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Spinal cord injury (SCI) leads to social and psychological options, including ph_armacological and cellular therapy,
problems in patients and requires costly treatment and @S the treatment choices for SCI.

care. In recent years, various pharmacological agents
have been tested for acute SCI. Large scale, prospective,
randomized, controlled clinical trials have failed to
demonstrate marked neurological benefit in contrast to
their success in the laboratory. Today, the most important
problem is ineffectiveness of nonsurgical treatment
choices in human SCI that showed neuroprotective effects
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INTRODUCTION

Currently, the management of patients with acute spinal
cord injury (SCI) includes pharmacological agents,
surgical intervention and cellular therapies. There is still
no commonly accepted pharmacological agent used in
the treatment of SCI but some clinical studies have been
carried out to reveal an effective agent. The timing of

surgery is another controversial issue. However, studies
about cellular therapies give hope for the future. Vatious
clinical studies using pharmacological agents, cellular
therapies and surgical intervention for SCI are discussed
and summarized in this review.

EPIDEMIOLOGY

The incidence of acute SCI has been reported as 15 to 40
in a million in the world". The common causes of SCI
are motor vehicle accidents, sport injuries, work-related
accidents, assaults and falls”. It is more common in young
men. The incidence of traumatic SCI was reported as 12.7
in a million in a study conducted in Turkey in 1992. The
most common causes of these injuries are motor vehicle
accidents (48.8%), falls (36.5%), cutting injuries (3.3%),
gunshot wounds (1.9%) and jumping into the water (1.2%).
Male/female ratio has been reported as 2.5:17, The most
common causes of non-traumatic SCls are spinal vascular
diseases (25%), tumors (25%), inflammatory diseases
(20%) and spinal stenosis (19%)"".

PATHOPHYSIOLOGY

The concept of a two-step mechanism for SCI was
introduced in the eatly 1900s after progressive damage
was shown in spinal cord injured animals by Allen”.
It has been reported that the first step is primary
mechanical damage that occurs within minutes as a result
of mechanical SCI. The second step is the secondary
injury triggered by the primary damage, resulting in
microvascular damage, edema, demyelination, ischemia,
excitotoxicity, electrolyte imbalances, free radical
production, inflammation and late apoptotic cell death
where many more factors are involved®” (Table 1). The
pathology behind these mechanisms includes ischemia
arising from degenerative spinal cord perfusion and a
cellular energy deficiency™”. For this reason, in order
to minimize the damage caused by spinal cord injuries,
oxygen should be provided and blood pressure should
be kept under control. Following an acute SCI, vascular
injuties lead to a number of setious changes in the spinal
cord which in turn result in a progressive spinal cord
ischemia accompanied by a perfusion anomaly, ultimately
causing both hemorrhagic and ischemic injuries“o’m. The
area around irreversible injury is the ischemic penumbra.
If the ischemia exceeds beyond a critical level, the infarct
area expands and irreversible injury occurs. Function
can be restored in the case of regenerated blood flow
before the beginning of injury“z] (Figure 1). SCIs may
also lead to a petechial hemorrhage in the spinal cord

Baishidenge ~ WJO | www.wjgnet.com

Yilmaz T et a/. Therapeutic strategies for spinal cord injury

43

following rupture of postcapillary venules or sulcal
arteries. This rupture may result from a mechanical break
triggered by the direct effect of the trauma or from an
intravascular coagulation which is caused by venous stasis
or distention™"”.

In spinal cord injuries, excessive free radicals lead to
insufficient antioxidant systems as well as cell death™".
These antioxidants are general occurrences in normal
cells and their function is to keep harmful entities under
control. However, the number of free radicals outdoes
the number of these oxidants in severe pathological
situations such as SCI. The free radicals may react to any
cell constituent but lipids are the most delicate among the
constituents. The destruction of the cell membrane that
contains high amounts of polyunsaturated fatty acids is
the very first step in the neuronal damage caused by free
radicals"”. Kaptanoglu ez a/'*"¥ reported that melatonin,
erythropoietin, thiopental and propofol can inhibit lipid
peroxidation following SCI. SCI may also lead to the
release of opioids as well as neurotransmitters. In turn,
these opioids may obstruct the course of microcirculation
by activating kappa opioid receptors. Therefore, studies
focusing on the opioid receptors that have a selective
effect on kappa receptors have yielded more successful
results™"”, Following SCI, the lesions may contain a large
amount of glutamate. In the eatly period, the glutamate
receptor activation may increase intracellular sodium
which in turn may lead to cytotoxic edema, intracellular
acidosis and lysisml. Glutamate neurotoxicity triggers a
chain of events which results in aggravated neuronal death
and the development of reactive oxygen and nitrogen
products'"”.

