Spinal Cord Injury
and Regenerative Repair
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Abstract Spinal cord injury is a disease difficult to restore that function more than
2.5 million people worldwide. How to improve the prognosis of spinal cord injury
is a matter concerned by clinicians and scientists. Complex pathophysiological
processes after spinal cord injury are the important reason to hinder restore. To
clarify its mechanism can provide ideas for clinical treatment. Neurotrophic factors,
biological engineering and Chinese medicine have been applied to adjust the
microenvironment after spinal cord injury. Transplanted cell can replace cells which
were damaged and apoptosis in a certain extent, while secretion of a variety of
nutritional factors improve the extracellular environment. Combined different
therapy method can produce a synergic effect and improve the prognosis of spinal
cord injury.

Keywords Spinal cord injury - Regenerative repair - Neurotrophic factors -
Cellular transplantation - Traditional Chinese medicine - Biological engineering

1 Introduction

People have realized for a long time that some symptoms, such as the partial or
complete loss of sensory and motor function, chronic pain, spasticity and inconti-
nence of defecation and so on, which can be caused by the spinal cord injury
(SCI) [1]. Scientists all over the world are keen to find the solution to the problem
of SCI patients which is still a worldwide challenge at present, because SCI may
bring serious threat to the patient’s health and life, and cause heavy burden on the
society and family. Spinal cord injuries can be subdivided into traumatic injuries
(including traffic accidents, being struck by falling objects, crushing injuries, vio-
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lence and sports-related injuries) and non-traumatic injuries (including inflamma-
tion, tumors, ossification, degenerative damage and vascular injury). About 73.7 %
of the SCI was traumatic injury [2]. In order to increase the recovery degree of SCI,
many treatment methods are developed. The defects of various methods have been
constantly fixed. This article mainly discusses the research progress of the traumatic
SCI and its regeneration repair.

2 Pathophysiological Changes of SCI

A series of pathophysiological changes after SCI is complex cascade reactions that
can be divided into primary injury and secondary injury. At the instant of the injury,
mechanical power of the external force or fracture causes the direct ruin of neurons
and endothelial cells. The damage of cells and tissue necrosis produced in a very short
time. The damaged cells and tissues will activate some complex molecular and
cellular mechanisms and evolved into secondary injury and brought greater harm [3].

2.1 Primary Injury

In the primary injury, mechanical power direct shear membrane of nerve cells and
endothelial cells. Due to the gray region is soft and rich in blood vessels, hemor-
rhage and necrosis will appear in these areas for the first time. In the central area of
the spinal cord, tissue dislocation will lead to hemorrhage and the ruin of the neuron
membrane and connective tissue after injury. The peripheral area of the spinal cord,
tissue dislocation is minimal; axons near the spinal dura mater usually can survive.
On the contrary, axon near the gray matter will be severely damaged after SCI [3,
4]. Therefore, as the damage continued, some special molecular and cellular
mechanisms will be activated, and further evolved into the secondary injury.

2.2 Secondary Injury

In the secondary injury stage, damaged cells dysfunction of the reuptake of glu-
tamate. A large number of glutamates will enter into the extracellular by exocytosis
and cell lysis to over stimulate ionic glutamate receptors. Excitatory neurotoxicity
will be required to lead to cell death [5]. Ischemia-reperfusion injury is another
reason to cause cell death. The reactive oxygen species (ROS) and calcium overload
produced by ischemia-reperfusion is directly related to the neuron apoptosis [6].
Wallerian degeneration is an important feature of the nervous system injury. It
occurs in the axon stump distal to the site of injury and usually begins within 24—
36 h after injury. The axonal skeleton of stump distal disintegrates, and the axonal
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membrane breaks apart. In the central nervous system (CNS), myelin sheath is
constituted by oligodendrocytes. Unlike Schwann cells (SCs), oligodendrocytes are
unable to clean up the myelin sheaths and their debris after Wallerian degeneration.
Oligodendrocytes also can’t recruit macrophages for debris removal. Microglia
plays a critical role in the central nervous system for debris removal but their
recruitment and clearance is far slower than macrophage [7]. During this period,
inflammatory cells begin to enter the ruin area and inflammation expands the extent
of damage. So Wallerian degeneration can’t provide enough help for repair of SCI.
The glial scar can limit inflammation but it is another important factor to further
hinder chances for axonal regeneration and neuronal reinnervation. Early scar is
comprised of oligodendrocytes fragments and myelin sheath which allow the
axonal regeneration. Then meningeal cells from the surface of the CNS and pre-
cursor cells with multi-differentiating potential from the central tube migrate into
the glial scar. Eventually astrocytes are seeping into the cavity cause by the primary
injury to form a large amount of the glial scar. The glial scar and the surrounding
environment are met with a variety of molecules called neurite growth inhibitor
which can interrupt the growth cone of damaged neurons to disintegrate. To prevent
the final scar formation is one of the essential parts to repair SCI [8].

