with acute traumatic SCI, called “The National Acute Spinal Cord Injury
Study” (NASCIS 1).35 This multicenter double-blind randomized trial evaluated the
effects of high-dose methylprednisolone treatment compared to a standard dose
over a 10 day period post-SCI.3° While there were no statistically significant
results between the two groups of treatment, the clinical anti-inflammatory and
antiedemic effects of MP facilitated an additional trial comparing MP, naloxone,
and placebo treatment in NASCIS 11.26 The second trial revealed significant
benefits in motor function, sensation to pinprick and touch compared to controls
six months after high-dose MP treatment (30 mg/kg i.v. bolus, plus a 23-h
infusion at 5 mg/kg/h).3¢ Reported adverse side effects in NASCIS Il following MP
treatment were consistent with steroid therapy (i.e., gastrointestinal bleeding,
wound infections, and delayed wound healing) but were not reported in the study
at a statistically higher frequency compared to controls.'?3¢ The use of MP as the
standard for acute SCI care following the NASCIS trials quickly became utilized

in clinical settings worldwide. Study limitations involving placebo groups (not
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used in NASCIS Il due to ethical concerns of withholding treatment for patients
with SCI that had reported advantages) prevented registered drug approval
status from the Food and Drug Administration.'?37 In 2013, after further studies
linked MP treatment with higher rates of severe complications, the American
Association of Neurological Surgeons and the Congress of Neurological
Surgeons made the joint recommendation to no longer use methylprednisolone
as the standard for acute SCI management.3® As a result, there remains a need
to identify effective therapeutic treatments to improve functional recovery in
patients who sustain SCI.
Clinical Treatment of SCI: Overview

The current management of SCI consists of integrated trauma networks
that link emergency medical services (EMS) and clinical providers to coordinate
pre-hospital and intensive care unit treatment. EMS personnel are trained to
rapidly assess and triage any potential traumatic brain or SCI while transporting
the patient to an appropriate care facility. Once the patient has been admitted,
efficient evaluation and stabilization methods are performed by clinicians,
followed by operative decision-making (Table 1).38 Surgical methods (e.g.,
decompression laminectomy, removal of bone fragments and foreign objects,
and/or placement of spinal braces) are used once the patient is in a stable
condition in order to remove excess fluid, tissue, or bone.3?4° Following the acute
period, the patient will typically undergo extensive rehabilitation and physical

therapy to help promote as much functional independence through the use of
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assistive devices, muscle strengthening, self-grooming, and bladder and bowel
management.’

While the prognosis for patients who experience traumatic SCI has
improved in the acute setting, there remains a pressing need to devise therapies
that can mitigate damage and effectively restore function of the somatic and
autonomic nervous systems.?' The challenges to developing highly effective
therapies, however, are due to five major barriers to repair: 1) lengthy secondary
injury processes, 2) inhibitory environment for neural recovery activities, 3)
insufficient endogenous trophic and antioxidant support, 4) inadequate
regeneration of adult CNS cells, and 5) lack of spontaneous activation of
compensatory neural circuits to reactivate locomotor and other motosensory
functions. 2:31.21 Many experimental and clinical trials are currently underway
(highlighted in a review article by Badhiwala et. al. 2018), many of which focus on
targeting secondary injury mechanisms to limit SCI lesion expansion and
promote a more favorable endogenous recovery environment.*! The current
research on SI mechanisms highlights their therapeutic potential and each
specific mechanism will be systematically evaluated to determine possible areas

for intervention.
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Table 1. Key Steps in the Management of a Patient with Acute Traumatic
SCI.

Table taken from (Current Topics in the Management of Acute Traumatic Spinal Cord
Injury).®® ABC airway, breathing, circulation; CT computed tomography; EMS emergency
medical services; MAP mean arterial pressure; MRI magnetic resonance imaging; SCI spinal
cord injury.

. Resuscitate (protect airway, maintain normotension), immobilize at scene (EMS)

. Rapid transport to nearest definitive SCI care facility

. ABC’s, MAP management (85 mmHg)

. No steroids

. Promptly realign cervical spine (closed vs open reduction)

. Immobilize (external vs internal orthosis)

. Maintain MAP perfusion parameters

. MRI for mass lesion, extent of cord injury

1
2
3
4
5. Radiographic assessment (CT initial study of choice)
6
7
8
9
1

0. Operative decompression early. Delay only for stabilization
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Specific Aims

The specific aims of the following thesis include:

1.

Highlight the normal physiology of the spinal cord and compare it to the
different categories of secondary pathophysiological events (vascular
system, immune system, neuronal system, and cellular systems)

associated with traumatic injury with discussion of their key features.

. Provide an overview of the physiology of oxidative molecules and their

sub-cellular and cellular producers. Then, identify oxidative damage as a
key role player in the progression of SCI by acting as 1) triggers, 2)
mediators, and 3) effectors of neuroinflammation.

Discuss current research on representative ROS and RNS: Hydrogen
Peroxide and Peroxynitrite. Identify the therapeutic studies targeting these
key representative molecules. Then, discuss the mechanisms in which
they may attenuate secondary spinal cord injury damage and promote

endogenous recovery.
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SECONDARY INJURY PROCESSES: REVIEW
Vascular System
This section will first review the normal physiology of the spinal cord’s
blood supply, including the major arteries, vessels, and the blood-spinal cord
barrier. This section will then explore the ways in which the normal vasculature
becomes disrupted following spinal cord injury, leading to multiple secondary
injury mechanisms including hemorrhagic necrosis, ischemia, and edema (Table

2).

Physiology of Spinal Cord Vasculature

The vasculature that supplies the spinal cord is composed of a complex
array of arteries, veins, and microvasculature. The major arteries supply blood to
a large density of microvessels in the deep neural parenchyma of the gray
matter, providing nourishment and removing waste to the neuronal and glial
cells.*? The blood-spinal cord barrier (BSCB) is an important protective feature of
the spinal cord that functions by tightly regulating spinal cord homeostasis,
serving a protective and regulatory role for the spinal cord parenchyma.*® The
structural components of the BSCB that provide the cord with a high degree of
selective permeability are non-fenestrated endothelial cells, pericytes, and
astrocytes. Disruption of this highly regulated and sequestered vascular system
cause further damage to the cord via S| processes (hemorrhagic necrosis,

ischemia, and vasogenic or cytotoxic edema).4?
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Hemorrhagic Necrosis

Hemorrhagic necrosis is one of the earliest occurring secondary events
following the primary mechanical insult to the cord. Numerous clinical and
experimental research studies of SCI have identified rapid hemorrhage
progression during the acute (0-48 hours) phase of injury.24444546 Mechanical
damage to blood vessels following the traumatic insult initiates hemorrhage (i.e.,
release of erythrocytes and inflammatory cells).*” Introduction of these vascular
components into the spinal cord parenchyma causes chemical and physical
stress, resulting in necrotic cell death.4”48 Histological tissues obtained from
human cadavers following traumatic SCI revealed marked intramedullary
hemorrhages mainly in the gray matter, with pathologic presence of extravasated
red blood cells and polymorphonuclear cells.*?> Much of this hemorrhage, as
discussed by Tator and Koyanagi, is due to extensive occlusion and vasospasm
that raises the pressure inside the intramedullary vessels and causes them to
rupture.*? Studies utilizing more advanced imaging techniques (MRI/CT
angiography and synchrotron radiation micro-computed tomography [SRuCT])
have been able to further validate the presence and patterns of SCI hemorrhage
in gray matter.#449 Utilization of SRUCT, a high resolution 3D imaging technique,
demonstrated both the progressive and central nature of hemorrhage as it
spreads in the rostral and caudal direction from the lesion center following
injury.4”4° The leakage of erythrocytes introduces heme degradation products,

namely iron, to the gray matter of the cord. The high reactivity of iron instigates
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S| oxidative damage, generating reactive oxygen species that contribute to major
cellular disruptions and necrosis following hemorrhage.*85° In addition to the
introduction of deleterious agents, hemorrhage also results in vasogenic edema
from fluid accumulation in the extracellular space, hypoperfusion-induced
ischemia from disrupted blood flow, and immune system activation following
necrotic-release of damage-associated molecular patterns (DAMPs) that are