Neuronal protection is highly important since the
spinal neurons cannot achieve regeneration™. Apoptotic
cell death is likely to happen in any cellular component
of the spinal cord (neurons, astrocytes, oligodendrocytes
and microglia). In conclusion, understanding the injuries
secondary to neuronal death in SCIs remains the most
vital issue for the implementation of advanced treatment

methods”! (Figure 2).

TIMING OF SURGERY

Eventually, the ideal management of acute SCI is a

combination of pharmacological therapy, early surgery,
aggressive volume resuscitation and blood pressure elevation
to maximize spinal cord perfusion, early rehabilitation and
cellular therapies. A number of investigations were done
before the 1970s to both clarify the secondary mechanisms
of SCI and find evidence that eatly surgical decompression
affords a better neurological outcome. However, the timing
for surgery in spinal cord injuries is not clear yet in terms
of neuronal recovery. Partial reversibility of complete cord
injury is reported in a limited time interval®. A number

of pre-clinical studies !

suggest no benefit of early
surgical intervention to achieve spinal cord decompression
[13:26-281 40 dicate

that longer spinal cord compression before surgery is

on outcomes; however, several others

associated with detrimental outcomes in animal SCI
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Figure 1 Major mechanisms of cell death are ischemia, intracellular calcium deposition, apoptosis. Pharmacological agents may intervene in these mecha-

nisms at different stages shown in boxes (From Dumont RJ).

models. Animal models suggest that early decompression
directly correlates with improved neurological outcome.
Dimar ¢ al”” used a rat model with a different time range
of extradural compression up to 72 h and demonstrated
that animals with shorter compression times showed
better neurological recovery. There are no class I clinical
trials to guide the timing of surgery. Several class II and
class Il studies have been carried out; they demonstrate
that eatly surgery (decompression/reconstruction) is safe
and should be strongly considered in patients without life-
threatening polytrauma and without major medical co-
morbidities. Urgent surgical decompression should be
carried out in patients with eatly neurological detetioration.
It is important to avoid intra-operative hypotension to
minimize the intraoperative risks with eatly intervention””.
Many surgeons advocate eatly surgety for maximum
restoration of neural tissues and rehabilitation and early
mobilization of the spinal column. A number of authors
defined appropriate early surgery in a range from 8 to 72
h"'"™, Some authors also report that early surgery results
in reduced medical complications and length of stay and
e

In a systematic review, Furlan ¢ /™ evaluated 22
clinical studies examining either the feasibility and safety
or efficacy of early surgical intervention to stabilize and
align the spine and for decompression of the spinal cord.
Some of these studies indicated that patients who undergo
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eatly surgical decompression can have similar outcomes to
patients who received a delayed decompressive operation.
However, there is evidence to suggest that eatly surgical
intervention is safe and feasible and that it can improve
clinical and neurological outcomes and reduce health
care costs. In another systematic review of the current
evidence for surgical decompression as a treatment for
SCI, Cadotte ¢f /" demonstrated emerging evidence
and a growing consensus among surgeons who support
early surgical intervention to help minimize the secondary
damage caused by compression of the spinal cord after
trauma. In a randomized controlled study by Cengiz ez
al™, postoperative ASIA score (Table 2) significantly
increased in the eatly surgery group and late surgery
group compared to the pre-operative ASIA score. In
addition to this finding, the post-operative ASIA score
of the early surgery group was significantly better than
the late surgery group. Patients in the early surgery group
showed a 83.3% improvement in ASIA score, whereas the
ASIA score of 26.6% patients in the late surgery group
improved. Cadotte ez al™ suggested that early surgery is
safe and strongly recommended in patients without life-
threatening polytrauma and without major medical co-
morbidities, according to findings in class II and class III
studies. Urgent surgical decompression should be carried
out in patients with deteriorating neurology.