Large number of experimental studies have shown that promoted regeneration
after spinal cord injury SCI treatment and functional rehabilitation is the key.
Factors limiting the central axonal growth or regeneration after spinal cord injury
can be divided into two categories: First, the lack of neurotrophic factors and matrix
components that guide and support nerve growth; Second, cysts and scar tissue
resulting spinal cord stump and some inhibitory growth factor hinder and inhibit
axonal regeneration. In recent years, research carried out in the treatment of spinal
cord injury is mainly around these two aspects.

3 Using Neurotrophic Factor Treatment for SCI

Neurotrophic factors (NTFs) are a family of proteins that are responsible for the
growth and survival of developing neurons and the maintenance of mature neurons.
It includes Nerve growth factor (NGF), brain derived neurotrophic factor (BDNF),
neurotrophins including neurotrophin-3 (NT-3) and neurotrophin-4/5 (NTF-4/5),
ciliary neurotrophic factor (CNTF), glial cell line-derived neurotrophic factor
(GDNF) and so on. The receptor of NTFs including Tyrosine receptor kinase
(Trk) family and P75 receptor family. Trk receptor family has high affinity and high
selectivity to the NTFs when P75 just opposite. Trk receptor mediated NTFs
positive signal pathway of neurons. When P75 receptors coexpression with Trk,
they will improve the affinity and selectivity of Trk to NTFs and promote the
function of Trk receptor at the same time. When the Trk inactivation or low energy,
p75 will mediate apoptosis [9].
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3.1 Endogenous Neurotrophic Factors

NTFs and its receptors exist widely in the spinal cord. NTFs levels are low in the
spinal cord except NT-3 is higher in the early development of the spinal cord [10].
Nerve growth factor is highly expressed in dorsal root ganglia after SCI [11]. Geng
et al. [12] use enzymes linked immunosorbent assay (ELISA) to measure BDNF at
24 h after SCI which appeared incremental expression, returned to normal level
after 28 days, has the time correlation. TrkC protein appears a downward trend
within 7 days after spinal cord transection in the rat, began to rise after 7 days,
rising speed at l4days is the most obvious which is consistent with the TrkC
mRNA expression curve [13]. Unlike Trk, the expression change of P75 receptor
mRNA is fluctuant after SCI, and positively correlated with neurons apoptosis. This
fluctuation changes associated with the neurons apoptosis have significant rela-
tionship with regulation and repair after SCI [14]. So that NTFs and its receptor
increases with time correlation after SCI, and it has different degree function to
promote repair of the spinal cord. But due to its increase is limited, and cannot
maintain the effective concentration for a long time, they limited to promoting the
neural repair and functional recovery. Therefore, many scholars tried to utilize
exogenous NTFs to further enhance the repair of SCIL.

3.2 Exogenous Neurotrophic Factors

Exogenous neurotrophic factors can reach the spinal cord by injecting into the vein,
abdominal cavity, and muscle and subcutaneous tissue. But as NTFs concentrations
decrease quickly, and difficult to enter into the blood-spinal cord and brain barrier
by this administration route, NTFs eventually reached the injured area are extre-
mely rare and can’t display the neural protective effect. NTFs can also be directly
injected into the injured area, subarachnoid etc. Damaged area local drug delivery is
advantageous to the formation of high concentration in the location, be helpful for
neuronal survival. But the half-life of NTFs is short [15], so can’t maintain adequate
concentration at a long time. Demand for NTFs after SCI has time correlation. The
biological characteristics of the short half-life of NTFs lead to that single NTFs
have been impossible to meet the needs of the repair of SCI. Although exogenous
neurotrophic factor has a very good effect in inhibiting apoptosis of neurons, but
each kind of NTF effect has a limit, and single neurotrophic factor is not sufficient
to help neuron axons completing reconstruction.

3.3 Multiple Factors Combination Therapy

To meet the needs of the repair of SCI, the combined use of different NTFs or with
other small molecules to repair SCI is a research hotspot in recent years.