recognized by immune cells and trigger an inflammatory response.#2:46

Ischemia

Posttraumatic spinal cord ischemia is another vascular Sl event that
occurs acutely after SCI. Ischemia is marked by the inadequate blood supply to
tissues, resulting in reduced metabolic production of ATP, increased glycolysis
and intracellular acidity (from glycolytic production of pyruvic acid), and cell
death.%! Multiple compensatory and destructive vascular mechanisms that act
following injury such as hemorrhage, thrombosis, vasospasm, and disruption of
the microcirculation (characterized by increased endothelial permeability), are
believed to contribute to the presence of ischemia in the spinal cord.??:52.53 Dr.
Justin A. Zivin, a neurologist and researcher based in San Diego, California
developed a rabbit model of spinal cord ischemia by performing an occlusion of
the aorta for various time intervals, which resulted in varying degrees of
paraplegia.>* This study, along with many other ones using methods of
angiography, blood flow techniques, and transmission/scanning electron

microscopy have provided further demonstrated an ischemic vascular response
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following spinal cord injury.?2:42.54.55.56 SC|-related ischemia is a confluence of
multiple vascular mechanisms, but the resultant reductions in blood flow,
perfusion, and oxygenation leads to widespread tissue death and axonal

dysfunction following SCI.3%7

Edema

The presence of edema in acute SCI originates from multiple different
pathophysiological sources following the disruption of the BSCB.%® Edema can be
characterized as either vasogenic (extracellular accumulation of fluid) or cytotoxic
(intracellular accumulation of fluid) and both types are present in SCI.% Cytotoxic
edema in SCI has been shown to ionic disturbances involving rapid intracellular
uptake of Na* and water.%85° Vasogenic edema in SCI results from mechanical
disruption of the BSCB and other vasculature, and has been observed in
experimental models of SCI utilizing histological and fluorescent tracing
methods.®%6" A separate study by Yashon et. al. characterized parenchymal
tissue edema in rhesus monkey models of SCl. Edema was measured using a
ratio of water content to nonvolatile residue (material remaining following
evaporation of the volatile solvent which contains the material) per unit weight,
which was shown to rapidly increase within 6 hours post-traumatic insult to the
spinal cord.®? Presence of edematous plasma exudate (consisting of
erythrocytes, proteins, and leukocytes) in the parenchymal tissues can increase

mechanical compression of dura mater and elevate intraspinal pressure, which
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contributes to further tissue degeneration by promoting ischemia and metabolic-
related cell death pathways.586"
Immune/Inflammation System

This section will first review the normal physiology of the immune
response in the spinal cord, including descriptions of the endogenous and
peripheral immune cells and the normal course of neuroinflammation (mediated
by resident immune cells) and inflammation (mediated by peripheral immune
cells). This section will then explore the ways in which the immune system
becomes dysregulated following SCI, resulting in multiple SI mechanisms
including cytokine release, residential neuroinflammatory response by microglia
and astrocytes, and peripheral inflammatory response by neutrophils,

macrophages and lymphocytes (Table 2).

Physiology of Spinal Cord Immune Response

The immune system regulation of the spinal cord consists of endogenous
immune cells and circulating immune cells that function to control infection, clear
cellular debris, promote wound healing, and regulate systemic homeostasis as
part of neuroinflammation.®® The endogenous (resident) immune cells (i.e.,
microglia and astrocytes) which act as immune surveillance cells in the CNS
parenchyma. These cells serve as a “first line of defense” for any foreign
pathogens that infiltrate the cord.®* The peripherally circulating immune cells (i.e.,
neutrophils, macrophages, and lymphocytes) in contrast, are located outside the

BSCB in the blood stream.®* The inflammatory response is activated when



19

specific signaling molecules, called proinflammatory cytokines and chemokines,
are released by neurons, oligodendrocytes, microglia, astrocytes, and peripheral
macrophages in response to damage associated molecular patterns (DAMPs)
from SCI. The released signaling molecules then recruit additional immune cells
to respond to the foreign pathogen, toxic substance, or injury that caused the
release of the DAMPs.®® Typically, the immune cells respond and carry out their
functions in an appropriate fashion and then are “turned off” by anti-inflammatory
and pro-resolution molecules that establish a pro-recovery environment before
restoring homeostasis.®® In SCI, there is an imbalance favoring pro-inflammatory
markers due to the continuous damage from other unregulated Sl processes.
The overactive inflammatory response in SClI is thus characterized by elevated
levels of cytokines and immune cells, subsequent edema, activation of astrocytes

and microglia, and eventual glial scar formation.53.66.67.68.69.70

Cytokine Release

Proinflammatory cytokine release, otherwise known as the cytokine
cascade, is another acute secondary injury mechanism of spinal cord injury.%3
Cytokines are small proteins that function as signaling molecules for immune
cells (i.e., Tumor Necrosis Factor-a (TNF-a), Interleukin-1p (IL-1p), and
Interleukin-6 (IL-6) and become significantly upregulated immediately after
injury.”*72 Along with their role in immune cell recruitment, these cytokines
promote S| damage by exacerbating the lesion size through activation of

apoptosis and necrosis, enhancing excitotoxicity, and increasing edema. Multiple
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experimental studies of animals and clinical investigations have identified
upregulated levels of proinflammatory cytokines in the extracellular space
following SCI.83.7273.74 A study by Pineau and Lacroix found that experimental
SCI in mice lead to a rapid and transient expression of proinflammatory cytokines
using in situ hybridization to detect mRNA.”2 Cytokine mRNA was shown to be
upregulated as early as 5 minutes (IL-13), 15 minutes (TNF-a), and 3 hours (IL-
6) post-SCI.72 The role of endogenous CNS cells on cytokine expression were
described by Yang et. al 2004. in a histological study of human spinal cord
tissue, which showed that there was increased immunoreactivity of IL-18, IL-6,
and TNF-a in neurons 30 minutes after injury.” In a study of a rat model of SCI
conducted by Yang et. al. 2005, levels and temporal development of TNF-a,, IL-
1B, and IL-6 were verified by histological analysis, reverse transcription
polymerase chain reaction (RT-PCR), and western blot analysis.”® Their study
described the role of endogenous CNS cells (neurons, astrocytes, microglia, and
oligodendrocytes) as initiators of inflammation by releasing these cytokines to
recruit peripheral immune cells.”>"3 Following the initial release of cytokines,
there is a further “cytokine cascade” that occurs as a result of cytokine-releasing
inflammatory cells that infiltrate the site of injury, leading to subsequent
deleterious events such as persistent edema, initiation of cell death pathways,

and increased production of reactive oxygen/nitrogen species.?3:68.72.73
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Residential Inflammatory Response

Residential inflammatory cells are some of the first cells to actively
respond following spinal cord trauma (Figure 2). DAMPs are immediately
released by injured cells (e.g., neurons, oligodendrocytes, microglia, astrocytes)
following the traumatic insult to the spinal cord, signaling normally quiescent
microglia cells to become activated.?>”® The activated microglia undergo
hypertrophic morphological and functional changes to polarize into the M1
(proinflammatory), M2 (anti-inflammatory), and other intermediate phenotypes.
Presence of either and other polarization phenotypes can be observed following
SCI, as the M1/M2 macrophages are believed to exist on a dynamic
continuum.?%7¢ A study by Fleming et. al. utilized immunohistochemical methods
to evaluate levels of the cellular inflammatory response in post-mortem human
spinal cord tissue post-injury. This study identified the elevated presence of
activated microglia at 1-3 days post-injury, localized mostly in the gray matter of
the spinal cord.”” Studies in rat models of spinal cord injury have also
demonstrated the presence and time course of activated microglia, using
methods of flow cytometry and immunohistochemistry.87:78.79 Microglial activation
has multiple modes of action, as it can 1) initiate a cascade of neurotoxic
responses through upregulation of ROS and proinflammatory cytokines, 2)
induce other microglia and astrocytes to undergo their own activation, or 3)
release anti-inflammatory markers to support resolution of the immune

response.’2:8081
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Astrocytes play an important role in the BSCB and help to maintain
homeostasis of the CNS by regulating levels of neurotransmitters and
communication with neuronal cells and between neurons through its processes in
the perisynaptic space.®?2 When they become activated, they display similar
phenotypic changes and function to microglia, releasing a cascade of
proinflammatory cytokines and reactive oxygen species.”>8 One of the most
important functions of reactive astrocytes is their proliferation, migration and
formation of a reactive gliosis zone (also called the glial scar).698183.84.85 The
migration of astrocytes has been demonstrated in mice models of SCI, where
immunohistochemical analysis of the glial fibrillary acidic protein (GFAP) that is
expressed by astrocytes was found to be elevated and on the vicinity of the
lesion.8980.84.86 The enclosure of the lesion by astrocytes is an important
component of recovery, providing a dense astrocytic barrier that isolates the site
of primary injury and limits the damaging effects of exacerbated peripheral
immune response.®® This barrier, debatably, may also play a role in beneficial
neuroplasticity and perhaps axonal regeneration (with the latter being a
controversial topic).%6:6%84 Neuroinflammation, composed of the microglia and
astrocytes injury response, are part of the overwhelming cascade of inflammatory
response and the enclosure of the lesion, and perform dual roles in exacerbating

or resolving injury.
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Peripheral Inflammatory Cell Response