In addition, another level-2b evidence study suggested
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Table 1 Secondary injury mechanisms involved in the

pathophysiology of spinal cord injury

Systemic effects
Heart rate - brief increase then prolonged bradycardia
Blood pressure - brief hypertension then prolonged hypotension
Peripheral resistance - decreased
Cardiac output - decreased
Local vascular damage of the cord microcirculation
Mechanical disruption of capillaries and venules
Hemorrhage - especially gray matter
Loss of microcirculation - mechanical, thrombosis, vasospasm
Biomechanical changes
Excitotoxicity - glutamate
Neurotransmitter accumulation
Catecholamines - noradrenaline, dopamine
Arachidonic acid release
Free radical production
Eicosanoid production
Prostaglandins
Lipid peroxidation
Endogenous opioids
Cytokines
Electrolyte shifts
Increased intracellular calcium
Increased intracellular potassium
Increased intracellular sodium
Inflammatory response
Free radical generation
Macrophages
Axonal breakdown, removal of myelin debris
Release of cytokines
Glial cell activation
Cytotoxic effects on oligodendrocytes
Wallerian degeneration
Edema
Apoptosis
Loss of energy Metabolism
Decreased ATP production

SCI: Spinal cord injury.

that compared to surgical intervention from 72 h to 5
d after thoracolumbar SCI, stabilization of spinal and
cord surgical decompression in less than 8 h would
result in better neurological outcome, shorter duration
of hospitalization, shorter duration of stay in the
intensive care unit and lower frequency of secondary
complicationsm.

No complications were seen in the early surgery
group, whereas three cases of respiratory failure and one
case of sepsis were seen in the late surgery group” . Tt
was reported that early surgery results in reduced LOS,
less secondary complications, early mobilization and
transfer to rehabilitation and should be considered in all
SCI patients.

Finally, the authors declare that as there is strong
pre-clinical evidence for biological benefits of early
surgical decompression in animal SCI models, surgical
decompression of the injured spinal cord should be
performed within 24 h when medically feasible. The
optimal timing of surgical decompression in patients with
a central cord injury remains unclear and there are clinical,
neurological and functional benefits of eatly spinal cord

. 36]
decompressmn[ 1
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PHARMACOLOGICAL TREATMENT

A lot of pharmacological treatment methods have been
studied by consideting the pathophysiological mechanisms
in SCI (Table 3). These methods are now mentioned.

Steroids

Corticosteroids have been used to reduce spinal cord
edema in acute SCI for over 30 years due to their anti-
inflammatory features"”. Although the exact mechanisms
of the neuroprotective effects of corticosteroids are not
completely understood, it has been suggested that these
include inhibition of lipid peroxidation, modulation of
inflammatory and immune responses with inflammatory
cytokines, the healing of the vascular perfusion and

prevention of calcium entering into the cell®*,

Methylprednisolone

Methylprednisolone is a synthetic glucocorticoid and has
been used in SCI and brain edema for a long time. Today,
the widespread use of methylprednisolone results from
three large-scale, prospective, randomized, double-blind,
multi-center clinical studies called the National Acute
Spinal Cord Injury Studies (NASCIS) I, II and III. In
NASCIS I, the effects of ten day doses of 100 mg or
1000 mg of methylprednisolone started in patients with
SCI within 48 h were evaluated”". No motor and sensory
differences were found between the two regimes. As a
result of animal experiments, it has been suggested that a
1000 mg dose is far below the required dose for effective
neuroprotection and that after the initial dose of 30 to 40
mg/kg it would be more appropriate to continue with an
intravenous maintenance dose™’.

Therefore, in the next NASCIS 1I trial, after an initial
bolus of methylprednisolone 30 mg/kg, 5.4 mg/kg
infusion per hour for 23 h was givenml. All 487 patients
in the study in the first 12 h after injury were randomized
into one of the groups of methylprednisolone, naloxone
or placebo. Statistically, significant sensory and motor
improvements were reported when methylprednisolone
was given in the first 8 h after injury in both full and
partial SCI. NASCIS II verified that, besides being the
first clinical study showing that methylprednisolone is
an effective pharmacological agent for the treatment
of SCI, it also provided the widespread use of it and
confirmed its relationship with secondary damage and
its effective pharmacological strength. Then, NASCIS
Il was performed to evaluate the efficacy of tirilazad
mesylate as well as to compare methylprednisolone
treatment in different time windows'". Because of the
antioxidant properties, several complications of steroid
use were intended to be avoided. Thirty milligrams per
kilogram of methylprednisolone in the form of a bolus
was given to all 499 patients in the study after the first 8
h after trauma and then either a 24 or 48 h infusion of
methylprednisolone or 48 h of tirilazad mesylate were
administered randomly. Of all treatment actions, the
motor and sensory recovery was found to be similar
in the first 3 h after trauma. In these patients, a 24 h
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infusion of methylprednisolone has been suggested to be
sufficient. However, when methylprednisolone is started
between 3 and 8 h, prolonging the infusion to 48 h has
been proposed as more beneficial. Improvement in motor
function was statistically significant at 6 mo and even after
1 year in the MP group compared with the controls (17.2
and 12.0 points improvement respectively, P = 0.030)"*,