Spinal Cord Injury and Regenerative Repair 391

Methylprednisolone was believed to have nerve protective effect, but recently the
research of Aomar et al. [16] think it has no improvement for neurological
symptoms. However, Kim and Jahng [17] used BDNF and methylprednisolone for
combined treatment of SCI which detected myelin regeneration, accorded with the
results of immunohistochemical, and confirmed the combination therapy is possible
and effective. Arvanian et al. [18] used NTF-3 and lysergic acid diethylamide
(LSD) to combine treatment rats with hemisected SCI and found that compared to
control group with the simple use of NTF-3 or LSD, combination group had earlier
behavioral recovery time and better effect. Lee et al. [19]. reported that NTF-3 and
thermo stabilized chondroitinase ABC (ChABC) combined use to treat the rats with
SCI, the effect to restrain glycosaminoglycan’s side chain, the important component
of glial scar is 3 times as monotherapy. Sharma [20] found after application of
BDNF with high concentration in combination with GDNF after SCI, the damage
of blood spinal cord barrier has been inhibited and edema also be alleviated. Thus
the recovery of motor function has obviously improved. Nevertheless, some of the
combined treatment effect can’t play the corresponding function even appear
antagonism. Lang et al. [21] found that BDNF and CNTF combined treatment in
the nerve root avulsion model showed no synergy. Donnelly et al. [22] also found
small interference RNA and NTF-3 combination therapies with SCI did not show a
better therapeutic effect. The synergy of NTFs to enhance the repair of SCI, but how
to improve NTFs and additional small molecule combination plan needs further
research.

3.4 Cooperate with Stem Cells

In addition to promoting the growth of axons, NTF can promote stem cell prolif-
eration and differentiation. Therefore, NTFs can be followed in the stem cell
transplants for the treatment of SCI. Tang et al. [23] developed NT-3-immobilized
scaffolds which can sustain release of bioactive NT-3 to help with neural stem cell
transplantation. And they observed the rate of survival and differentiation of stem
cells had been strengthened considerably. Besides, for the half-life of NTFs is too
short to maintain function for a long time, we can transfer NTFs gene to neural stem
cells. So these neural stems cells will keep sustained secretion of NTFs to maintain
the survival and the growth. I’ll consider this method later in the article.

3.5 Load in Biological Materials

To add NTFs into the biological materials and use the characteristics of biological
materials to control the release of NTFs is a great method to control and guide the
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growth and differentiation of neuron, and help axon directional growth, reconstruct
the original structure, and realize the functional recovery. See below for biological
scaffold.

3.6 Neurotrophic Factor Receptor

Wang et al. [24] constructed a kind of immunoglobulin called p7SNTR-ED-Fc for
human p75 neurotrophic factor receptor (NTR), which can suppress the effect of
p75NTR for improving the axonal regeneration and functional recovery after spinal
cord injury. Research showed inhibition of p75 receptor, the spinal cord function
has a certain degree of recovery while the axon length is actually increased.
Figure 1 showed the function recovery after the hp7SNTR-ED-Fc fusion protein
therapy (Fig. 1).
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Fig. 1 Treated with hp7SNTR-ED-Fc fusion protein promoted functional recovery after SCIL.
a The BBB scores in hp75NTR-ED-Fc-treated rats were consistently higher than those in SCI
group. b Footprint analysis showed that the prints of all hind toes in hp7SNTR-ED-Fc-treated rats
were very visible, while in SCI rats, they were not clearly separated which indicated the signs of
toe dragging. Fore paw footprints (red) and hind paw footprints (blue) from rats tested. “d” shows
the vertical distance between the hind paws. ¢ The distance of the base of support between the hind
paws in hp75NTR-ED-Fc-treated rats was significantly reduced compared with SCI rats.
*p < 0.05, ¥*p < 0.01, ***p < 0.0001, compared with SCI group. (Reprint with permission from
the article of Wang et al. [24])
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4 Tissue Engineering

Although above-mentioned methods have made some important progress.
However, there are still cannot achieve the structure and function of the damaged
spinal cord repair completely. The main problems are: (1) the number of neuron
rescues by various means is limited and no extensive growth potential of axonal
fiber will give full play to. (2) It is very awkward that renewable fiber long distance
search for the “target” and establish the functional synaptic. (3) Functional
remodeling is needed for the regenerative repair of nervous structure to show the
effective function. With the deepening of the research, people gradually realize that
increase the number of regenerated fiber and promote synaptic connections and
structure and function remodeling between renewable fiber and the “target” is
essential to repair spinal cord injury. Nonetheless, in recent years, the rise of tissue
engineering research offers hope for it.

