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Chapter

Strategies to Repair Spinal Cord
Injuries: Single Vs. Combined
Treatments

Vinnitsa Buzoianu-Anguiano and Ismael Jiménez Estrada

Abstract

Several experimental strategies have been developed in past years for the repair
of damages evoked in axons, myelin, and motor functions by spinal cord injuries.
This chapter briefly reviews some of such strategies. On the one hand, it examines
individual procedures, such as: tissue or cell transplants (i.e. evolving cells of
the olfactory glia or mesenchymal cells), implants of biomaterials (fibrine and
chitosan), application of enzymes (chondroitinase and ChABC), growth factors
(brain-derived neurotrophic factor, BDNF; neurotrophin-3, NT-3; or glial-derived
neurotrophic factor, GDNF), and drugs (myocyclines or riluzole) among others,
that induce different recovery degrees in axonal regeneration, myelination, and
motor performance in experimental animals. On the other hand, it also examines
the recent strategy of combining some of the previous experimental procedures to
potentialize the positive effects evoked by each one in experimentally spinal cord
lesioned animals and explores the possible use of this strategy in future preclinical
research for the treatment of spinal cord lesions.

Keywords: spinal cord injury, cell therapy, tissue transplants, biomaterials, axonal
regeneration, neuroprotection, remyelination, motor function, exogen factors

1. Introduction

It is known that the regenerative potential of the central nervous system (CNS)
is limited by both extrinsic and intrinsic factors, which restrict axonal growth in
adult animals. These factors include proteins associated with myelin or with the
formation of a fibroglial scar, which creates a physical and chemical barrier. This
barrier secretes factors from the extracellular matrix that prevents axonal growth
after a traumatic spinal cord injury (TSCI) [1].

Among the myelin-associated molecules, there are NogoA, myelin-associated
glycoprotein (MAG), and oligodendrocyte-associated glycoprotein (OMgp). It has
been shown that, after a TSCI, these proteins favor the inhibition of axonal and
neuritic growth as well as the formation of collaterals. In addition, they can form
aberrant connectivity [2].

The inhibitory activity of NogoA, MAG, and Omgp after a TSCI occurs by the
activation of these proteins by binding to their NGR1 receptor, which can be anchored
to the GPI protein (Figure 1). This receptor has been reported to be specific for these
proteins, promoting the inhibitory effect for axonal growth after TSCI [3]. When
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Figure 1.

Molecules that inhibit axonal growth. After a TSCI in the injury area, a fibroglial scar forms forming a
physical barrier preventing axonal growth. At the same time, a chemical barrier is initiated by the activation
of molecules such as MAG, NogoA, and OMgyp secreted by reactive oligodendrocytes, which bind with their
NGR1, P75, and Lingo receptors; or molecules secreted by reactive astrocytes such as Semaforin 3, Ephrine

A, RGMa, and CsPG that also bind to their receptors such as [gCAM, EphA, Neoginine, NGR1, and PTPs;
the union of these receptors with their ligands causes the activation of the RhoA pathway by GDP-GTP
phosphorylation promoting the activation of ROCK kinase favoring the collapse of the axonal cone, inhibition
of meuritic growth, and inhibition of axonal growth.

NgR1 is anchored to its GPI protein, in its intracellular domain, different co-receptors
are activated that favor the activation of axonal inhibition signaling. In this activation,
the two molecules P75 (molecule belonging to the TNF receptor) and TOY (LINGO-1)
are involved. Activation of this co-receptor complex favors the activation of a RhoA
kinase, which activates another ROCK kinase, in turn promoting the activation of
LIM. This LIM kinase can activate the cofilin factor, thus causing the collapse of the
axonal cone and depolymerization of the actin filaments [3, 4].

On the other hand, the glial reaction, which happens after the injury, promotes
the recruitment of the microglia, oligodendrocyte precursors, meninges cells, and
astrocytes in their reactive form at the site of the injury [5]. The result of this cell
migration is the formation of a physical barrier, the fibroglial scar, which has the
function of isolating the area of injury from the rest of the tissue, secreting factors
that cause axonal growth to be inhibited in order to avoid aberrant connectivity. The
factors that are present in the glial scar are: tenacines, semaphorins, ephrines, and
chondroitin sulfate proteoglycans [1]. These molecules that are expressed from the
extracellular matrix after a TSCI promote inhibition of axonal and neuritic growth
as well as collapse of the axonal cone [6, 7].

The activation of all these molecules is due to an RHO-(RhoA) kinase; by
activating the RhoA signaling pathway, it causes a decrease in the activity of RAC1
kinase, through binding to the PTPa receptor (transmembrane protein tyrosine
phosphatase), in addition to LAR and NGR1 and 3 leukocyte-related phosphatase.
This causes RhoA to be phosphorylated from Rho-GDP to Rho-GTP, activating
ROCK kinase, thereby promoting inhibition of axonal growth (Figure 1; [6, 7]).
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Figure 2.
Diagram of the proposed strategies for reinnervation after a spinal cord injury. (A) Long distance axonal
regenevation; (B) short-distance vegeneration; (C) growth of preserved axons.

Other molecules that intervene in the repulsive environment after a TSCI are the
axonal repulsive guidance molecules (RGM), especially the RGMa isoform, which
inhibits neuritic growth present at the site of injury (Figure 1). It can also cause
poor axonal growth and loss of functionality [6, 8]. RGMa is activated when it binds
to its neoginin receptor, causing an activation of RHO-GEF (guanine exchange
factor), which in turn activates RhoA kinase. This sparks the activation of another
ROCK kinase through the phosphorylation of a GTP (guanosine triphosphate). This
in turn triggers the regulation of various proteins such as MCL (myosin light chain),
which promotes the inhibition of neuritic growth, the LIM kinase, which causes the
activation of the actin and cofilin polymerization factor, and CRMP-2 (collapsing 2
response mediator protein), which causes inhibition of neuritic growth and inhibi-
tion of axonal growth [6].

As we have seen, all these signals foster a repulsive environment for axonal
growth after a spinal cord injury, which nullifies the regenerative capacity of the
CNS. Some hypotheses have been proposed for reinnervation after a spinal cord
injury: (1) long-distance regeneration via creating an appropriate synaptic connec-
tion by branching off new axons, which could make new connections with target
cells, from originally damaged axons; (2) short-distance regeneration via enabling
the formation of collateral branches that can form synaptic contacts with neighbor-
ing cells, which, in turn, can connect with the target cells of the damaged axons;
and (3) growth of preserved axons which can maintain a connection with the target
cells from the site of injury (Figure 2) [3].