Although NASCIS I and I have led to the establish-
ment of clinical standard application of methylprednisolone
in acute SCI in North America, there has been a lot of
criticism regarding the results and comments of these
studies recently. This situation has led to some centers giving
up the application. Many researchers have published their in-
depth analysis of NASCIS II and Il trials***. Tt has been
reported that especially the application of NASCIS III in
48 h had minimal effectiveness in neurological healing and
increased wound infection rates, pulmonary embolism,
severe pneumonia, sepsis and that it even increased
secondary deaths due to respiratory complications with
the use of steroids. The argument about whether to use
this agent in acute SCI still continues'”.

Ganglioside GM-1
Gangliosides are glycosphingolipids that are in the outer
lipid layer of the cell membrane and contain sialic acid.

Boishidenge ~ WJO | www.wjgnet.com

Potential effects in neuroprotective and neuronal function
restoration were found in experimental studies*”. By
increasing cell regeneration in tissue, they reduce the
neurotoxicity of the excitatory amino acids. Promising
clinical results with GM1 were obtained in a single center
prospective randomized clinical trial with 37 patients with
SCI in 19917, In the subsequent experimental studies of
SCI with systemic administration of GM1, neuroprotective
effects such as neurite outgrowth, plasticity strengthening,
prevention of apoptosis and inhibition of excitotoxicity
were obtained”"*. These positive results led to the
realization of a multicenter randomized clinical trial
published in 2001, In this clinical trial between 1992
and 1997, over 750 patients were randomly divided into
treatment arms, such as placebo, low-dose and high-
dose GM1 ganglioside. In the 26" week, at least a two-
degtee increase was determined in the motor/sensory
function of the patients who experienced a significant
improvement in a modified Benzel classification with
respect to the American Spinal Injury Association (ASIA)
scores. Sensory and motor scores in patients treated
with GM1 ganglioside and in many parameters including
bowel and bladder function in partially paralyzed patients
showed an improvement compared to placebo. However,
there was no effect on the complete patients but the
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Table 2 American spinal injury association impairment scale

Yilmaz T et a/. Therapeutic strategies for spinal cord injury

A = Complete: No motor or sensory function is preserved in the sacral segments

B = Incomplete: Sensory but not motor function is preserved below the neurological level and includes sacral segments

C = Incomplete: Motor function preserved below the neurological level; more than half the key muscles below the neurological level have a muscle grade less than 3
D = Incomplete: Motor function preserved below the neurological level; at least half the key muscles below the neurological level have a muscle grade of 3 or more

E = Normal: Motor and sensory function

Table 3 Pharmacotherapy of acute spinal cord injury and

mechanism(s) of action

Methylprednisolone
Inhibition of lipid peroxidation/antioxidative/anti-inflammatory
Properties decrease ischemia, support energy metabolism, inhibit
neurofilament degradation, decrease intracellular Ca, decrease PG F/
TxA, increase spinal neuron excitability, decrease cord edema
Ganglioside GM-1
Stimulate neurite regrowth/regeneration
Opioid receptor antagonists
Antagonize the increase in endogenous opioid levels after SCI (opioid
receptor activation can contribute to excitotoxicity)
TRH and its analogs
Antagonize endogenous opioids, platelet-activating factor, peptido-
leukotrienes and excitatory amino acids
Nimodipine
Decrease intracellular Ca* accumulation, attenuate vasospasm
Gacyclidine (GK11)
Antagonism of glutamate receptors
Magnesium
Replace Mg depletion that is common after SCI, diminish
intracellular Ca®" accumulation, block N-methyl-D-aspartate receptor
ion channel, modulate binding of endogenous opioids
Hypothermia
Reduce extracellular glutamate, vasogenic edema, apoptosis,
neutrophil and macrophage invasion and activation, and oxidative stress
Minocycline
Inhibition of microglial activation, inhibition of cytochrome c release
Erythropoietin
Reduced apoptosis and lipid peroxidation
Estrogen
Not clearly known
Progesterone
Reduce the production of inflammatory cytokines
Cyclooxygenase inhibitors
Prevents/antagonizes decreased blood flow/ platelet aggregation from
production of arachidonic acid metabolites
Riluzole
Blockade of voltage-sensitive sodium channels and antagonism of
presynaptic calcium-dependent glutamate release
Atorvastatin
Prevents neuronal and oligodendrocytic apoptosis
Antioxidants
Antagonize deleterious effects of free radicals (lipid eroxidation,
reperfusion injury, efc.)