4.1 Biological Scaffolds

A large number of cells necrosis and apoptosis after SCI lead to the formation of a
spinal cord defect [25]. Survival neurons can’t meet the needs of rebuilding of
neural pathways. And application of biological engineering technology to build the
bridge can be attached on both ends of the injured spinal cord, lead to rebuilding
orientation structure to targets axon and guiding axon directional growth. So as to
realize the spinal cord regeneration and reconstruction of almost normal physio-
logical structure [26]. Biological scaffold can be divided into natural biological
material scaffold and synthetic biological material scaffold according to the source,
and can be divided into the Hydrogel biological scaffold, spongy scaffold, tubular
biological scaffold and membrane biological scaffold according to the form. The
advantages of natural biological scaffold whose materials usually are saccharide and
protein are good biocompatibility, biodegradable, degradation products can be
absorbed and usually can’t produce inflammation. The main disadvantages of them
are that the mechanical properties are poor and degradation process is not easy to be
controlled. Agarose is linear polysaccharide which extracted from seaweed and
curdlan. It is widely used drugs and macromolecular carrier. Above mentioned Lee
et al. [19] used agarose contained NT-3 as a scaffold, to improve the thermostable
ChABC local sustained delivery, and found the axonal regeneration and the motor
function recovery in rats with SCI. The mechanism may be sufficient NT-3 and
ChABC can promote new axons across the glial scar and reach its remote control
targets [27]. Alginate is a linear polysaccharide produced by brown algae, are
commonly used in spinal cord defect. Shahriari et al. [28] implants calcium alginate
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hydrogel in a rat model of spinal cord hemisection. And they use Fourier-transform
infrared (FT-IR) spectroscopy to measure the stability of the implants and the
effects on morphology and biochemistry of the injured tissue. The result shows that
non-functionalized low-gelation soft Ca2+-alginate hydrogel has an enhanced
long-term stability in vivo and help spinal cord repair by limiting demyelination and
reducing scar. Grulova et al. [29] used the affinity-binding alginate scaffold with
sustained delivery of basic fibroblast growth factor (bFGF) and epidermal growth
factor (EGF) to treat rats with spinal cord crushing and observed the recovery of
function of rats. But commercial alginate products contain a large number of toxic
materials so it should be super purified before use. And alginate degradation
products also have slight cytotoxicity. Chitosan which also is called soluble chitin is
obtained by deacetylation of chitin, the structure of which is similar to the plant
fiber. Chitosan has excellent film-forming property and permeability, no or low
immunogenicity. Yang et al. [30] found chitosan loaded with NT-3 can slow release
of this neurotrophic factor to make an optimal microenvironment for regeneration.
And they confirmed sensory and motor functional restorations in rats with SCI
treated by this way. The drawback of chitosan scaffold is that the mechanical
strength is negatively related to the biodegradability. So chitosan with superior
mechanical strength will be difficult to degrade and can’t adapt the speed of tissue
rebuilding. Self-assembling peptide (sapeptide) is a kind of emerging material
consists of repeated sequences of short chains of amino acids, belongs to nano-scale
hydrogel biological scaffold materials, with similar characteristics of the extracel-
lular matrix. The advantage of self-assembling peptide scaffold is that can be
injected in the damage area, to prevent iatrogenic injury. Its disadvantage is too
sensitive to change of temperature and PH, so it is necessary for practical appli-
cation to closely monitor and adjust the local microenvironment [31]. In China, Hou
et al. [32] seeded the neural stem cells or motor neurons in the sapeptides scaffolds
and found the sapeptides with motor neurons have a better effect for functional
recovery after SCI in rats.

Sun et al. [33] tried to use the functional motifs containing cell adhesion peptide
RGD and neurite outgrowth peptide IKVAV to change this weakness and had a
good effect. Compared to the natural biological scaffolds, synthetic biological
scaffold both have superior performance of biology, mechanics and material sci-
ence, also has a unique degradation controllability at the same time. Its main
drawback is that the concentration release of monomer produced from degradation
often cause the immune reaction. Polycaprolactone which is a kind of aliphatic
polyester with good biocompatibility and degradation performance, is widely used
in many medical products, including wound dressings. Silva et al. [34] use a blend
of starch with polycaprolactone to product a 3D scaffold. And they found that the
scaffold can quickly restore spinal stability of rats with a T8-T9 spinal hemisection.
Poly (lactic-co-glycolic acid) (PLGA) is synthesized by means of ring-opening
co-polymerization of two different monomers, the cyclic dimers (1,4-dioxane-
2,5-diones) of glycolic acid and lactic acid. Depending on the ratio of lactide to
glycoside used for the polymerization, different forms of PLGA can be obtained. It
can be bending, expansion, deformation and changed of permeability by this way.
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Wen et al. [35] adopt scaffold which is modified by PLGA binding with an
anti-Nogo receptor antibody containing BDNF and vascular endothelial growth
factor (VEGF) to implant into the injured area created by a dorsal hemisection at
T9-10 of the spinal cord in rats. And they observed the inhibition of inflammation
and gliosis, and large numbers of new blood vessels and regenerated nerve fibers
around the implants. There are some other synthetic biological scaffolds have also
made very good progress, but to date the United States Food and Drug
Administration (FDA) has not yet approved its wide application in the clinical.