Peripheral inflammatory cells (i.e., neutrophils, macrophages, and
lymphocytes) first enter the site of traumatic SCI immediately following the injury
as vascular disruptions leak previously circulating immune cells into the lesion
zone. The main influx of inflammatory cells, however, arrives shortly after the
release of cytokines by resident CNS cells.?%6368.72 The infiltration of
inflammatory cells from blood vessels occurs through a regulated process of
leukocyte extravasation. Selectin molecules on the endothelial wall of the blood
vessels facilitate “rolling” of circulating immune cells to slow them down, followed
by adhesion to intercellular adhesion molecules (ICAM) that helps promote
transendothelial migration into the lesion site. Each type of immune cells (both
peripheral and residential) has a different temporal sequence as part of the
inflammatory response to SCI (Figure 2).2563.77.78.87.88.89 An observation of these
different time courses was made in a study by Fleming et. al. (2006) using highly
selective immunohistochemical markers. Neutrophil infiltration was initiated within
the first 3-4 hours and peaked between 1-3 days post-injury.”” Macrophages
were activated and entered the lesion site within the first 1-3 days, elevated to
higher levels 5-10 days post-injury, and remained elevated for up to 6 months
after.”” Lymphocytes were only seen at elevated levels 1-3 months following
injury and are mostly present at the vicinity of the lesion.”” These results are
consistent with two additionally evaluated experimental studies of inflammation

that used methods of flow cytometry, immunohistochemistry, MRI imaging and
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other techniques to identify the time course of inflammatory cells in the SCI
environment.”®%° Neutrophils and macrophages play a significant role in the
course of Sl, as their elevated levels upregulate oxidative and proteasomes via
enzymatic production, resulting in bystander tissue damage (non-specific
destruction of tissue by immune cells).87-888% Both cell types also play a role in
recovery of the spinal cord, including clearing of tissue debris and other anti-
inflammatory roles.®'%2 In acute traumatic SCI, however, the overwhelming
presence of inflammatory cells, coupled with other SI mechanisms, increases

neurotoxicity.®®
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Figure 2. Time Course of Inflammatory Response Post SCI.

Depiction of the varying responses to SCI by each immune cell. Resident CNS
microglia are the earliest responders to the primary insult. Peripheral
macrophages infiltrate mostly after day one of injury and are morphologically
identical to resident microglia. The combination of resident microglia/peripheral
macrophages maintain elevated levels for >14 days following injury. Neutrophils
are quickly directed to the lesion and peak around day 1 post-injury and
decrease gradually until about day 10. Lymphocytes and pericyte-derived cells
peak at lower levels and much later than the other immune cells. Figure taken
from (Inflammation after spinal cord injury: a review of the critical timeline of
signaling cues and cellular infiltration).6”
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Lesion Expansion: Neuroinflammation as Key Role Player
Neuroinflammation in the spinal cord plays a double-edged role following
traumatic injury, either by engaging in tissue repair activities or contributing to the
continued destruction of tissue.®® The recovery or destructive driven nature of
inflammation is dictated by the context, duration, and influence of other
pathophysiological injury mechanisms of SCI.%3 Inflammation can exert a
beneficial impact following SCI by mediating the clearance of cellular debris
through phagocytic mechanisms.%* Specific inflammatory cells, including
microglia and macrophages, also have the ability to undergo phenotypic changes
that can mediate an anti-inflammatory/pro-resolution response following
injury.657¢ Despite these beneficial effects, inflammation in SCI appears to mostly
exert detrimental effects, as inflammatory molecules prolong the tissue damage
in the lesion core and surrounding lesion rim in the acute-chronic phases of
injury.®32495 The widespread spatiotemporal presence of inflammatory cells in
SCI autopsy tissues, demonstrated in a study by Zrzavy et. al. in provides
evidence of their fundamental role in tissue damage post-injury.®* Their study
additionally highlighted evidence of oxidative tissue injury using
immunohistochemical analysis, demonstrating that markers of oxidative damage
were found in the rim surrounding the necrotic core of the lesion in a pattern
similar to inflammatory cell presence.® The presence of oxidative damage
studied by Zrzavy, characterized by using oxidized lipids as established markers

for neuronal cell body and axonal injury, persisted in the lesion core for months
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following SCI and for over a year in the lesion rim, indicating an important
oxidative-neuroinflammatory relationship that contributes to impaired recovery
and may serve as a target for therapeutic interventions.%

Neuronal System

This section will first review the normal physiology of the spinal cord’s neural
signal relay, including the basic neuroanatomy of the cord and the basic
physiology of neurotransmission (i.e., the transmission of nerve impulses
between neurons or between a neuron and muscle fiber). This section will then
explore the ways in which the intrinsic functions of the cellular components in the
nervous system contribute to neurodegeneration following spinal cord injury, via
multiple SI mechanisms including excitotoxicity and axon/neurite degeneration

(Table 2).

Physiology of Spinal Cord Signal Transmission

The main function of the spinal cord is to act as a neural signal
transduction conduit between the peripheral nervous system (PNS) and the CNS
(i.e., the brain and spinal cord).®® The spinal cord processes, integrates,
modulates, and relays three different classes of neural signals: motor (e.g.,
voluntary and other muscle movements), sensory (e.g., somatic sensation of
touch, pressure, temperature, pain, vibration, and proprioception; visceral
sensation; etc.), and autonomic afferent and efferent signals (e.g., concerning
digestion, urination, body temperature, heart rate, blood pressure, etc.).%8 At the

cellular level, communication between neurons occurs through a process
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involving chemical transduction across a cell synapse and electrical transduction
through axons.®” One neuron will receive chemical signals through its dendrites,
that represents either an excitatory or inhibitory signal for the receiving neuron.®’
When a certain excitatory threshold at the receiving neuron is met, an action
potential will travel along the axon by mainly opening and closing of specific Na*,
K*, Ca?*, and CI- channels. Once the action potential reaches the presynaptic
membrane of the synaptic cleft, the resultant depolarization signals Ca?* gated
channels to open, increasing the intracellular Ca®* concentration and releasing
neurotransmitters (e.g., glutamate for excitatory signaling or glycine for inhibitory
signaling) to interact with the specific receptors on the postsynaptic membrane.®”
This simplified version of the process nevertheless highlights the nature of
neurotransmission that is done via stringently regulated electrical and chemical
activities to propagate neural signals throughout the body. This system of signal
generation and the network of neurocircuits that rely on functional
neurotransmission, is severely altered in the course of SCI, and leading to

conduction block and sensorimotor deficits.%

Excitotoxicity

During the acute phase of SCI, extracellular levels of neurotransmitters,
specifically glutamate, are highly elevated by the disruption of numerous
glutamate sources .26 Glutamate is the major excitatory neurotransmitter in the
spinal cord and in acute SCI can arise from necrotic neurons, axon cylinders, and

astrocytes.?® Glutamate acts on a variety of ionotropic receptors that are
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characterized into three classes: a-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionate (AMPA), kainite (KA), and N-methyl-D-aspartate (NMDA)
receptors.?6:%8 NMDA receptors are found primarily on neurons, whereas AMPA-
kainate receptors can be found on neurons, oligodendrocytes, and
astrocytes.?%-19° All of these ionotropic receptors are activated by glutamate and,
when activated, regulate the transport of Ca?* and Na* ions into the post-synaptic
cell.'® Glutamate’s role in neurotoxicity following SCI has been extensively
studied, with in vitro and in vivo evidence supporting glutamate-mediated
initiation of necrosis and apoptosis by increasing levels of ROS and RNS in the
post-synaptic neurons during the acute phase of injury.26:99.101,102,103
Overactivation of glutamate release causes a rapid influx of Ca?* and Na* into
the cells, resulting in subsequent cytotoxic edema, intracellular acidosis,
activation of proteinases, and apoptosis and/or necrosis pathway activation?? The
damage caused by the rapid influx of Ca?* into gray and white matter tissue
affects the neurons, oligodendrocytes, and astrocytes that express these the
NMDA, AMPA, and KA receptors.?6:%%.103 Fyrthermore, it has been shown in
studies of SCI that a secondary pathway of excitotoxic damage is through the
generation of reactive oxygen species following elevated levels of cytosolic
Ca?*.1% Finally, the dysregulation of glutamate and ion channels leads to
conduction block, which prevents neuronal signals from traversing the site of the