PG F: Prostaglandin F; SCI: Spinal cord injury.

results of the study were promising for the incomplete
patients.

Opioid receptor antagonists

After SCI, dynorphin A, an endogenous opioid, is
allowed to flow and neurotoxic effects occur. Moreover,
it decreases spinal cord blood flow with non-opioid
mechanisms"™. Naloxone is a nonspecific opiate receptor
antagonist. In the experimental animal models of SCI,
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the application of naloxone leads to functional and
electrophysiological improvement. Moreover, it reverses
the spinal shock and improves the blood flow to the spinal
cord”™™™. Tt was extensively studied in the early 1980s and in
the 1980s the opioid antagonist naloxone was examined in a
Phase I SCI trial in humans® ™. However, beneficial effects
of naloxone that were thought to be due to antagonization
of the increase of the endogenous opiates observed after
SCI were not confirmed. In NASCIS I, the first results
obtained from the studies related to naloxone, one of
three treatment arms that has not shown any significant
neuroprotective benefit over placebo™"

Thyrotropin releasing hormone and its analogs
Secondary injury mediators such as endogenous opioids,
excitotoxic amino acids, leukotrienes and platelet activating
factor have been shown to be antagonized by TRH.
Functional improvement in rats after experimental SCI
by TRH has been shown"”. The only clinical trial which
was ever performed with TRH in acute SCI was published
in 1995. Pitts ez a/”" showed that TRH is effective in
increasing the blood flow, reducing lipid degradation, in
ionic hemostasis and improving neurological function.

Nimodipine

It has been reported that calcium channel blockers
improve the post-traumatic spinal cord blood flow with
the regulation of microvasculature. Nimodipine has been
shown to increase the blood flow of the spinal cord
in experimental SCIP®, In other animal experiments,
however, no significant neurological improvement was
observed with nimodipine treatment after spinal cord
trauma or ischemia™. The SCI trial for humans was
carried out in France in 1996, The trial involved 100
patients in 4 treatment arms: nimodipine, MPSS (NASCIS
II protocol), both agents and placebo. Although it is
possible that the study was weak in showing a therapeutic
effect, benefit over placebo was not shown in any
treatment group. Because of the potential that systemic
hypotension develops in impaired spinal cord blood flow
autoregulation conditions, it may become detrimental so
their usage causes concerns.

Gacyclidine (GK11)

Glutamate is the main excitatory amino acid in the
central nervous system and plays an important role in
the secondary SCI. Like gacyclidine (GK11), NMDA
also has shown that receptor antagonists have significant
neuroprotective effects after SCI in animal studies ', With
the distribution of glutamate into each side of the central
nervous system in humans, significant adverse effects of
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the systematic treatment may be seen. In previous studies,
glutamate receptor antagonists had significant cognitive
side effects, including agitation, sedation, hallucinations and
memory deficits, even with competitive antagonists such as

Selfotel™, Therefore, the development of clinical treatment

of NMDA antagonists has become difficult. Besides
considerably better tolerability than other N-methyl-D-
aspartate antagonists, gacyclidine has improved function,
histology and electrophysiology in a rat model

[61,63]

Magnesium

Magnesium is a well known neuroprotective agent and
plays a key role in free radical and glutamate damage in
the vascular structure after SCI. Magnesium provides
vasoprotection by reducing free radical generation in neural
structures. It also stimulates the release of endothelial
prostacyclin and provides dilation of the blood vessels
supplying the spinal cord. It is believed that magnesium
decreases lipid peroxidation by-products with the indirect

effect arising from glutamate antagonism[w. In a study

conducted to demonstrate the vascular protection after SCI,

Kaptanoglu et al® showed that magnesium reduced edema
[65)