2. Simple treatments that improve axonal regeneration and locomotive
function

Based on the previous hypotheses, strategies have been designed with, among
others, tissue transplants, biomaterials, cell therapies, and exogenous factors to
favor axonal regeneration, remyelination, and improvement of locomotor func-
tion in animal models with a TSCI. We will discuss some of these strategies in this
chapter.

Predegenerated peripheral nerve (PPN) transplants have been used to repair
injuries to the peripheral nervous system (PNS), by being used as a bridge to pro-
mote axonal regeneration and re-functionalization [9], favoring axonal regenera-
tion and refunctionalization after a TSCI, since they act as a neuroprotector in the



Paraplegia

medulla after transplanting it [10]. Moreover, it helps as a guide for axons to grow
through the nerve and connect to both proximal and distal axons [11-14].

Axonal growth occurs due to the permissive microenvironment derived from
Schwann cells and macrophages present in PPNs, which secrete growth factors such
as GDNF, BDNF, NGF, NT-3, NT-4, and GM-CS [15-17]. In addition, Schwann cells
form Biigner bands, which support axonal growth [18-20].

3. Use of inert bridges

The use of biomaterial bridges has been an attractive alternative for neuro-
regeneration. Inert bridges are temporary structures that support cell and tissue
growth. These materials are biodegradable, they can foster mechanical strength,
they can be fibers or porous channels, and they have the capacity of cell adhesion
[21]. Hydrogels, which are biocompatible implants for repair after a TSCI, also form
bridges for regeneration as well as preventing fibroglial scar formation, thus pro-
moting a permissive environment for regeneration. Third-dimensional nanofibers
have also been designed, which provide better cell adhesion and promote migration,
cell proliferation, and differentiation [21].

These bridges can be made of biological materials such as collagen or fibronec-
tin; or of natural polymers such as alignate, agarose, or chitosan; or they can also be
composed of synthetic polymers such as polyhydroxy-a, poly-2-hydroxyethylmeth-
acrylate, or polyethylene glycol [22, 23].

It has been shown that these materials in TSCI models (contusions, transection,
or hemisections) can favor and direct axonal growth, since they act as bridges [24,
25]. They have also been found to be compatible when used in combination with
other treatments such as cell or trophic factors, promoting a permissive environ-
ment for this axonal growth [26-28]. Furthermore, it has been observed that they
help the adhesion of oligodendrocytes, or Schwann cells, thus favoring remyelin-
ation of damaged axons [29].

4. Cellular therapy

The term cellular therapy (CT) refers to any type of strategy that uses cells as a
therapeutic agent. Neural transplantation has been used to repair injured SC in both
acute and chronic phases. The use of cell transplants has been a positive alternative
for axonal regeneration. Different cell types have been used during these trans-
plants such as: Schwann cells, olfactory ensheathing glia (OEG) cells, embryonic
stem cells, hematopoietic cells, neural stem cells and bone marrow stromal cells
(BMSCs) [30].

4.1 Schwann cells

In the PNS, unlike the CNS, regeneration is efficient due to the presence of
Schwann cells (Cs). Cs have been used to perform transplants in different animal
models since they are capable of: engulfing cellular debris, producing trophic
factors necessary for the survival of the neuron (especially brain-derived neuro-
trophic factor (BDNF) and neurotrophin 4/5 (NT4/5)), secreting cell matrices of
inhibitory molecules that help axonal regrowth, and producing myelin layers to
envelop the naked axons and increase the impulse speed of nerve cells to improve
their functioning [31]. In rodent models, Cs implants have been shown to foster
remyelination, thus improving motor functions in contusion and complete section
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injuries [32, 33]. Combination with other materials has also been shown to help
guide axonal regrowth after a TSCI [34, 35].

4.2 Olfactory ensheathing glia cells

Olfactory ensheathing glia cells (OEG) are a type of glial cells that are present
in the olfactory system of adult mammals. In both acute and chronic injuries, OEGs
have been shown to have the ability to promote axonal regeneration and help restore
axonal conduction after TSCI [36].

Ramén-Cueto et al. demonstrated that OEG aided in the regrowth of sensory
axons after spinal injury [37]. Doucette et al. described the survival of the OEG
after having transplanted them in brain [38]. In contusion and transection models,
the ability of OEGs to help protect the tissue after transplantation has been demon-
strated, since they promote axonal growth and favor the improvement of locomotor
function [39, 40]. OEGs have been said to have similar properties to Schwann cells
and astrocytes, which make them unique. This cell type has two important benefits:
they can exist both inside and outside the central nervous system, and they can be
in constant neurogenesis, producing sensitive neurons in both embryonic and adult
stages in mammals [41].

4.3 Mesenchymal cells

Mesenchymal stem cells, or mesenchymal stromal cells (MSCs), are adult mul-
tipotent cells that have the capacity for self-renewal, proliferation, and differentia-
tion. MSCs are an alternative for the experimental treatment of a spinal cord injury
(contusions, transection, or ischemia). They have shown that they favor axonal
regeneration and improve locomotor function [42-45]. They also have the ability to
form bridging cell bundles at the TSCI epicenter [45-48] and can be differentiated
both in vitro and in vivo in neurons, astrocytes, oligodendrocytes, Schwann cells,
and microglia [49, 50].

Vaquero and colleagues have observed that after a TSCI, the use of MSCs and
Schwann cells as therapy was beneficial not only because they observed axonal
regeneration, but also because at different times (up to 9 months with transplanta-
tion), animals with severe contusions eventually recovered locomotive function
(with a score of 16 on the BBB scale) [51-55]. Other studies have shown that MSCs
give positive results when used in diseases or damage the nervous system by secret-
ing growth factors such as neural growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrophin 3 (N'T-3), basic fibroblast growth factor (bFGF),
vascular endothelial growth factor (VEGF), and hepatocyte growth factor (HGF).
They can also secrete cytokines such as interleukin-6 (IL-6), colony stimulating
factor 1 (CSF-1), monocyte chemoattractant protein (MCP), colony stimulating
factor (CSF), and stromal cell derived factor (SDF-1) [42, 56]. In addition, they
promote angiogenesis, proliferate after transplantation, aid neuronal survival, and
decrease apoptosis [56]. Moreover, another important factor of MSCs is the immu-
nomodulatory effect, since they are capable of secreting soluble inflammatory-
mediating factors such as indolamine 2-3 dioxygenase (IDO), inducible nitric oxide
synthase (iNOS), and homo-oxygenase 1. They can also secrete the human leuko-
cyte G antigen, transforming factor p (TGF-p), interleukin 6 (IL-6), and prosta-
glandin E2. These soluble factors promote the inhibition of CD4+CD8+ T cells [57].
It has been shown in contusions and compressions that using MSCs helps decrease
proinflammatory cytokines such as TNF-a and IL-6, and promotes the secretion of
anti-inflammatory cytokines such as IL-4, IL-10, and IL-13, which promotes the
activation of M2 macrophages by fostering a neuroprotective environment [58, 59].
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5. Exogenous factors

Neurotrophins are structural proteins consisting of four families, which are
involved in events in the development of the CNS such as survival, differentiation,
and axonal growth. Among these, we find neuronal growth factor NGF, neuro-
trophin 3 (NT-3), neurotrophin 4/5 (NT-4/5), and brain-derived growth factor
(BDNF). These neurotrophins bind directly to Trk receptors (tropomycin kinase
receptors): NGF binds to its TrkA receptor, BDNF and NT4/5 bind to the same TrkB
receptor, and NT-3 binds to its TrkC receptor. They also have a high affinity for the
p75 receptor, NTR [60].