lesion, even if some axonal projections remain intact.'%®



30

Axon Degeneration

Axon degeneration is a secondary injury event that consists of the
progressive degeneration of nerves in the subacute (2-14 days post-injury) phase
of SCI.1% Experiments conducted in 1851 by Dr. Augustus Waller, a British
neurophysiologist, were the first to identify the occurrence of nerve degeneration
following transection of the hypoglossal and glossopharyngeal nerves in adult
frogs.'% Axon degeneration is the key characteristic feature of wallerian
degeneration, but has characteristic differences in the PNS and CNS which
contribute to the detrimental pathophysiology of SCI.197:1%8 |n the PNS, Wallerian
degeneration resolves much faster due to the permeability of the blood-tissue
barrier. This relatively higher permeability allows Schwann cells and
macrophages to infiltrate and scavenge the myelin debris. In the CNS, microglia
and oligodendrocytes have been found to be the cells involved in attempting
wallerian degeneration, as peripheral cells are not able to infiltrate the BSCB.
The ability of Schwann cells to break down the myelin sheath and remove debris
plays a fundamental role in PNS Wallerian degeneration.'®® Oligodendrocytes, in
contrast, have very little documented ability to clear myelin or axon debris, which
is a critical step to drive regeneration of the nerve after injury. This concept was
demonstrated in a study by Ludwin in an optic nerve injury in mice. His study
showed, via immunocytochemical methods, that oligodendrocytes are present at
the site of the injury, but there is little to no evidence of remyelination or

oligodendrocyte-driven phagocytosis.''? In a radiation bone marrow chimeric rat
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study by Popovich and Hickey, microglia were shown to be present at the regions
of wallerian degeneration in a contused spinal cord model. These microglia,
however, are not seemingly activated, evidenced by the downregulated
expression of activated myelin phagocytosing macrophages markers."' Reichert
and Rotshenker provide further evidence of this point in an in vivo optic nerve
injury in rats, which showed that expression of MAC-2 (a macrophage/monocyte
activation marker) was not found in microglial cells surrounding the injured optic
nerve.'"? The reduced ability of the CNS to clear debris and regenerate axons
following axon degeneration, based on the intrinsic properties of
oligodendrocytes and microglia, leads to poor regeneration of axons and
contributes to the functional deficits in SCI.6®

Cellular Systems

This section will first review the normal physiology of cell homeostasis in the
spinal cord, highlighting the crucial role of mitochondria and ion regulation for
regulating neuronal signal transduction. This section will then explore the ways in
which the mitochondrial and ionic homeostatic systems become dysregulated,
leading to multiple secondary injury mechanisms including mitochondrial
dysfunction, ionic disturbances, necrosis and apoptosis, and oxidative damage

(Table 2).

Cell Physiology
Every cell has a tightly regulated set of processes that dictate energy

production, cell-to-cell communication, intracellular and extracellular transport,
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and maintenance of ion balance. All these regulatory mechanisms function
through well-studied cellular biology pathways and subcellular biochemical
reactions involving the nucleus, mitochondria, and ion channels. In the nervous
system, mitochondria and voltage-gated channels play an especially important
role given the large energy demands and ion channel function required for signal
transduction.''®11% The mitochondria is an intracellular organelle that converts
ADP to ATP through the process of oxidative phosphorylation, providing the cell
with vital stores of energy to carry out different functions. Many ion channels
(such as Na*/K*-ATPase pump and Ca?* transport ATPases) rely on ATP to drive
the flow of ions against their concentration gradients and are thus reliant on the
mitochondria to maintain homeostasis.''®'1® When the mitochondria and ion
channels become dysregulated, there are cellular mechanisms in place to either
attempt repair or sacrifice the cells (i.e., apoptotic or necrotic cell death) to
prevent any worsening damage.?® In SCI, normal mitochondrial and ionic
mechanisms are impacted and lead to the progression of secondary injury
mechanisms resulting in chronic detrimental changes to the spinal cord

microenvironment.

Mitochondrial Dysfunction

Mitochondrial dysfunction is an important secondary mechanism that
occurs during the acute-subacute phase of SCI.""” The mitochondria in the CNS
play an important role in generating ATP, but are also critical for Ca?* regulation,

cell apoptosis signaling, and production/sequestration of reactive oxygen
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species.''® During the sequelae of acute SCI, many of the secondary injury
mechanisms have a detrimental impact on the normal functioning of the
mitochondria, including glutamate-mediated excitotoxicity and ischemia.>"1%* The
temporal changes in mitochondrial bioenergetics were evaluated in a study by
Sullivan et. al. of spinal cord injuries in rats. By measuring levels of 3-
nitrotyrosine or 4-hydroxynonenal as mitochondrial markers of oxidative damage
and using a Clark-type oxygen electrode to measure mitochondrial respiration,
the study demonstrated a progressive loss of mitochondrial function up to 24
hours post-injury."” The loss of mitochondrial respiration corresponds with the
presence of ischemia in the cord, which interrupts the oxygen supply for aerobic
respiration and results in a shift anaerobic metabolism.?' Decreased ATP
production then leads to dysregulation of Ca?* -gated channels result in elevated
levels of mitochondrial Ca?* and upregulation of ROS and RNS molecules.®! The
coupled elevation of Ca?* and oxidative molecules trigger the opening of the
mitochondrial permeability transition pore (mPTP).""® The opening of the mPTP
then leads to a drastic decrease in the inner mitochondrial membrane potential
and cessation of ATP synthesis."’®20 The mPTP opening also increases the
permeability of the mitochondrial double membrane, allowing molecules and
water from the cytosol to enter and swell inside the mitochondria. When the
membrane bursts, the mitochondria releases its contents into the cell, which
includes accumulated Ca?*, high generated levels of reactive oxygen species,

and proapoptotic proteins (cytochrome c). 27:120.12" The release of cytochrome c,
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whether by mitochondrial lysis or detection of cellular damage, will then initiate

the apoptotic cell death pathway.?”

lonic Disturbances

During the acute phase of SCI, the homeostasis of many important ions
become dysregulated due to mitochondrial dysfunction and mechanical
disruption of the cellular membrane.'?? The disturbance of these key ions is
clearly highlighted in a review article by Liu et. al., which includes information on
the specific ion channels and how they are altered post-injury.'?® The regulation
of Na*, K*, Ca?*, and Mg?*, depends on the functionality of key ion transport
channels, many of which are ATP-driven or rely on the ion concentration
gradients that are established by ATP-driven pumps.'?* In SCI, concentrations of
Na*and Ca?* become upregulated intracellularly, while K* and Mg?* become
upregulated extracellularly.?® Buildup of Na* inside the cell leads to a hypertonic
solution that creates a gradient for water to flow into the cell, causing cytotoxic
cellular edema.®:125 This point was explored in a study by Lemke et. al. (1990) of
an experimental spinal cord trauma model in rats. Tissue levels of the cations
Na*and Mg?* were measured using a spectrophotometer, air-acetylene flame,
and hollow cathode Na*/K* or Ca?*/Mg?* lamps, which revealed a correlation
between elevated Na* and elevated water content following injury.'?® Elevated
intracellular Na* has also been linked with reversal of the Na*-H* exchanger and
increased intracellular acidosis.'?* The role of K* in the pathophysiology of acute