Hypothermia

Hypothermia has a neuroprotective effect with the
reduction of brain edema and intracellular calcium, the
increased release of gama aminobiitirik asit (GABA) and the

inhibition of glutamate release*””. Additionally, moderate

hypothermia has been reported to be effective in reducing

apoptotic neuronal death’®, Systemic cooling methods

used to cool the spinal cotd are intravenous fluid infusions
and the local cooling is with a cold saline infusion through
epidural or intrathecal catheters. To cool a long cord

segment is technically difficult. Clinical application of

hypothermia in patients with SCI cannot be recommended
to be used in neuroprotection because of complications,
such as hypotension, bradycardia and infection, unless it
becomes safe and applicable

[69,70]

Minocycline

It has been shown that minocycline inhibits excitotoxicity,
reduces apoptosis with caspase-1 and has neuroprotective
effects in Parkinson's disease with possible inhibition of
microglial activation and autoimmune encephalomyelitis,
amyotrophic lateral sclerosis, ischemic brain injury models

in adults and newborns" ™. After acute SCI, minocycline

has been reported to reduce the size of the lesion. It has
also been shown that minocycline can pass the blood-
brain barrier easily and effectively reduces functional
deficits and secondary spinal tissue loss in mitochondrial
cytochrome c in experimental SC

T4

Cethrin

This agent facilitated axonal growth and promoted
functional recovery in a mouse model. The researchers
observed an eatly neurological improvement and reduced

[73]

apoptosis rates’ .
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Erythropoietin

There have been many comprehensive studies for
erythropoietin (EPO) in acute SCI. Erythropoietin and
its derivatives are the endogenous cytokine mediators in
the central nervous system with tissue protective effects.
Kaptanoglu ez al" showed that erythropoietin inhibits
lipid peroxidation after SCI and provides ultrastructural
neuroprotection. A dramatic decrease was shown in the
volume of cavitation after thEPO therapy according to
the results of histological examination 7 d after spinal
contusion. They contribute to inhibition of erythropoietin
apoptosis, inflammation reduction, excitability modulation
and proliferation and modulation of neuronal stem
cells!*™, Improved white and grey matter sparing,
reduced apoptosis and lipid peroxidation, reduced ERK
phosphorylation, and decreased inflammatory cytokine
release and neutrophil invasion were involved in non-
behavioral results. The efficacy of EPO in acute SCI is
not certain.

Estrogen

Laboratory evidence supports that female sex hormones
may play a role in hormone-dependent neuroprotection.
Estrogen-dependent neuroprotection takes place with
increased expression of the antiapoptotic factor bcl-2
and by the activation of protein kinase pathways. Non-
behavioral results involve reduced overall secondary tissue
damage, reduced MPO activity, microglial/macrophage
accumulation and reduced apoptosis.

Progesterone

Progesterone receptors are spread widely in the central
nervous system. The effect of progesterone is shown
by reducing the production of inflammatory cytokines
increasing excitotoxicity in secondary neuronal injury. In
the SCI model, it has been shown that progesterone can
reduce the production of oxidants and free radicals and
can provide stability of neurotrophins in the spinal cord™.
More recently, it has also been shown that progesterone
modifies the traditional neurotransmitter systems such as
inhibitory GABA and excitatory amino acids in Sss™,
Progesterone treatment was reported to be able to alter
gene and protein expression, cell morphology and receptor
and neurotransmitter expression in the injured spinal cord.

Cyclooxygenase inhibitors

These inflammatory prostaglandins have an important role
in secondary injury. It has been shown that indomethacin
reduces tissue damage and edema in SCI. Meclofenamate
and ibuprofen are two non-steroidal anti-inflammatory
agents used widely for spinal blood flow after SCI in
cats®™”. In this study, the combination of a thromboxane
inhibitor with a prostacyclin analogue was found to be
similarly effective. It was observed that COX-2 expression
increased after the damage of contusions in the SCI of a
rat. With SC-236, a COX-2 inhibitor, neuroprotection was
provided after SCI in rabbits and improvement was seen in
behavioral deficits™". Although the application of COX-1
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Table 4 Cellular transplantation therapies spinal cord injury

Schwann cells Secrete growth factors, reestablish
microenvironment

Promoting axonal regeneration
Produce neuroprotective cytokines

Removal of myelin debris, release of

Olfactory ensheathing cells
Bone marrow cells
Stimulated macrophages
cytokines
Oligodendrocyte progenitor cells Achieve remyelination

and COX-2 inhibitions in humans in SCI has not been
reported, the widespread use of these in people has been
disposed of because of many safety and pharmacokinetic
issues.