5 Genetic Engineering and Protein Engineering

Genetic engineering and protein engineering both is an important branch of bio-
logical engineering. Genetic engineering which is also called gene splicing tech-
nology and recombinant DNA technology is a complex technology to manipulate
gene at the molecular level and import the restructured exogenous gene to recipient
cells for make the gene can be expressed, replication, transcription, translation in
recipient cells. Protein engineering is the process of promoting useful or valuable
proteins. In protein engineering, scientist uses detailed knowledge of the structure
and function of the protein to ensure that desired changes. Genetic engineering is
used to transfect the neural stem cells (NSCs) by neurotrophic factor gene, and
make the cells can continue secrete NTFs to promote the repair of spinal cord.
Protein expression carrier construction also is required to use genetic engineering.
After SCI, apply recombinant proteins and monoclonal antibody target to inflam-
matory mediators maybe significantly reduce inflammation, improve the possibility
of recovery of SCI [36]. Yune et al. [37] produced a fusion protein PEP-1-SOD1 by
fusing a human SOD1 gene with PEP-1 in a bacterial expression vector. They
confirmed this fusion protein has antioxidant agents that can protect neurons from
ischemia reperfusion injury. With the progress of protein engineering, human
knowledge of protein structure is more and more. A growing number of recom-
binant proteins will be utilized in SCI, help to get better curative effect in the
treatment of SCI. The use of genetic engineering and protein engineering to con-
struct a vaccine is also a hot spot of research. Mentioned above the Wang et al. [24]
using genetic engineering to construct the p75 receptor immunoglobulin for pro-
moting axonal regeneration and functional recovery by inhibiting p75 receptor.
Vaccination also can be constructed for further inhibit factor, example Nogo-66
receptor (NgR) which a common receptor for three myelin associated inhibitors
mediates their inhibitory activities on neurite outgrowth in the adult mammalian
CNS. Wang et al. [38] uses 15 nm gold nanoparticles (GNPs) which can boost the
immunogenicity of human NgR-Fc (hNgR-Fc) protein vaccine effectively, to
improve the therapeutic efficacy of hNgR-Fc protein immunization in spinal
cord-injured rats. We can also transfer some gene which is helpful for protecting the
injured spinal cord into cells that can be transplanted. Zhang et al. [39] used
rubrospinal neurons transferred by adenoviral cardiotrophin-1 (CT-1) gene to
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transplant into spinal cord with a shallow incision which was made on the left
dorsal. They have demonstrated that adenoviral CT-1 gene transfer promoted the
survival and regeneration of rubrospinal neurons and enhanced the partial func-
tional recovery of forelimb usage after cervical spinal cord injury in adult rats.

In conclusion, the main mechanisms of tissue engineering used to repair spinal
cord injury and paraplegia recovery include: (1) Filling defect of the organizational
structure: after spinal cord injury, due to the primary and secondary injury caused
local tissue necrosis at the injury site. If not removed the necrotic tissue, it is easy to
form scar tissue to impact new tissue ingrowth, is not conducive to the functional
recovery. If cut it, the local tissue will form defects and adjacent tissues will
collapse, that destroy the original anatomy. Therefore, researchers fill cells, nerve
tissue and a variety of materials at the defect. (2) Create a suitable microenviron-
ment: primary and secondary damage caused by a large number of inflammatory
cells infiltration around the injury site and release large amounts of inflammatory
factors after SCI, which caused the change of microenvironment is not conducive to
the cells survival and axons growth or extend. Also, because a large number of cell
necrosis, trophic factors secreted by the remaining cells cannot meet the needs of
tissue regeneration. Therefore, transplant exogenous cells transfered by genetically
engineered can produce large amounts of cytokines, in favor of the axon extension
and regeneration. Scaffold material itself can also carry nutrition factor and
blocking inflammatory cells infiltration, further create a suitable microenvironment.
Material also can separate transplant cell from residual myelin and surrounding glial
cells. In the process of material degradation, it provides a time window for the
extension of new axons reduce the inhibition of surrounding cells or factors (3) a
greater degree of repair organizational structure after SCI: mainly through the
orderly proliferation, growth, migration and differentiation of seed cells on a bio-
logical scaffold with certain rules and the internal arrangement of the network
structure, and try to restore the connection of the damaged spinal cord fiber and the
corresponding neuronal network links. (4) Remodeling of damaged spinal cord
functional linkages: the damage of spinal cord leads to tissue disintegration and
apoptosis at injury site. The functions of the corresponding structure also will be
destroyed or lost. Tissue engineering can fill the defect that formed by spinal cord
injury and also can create a suitable microenvironment for the regeneration of their
own or transplant tissue or cell. However, it is still not clear whether the functional
regenerating organization ultimately can achieve partial or complete replacement
for the original function. Remodeling functional structure mainly to establish a
complete anatomical structures, remain intact nerve fibers communicating and
ensure synaptic activity. Restoration of function mainly includes the improvement
of incoming and outgoing signals of damaged spinal cord and the function of
preliminary integration information. In addition to axoplasmic transport function of
neurons and axons, etc. Spinal cord tissue engineering is still considered one of the
most challenging therapeutic strategies to repair injured spinal structure.
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6 Cellular Transplantation

SCI in addition to resulting in a large number of axons damaged, also will lead to a
large number of cells death. The research of Liu et al. [40] showed that endogenous
neural stem cells increased significantly at the injury site after mild spinal cord
injury, and the endogenous neural stem cells in central canal of spinal cord can
differentiated into different type of neural cells of adult rats. Proliferative activity of
endogenous NSCs of spinal cord after injury was examined via DAPI staining as
shown in Fig. 2. But they differentiate into astrocytes more than neurons, which
may be associated with high expression of inhibitory Notchl and Hesl genes after
injury (Fig. 2).