SCI results from disruption of myelin following injury. A study by Chiu and Richie
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found that axonal K* channels were concealed by the myelin sheath in the
internodal membrane in a voltage-clamp experiment of rabbits.'?® They
demonstrated that acute myelin loss leads to rapid release of intracellular K*,
which resets the axon’s resting membrane potential (usually -70 mV) to the
equilibrium potential of K* (-90 mV), which prevents action potentials from being
generated and leads to conduction block.'?” Mg?* plays a functional role as a
physiological Ca?* antagonist, maintaining high levels intracellularly to block
NMDA receptors and help regulate Ca?* levels.'?5128 Depletion of intracellular
Mg?* therefore leads to an exacerbation of excitotoxicity mediated by an
uncontrolled rise in intracellular Ca?*.'?8 In a study of measured serum ionized
magnesium concentrations in 30 patients with traumatic brain injury, conducted
by Kahraman et. al., it was found that the magnitude of intracellular decline of
Mg?* are related to the severity of injury.'® Ca?* signals the release of
cytochrome c¢ and increased production of ROS and RNS molecules, initiating
the apoptotic cell death cascade.?” Treatment of primary cultures of adult rat
hepatocytes with extracellular Ca?* in a study by Schanne et. al., found that Ca?*
initiates a final common pathway for the toxic death of these hepatocytes. This
study also demonstrated that there are two key steps involving calcium-mediated
death, the disruption of the plasma membrane followed by the initiation of cell
death pathways, which plays a fundamental role in neurotoxic lesion expansion

in SC|.130



36

Necrosis and Apoptosis

The cell death cascades, necrosis and apoptosis, occur during the acute-
subacute phase of SCL."*" Apoptosis is a regulated biological process that
involves an energy-dependent cascade of molecular events.'®? There are two
main pathways that can lead to apoptosis, an extrinsic pathway (death receptor
leads to activation of caspase 8/caspase 3) and an intrinsic pathway
(mitochondrial changes leading to caspase 9/caspase 3 activation).’® The
notable morphological features of apoptosis includes cell shrinkage, intact cell
membrane, apoptotic bodies that retain cytoplasm, and absence of subsequent
inflammatory response.’®3 In contrast, necrotic cell death involves cellular
swelling, disruption of organelles, and membrane lysis that releases intracellular
contents and initiates an inflammatory response.’3' Numerous studies, including
a human postmortem study by Emery et. al., have shown presence of apoptosis
and necrosis following SCI.132.134.135,136 A study by Yong et. al. of a severe
contusion injury in adult rat spinal cords found evidence of apoptosis in both gray
and white matter of the cord using TUNEL staining and electron microscopy
techniques. Their study revealed that neurons, astrocytes, and microglia all
underwent apoptosis following SCI and reached a peak on day 3 after injury
around the lesion site.”* A similar study by Kato et. al. aimed to identify the role
of neuronal death following spinal cord ischemia in a rat injury model. Using
TUNEL staining and electron microscopy, they found that neuronal necrosis was

present 6 hours post-injury and remained for as long as 7 days. They also found
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that neuronal apoptosis was present 1-2 days post-injury and remained for 4
days."'3® These two cell death models exist in a continuum based on magnitude
and duration of the primary insult and resultant secondary injury mechanisms.
Necrosis is found when cell stress signals overwhelm the cells, or if there is a
lack of ATP generation, whereas apoptosis occurs when there is ATP and
carefully controlled signaling.?%13' Both pathways can be initiated following
ischemia, glutamate excitotoxicity, reactive oxygen species, and other secondary

injury mechanisms and are markers of the continued lesion expansion in SCI.2°

Oxidative Damage

Oxidative damage occurs in the acute-subacute phase of SCI and is one
of the main mediators of damage to neuronal cells.’®” ROS and RNS are either
free radical (containing an unpaired electron) or highly reactive species
(containing chemically reactive electrons) that undergo oxidation-reduction
reactions through the exchange of electrons with surrounding proteins, enzymes,
receptors, channels, membranes, or nucleic acids.”® ROS and RNS originate
from multiple secondary injury sources following SCI, including mitochondrial
dysfunction, glutamate excitotoxicity, loss of ionic homeostasis, microvascular
disruption, and inflammation.'38.13%.140 The main identified oxidative species
involved in SCI are Ferric/Ferrous forms of iron (Fe?*/Fe3*), Nitric oxide (-NO),
Hydroxyl radical (OH-:), Peroxynitrite (ONOO-), Superoxide (O2-"), Hydrogen
peroxide (H202), Hypochlorous acid (HOCI), and Lipid Radicals

(LOO./LO-).30:141.142143 These species react with proteins, lipids, and DNA, which
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results in the initiation of the lipid peroxidation cascade, loss of membrane
fluidity, and eventual cell necrosis and apoptosis.’# The production of these
molecules, given their high levels of reactivity, can also undergo cascades of
reactions with each other, that can lead to their prolonged presence in SCI.
Under normal physiological circumstance, these species are tightly regulated
through a series of oxidation/reduction reactions and serve many important
functions that will be covered in later sections. In the context of SCI, however, the
antioxidant mechanisms that control the levels of oxidative species becomes

rapidly overwhelmed, leading to considerable damage in the spinal cord.4?
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OXIDATIVE CASCADES

Oxidative Molecules: Role in Physiology

ROS, for many years, were believed to be unregulated mediators of
intracellular damage. While molecular oxygen attracted a positive view in the
early 20" century because of its role in cellular respiration and generation of
ATP, ROS were implicated as potential contributors to numerous pathologies by
damaging DNA, proteins, and lipids through oxidation.44.145.146 However, it has
since been shown that ROS perform a dual role in physiology by acting as key
cell signaling molecules at low, steady-state concentrations or as mediators of
damage at higher concentrations, as highlighted in a review article by Lambeth in
2007."%" As more evidence of the physiological role of reactive oxygen species
has been uncovered, important sub-organelles responsible for producing them
have been emphasized, including the mitochondria, peroxisomes, and
endoplasmic reticulum (ER) which help to validate their contributions to functional
biological processes.'8 In the last 10 years, these three sub-organelles have
been shown in a number of studies to have significant redox “cross-talk”
capabilities through inter-organelle membrane connections and cycling of specific
oxidoreductase enzymes and protein chaperones that are able to sense levels of
redox balance intracellularly.'*® The physiological role of RNS has undergone a
similar frameshift in the 20" century, after Ferid Murad postulated that the
mechanism of guanylate cyclase activation was due to the release of nitric oxide

from nitroglycerin, which introduced research into nitric oxide as a chemical
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vasodilator.’®%5' The generation of NO is also mediated by nitric oxide synthase
(NOS) enzymes which are believed to have four distinct isoforms: inducible
(INOS), endothelial (eNOS), neuronal (nNOS) and mitochondrial
(mtNOS)."%2.153Each isoform is located in specific sub-cellular compartments
which permit the physiological signaling of NO in various regulated cell signaling
pathways that control smooth muscle relaxation, vasodilation, and regulation of
blood pressure.'>? The multi-faceted physiological roles of these ROS and RNS
will be assessed based on their sub-organellular production sites, which will

establish their context in the pathophysiology of SCI (Table 3).148

Mitochondria

The mitochondria are widely thought to be the largest contributors toward
the production of oxidative molecules within cells via the respiratory chain while
generating ATP." The mitochondria thus play a fundamental role as cell survival
regulators by managing the balance between oxidative molecules and metabolic
cell function. During oxidative phosphorylation, electrons are passed through a
series of heme-containing complexes that help establish a proton gradient, which
drives the chemiosmotic formation of ATP via the enzyme ATP-synthase. As this
cell process is occurring, complexes | and Il are believed to be the major
producers of the ROS superoxide (O2-") by the one electron reduction of
molecular oxygen (O2), which is present in high levels in the mitochondrial
matrix.'>> Multiple studies of isolated mitochondria have identified the redox

reactions occurring at the active sites of complexes | and Ill and verified the
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generation of mitochondrial Oz~ in the context of the respiratory chain.%6:157.158,159
O2-"is unable to pass through cell membranes and is relatively short-lived due to
its reactivity and when present in physiological quantities is enzymatically
converted to hydrogen peroxide (H202) by superoxide dismutase (SOD) (Table
2).160 SOD is able to react with O2-~ because it contains a metal cofactor capable
of accepting free electron. In the mitochondria, the predominant form of SOD
contains manganese as its metal cofactor and is denoted Mn-SOD."®" The
enzyme-catalyzed reaction of Oz~ to H202 occurs very efficiently, at an almost
diffusion-limited rate of ~2 x 10° M-"-s-* which helps to keep basal levels of Oz
relatively low.'8%:181 | jkewise, the generation of H.O2 has been shown to exist in a
steady-state concentration in cells in a study of catalase levels in isolated
perfused rat livers in 1970 by Sies and Chance.'®? The levels of H2O- are kept
tightly regulated by a series of mitochondrial antioxidant processes driven mainly
by classes of peroxiredoxins and glutathione peroxidases.'63164 Tight regulation
of H20: is necessary, as the molecule functions as an important signaling
compound physiologically, demonstrated by its role in growth factor signaling,
regulation of transcription factors, pathogen defense, cell survival, and proper
protein folding.'64.165.166 Generally, these effects are mediated by the ability of
H20:2 to oxidize thiol groups on cysteine residues that change the activity and
roles of target proteins in signaling pathways.'®” Finally, mitochondria have been
shown to contain NOS enzymes, iINOS and mtNOS, through studies of purified

rat liver mitochondria, which are able to produce the RNS species nitric oxide
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(NO)."3 One of the roles that NO plays in the mitochondria centers around a
mechanism of inhibition of the respiratory chain, which then contributes to