Riluzole

Riluzole is a sodium channel blocker approved by the Food
and Drug Administration for amyotrophic lateral sclerosis.
It has been shown that riluzole has a neuroprotective
effect and reduces the damage in gray and white matter
after clip compression injury of spinal cord in a rat model.
It also improves locomotor functions. Therefore, many
pharmacokinetic and toxicity studies were carried out in
humans for riluzole. There are no reports that dose response
has an effect on the thoracic contusion SCI models.
Kitzman ef a/™ showed that signs of tail spasticity decreased
with both 8 and 10 mg/kg doses but systemic side effects
(lethargy, locomotor ataxia) were attributed to the higher
dose in the 2009. It was demonstrated that there was a
therapeutic neuroprotective efficacy with a postponement in
intervention of 15 min®” and 30 min™.

Atorvastatin

Atorvastatin treatment provides protection against reactive
gliosis, trauma-induced tissue necrosis and demyelination.
It also prevents neuronal and oligodendrocytic apoptosis
by reducing Inducible nitric oxide synthase, tumor necrosis
factor-g and interleukinl-f expression from inflammatory

cytokineslgs]

Antioxidants

Free radicals increase significantly after spinal cord trauma
in animals. Despite their different mechanisms, ascorbic
acid and hypothermia with a synergistic effect reduce
the production of free radicals and associated damage""
Melatonin, EPC-K1™, vitamin E and selenium® free
radical are scavenger agents and have been shown to be
beneficial in SCI. Studies on spinal cord injuries which are
related to nitric oxide synthase inhibitors"™, polyethylene
glycol™, hpopolysacchande[ 7 anti-CD 11d antibodies"”,

mosme[)” and pioglitazone'” have been performed.

CELLULAR TRANSPLANTATION
THERAPIES

As a repair strategy for SCI, the neural transplantation
procedure has been studied over the past several decades in
many animal models. The rationale for cell transplantation
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treatments are to provide the injured tissue with growth
promoting factors, cell replacements structural elements
and myelinating units”, The aim of cell therapies is
to provide functional recovery of deficit by an axonal
regeneration and restoration (Table 4). Reconstructive and
regenerative experimental cellular strategies containing
embryonic or adult stem cells or tissue””, genetically
modified fibroblasts””, Schwann cells (SCs)””, olfactory

93,99] [100,101]

ensheathing cells™” bone marrow stromal cells

b
[103,104]

neural stem cells""" and activated macrophages

have been reported with varying degrees of recovery in
different models of SCI.

SCs

The Schwann cell is one of the most widely used cell types
for repair of the spinal cord. In experimental models of
SCI, SCs are the myelin-forming cells of the peripheral
nervous system and have been shown not only to
myelinate (remyelinate) axons after transplantation into the
injured spinal cord, but also to form a permissive substrate
for regenerating axons, as reported in many studies”*'"'".,
Schwann cell transplantation in a wide variety of SCI
models, such as photochemical[%], transection”” and
subacute contusion!”” has resulted in improvements in
locomotion as well as neurobiological indices of recovery.
Oudega e7 al”” demonstrated that SCs play a key role in
peripheral nerve regeneration and also lead to release
of various growth factors, creating a growth permissive
feature for axonal regeneration. In addition, SCs can
produce axon growth promoting substrates such as
fibronectin and laminin””. On the other hand, SCs are able
to myelinate both intact and regenerating central axons'"
For this reason, it can be said that SC is one of the best
cell types for cell transplant therapy SCI. Pre-clinical
experiments regarding the survival and efficacy of human
SCs in contusion models of SCI are needed.