Because of the endogenous neural stem cells proliferation and differentiation
slowly, we can transplant exogenous cells to help repair damaged parts.
Mechanisms of cellular transplantation to repair SCI are not completely understood,
but it can be summarized as the following aspects. (1) Through secreting NTFs to
protect the remaining neurons. (2) To differentiate into neurons, oligodendrocytes
and astrocytes, promote axonal regeneration and myelination under the specific
environment of the spinal cord. (3) Improve the local microenvironment after SCI
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Fig. 2 Proliferation of endogenous neural stem cells in central canal of T10 level after injury.
a DAPI labeling endogenous neural stem cells of spinal cord 1 day after injury. b DAPI labeling
endogenous neural stem cells of spinal cord 3 days after injury. ¢ DAPI labeling endogenous
neural stem cells of spinal cord 7 days after injury. d DAPI labeling endogenous neural stem cells
of spinal cord 14 days after injury. ‘p < 0.05 indicated statistical significance compared with
1 day post-injury. *p < 0.05 indicated statistical significance compared with 3 days post-injury.
“p < 0.05 indicated statistical significance compared with 7 days post-injury. Data represent
mean + SD of five independent samples in each group. [Reprint from the article of Liu et al. [40]
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to reduce inflammatory reactions. (4) Promote cells to produce a variety of extra-
cellular matrix, filled with gap in the spinal cord, is compatible with the axon
regeneration [41, 42].

6.1 Transplantation Method

There are many ways to stem cell transplantation and basically has the following
four. (1) Orthotropic transplantation on the injury site: Transplant stem cells directly
into the damaged area around through surgery, can promote the improvement of the
nerve cell function and recovery. However, to grasp the operation time is difficult,
especially in emergency surgery. (2) Transplantation by lumbar puncture: this
method which can choose the appropriate time for stem cell transplantation is
injected stem cells into the cerebrospinal fluid through vertebral puncture, and stem
cells will migrate to the injury site and repair the damaged nerve cells. This method
is simple, easy to follow and has good repeatability. (3) Intravenous transplantation:
inject stem cell which via proliferated and differentiated in vitro into the vein. And
stem cell will be along with the circulation of the blood through the blood spinal
cord barrier to reach the lesion site. (4) Intra-arterial transplantation: inject stem cell
through arterial. The study of Amemori et al. [43] found that compared with
implanted into the subarachnoid space, implanted stem cell into the lesion center
can positive effect on the expression of endogenous neurotrophic and better to
increase gray and white matter survival, axonal sprouting and reduced astrogliosis.

6.2 Transplantation Time

After SCI, gray and white matter immediately occur necrosis, spinal cord is in
congestion and/or ischemia and edema are also found. It will reach its peak within
2-4 h, and extensive necrosis will appear in a few days in the injured spinal cord.
However, after 12—14 days, injured spinal cord will be under a cyst. Glial cells will
proliferate to form scars. That will severely harm the integrity of the spinal cord and
blocks nerve cells regeneration and crossing. So stem cells need to be transplanted
before that happens. But in the acute phase of SCI, a large number neurotoxic
inflammatory factors produced in acute inflammation reaction, often cause the
transplanted stem cells by death and/or differentiate into glial cells. This phase will
last approximately 7-9 days [44]. After the acute phase, the nerve tissue become
into the repair phase, which is conducive to the survival and differentiation of
transplanted cells. So it advocates the delayed transplantation, namely transplan-
tation after the acute phase. Research indicates that 1-2 weeks after SCI is the
window phase for cell transplantation, and transplantation can achieve the best
effect in this stage [41].
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6.3 Types of Transplant Cells

There are a lot of cells can be used for cell transplantation. Different cells have
unique effects. The following are the main types of the source of the transplanted
cells.