mitochondrial-regulated cell death.'s3

Endoplasmic Reticulum

The endoplasmic reticulum (ER) is the sub-organelle tasked with
assembly and folding of proteins and serves as another important site for
oxidative molecule activity and redox homeostasis.'®® The environment of the ER
is unique, with the lumen maintaining a high oxidizing potential under
physiological conditions to promote disulfide bond formation in unfolded
polypeptides.'®® This oxidizing environment is created and maintained by the
membrane-associated flavoprotein, ER oxidoreductin (Ero1).'®® Formation of
disulfide bonds is critical for the proper folding of proteins and if there is a redox
imbalance inside the ER lumen, errors in protein folding accumulate. High levels
of misfolded proteins trigger ER stress signals to be transmitted into the
cytoplasm and nucleus in the form of the unfolded protein response (UPR). The
signaling cascades that are mediated by the UPR attempt to re-stabilize the
redox homeostasis within the ER, but if it remains unbalanced for extended
periods of time, the ER will signal for the initiation of apoptotic cell death
cascades.'®® Ero1 functions to reduce O by donating two electrons from its flavin
cofactor, yielding H20-."%° H,O is subsequently scavenged by ER specific
peroxiredoxin and glutathione peroxidase enzymes to maintain the redox

homeostasis of the ER lumen.'”? Besides Ero1, studies have shown that the ER
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contains the enzymes nicotinamide adenine dinucleotide phosphate oxidase
(NOX) and cytochrome P450 (cyto P450) that produce O2--and, according to
reviews by Laurindo et. al. in 2014 and Kim et. al. in 2009, play further roles in

cell signaling during the UPR.171.172

Peroxisomes

Peroxisomes have been another key sub-organelle that have been
evaluated in recent years for their role in cellular ROS/RNS metabolism.”3 This
class of cell organelle plays a functional role in lipid metabolism, which includes
many enzymes that produce ROS to help facilitate the breakdown of lipids.'"*
Peroxisomes were originally discovered in a study by Christian de Duve in 1965
and characterized further by de Duve in 1966 as a cell organelle that contains at
least one H202-producing enzyme and catalase, a specific H2O> reducing
enzyme.'”® Since de Duve’s discoveries in the 1960s, additional studies have
validated peroxisomes’ capacity for producing ROS as an important aspect of
normal metabolism.’”* The peroxisome is the site for many metabolic pathways
that are regulated by a number of ROS/RNS producing enzymes, examples of
which are highlighted in a review article by Antonenkov et. al. in 2010."76 A few
representative ROS producing enzymes are xanthine oxidase, which catalyzes
the rate-limiting enzyme in purine catabolism and produces O2-", inducible nitric
oxide synthase (iINOS), which catalyzes the production of NO from arginine, and

Cu/Zn-SOD (an SOD with a copper-zinc metal cofactor), which forms H2O- from



46

0,176 Catalase serves as the major antioxidant enzyme in peroxisomes by

catalyzing the reaction of H>O2 to H2O and O,.174

Immune Cells

The presence of ROS species in the cells of the immune system are
derived from the NOX enzyme."”” The discovery of the NOX family of enzymes in
immune cells was the first time ROS were characterized in a physiological
context. Biochemical analyses of phagocytosis by Sbarra et. al. in an
experimental study of guinea pigs in 1959 demonstrated that ROS aids
neutrophils in the phagocytosis of pathogens.'”® The activity of NOX is regulated
by its catalytic subunit gp91phox, which becomes activated when it interacts with
cytosolic subunits p22phox, p47phox, p40phox, and p67phox. Once the active
complex is formed, NOX transfers electrons from NADPH to Oz, generating Oz
molecules.'”® Neutrophils and macrophages are then able to convert Oz into
hypochlorous acid (HOCI) using the enzyme myeloperoxidase.'® HOCl is a
strong oxidant and can mediate direct oxidative damage to cells and is naturally
scavenged by organic compounds such as taurine and methionine, which rapidly
react with HOCI to form nontoxic byproducts.'8%.181.182 The generated ROS
species of these immune cells subsequently interact and initiate cytotoxic

destruction of pathogens.83
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Oxidative Molecules: Role in SCI Neuroinflammation

Neuroinflammation, the process of endogenous CNS immune cell
response to injury, interacts with peripheral inflammation and oxidative molecules
to continue lesion destruction in SCI. While many important research studies
have redefined the role of ROS and RNS as key regulators of many physiological
pathways in redox homeostasis conditions, perturbations of their tight control can
lead to significant damage. As diseased or injured tissue induces stress at the
subcellular level, the balance between oxidative molecules and antioxidant
enzymes begins to favor a “pro-oxidant” state that can cause damage to
cells.?25226 Sych is the case in the sequence of secondary injury mechanisms of
SCI, where many of the immediate pathological responses such as hemorrhagic
necrosis, ischemia-reperfusion, inflammatory cell response, glutamate
excitotoxicity, and ionic disturbances (Table 1) all contribute to tipping the redox
balance towards an environment favoring the production of ROS and RNS.
Effects of elevated Oz, which is one of the main initial ROS molecules that are
produced due to disruption of cellular respiration, are multifaced, as the molecule
can 1) lead to an increase in the labile iron pool by reacting with many subcellular
heme-containing proteins, freeing Fe?* 2) promote an increase in the SOD
catalyzed conversion of Oz~ to increase intracellular levels of H202, which based
on its chemical nature can travel across cell membranes and participate in many
inflammatory signal transduction pathways and 3) undergo reactions with other

radical or non-radical species to generate highly reactive and strongly oxidizing
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molecules, such as -OH and ONOO- (Figure 3A)."®* Both -OH and ONOO" can
induce high levels of neurodegeneration by causing DNA damage, protein
oxidation and lipid radical formation. %227 A number of review articles and
experimental studies, both in vivo and in vitro, have demonstrated presence of
elevated levels and roles of oxidative molecules in SC|.225:226,228,229,230,231,232
Besides the impact oxidative molecules have as direct inducers of damage, they
also contribute to neuroinflammation in three key ways: 1) by triggering
inflammation, 2) serving as mediators of inflammation, and 3) as effectors of

inflammation.
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Figure 3A. Representative single cell from a lesion zone of traumatic spinal cord
injury with identification of the key sub-organelle sites of production of oxidative
molecules and their subsequent reactions. There is a dynamic interplay between
many of these oxidative molecules, which function to exacerbate damage and
contribute to apoptotic/necrotic cell death, prolonged inflammation, and increased
size of lesion. 1) Mitochondrial O2-" production from complex | and complex I
undergoes dismutation by the enzyme SOD to form H202, which can traverse the
mitochondrial double membrane and enter the cytosol. NO is produced from the
iINOS enzyme in the mitochondria under pathophysiological conditions, which
can then react with Oz~ to form ONOO". Mitochondrial dysfunction can arise from
internal/external elevations in ROS/RNS species and results in cell death. 2) The
endoplasmic reticulum contains a series of enzymes that produce O2-~ (Cyto
P450 and NOX) and H202 (Ero1). The production of these oxidative molecules in
the ER is upregulated during ER stress, leading to cell death. 3) Peroxisomes are
located in the cytoplasm and contain the enzymes XO and SOD, which produce
O2-and H202. The elevated levels of H202 then react with increased intracellular
levels of Fe? via the Fenton/Haber-Weiss reactions to form -OH, a strong oxidant
that leads to stimulation of cell death pathways. Along with peroxisomes, nNOS
enzymes are also located in the cytoplasm and produce NO, which can react
with O2-" to form ONOO-, contributing to cell death. 4) Immune cells contain
enzymes that produce O2-- (NOX) and HOCI (MPO). Production of O2-"in the
extracellular space gets converted to H202 via SOD, which then is transported
into cells via aquaporin channels. HOCI is a strong oxidizing agent that can
directly mediate cell death. Additionally, the extracellular space produces O " via
plasma membrane NOX enzymes. Created with BioRender.com.