Studies on contusions, transections, and hemisections have shown that the
most studied neurotrophins are BDNF and NT-3. The use of BDNF has been seen to
promote neuroprotection, form collateral branches, and promote plasticity [61]. It
also favors axonal growth, thus improving locomotor function [62, 63]. Moreover,
in different models of contusion, transection, and hemisections, it was demon-
strated that the exogenous use of NT-3 favors axonal regrowth and improvement of
locomotor function [64, 65].

As for NGF and NT4/5, they are the least studied within TSCI models. NGF has
been shown to promote the growth of sensory axons [66, 67], and in a contusion
study, it reduced neuronal death, thus promoting an improvement in locomotive
function [68]. NT4/5, like BDNF, can promote neuroprotection and axonal growth
in a full-section model [69].

Another factor used chondroitinase ABC (ChABC), an enzyme from the bacteria
Proteus Vulgaris. ChABC can bind to the chains of the GAG glycosaminoglycans,
within the disaccharides, which favors the digestion of chondroitin sulfates (CSPGs)
[70]. It has been seen that both in hemisection and transection models, this enzyme
favors axonal growth [71, 72]. Moreover, in the presence of growth factors such
as NT-3 and BDNF, it promotes the proliferation of oligodendrocytes, increasing
remyelination and favoring improvement in locomotor function [71, 73, 74].

6. Pharmacological use

Successful drug trials on animals have been carried out and have advanced to
human clinical trials; however, none of them has shown a clear improvement on
patients. Some of the drugs used in TSCIs will be mentioned.

Methylprednisolone (MPP) is a synthetic steroid from the glucocorticoid
group, which is used for its immunosuppressive and anti-inflammatory proper-
ties. Its mechanism of action is to inhibit the formation of arachidonic acid and
decrease inflammation. In studies of animals with a TSCI, it has been observed that
the administration of MPP favors the reduction of apoptosis. It also induces the
interaction with the glucocorticoid receptor HIF-1a, which decreases the damage
of oligodendrocytes [75]. In clinical studies with acute injuries, the use of MPP has
been shown to improve functionality and sensitivity when compared to patients
who only took the placebo [76-78].

Another drug used is riluzole, a benzothiasilic anticonvulsant, which actsas a
blocker of sodium channels. Fehlings and colleagues compared the effect of riluzole
with phenytoin in an acute contusion injury model, where they observed promoted
functional recovery [79]. In studies with patients with acute injury, riluzole has
been observed to prompt sensory and locomotor improvement [80].

Minocycline, a second-generation synthetic tetracycline, has also been used as
an antibacterial agent. This medication can stay in the CNS longer than the usual
tetracycline since it can cross the blood-brain barrier. It can act as a neuroprotector
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by reducing inflammation and preventing cell death [81]. In studies with patients
with acute cervical and thoracic injuries, it was observed that the administration
of minocycline did not cause side effects in patients. Additionally, in patients with
cervical injuries, it improved locomotor function when compared to patients who
took only the placebo. However, in patients with thoracic lesions, no changes were
observed. In this study, it was concluded that the effect of minocycline with more
patients should be evaluated to verify its efficacy [82].

7. Combined treatments

As described in previous paragraphs, the use of different strategies as simple
treatments in TSCI models promotes neuroprotection, axonal growth, and remy-
elination of damaged axons, and facilitates the improvement of locomotor function.
Therefore, it has been determined that the combination of different strategies
should be able to more effectively facilitate axonal growth and remyelination, help-
ing to increase locomotor function.

The effect of using PPN transplantation in combination with ChABC or growth
factors has been evaluated. It was shown that the animals with combined treatment
had a greater number of regenerated axons and an increase in the improvement of
locomotor function, unlike those animals with simple treatment [83, 84]. It was also
demonstrated that by, in comparison with single treatments, combining PPN with
FGFa, and PPN with ChABC, a favorable microenvironment was formed, increas-
ing axonal growth [11, 85].

The effect of MSCs combined with chitosan bridges or with growth factors such
as the granulocyte colony-stimulating factor (G-CSF) has also been studied, and
it was observed that animals on combined treatments, compared to simple treat-
ments, had greater axonal growth, thus improving locomotor function [46, 86]. Ina
chronic phase compression model, the combination of MSCs with ChABC increased
axonal growth in comparison to single treatments [87].

It was also observed that animals, after 2 months of PPN and MSC transplants
in a full-section model, had a greater number of growing axons by detecting GAP43
as well as an improvement in remyelination by detection of PBM and by electron
microscopy, unlike animals treated with simple transplantation [88]. When making
a triple combination of PPN with MSCs and ChABC, an increase in axonal regen-
eration was observed after 3 months, improving locomotor function [89].

On the other hand, the combination of ChABC with growth factors such as
BDNF and NT-3 can promote greater axonal growth and favor the proliferation of
oligodendrocytes, thus increasing remyelination compared to animals that only had
separate treatments [71, 73, 74]. Also, in a full section model in the acute phase, the
combination of ChABC with NT-3 increased axonal growth and improved locomo-
tor function, unlike groups with single treatments [73]. It was also demonstrated in
a chronic transection model that a ChABC injection with rehabilitation inhibited
the formation of chondroitin sulfates, promoting increased axonal growth, unlike
single treatment groups [72].