Embryonic stem cells (ESCs) are derived from a highly undifferentiated cells in
the blastocyst. ESCs are highly totipotent that can be differentiation for a variety of
cells. ESCs can adjust the external environment for nerve cell growth and increase
the survival rate of nerve cells. The main mechanism is inducing neurons and glial
cells regeneration, and repairing the demyelinated axons. Shroff and Gupta [45] for
treatment of SCI, inject ESCs into patient’s body through a variety of methods. At
first to make the body produce immune tolerance to embryonic stem cells by
intramuscular injection. Then gradually adopt intramuscular, intravenous, brachial
plexus block, intrathecal, caudal, epidural, popliteal block and/or deep spinal
muscle and epidural catheter, in order to inject the ESCs as near the injured site as
possible. Following the treatment, all patients showed improvement in different
aspects including their power and movement of limbs, sitting balance, control and
sensation of bowel and bladder. Vadivelu et al. [46] transplanted embryonic stem
cell-derived neural lineage cells (ESNLCs) directly into the cavity of a contused
spinal cord 9 days after injury. They observed axons had grown through long
distances after transplanted ESNLCs. And they found ESNLCs prominent
expression nerve glial antigen 2 (NG2) which can promote the expression of matrix
metalloproteinase 9 (MMP-9) to make an increasingly inhibitory gradient of
chondroitin sulfate proteoglycan (CSPG). CSPG is an essential part of the glial scar.
That may be the mechanism of ESNLCs to help axons growth. However, the strong
ability of ESCs for proliferation has shown tumorigenic potential. Salewski et al.
[47] used an alternative method of clonal neurosphere generation to ensure the
safety of the transplanted cells. They generated clonally derived definitive NSCs
(dNSCs) from ESCs and proved that transplantation of these dNSCs can promote
motor recovery in SCI mice without tumor formation.

Neural stem cells (NSCs) are pluripotent cells within the CNS which has the
ability of self-renewal and multi-directional potential differentiation. The discovery
of NSCs that broke the traditional concept of no regeneration of the CNS. Both
embryonic and adult CNS can find the neural stem cells and they exist in specific
niches where can provide a relatively stable environment for the survival,
self-renewal and differentiation of the stem cell [48]. For the application of NSCs
come from fetal brain or adult CNS the ethics are debatable. In order to solve the
problems, the researchers used some methods including cell reprogramming or
chemical induction indirectly obtained NSCs from other cells. Common sources
include embryonic stem cells [47], human induced pluripotent stem cells [49] and
immortalized cell lines [50]. NSCs under certain conditions can only be differen-
tiated into neurons and glial cells, so it is easier to get the desired cell types.
Relative to other cells transplantation, NSCs transplantation has unique advantages
that NSCs can differentiate into all kinds of nerve cells have corresponding
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phenotype at the particular area in the spinal cord after transplantation, and may
rebuild connection. NSCs also can make through passage, separation of
self-renewal constantly and produce enough amount of transplanted cells. NSCs
will generate into neurons and glial cells in terminal differentiation after trans-
planted into the body, which makes NSCs no longer have the ability of rapid
proliferation of stem cells. No report of these cells to become cancerous, as a result,
the NSCs is considered to be safe and reliable clinical cell transplantation.

Mesenchymal stem cells (MSCs) that originally obtained from the bone marrow
are a kind of self-renewal and multi-directional differentiation potential of
pluripotent stem cells. MSCs are not difficult to be amplified, preserved, donated
and be accepted in ethic, so it is studied for the treatment of SCI. And among them,
the bone marrow mesenchymal stem cells (BMSCs) have been widely concerned
because it is easy to obtain, can be autologous transplantation, and minimize
invasive operation. MSCs can play its role through diverse mechanisms after SCL
In the initial SCI, MSCs can secrete various NTFs to protect neurons from the
effects of excitatory neurotoxin and promote axon growth. Zhou et al. [51] found
that adipose tissue-derived MSCs (AT-MSCs) transplantation for SCI can improve
the recovery of the spinal cord function in mice, and its mechanism is increasing the
expression of BDNF and enhanced regrowth of serotonergic fibers. They also think
the improvement is better than BMSCs transplantation. At the intermediate phase of
SCI, MSCs can adjust immune by molecule secretions and cell-cell contact, and
powerful alleviate inflammation to damage cells in the spinal cord. The previous
view believes that MSCs can differentiate into neurons and oligodendrocytes
directly participated in the reconstruction of the spinal cord and myelin formation.
Matrix metalloproteinase also can be secreted to degrade extracellular matrix which
have the benefit of axon growth. But the new research thinks that MSCs mediate
functional recovery through a paracrine effect, rather than by transforming into and
replacing damaged glia in the spinal cord [52]. MSCs are often used by transfection
NTFs gene for more NTFs secreted and better neurotrophic effect. Zhang et al. [53]
significantly improve functional recovery and nerve regeneration of rats with SCI
by precise transplanting NT3 gene-transfected BMSCs. Compared with other cells,
BMSC:s is easy to extract and separate from the bone marrow, and it transplants
back also have no risk of immune rejection. Therefore, BMSCs autologous trans-
plantation clinical trials have developed for the treatment of SCI in many countries
in recent years, and significant results have been achieved.