Figure 3B. Cellular targets of oxidative molecules and how they mediate
increased damage in SCI. 1) Sub-organelle dysregulation, including
mitochondrial disfunction, ER stress, and peroxisome dysregulation all contribute
to increased ROS/RNS molecule production. 2) ROS/RNS molecules signal
regulators of inflammation, including the NLRP3 inflammasome that directly
signals cytokines and NF-«B, which is a transcription factor present in the cytosol
and is negatively inhibiting by IkB. Release of kB mediated by ROS/RNS
molecules allows NF-«B to bind to DNA, leading to increased production of
cytokines. 3) Cytokine release signals the activation and recruitment of
inflammatory cells to the site of the lesion. 4) Inflammatory cells lead to increased
tissue damage and the production of more ROS/RNS molecules, which further
contribute to sub-organelle dysregulation. 5) ROS/RNS molecule accumulation
leads to DNA damage, protein oxidation, and lipid peroxidation, which all serve to
destabilize the cell and leads to cell death via necrotic and apoptotic pathways.
Created with BioRender.com.
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Oxidative Molecules: Triggers of Neuroinflammation

Oxidative molecules serve as triggers for neuroinflammation by initiating a
number of signaling pathways that recruit inflammatory cells to the lesion. One of
the most important and well-studied mechanisms of oxidative-induced
neuroinflammatory signaling is through the transcription factor NF-xB (Figure
3B).233 Typically, NF-xB is found in the cell cytoplasm and is in a complex form
with the inhibitory protein 1kB.23* When activated, NF-«B is translocated to the
nucleus and one of its roles includes transcriptional induction of pro-inflammatory
cytokines.?5 Elevated levels of H.O2 have been shown in a number of studies to
indirectly activate NF-kB by activating upstream kinases (IKK, NIK, Akt) which
phosphorylate and release the 1B inhibitory protein.?33236.237 Specifically, a study
by Kim et. al (2009) provided evidence that H202 modulates NF-xB via activation
of the PIBK/PTEN/Akt and NIK/IKK pathways.?®” ER stress, which can be
induced by oxidative stress, has also been implicated in activation of the NF-«B
through the PERK-mediated phosphorylation of elF2a, which downregulates
l«B.233 Oxidative damage has also been shown to activate the NLRP3
inflammasome, a signaling protein that is known to convert pro-caspase 1 into
active caspase 1, which subsequently activates IL-1p3, an important pro-
inflammatory cytokine.?3823° Activation of the NLRP3 inflammasome has been
addressed in reviews that highlight the oxidative-induced ER stress that is
implicated in inflammatory disorders (Figure 3B).239240 A study by Shimada et. al.

in 2012 identified a mitochondrial role in NLRP3 activation as well, showing that
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the oxidation of mitochondrial DNA in mice is an important signal for activation of
the inflammasome.?*' In addition, ONOO" has been found to modulate several
inflammatory pathways, which is reviewed extensively by Szab¢ et. al.?42
Included in the role of ONOO- in mediating inflammation following SCl is its
upregulation of NF-kB, activation of the PI3K/Akt pathway, and enhanced
production of pro-inflammatory mediators through the reduction of histone

deacetylase 2 (HDAC?2) activity.?4?

Oxidative Molecules: Mediators of Neuroinflammation

Once neuroinflammation is triggered in SCI, oxidative molecules continue
to mediate the neuroinflammatory response through the continued upregulation
of pro-inflammatory gene regulation, but also by helping direct and recruit
peripheral inflammatory cells to the lesion. Studies of wound healing have shown
that the oxidative molecules H202 and O~ can stimulate chemotaxis and
adhesion molecule expression.?*® A study by Loo et. al. demonstrated that there
was an increased concentration of H20: at the site of neutrophil infiltration by
using immunofluorescence staining in mice, positing a relationship between the
NOX-dependent generation of O2-" and the subsequent SOD-catalyzed formation
of H20- in the extracellular space.?** Further studies have implicated an
additional role of H2O2in activating NF-xB, as the transcription factor also
regulates the expression of pro-inflammatory adhesion molecules ICAM-1 and P-
selectin.?*® The elevated expression of these activated adhesion molecules

allows for recruitment and infiltration of circulating leukocytes through the
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endothelium, increasing the presence of inflammatory cells at the site of the
lesion.?*% H,O; has also been shown to generate platelet activating factor, which
upregulates B2 integrins on the cell membranes of leukocytes and allow the cells
to dock on the classes of ICAM’s and selectins.?*> Chemotaxis has been shown
to further drive recruitment of inflammatory cells in studies of wound healing,
which is mediated by H2O> via activation of the redox sensor Lyn (an SFK).243 As
inflammatory cells are recruited to the site of the lesion, many of them continue
the release of cytokines.”® Cytokine release has been demonstrated in a study by
Yang et. al. to increase mitochondrial and NADPH oxidase generated ROS in
human RPE cells.?*8 The compounding relationship between pro-inflammatory
cytokines and oxidative molecules establishes a mediating effect that prolongs

inflammatory damage at the site of the injury.24”

Oxidative Molecules: Effectors of Neuroinflammation

As discussed previously, neuroinflammatory cells recruit further peripheral
inflammatory cells. These neutrophils and macrophages can produce oxidative
molecules that act as effectors which eliminate pathogens, but also can result in
tissue injury if not regulated properly.?*® The production of ROS occurs through
the enzymes NOX, which generate high levels of O2-" as part of the inflammatory
response following its deployment to the lesion center.?*° Elevated levels of H20-
are then formed via the dismutation of O2-" by extracellular SOD enzymes. Oz
and H20> are then rapidly released during phagocytosis or in response to

inflammatory mediators, such as C5a and Interleukin-8 (IL-8) in an action that is
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termed “oxidative burst”. 249250 The process of releasing large quantities of ROS
is an important function of innate immune cells to effectively eliminate pathogens
through combined efforts with proteases or through direct oxidative damage, but
the high reactivity of these oxidative molecules have also been shown to lead to
bystander tissue damage in overactive inflammatory responses.?*® In addition to
the damage that is mediated by O2--and H20., the granule-localized enzyme
myeloperoxidase can also create a significant inflammatory effector molecule,
HOCI. Production of HOCI has been shown to exacerbate injury given its strong
neurotoxic oxidant properties that can exert its effects on a number of
biomolecules (i.e., thiol groups, thioethers, amine groups, heme groups, iron-
sulfur centers, nucleotides, and tryptophan).198.251.252 The direct-mediated
damage of these oxidative molecules by inflammatory markers contributes to the
amplification of oxidative molecule production, inflammatory response, and cell
death. Given the complex interaction between oxidative molecules and the
neuroinflammatory reaction, key ROS/RNS species, ONOO™ and H202, should be
evaluated for their potential to be effectively targeted therapeutically in order to
mitigate the neuroinflammatory response and reinstate proper repair pathways

following traumatic SCI



THERAPEUTIC INTERVENTION DEVELOPMENT

Therapeutic Targets: Hydrogen Peroxide and Peroxynitrite

To date, there is no FDA-approved standardized anti-oxidative damage
treatment for SCI. Experimental studies were identified and analyzed using
search methods on Embase, which included the search terms: “spinal cord
injury” AND “hydrogen peroxide” OR “peroxynitrite” AND “treatment.” Inclusion
criteria used for the search query were studies published within the past five
years. Manual methods were used to select studies that demonstrated
therapeutic potential while targeting these specific candidate ROS/RNS
molecules. Separate searches were conducted for hydrogen peroxide and
peroxynitrite targeted therapies, which yielded thirteen and three results,
respectively, with one article from each search meeting the aforementioned
inclusion criteria. In contrast, two general search queries of “spinal cord injury”

AND “antioxidant” (representative of studies researching the broad targeting of
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ROS/RNS molecules) yielded 211 results in the last five years. The small number

of studies that resulted from these searches and the known role of these
molecules in pathophysiology after traumatic SCI support targeting oxidative
molecules as a focus of future research. The two studies of H202 and ONOO-
were selected based on their demonstrated mechanistic potential in targeting
endogenous aspect of the injury redox environment, which is an important
therapeutic focus for consideration in treating pathological oxidative damage.

These two representative studies identify an area of research that ought to be
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further expanded upon so that researchers and clinicians may limit oxidative and

neuroinflammatory damage and improve functional recovery (Table 4).

Therapeutic Study: Hydrogen Peroxide

A 2017 study by Wang et. al. evaluated a potential therapeutic mechanism
of methane-rich saline treatment in a spinal cord ischemia-reperfusion (IR) injury
model in rats.?%3 Methane has previously been reported to demonstrate anti-
oxidant, anti-inflammatory, and anti-apoptotic activity in IR-induced injury to the
intestine, liver, heart, abdominal skin flaps, and retina, but had not yet been
studied in spinal cord IR.?53 Sprague-Dawley rats were divided into six
experimental groups: sham, methane only, IR only, IR-methane, Si-methane, and
Con-methane. Si-methane group rats received intrathecal pretreatment of
nuclear factor erythroid 2-related factor (Nrf-2) siRNA once a day for 3 days prior
to IR injury and con-siRNA followed the same protocol but were injected with
control siRNA. siRNA knocks down Nrf-2 and was administered to confirm that
methane-induced neuroprotection was due to activation of that anti-inflammatory
transcription factor. IR injury was induced by inflating a balloon catheter at the
site of the left subclavian artery for a period of 9 minutes. The experimental group
that received IR and methane treatment were given doses of 10 mil/kg
intraperitoneally 10 minutes post-injury.