Olfactory ensheathing cells

The olfactory mucosa contains multipotent progenitor
cells capable of differentiating into both neural and non-
I, Olfactory ensheathing cells (OECs) are
capable of promoting axonal regeneration and remyelination
after injury. As a possible source for autologous cells, the
olfactory mucosa is capable of lifelong regeneration and
is readily accessible with minimally invasive techniques.
Adult neural stem progenitor cells from the subventricular
zone of the brain and the spinal cord of rodents contain
neuron precursors, oligodendrocytes and astroglia, some
stem-like cells. Transplanting OECs into damaged spinal
cord promotes axonal remyelination and regeneration,
facilitating recovery of the SCI'"™"™. On the other hand,
clinical studies showed that OEC transplantation is a safe
method""” with improved sensory-motor function of
injured spinal cord"™",

neural cells™

Bone marrow cells
In recent years, some studies showed that bone marrow
cells (BMCs) can be differentiated into glial cells or mature
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Table 5 Timing of surgery and nonsurgical treatment options of spinal cord injury including pharmacological and cellular therapy

Timing of surgery
Early surgical intervention is safe and feasible which can improve clinical and neurological outcomes and reduce health care costs
Early surgical intervention helps minimize the secondary damage caused by compression of the spinal cord after trauma
Pharmacological and cellular therapy
There is still no accepted pharmacological treatment protocol in SCI
Methylprednisolone is the accepted agent used in SCI, however, some criticism has been reported by some authors. It might be used in young patients
without accompanying diseases such as diabetes mellitus
Cellular treatment studies are continuing

SCI: Spinal cord injury.

: : 101,116 . .. . .
neurons under special experimental procedures"’"""", measures; and (4) prospective clinical trial design. These

BMC:s grafting on SCI injury models have been studied and recommendations will be helpful for the SCI community in

it has been observed that the transplanted BMCs improve its further clinical evaluation of novel therapies'”’.
neurological deficits by generating myelin producing cells Measuring the success of the Walking Index for
or neural cells"'™""*. Furthermore, BMCs can produce SCI might be used, which was revised recently and is an
neuroprotective cytokines, rescuing the neurons with international attempt to make a complex, valid and reliable
impending cell death in case of injury ™. Also, several device for assessing walking independent of burden of
clinical trials have explored the hypothesis that cell care™. Later, 2 multinational collaboration, led by the
transplantation may enhance the recovery of neurological Toronto SCI team and several centers in Canada, the
functions after SCL United States and Europe, developed a novel outcome
measure to quantitatively assess hand and upper extremity
Stimulated macrophages function in tetraplegic patients (the Graded Redefined
After an injury, macrophages and their associated cytokines Assessment of Strength, Sensibility and Prehension
invade the impaired tissue*"'"*. In the nervous system, (GRASSP) outcome measure). There are two important
macrophage-derived cytokines can induce regeneration- parameters in the development of new outcome measures,
associated components such as nerve growth factor!”’ one which establishes psychometric properties and the
and cell adhesion molecules. Stimulated macrophage other that provides insights into functional and neurological
implantation into transected rat spinal cord showed irnpajrment[m.
promoted tissue repair, including recovery of motgr
function, observed behaviorally and electrophysiologically” ™. CONCLUSION

On the other hand, in a study on sciatic nerve injury, it
has been demonstrated that the blockage of macrophage A number of studies suggest eatly surgical intervention.
invasion led to impairment of regeneration!". Recovery of loss of neurological function after acute SCI

is one of the most important topics of the neurological

Oligodendrocyte progenitor cells sciences (Table 5). For many years, many researchers have
The oligodendrocyte progenitor cells (OPCs) and tried to find a method to improve neurological function
oligodendrocytes derived from OPC show great promise in acute SCI but regeneration of the spinal cord has not
in CNS repair. They produce myelin in the CNS and yet been demonstrated in humans. Although there are
originate from the neuroepithelial cells'*, Whether OPCs ~ major developments in the pharmacological and surgical
could support the regeneration of injured axons is not yet ~ approaches, SCI continues to be a very complex medical
clear but the promise of using OPCs in cell therapies lies problem.

in their ability to produce myelin on demyelinated axons.

Demyelination due to oligodendrocyte death occurs in ACKNOWLEDGMENTS

both contusive animal models of SCI"* and humans!*".

After CNS disorders and traumas, demyelination of axons Promotional and commercial use of Figure 1 and Figure 2
contributes to functional and physiological deficits. In in printed papet, digital or mobile device format is prohibited
addition, apoptosis plays a main role in oligodendrocyte without the permission from the publisher Lippincott
death”™". The remyelination of regenerated axons and Williams and Wilkins. Please contact journalpermissions(@
demyelinated intact axons is a substantial repair strategy to Iww.com for further information.

accelerate functional recovery.
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