8. Clinical trials

Independent of the type of traumatic spinal lesién (contusion, compression, or
sectioning), the treatment of a spinal cord injury patient often begins at the site of the
accident. Emergency personnel must gently and quickly immobilize and check the
vital signs (urine retention, respiratory, and cardiovascular difficulty and formation
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Treatment Function Advantages Disadvantages References
Neuroprotective
Methylprednisolone Corticosteroid It has been shown Adverse events, [90-92]
drug that reduces in patients with infections,
inflammation complete SCI pneumonia,
that improves sepsis
locomotor function
Minocycline Tetracycline, In patients with No side effects [90-92]
second generation incomplete acute are present
antibiotics, with lesions, only
anti-inflammatory, very few present
antioxidant and anti- improvements in
apoptotic effects motor functions
Riluzole Anti-epileptic Increased motor Increments of [90-92]
drug that blocks function of liver enzymes
excitotoxic, blocking patients with
sodium channels incomplete acute
injuries
Gacycline NMDA receptor Patients with No adverse [90-92]
agonist incomplete acute effects
injuries showed no
motor or sensory
improvement
Neuroregenerative
FGF Growth factor that No changes No side effects [91, 93-95]
binds to heparin in motor and
protein and stimulates  sensory function
axonal regeneration, were observed
survival of neurons in patients with
and decreases the complete spinal
fibroglial scar cord lesions
Cethrine Transferase C3, Promotes axonal No adverse [91, 93-95]
toxin produced regeneration and effects
by Clostridium improves the
botulinum that blocks ~ motor function
Rho kinase of patients with
complete acute
phase injuries
Anti-Nogo A Nogo A is a myelin In patients with No adverse [91, 93-95]
protein that inhibits complete acute effects
neuronal growth. phase injuries,
Anti-NogoA antibody ~ they showed no
that inhibits Nogo A differences in
and promotes axonal motor and sensory
regeneration function
Ganglioside GM1 Gangliosides— acidic In patients with No adverse [91, 93-95]
glycoproteins present incomplete acute effects
in cell membranes, injuries improves
which favor axonal motor function
regeneration
Schwann cells Myelinizing cells that In patients with Produce [91, 93-95]
function as an axonal chronic complete few adverse
support. They favor injury it has been effects, muscle
the myelinization of shown to promote spasms and

axons in the PNS

motor and sensory
recovery

non-permanent
paresthesia
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Treatment Function Advantages Disadvantages References
Olfactory Glial cells, with In patients No adverse [91, 93-95]
ensheathing cells astrocyte properties. with chronic effects

Promote axonal complete injuries

regeneration and showed scarce

improves locomotor improvement in

function motor function
Mesenchymal cells Induce the secretion In patients with No adverse [91, 93-95]

of growth factors chronic complete effects

and promotes injuries, it has

axonal regeneration, been shown to

myelination and promote motor

improvement of improvement

function
Neural precursor Multipotent CNS Patients with No adverse [91, 93-95]
cells cells that reduce complete chronic effects

inflammation, injuries shows few

promote cell improvements in

replacement, and motor function

promote axonal

regeneration
Oligodendrocyte They are able to In patients with No adverse [91, 93-95]
progenitor cells secrete growth chronic complete effects

factors, promote injuries improves

axonal myelination their motor

and improved function

locomotor function

Table 1.
Clinical trials of treatments for spinal cord injuries.

of coagules in extremities) and prepare the patient for transport. In the clinic, doc-
tors may apply anti-inflammatory drugs or lower the body temperature—a condition
known as hypothermia—for 24-48 h to help prevent damaging inflammation. The
patient is subjected to a careful medical inspection and examination, testing for
sensory function and movement, and by asking some questions about the accident. In
addition, X-rays, computerized tomography (CT) scanning, and/or magnetic reso-
nance imaging (MRI) tests may be needed to reveal vertebral (spinal column) prob-
lems such as: tumors, fractures or degenerative changes in the spine, herniated disks,
blood clots, or other masses that may be compressing the spinal cord. Often, a surgery
intervention is necessary to remove fragments of bones, foreign objects, herniated
disks, or fractured vertebrae that appear to be compressing the spine. Subsequently to
these tests, doctors begin to analyze which treatment will be applied to the SCI patient.
Over the past few decades, several therapeutic strategies have been developed to
target TSCI pathology in clinic, including single and combined treatments with the
main objective to cover two important aspects: neuroprotection and neuroregenera-
tion. Table 1 summarizes several clinic trials used for the treatment of TSCI, which
have advantages and disadvantages in their application. However, it needs to be
mentioned that until now there are no effective treatments for TSCI, which promote
complete regeneration and restoration of motor and systemic functions in humans.
Since spinal cord injury research has relied on animal models to understand the
mechanisms of disease and develop pre-clinical models of treatment, there is
no successful translation from pre-clinical to patient interventions that could be
attributed to the limited understanding of biological differences between human
and animal model systems.
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9. Conclusions

As it can be seen, in this chapter, some of the strategies used in models of spinal
cord injury were discussed, showing that they favor axonal regeneration, remyelin-
ation, and improvement of locomotor function. However, they have been insuf-
ficient as single treatments for preclinical and clinical therapies, which leads us to
propose that the best option when dealing with TSCls is to use combined treatments
to increase the beneficial effects of each of the strategies, which could yield optimal
results in clinical practice.

Author details
Vinnitsa Buzoianu-Anguiano' and Ismael Jiménez Estrada®

1 Neuro-Regenerative Chemical Group, Paraplegic National Hospital, Healthcare
Service of Castilla-la-Mancha (SESCAM), Toledo, Spain

2 Department of Physiology, Biophysics and Neurosciences, CINVESTAV, Instituto
Politécnico Nacional (IPN), México, Mexico

*Address all correspondence to: ijimenez@fisio.cinvestav.mx

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

10



Strategies to Repair Spinal Cord Injuries: Single Vs. Combined Treatments

DOI: http://dx.doi.org/10.5772/intechopen.93392
References

[1] Silver ], Miller JH. Regeneration
beyond the glial scar. Nature Reviews.
Neuroscience. 2004;5:146-156. DOI:
10.1038/nrn1326

[2] Schwab ME, Strittmatter SM. Nogo
limits neural plasticity and recovery
from injury. Current Opinion in
Neurobiology. 2014;1:233-245. DOI:
10.1016/j.dcn.2011.01.002.The

[3] Giger RJ, Hollis ER,

Tuszynski MH. Guidance molecules in
axon regeneration. Cold Spring Harbor
Perspectives in Biology. 2010;2:a001867.
DOI: 10.1101/cshperspect.a001867

[4] Filbin MT. Myelin-associated
inhibitors of axonal regeneration in the
adult mammalian CNS. Nature Reviews.
Neuroscience. 2003;4:703-713. DOI:
10.1038/nrn1195

[5] Chacdén SC, Nieto-sampedro M.
Pathophysiology of spinal cord injury. A
review. MedVet. 2005;36:75-86

[6] Fujita Y, Yamashita T. Axon growth
inhibition by rho A/ROCK in the
central nervous system. Frontiers

in Neuroscience. 2014;8:1-12. DOI:
10.3389/fnins.2014.00338

[7] OhtakeY, Li S. Molecular
mechanisms of scar-sourced

axon growth inhibitors. Brain
Research. 2015:1-14. DOI: 10.1016/j.
brainres.2014.08.064