Methane was shown to significantly increase the neuroprotective
capabilities of the spinal cord following IR injury, mainly through the activation of

the Nrf-2 pathway. This pathway plays a pivotal role in upregulation of the
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antioxidant response element (ARE) that activates many antioxidants and
cytoprotective genes, including SOD, catalase, and heme oxygenase-1.2%* The
researchers identified an increase in Nrf-2 protein expression and nuclear
translocation following treatment, highlighting a potential mechanistic target for
methane-rich saline. Furthermore, protein expression of HO-1, SOD, catalase,
and GSH were all elevated in methane-treated rats when compared to injured
rats. Neuronal apoptosis following ischemia, which was evaluated using TUNEL
staining, demonstrated that methane treated rats had dramatically reduced
apoptosis in their cells following IR injury compared to the other experimental
groups. Methane was also shown to indirectly inhibit the expression of pro-
inflammatory cytokines TNF-a and IL-1f by limiting NF-xB translocation to the
nucleus, which was dependent on Nrf-2 expression mediated by methane. The
identification of the antioxidative properties of methane in downregulating H20,
along with other oxidative molecules, and inflammatory markers leading to
enhanced neuroprotection clearly demonstrates the possibilities of targeting
oxidative molecules in injury pathway. It is also important to note that H2O> has a
physiological role, when maintained at moderately elevated levels, to activate
Nrf-2 which may point to a positive feedback loop and target for methane-
induced Nrf-2 activation. By decreasing elevated levels of H2O> in acute or
chronic SCI, recruitment of the physiological roles of H-O2 may lead to further
physiological activation of Nrf-2 and more appropriate mediation of

antioxidative/anti-inflammatory events post-injury.
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Despite promising results, the application of these findings are limited by
several factors. First, although the study did not describe any notable side effects
in the rats, it was conducted in a 72-hour period. Such a short observation
window limits the understanding of the long-term impacts of methane treatment.
Furthermore, there are limitations of this study’s therapeutic delivery window.
While methane was delivered to subjects 10 minutes post-injury, this timeframe

is not attainable in pre-clinical or clinical settings for the treatment of SCI.38

Therapeutic Study: Peroxynitrite

A 2018 study by Khan et al. evaluated the impact of the impaired nitric
oxide metabolome, and the therapeutic potential of exogenous S-
nitrosoglutathione (GSNO) administration.?®®* GSNO is an endogenous molecule
that is produced by the reaction of NO with glutathione, serving as one of the
enzymatic redox pathways of NO. Many biochemical studies have demonstrated
that GSNO is directly involved in cell signaling through its promotion of the S-
nitrosylation of several target proteins, including inhibition of PTEN which leads
to Akt-mediated neurorepair.2%® Overall, Khan et al. (2018) focused on the
reduced levels of GSNO present following spinal cord injury and aimed to
validate a therapeutic method for exogenous delivery of this antioxidant
enzyme.?%> Sprague-Dawley rats with induced contusion SCI were separated into
three experimental groups: SCI only, SCI treated with GSNO, and sham controls.
GSNO was administered intravenously at a dose of 0.05 mg/kg body weight two

hours post-injury and then once daily for 14 days post-injury. Findings from this
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study demonstrated that exogenous delivery of GSNO improved motor function
scores based on the significantly higher Beattie Basso and Bresnahan locomotor
rating scores compared to SCI only rats.?%” They also observed decreased
neuropathic pain in the GSNO-treated group, who had increased mechanical
withdrawal latency compared to the SCI only group. Importantly, GSNO
treatment was shown to decrease the levels of 3-nitrotyrosine, a marker of
neuronal peroxynitrite damage. Levels of nNOS were significantly attenuated
following GSNO treatment, pointing to a potential link between elevated activity
of nNOS specific NO production and peroxynitrite formation. Ultimately, Khan et
al. (2018) highlight how targeting peroxynitrite may increase functional recovery
and decrease neuropathic pain.

While exogenous administration of GSNO was linked to functional
improvement following SCI via downregulation of peroxynitrite generation, this
preliminary mechanism-based experiment was limited by its short time window of
SCI. The pathway explored in this study requires further evaluation for its

therapeutic potential with longer time courses of SCI.
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Challenges to Antioxidant Therapy

ROS and RNS molecules have a critical role in the S| outcomes following
SCI, particularly through their intricate relationship with neuroinflammation. The
extensive involvement of ROS in the pathogenesis of SCI has prompted
numerous research studies on the neuroprotective effects of various antioxidants
(including bioactive compounds and enzymes) in animal models of SCI.2%8 These
studies acknowledge the importance of oxidative stress in the sequelae of S, but
there remain significant challenges in developing targeted therapeutic
intervention of ROS and RNS molecules. Possible explanations for the difficulties
in obtaining efficacious results using antioxidant therapies include the lack of
specificity of antioxidants to the appropriate cellular tissue and their high
reactivity and likely interference with both disease-triggering and physiological
ROS levels. The challenges of devising a pharmacological treatment that can
effectively be delivered to the source of pathophysiological ROS and RNS thus
needs to be addressed in future experimental studies. The critical role that many
oxidative molecules play in normal physiology, as well as their concerted
mechanisms to maintain homeostasis, must be appreciated when designing a
therapeutic intervention.2%9260 Therefore, activation of endogenous antioxidant
response mechanisms and/or developing methods for precise delivery and
release of antioxidant molecules have therapeutic potential for future mechanistic

studies.
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The therapeutic value of a precisely delivered antioxidant approach to SCI
recovery is further emphasized by the results of Yu et. al. (2009). This study was
the first to demonstrate that a drug-releasing polymer could offer neuroprotective
effects for cell-based therapy implantation in acute SCI.2%" These researchers
utilized a poly-lactic-co-glycolic acid (PLGA) scaffold that was seeded both with
human neural stem cells (hNNSCs) and manganese (lll) tetrakis (4-benzoic acid)
porphyrin (MNnTBAP), a scavenger of ONOO'. This delivery was neuroprotective
based on in vitro and in vivo experiments that demonstrated via TUNEL assay
that MNnTBAP released from the PLGA scaffold reduced human NSC apoptosis in
the SCI environment. This study also demonstrated increased signaling of cell
survival pathways (Erk/p38 MAPK) by Western blot and immunocytochemistry

analysis following treatment with MnTBAP.
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CONCLUSION

SCI pathophysiology is characterized by S| cascades that contribute to
further neurodegeneration and diminish functional recovery. Oxidative molecules
are one of the major Sl triggers, mediators and effectors, as demonstrated by
their direct interaction with surrounding proteins, enzymes, receptors, channels,
membranes, or nucleic acids, as well as their critical role in cell signaling and
regulating other cell messengers, and involvement in neuroinflammation. Thus,
therapeutic targeting of key ROS and RNS molecules will be important to
mitigate secondary tissue lesions through blocking Sl processes of
neuroinflammation and cell/axon loss. Among ROS, H>O2 plays many key roles
in cell signaling pathways when presenting in cells at steady-state, physiological
levels, but it can initiate inflammatory signaling through NF-xB, NLRP3, and other
cell signaling pathways under abnormal conditions such as SCI. It also reacts
with Fe?* to generate highly reactive OH, which causes direct damage to all
surrounding structures. Regarding RNS, ONOO" has been shown in numerous
studies to cause direct damage to DNA, proteins, and lipids, leading to
exacerbation of neuronal damage and the signaling of neuroinflammation. The
therapeutic studies of H2O. and ONOO" demonstrate the potential of targeting
endogenous antioxidant mechanisms (Nrf-2 pathway and NO metabolome) for
the mitigation of functional deficits. The targeting of oxidative species has the
potential to reduce the cascades of neuroinflammation and redox damage that,

when left untreated, manifest clinically as the continued expansion of the lesion.
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The emergence of new antioxidant therapies (i.e., intra-thecal infusion/drug
pumps, nanotech and synthetic material and polymer-based controlled drug
release delivery, and cell-based therapies that contain antioxidative properties)
and improving technologies in single cell sequencing (i.e., spatial transcriptomics,
proteomics, genomics) hold promise for the development of more efficacious,

precise medicine treatment to manage oxidative stress in SCI.
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