[8] Kubo T, Yamashita T. Rho-ROCK
inhibitors for the treatment of CNS
injury. Recent Patents on CNS Drug
Discovery. 2007;2:173-179. DOI:
10.2174/157488907782411738

[9] C6té M-P, Amin AA, Tom V],

Houle JD. Peripheral nerve grafts
support regeneration after spinal cord
injury. Neurotherapeutics. 2011a;8:294-
303. DOI: 10.1007/s13311-011-0024-6

11

[10] Guizar-Sahagun G,

Grijalval, Madrazol, Franco-BourlandR,
Salgado-Ceballos H, Ibarra A, et

al. Neuroprotection of completely
lacerated spinal cord of adult rats

by homotopic and heterotopic
transplantation. Restorative Neurology
and Neuroscience. 1994;7:61-70. DOI:
10.3233/RNN-1994-7201

[11] C6té M, Ph D, Hanna A, Lemay MA,
Ollivier- K, Santi L, et al. Peripheral
nerve grafts after cervical spinal cord
injury in adult cats. Experimental
Neurology. 2011;225:173-182. DOI:
10.1016/j.expneurol.2010.06.011.
Peripheral

[12] Evans GRD. Peripheral nerve
injury: A review and approach to tissue
engineered constructs. The Anatomical
Record. 2001;404:396-404. DOI:
10.1002/ar.1120

[13] Houle JD, Tom V],

Mayes D, Wagoner G, Phillips N, Silver J.
Combining an autologous peripheral
nervous system “bridge” and matrix
modification by chondroitinase allows
robust, functional regeneration

beyond a hemisection lesion of the
adult rat spinal cord. The Journal of
Neuroscience. 2006;26:7405-7415. DOI:
10.1523/JNEUROSCI.1166-06.2006

[14] Tom V], Sandrow-feinberg

HR, Miller K, Santi L, Lemay MA,
Houlé JD. Combining peripheral nerve
grafts and chondroitinase promotes
functional axonal regeneration

in the chronically injured spinal

cord. The Journal of Neuroscience.
2010;29:14881-14890. DOI: 10.1523/
JNEUROSCI.3641-09.2009.Combining

[15] Bozkurt A, DeumensR, BeckmannC,
Olde Damink L, Schiigner F, Heschel I,
et al. In vitro cell alignment obtained
with a Schwann cell enriched
microstructured nerve guide with
longitudinal guidance channels.



Paraplegia

Biomaterials. 2009;30:169-179. DOI:
10.1016/j.biomaterials.2008.09.017

[16] Hoke A, Gordon T, Zochodne DW,
Sulaiman OAR. A decline in glial
cell-line-derived neurotrophic factor
expression is associated with impaired
regeneration after long-term Schwann
cell denervation. Experimental
Neurology. 2002;173:77-85. DOL:
10.1006/exnr.2001.7826

[17] Michalski B, Bain JR, Fahnestock M.
Long-term changes in neurotrophic
factor expression in distal nerve

stump following denervation and
reinnervation with motor or sensory
nerve. Journal of Neurochemistry.
2008;105:1244-1252. DOI:
10.1111/j.1471-4159.2008.05224.x

[18] Ribeiro-Resende VT, Koenig B,
Nichterwitz S, Oberhoffner S,
Schlosshauer B. Strategies for inducing
the formation of bands of Biingner

in peripheral nerve regeneration.
Biomaterials. 2009;30:5251-5259. DOI:
10.1016/j.biomaterials.2009.07.007

[19] Tom V], Houle JD. Peripheral
nerve graft-mediated axonal
regeneration. In: Neural Regeneration.
Elsevier Inc.; 2015. DOI: 10.1016/
B978-0-12-801732-6.00019-7

[20] Zhang Y, Campbell G,

Anderson PN, Martini R, Schachner M,
Lieberman AR. Molecular basis of
interactions between regenerating adult
rat thalamic axons and Schwann cells

in peripheral nerve grafts. I. Neural

cell adhesion molecules. The Journal of
Comparative Neurology. 1995;361:193-
209. DOI: 10.1002/cne.903610202

[21] Tsintou M, Dalamagkas K,
Seifalian AM. Advances in regenerative
therapies for spinal cord injury:

A biomaterials approach. Neural
Regeneration Research. 2015;10:726-
742. DOI: 10.4103/1673-5374.156966

12

[22] Raspa A, Pugliese R, Maleki M,
Gelain F. Recent therapeutic approaches
for spinal cord injury. Biotechnology
and Bioengineering. 2015;113:253-259.
DOI: 10.1002/bit.25689

[23] Sakiyama-Elbert S, Johnson PJ,
Hodgetts SI, Plant GW, Harvey AR.
Scaffolds to promote spinal cord
regeneration. In: Handbook of
Clinical Neurology. 1st ed.

Elsevier BV; 2012. DOI: 10.1016/
B978-0-444-52137-8.00036-X

[24] GUnther MI, Weidner N, MUller R,
Blesch A. Cell-seeded alginate hydrogel
scaffolds promote directed linear axonal
regeneration in the injured rat spinal
cord. Acta Biomaterialia. 2015;27:140-
150. DOI: 10.1016/j.actbio.2015.09.001

[25] Tsai EC, Dalton PD, Shoichet MS,
Tator CH. Matrix inclusion within
synthetic hydrogel guidance channels
improves specific supraspinal and local
axonal regeneration after complete
spinal cord transection. Biomaterials.
2006;27:519-533. DOI: 10.1016/j.
biomaterials.2005.07.025

[26] Taylor L, Jones L, Tuszynski MH,
Blesch A. Neurotrophin-3 gradients
established by lentiviral gene delivery
promote short-distance axonal
bridging beyond cellular grafts in the
injured spinal cord. The Journal of
Neuroscience. 2006;26:9713-9721. DOI:
10.1523/JNEUROSCI.0734-06.2006

[27] Tobias CA, Han SSW, Shumsky JS,
Kim D, Tumolo M, Dhoot NO, et al.
Alginate encapsulated BDNF-producing
fibroblast grafts permit recovery of
function after spinal cord injury in the
absence of immune suppression. Journal
of Neurotrauma. 2005;22:138-156. DOI:
10.1089/neu.2005.22.138

[28] Zhang ], LuX, Feng G, GuZ, SunY,
Bao G, et al. Chitosan scaffolds induce
human dental pulp stem cells to neural



Strategies to Repair Spinal Cord Injuries: Single Vs. Combined Treatments

DOI: http://dx.doi.org/10.5772/intechopen.93392

differentiation: Potential roles for spinal

[35] Oudega M, Xu X-M. Schwann cell

cord injury therapy. Cell and Tissue
Research. 2016;12:1-14. DOI: 10.1007/
s00441-016-2402-1

[29] King VR, Phillips JB,

Hunt-Grubbe H, Brown R, Priestley JV.
Characterization of non-neuronal
elements within fibronectin mats
implanted into the damaged adult

rat spinal cord. Biomaterials.
2006;27:485-496. DOI: 10.1016/].
biomaterials.2005.06.033

[30] Watt FM, Driskell RR. The
therapeutic potential of stem cells.

Philosophical Transactions of the Royal

Society of London. Series B, Biological
Sciences. 2010;365:155-163. DOI:
10.1098/rstb.2009.0149

[31] Garza-Castro OD,
Martinez-Rodriguez HG, Gabriela S.
Schwann cell precursor transplant in a
rat spinal cord injury model. Revista de
Investigacion Clinica. 2018;70:88-95.
DOI: 10.24875/RIC.18002466

[32] Guest JD, Rao A, Olson L,

Bunge MB, Bunge RP. The ability of
human Schwann cell grafts to promote
regeneration in the transected nude rat
spinal cord. Experimental Neurology.
1997;148:502-522. DOI: 10.1006/
exnr.1997.6693

[33] Zurita M, Aguayo C, Bonilla C,
Vaquero J. Co-cultivo de células madre
adultas mesenquimales y células de
Schwann en presencia de membranas

de policarbonato. Neuroscience Letters.

2007;5:103-109

[34] Liu S, Sandner B, Schackel T,
Nicholson L, Chtarto A, Tenenbaum L,
et al. Regulated viral BDNF delivery

in combination with Schwann cells
promotes axonal regeneration through
capillary alginate hydrogels after
spinal cord injury. Acta Biomaterialia.
2017;1:1-14. DOI: 10.1016/j.
actbio.2017.07.024

13

transplantation for repair of the adult
spinal cord. Journal of Neurotrauma.
2006;23:453-467. DOI: 10.1089/
neu.2006.23.453

(36] Lim PAC, Tow AM. Recovery and
regeneration after spinal cord injury:
A review and summary of recent
literature. Annals of the Academy of

Medicine, Singapore. 2007;36:49-57

[37] Ramén-Cueto A, Plant GW,

Avila ], Bunge MB. Long-distance
axonal regeneration in the transected
adult rat spinal cord is promoted by
olfactory ensheathing glia transplants.
The Journal of Neuroscience.

1998;18:3803-3815

[38] Smale KA, Doucette R,

Kawaja MD. Implantation of olfactory
ensheathing cells in the adult rat
brain following fimbria-fornix
transection. Experimental Neurology.

1996;137:225-233

[39] Lépez-Vales R, Forés J, Navarro X,
Verdu E. Chronic transplantation of
olfactory ensheathing cells promotes
partial recovery after complete

spinal cord transection in the rat.
Glia. 2007;55:303-311. DOI: 10.1002/
glia.20457

[40] Torres-Espin A, Redondo-Castro E,
Hernandez J, Navarro X. Bone

marrow mesenchymal stromal cells

and olfactory ensheathing cells
transplantation after spinal cord
injury—A morphological and functional
comparison in rats. The European
Journal of Neuroscience. 2014;39:1704-
1717. DOI: 10.1111/ejn.12542

[41] Mackay-sim A. Olfactory
ensheathing cells and spinal cord repair.
Glia. 2005;54:8-14

[42] Lu P, Jones LL, Tuszynski MH.
BDNF-expressing marrow stromal cells



Paraplegia

support extensive axonal growth at
sites of spinal cord injury. Experimental
Neurology. 2005;191:344-360

[43] Neuhuber B, Timothy Himes B,
Shumsky JS, Gallo G, Fischer I. Axon
growth and recovery of function
supported by human bone marrow
stromal cells in the injured spinal
cord exhibit donor variations. Brain
Research. 2005;1035:73-85

[44] Ohta M, SuzukiY, Noda T,

Ejiri Y, Dezawa M, Kataoka K, et al.
Bone marrow stromal cells infused
into the cerebrospinal fluid promote
functional recovery of the injured
rat spinal cord with reduced cavity

formation. Experimental Neurology.
2004;187:266-278

[45] Wu S, Suzuki Y, Ejiri Y, Noda T,

Bai H, Kitada M, et al. Bone marrow
stromal cells enhance differentiation

of cocultured neurosphere cells and
promote regeneration of injured spinal
cord. Journal of Neuroscience Research.
2003;72:343-351

[46] Chen X, Yang Y, Yao ], Lin W, Li Y,
ChenY, et al. Bone marrow stromal
cells-loaded chitosan conduits promote
repair of complete transection injury
in rat spinal cord. Journal of Materials
Science. Materials in Medicine.
2011;22:2347-2356. DOI: 10.1007/
s10856-011-4401-9

[47] GuW, Zhang F, Xue Q, MaZ, Lu P,
Yu B. Transplantation of bone marrow
mesenchymal stem cells reduces lesion
volume and induces axonal regrowth
of injured spinal cord. Neuropathology.
2010;30:205-217

[48] Hofstetter CP, Schwarz EJ, Hess D,
Widenfalk J, El Manira A, Prockop D],
et al. Marrow stromal cells form guiding
strands in the injured spinal cord and
promote recovery. Proceedings of the
National Academy of Sciences of the
United States of America. 2002;99:2199-
2204. DOI: 10.1073/pnas.042678299

14

[49] Chopp M, Zhang XH, LiY,
Wang L, Chen ], Lu D, et al. Spinal
cord injury in rat: Treatment with bone

marrow stromal cell transplantation.
Neuroreport. 2000;11:3001-3005

[50] Woodbury D, Reynolds K, Black IB.
Adult bone marrow stromal stem

cells express germline, ectodermal,
endodermal, and mesodermal genes
prior to neurogenesis. Journal of
Neuroscience Research. 2002;69:908-
917. DOI: 10.1002/jnr.10365

[51] Chiba Y, Kuroda S, Maruichi K,
Osanai T, Hokari M, Yano S, et al.
Transplanted bone marrow stromal
cells promote axonal regeneration and
improve motor function in a rat spinal

cord injury model. Neurosurgery.
2009;64:991-999. discussion 999-1000

[52] Vaquero J, Zurita M. Functional
recovery after severe CNS trauma:
Current perspectives for cell
therapy with bone marrow stromal
cells. Progress in Neurobiology.
2011;93:341-349

[53] Vaquero J, Zurita M. Bone
marrow stromal cells for spinal cord
repair: A challenge for contemporary
neurobiology. Histology and
Histopathology. 2009;24:107-116

[54] Zurita M, Vaquero J. Functional
recovery in chronic paraplegia

after bone marrow stromal cells
transplantation. Neuroreport.
2004;15:1105-1108

[55] Zurita M, Vaquero J, Bonilla C,
Santos M, De Haro ], Oya S, etal.
Functional recovery of chronic
paraplegic pigs after autologous
transplantation of bone marrow

stromal cells. Transplantation.
2008;86:845-853

[56] Chen J-R, Cheng G-Y, Sheu
C-C, Tseng G-F, Wang T-], Huang
Y-S. Transplanted bone marrow
stromal cells migrate, differentiate



Strategies to Repair Spinal Cord Injuries: Single Vs. Combined Treatments

DOI: http://dx.doi.org/10.5772/intechopen.93392

and improve motor function in
rats with experimentally induced
cerebral stroke. Journal of
Anatomy. 2008;213:249-258. DOI:
10.1111/j.1469-7580.2008.00948.x

[57] Jorgensen C. Mesenchymal stem
cells immunosuppressive properties: Is

it specific to bone marrow-derived cells?

Stem cell res. Stem Cell Research &
Therapy. 2010;1:15. DOI: 10.1186/scrt15

[58] Nakajima H, Uchida K,

Guerrero AR, Watanabe S, Sugita D,
Takeura N, et al. Transplantation of
mesenchymal stem cells promotes an
alternative pathway of macrophage
activation and functional recovery
after spinal cord injury. Journal of
Neurotrauma. 2012;29:1614-1625. DOI:
10.1089/neu.2011.2109

[59] Urdzikova L, Rtuzicka J,

LaBagnara M, Karova K, Kubinova S,
Jirdkova K, et al. Human mesenchymal
stem cells modulate inflammatory
cytokines after spinal cord injury in
rat. International Journal of Molecular
Sciences. 2014;15:11275-11293. DOI:
10.3390/ijms150711275

[60] Harvey AR, Lovett S], Majda BT,
Yoon JH, Wheeler LPG, Hodgetts SI.
Neurotrophic factors for spinal cord
repair: Which, where, how and when
to apply, and for what period of time?
Brain Research. 2015;1619:36-71. DOI:
10.1016/j.brainres.2014.10.049

[61] Kovalchuk Y, Holthoff K,
Konnerth A. Neurotrophin action on
arapid timescale. Current Opinion in
Neurobiology. 2004;14:558-563. DOI:
10.1016/j.c0nb.2004.08.014

[62] Ollivier-Lanvin K, Fischer I,
Tom V, Houle JD, Lemay MA. Either
brain-derived neurotrophic factor or
neurotrophin-3 only neurotrophin-
producing grafts promote locomotor
recovery in untrained spinalized
cats. Neurorehabilitation and

15

Neural Repair. 2015;29:90-100. DOL:
10.1177/1545968314532834

[63] ZiemlinskaE, Kiigler S, SchachnerM,
Wewidr I, Czarkowska-Bauch J, Skup M.
Overexpression of BDNF increases
excitability of the lumbar spinal
network and leads to robust early
locomotor recovery in completely
spinalized rats. PLoS One. 2014;9. DOI:
10.1371/journal.pone.0088833

[64] Johnson PJ, Tatara A,

Shiu A, Sakiyama-Elbert SE.
Controlled release of neurotrophin-3
and platelet-derived growth factor
from fibrin scaffolds containing
neural progenitor cells enhances
survival and differentiation into
neurons in a subacute model of SCI.
Cell Transplantation. 2010;19:89-101.
DOI: 10.3727/096368909X477273

[65] Wang L-J, Zhang R-P, Li J-D.
Transplantation of neurotrophin-
3-expressing bone mesenchymal

stem cells improves recovery in a rat
model of spinal cord injury. Acta
Neurochirurgica. 2014;156:1409-1418.
DOI: 10.1007/s00701-014-2089-6

[66] Feng S, Kong X, LiuY, Ban D,
Ning G, Chen]J, et al. Regeneration of
spinal cord with cell and gene therapy.
Orthopaedic Surgery. 2009;1:153-163.
DOI: 10.1111/j.1757-7861.2009.00018.x

[67]1 Huang EJA, Reichardt LF.
Neurotrophins: Roles in neuronal
development and function.
Annual Review of Neuroscience.
2001;24:677-736. DOI: 10.1016/j.
biotechadv.2011.08.021.Secreted

[68] Zhang H, Wu F, Kong X, Yang ],
Chen H, Deng L, et al. Nerve growth
factor improves functional recovery
by inhibiting endoplasmic reticulum
stress-induced neuronal apoptosis in
rats with spinal cord injury. Journal of
Translational Medicine. 2014;12:130.
DOI: 10.1186/1479-5876-12-130



Paraplegia

[69] Blesch A, Yang H, Weidner N,
Hoang A, Otero D. Axonal responses to
cellularly delivered N'T-4/5 after spinal
cord injury. Molecular and Cellular
Neurosciences. 2004;27:190-201. DOI:
10.1016/j.mcn.2004.06.007

[70] Zhao RR, Fawcett JW. Combination
treatment with chondroitinase ABC

in spinal cord injury—Breaking

the barrier. Neuroscience Bulletin.
2013;29:477-483. DOI: 10.1007/
s12264-013-1359-2

[71] Jefferson SC, Tester NJ,

Howland DR. Chondroitinase ABC
promotes recovery of adaptive limb
movements and enhances axonal
growth caudal to a spinal hemisection.
The Journal of Neuroscience.
2011;31:5710-5720. DOI: 10.1523/
JNEUROSCI.4459-10.2011.
Chondroitinase

[72] Wang D, Ichiyama RM,

Zhao R, Andrews MR, Fawcett JW.
Chondroitinase combined with
rehabilitation promotes recovery of
forelimb function in rats with chronic
spinal cord injury. The Journal of
Neuroscience. 2011;31:9332-9344. DOI:
10.1523/JNEUROSCI.0983-11.2011

[73] Garcia-Alias G, Petrosyan HA,
Schnell L, Horner PJ, Bowers W],
Mendell LM, et al. Chondroitinase
ABC combined with neurotrophin
NT-3 secretion and NR2D expression
promotes axonal plasticity and
functional recovery in rats with
lateral hemisection of the spinal
cord. The Journal of Neuroscience.
2011;31:17788-17799. DOI: 10.1523/
JNEUROSCI.4308-11.2011

[74] Karimi-Abdolrezaee S, Schut D,
Wang J, Fehlings MG. Chondroitinase
and growth factors enhance activation
and oligodendrocyte differentiation
of endogenous neural precursor cells
after spinal cord injury. PLoS One.

16

2012;7:1-16. DOI: 10.1371/journal.
pone.0037589

[75] do Vale Ramos RC, Alegrete N. The
role of pharmacotherapy in modifying
the neurological status of patients with
spinal and spinal cord injuries. Revista
Brasileira de Ortopedia. 2015;50:617-
624. DOI: 10.1016/j.rboe.2015.09.001

[76] Bowers CA, Kundu B, Rosenbluth J,
Hawryluk GW]J. Patients with spinal
cord injuries favor administration

of methylprednisolone. PLoS One.
2016;11:e0145991. DOI: 10.1371/journal.
pone.0145991

[77] Evaniew N, Belley-Cote EP, Fallah N,
Noonan V, Rivers CS, Dvorak MF.
Methylprednisolone for the treatment
of patients with acute spinal cord
injuries: A systematic review and meta-
analysis 1. Journal of Neurotrauma.
2015;481:468-481. DOI: 10.1089/
neu.2015.4192

[78] Fehlings MG, Wilson JR, Cho N.
Methylprednisolone for the treatment of
acute spinal cord injury: Counterpoint.
Neurosurgery. 2014;61:36-42. DOI:
10.1227/NEU.0000000000000412

[79] Fehlings MG, Nakashima H,
Nagoshi N, Chow DSL, Grossman RG,
Kopjar B. Rationale, design and critical
end points for the riluzole in acute
spinal cord injury study (RISCIS): A
randomized, double-blinded, placebo-
controlled parallel multi-center trial.
Spinal Cord. 2015:1-8. DOI: 10.1038/
sc.2015.95

[80] Nagoshi N, Nakashima H,
Fehlings MG. Riluzole asa
neuroprotective drug for spinal

cord injury: From bench to bedside.
Molecules. 2015;20:7775-77789. DOI:
10.3390/molecules20057775

[81] Stirling DP, Koochesfahani KM,
Steeves JD, Tetzlaff W. Minocycline
as a neuroprotective agent.



Strategies to Repair Spinal Cord Injuries: Single Vs. Combined Treatments

DOI: http://dx.doi.org/10.5772/intechopen.93392

Neuroscience. 2005;11:308-322. DOI:
10.1177/1073858405275175

[82] Casha S, Zygun D, McGowan MD,
Bains I, Yong VW, John Hurlbert R.
Results of a phase II placebo-controlled
randomized trial of minocycline

in acute spinal cord injury. Brain.
2012;135:1224-1236. DOI: 10.1093/
brain/aws072

[83] Feng S-Q, Zhou X-F, Rush RA,
Ferguson IA. Graft of pre-injured

sural nerve promotes regeneration

of corticospinal tract and functional
recovery in rats with chronic spinal cord
injury. Brain Research. 2008;1209:40-
48. DOI: 10.1016/j.brainres.2008.02.075

[84] Fausto PG, Soares JG, de Freitas LM,
de Paiva Cavalcanti JRL, Oliveira FG,
Araujo JF, et al. Sciatic nerve grafting
and inoculation of FGF-2 promotes
improvement of motor behavior and
fiber regrowth in rats with spinal cord
transection. Restorative Neurology and
Neuroscience. 2012;30:265-275. DOI:
10.3233/RNN-2012-110184

[85] Kuo H-S, Tsai M-J, Huang M-C,
Chiu C-W, Tsai C-Y, Lee M-J, et al. Acid
fibroblast growth factor and peripheral
nerve grafts regulate Th2 cytokine
expression, macrophage activation,
polyamine synthesis, and neurotrophin
expression in transected rat spinal
cords. The Journal of Neuroscience.
2011;31:4137-4147. DOI: 10.1523/
JNEUROSCI.2592-10.2011

[86] Luo ], Zhang H, Jiang X, Xue S,

Ke Y. Combination of bone marrow
stromal cell transplantation with
mobilization by granulocyte-colony
stimulating factor promotes functional
recovery after spinal cord transection.
Acta Neurochirurgica. 2009;151:1483-
1492. DOI: 10.1007/s00701-009-0402-6

[87] Lee SH, Kim Y, Rhew D, Kuk M,

Kim M, Kim WH, et al. Effect of the
combination of mesenchymal stromal

17

cells and chondroitinase ABC on
chronic spinal cord injury. Cytotherapy.
2015;17:1374-1383. DOI: 10.1016/j.
jcyt.2015.05.012

[88] Buzoianu-AnguianoV,Orozco-SudrezS,
Garcia-Vences E, Caballero-Chacén S,
Guizar-Sahagun G, Chavez-Sanchez L,
et al. The morphofunctional effect of
the transplantation of bone marrow
stromal cells and predegenerated
peripheral nerve in chronic paraplegic
rat model via spinal cord transection.
Neural Plasticity. 2015:2015. DOI:
10.1155/2015/389520

[89] Buzoianu-AnguianoV,
Rivera-Osorio J, Orozco-Sudrez S,
Angélica V-G, Elisa G-V, Stephanie

S-T, et al. Single vs. combined
therapeutic approaches in rats with
chronic spinal cord injury. Frontiers in
Neurology. 2020;11:1-11. DOI: 10.3389/
fneur.2020.00136

[90] Badhiwala JH, Wilson JR, Kwon BK,
Casha S, Fehlings MG. A review of
clinical trials in spinal cord injury
including biomarkers. Journal of
Neurotrauma. 2018;35:1906-1917. DOI:
10.1089/neu.2018.5935

[91] Donovan J, Kirshblum S. Clinical
trials in traumatic spinal cord injury.
Neurotherapeutics. 2018;15:654-668.
DOI: 10.1007/s13311-018-0632-5

[92] Kim YH, Ha KY, Kim SI. Spinal cord
injury and related clinical trials. Clinics
in Orthopedic Surgery. 2017;9:1-9. DOLI:
10.4055/cios.20179.1.1

[93] Ahuja CSFM. Concise

review: Bridging the gap: Novel
neuroregenerative and neuroprotective
strategies in spinal cord injury. Stem
Cells Translational Medicine. 2015:1131-
1143. DOI: 10.5966/sctm.2013-0207

[94] Badhiwala JH, Ahuja CS,
Fehlings MG. Time is spine: A review
of translational advances in spinal



Paraplegia

cord injury. Journal of Neurosurgery.
Spine. 2019;30:1-18. DOL:
10.3171/2018.9.SPINE18682

[95] Tetzlaff W, Okon EB,
Karimi-Abdolrezaee S, Hill CE,
Sparling JS, Plemel JR, etal. A
systematic review of cellular
transplantation therapies for spinal
cord injury. Journal of Neurotrauma.
2011;28:1611-1682. DOI: 10.1089/
neu.2009.1177

18