Schwann cells (SCs) are a kind of glial cell distributed in the peripheral nervous
system (PNS) to form the myelin sheath surrounding the axons. SCs can secrete
NTFs and extracellular matrix to support neurons. SCs also play an important role
in the axon regeneration and the process of myelination after peripheral nerve
injury. The CNS without SCs and this is one of the reasons for the CNS damage is
difficult to restore. SCs is easy to obtain and separation, and can be
auto-transplantation without immunological rejection. So SCs is considered to be an
ideal and feasible transplanted cells. SCs secrete a number of NTFs and improve the
extracellular microenvironment for neuronal survival and axonal regeneration [54].
But SCs grafted into the CNS is unable to long-term survival or unable to help
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complete the functional recovery of the spinal cord. So we need to combine a
variety of method to realize the maximum potential of Schwann cells [55].

Olfactory ensheathing cells are a special type of glial cell that presents in the
olfactory system, and distributed in the olfactory nerve, the olfactory bulb layer 1, 2
and olfactory epithelium. Olfactory ensheathing cells exist in both the central
nervous system and peripheral nervous system at the same time. Many studies have
shown that olfactory ensheathing cell transplantation can promote axon regenera-
tion at a distance, make the demyelinated axons remyelination, and play a role in
neuroprotection [56]. Many clinical trials also proved that OECs transplantation is
safe and effective. Rao et al. injected OECs into the area surrounding the SCI under
magnetic resonance imaging guidance in patients with cervical SCI, twice a week
for four weeks. The recovery of patients has noticeable improvement after three
months, but there is no further increase in a year. And no serious complications
postoperatively were discovered during the follow-up period [57].

6.4 Combination Strategy

Biological engineering technology provides a great help for cell transplantation.
Biological scaffold provides mechanical support for transplanted cell growth,
proliferation. Biological scaffolds that load NTFs and chondroitin enzymes can
create a perfect external environment, so as to promote the transplanted cells
long-term survival, growth, proliferation and differentiation. And with the rapid
progress of molecular biology and molecular mechanism of SCI, genetically
modified technology in cell transplantation research has made significant progress.
Through gene transfection technique, modified cells specifically expressed the
required material, aimed at improving the local environment, which can greatly
improve the curative effect of the transplanted cells. The combined use of different
cells also can mutually optimize and create synergistic effects. Hu et al. [58] used
co-transplantation oligodendrocyte progenitor cells (OPCs) and SCs to treat SCL
They believe the extracellular matrix produced by SCs can promote OPCs survival,
proliferation and differentiation, and OPCs differentiation to oligodendrocytes can
form the myelin sheath, which is beneficial to the spinal cord function recovery.
And the experimental results accord with their ideal.

7 Electroacupuncture and Chinese Herbology

Traditional Chinese Medicine (TCM) is the national cultural treasures and the fruits
of the Chinese people’s prevention and treating disease for thousands years. In
recent years, many studies have shown that the TCM have surprising effects in
many diseases. In the cognition of TCM, SCI is associated with mechanical injury
of Du meridian, which leads to the disturbance of qi and blood, the stasis of
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meridian, and the instability in body warm-reinforcing and nourishing of qi and
blood.

7.1 Electroacupuncture

The electroacupuncture therapy is an improved traditional Chinese acupuncture. It
is a type of acupuncture where a small electric current is passed between pairs of
acupuncture needles. Electroacupuncture has a good curative effect on the treatment
in pain, neurosis, nerve palsy, gastrointestinal disease, high blood pressure and so
on [59]. In the treatment of SCI, electroacupuncture is usually used to stimulate the
Du meridian and Jiaji point. The position and function of the Du meridian describe
in the traditional Chinese medicine is similar as the spinal cord. TCM holds that
stimulate the Du meridian can restore the function of the Du meridian, namely the
recovery of the spinal cord function. The Jiaji point locates at the T1 to the L5
spinous process adjacent to open 0.5-inch. Jiaji point near the Bladder Meridian of
Foot-Taiyang and the Du meridian, so stimulation of the Jiaji point can help to
restore the SCIL.

In recent years, the study concluded that electroacupuncture can inhibit the
formation of oxygen free radical and lipid peroxidation, inhibit apoptosis gene
expression in neurons and increase the synthesis of NTFs and receptors expression
[60]. Electroacupuncture can suppress the Notch signaling pathway to decrease the
protein expression levels of Nogo-A and Nogo-66 receptor-1, so it can promote
neural stem cell proliferation to help the recovery of the SCI [61, 62]. Changed
microcirculation and neuronal morphology is another mechanism of elec-
troacupuncture to improve the function of the spinal cord [63]. Jiang et al. [63]
found to use different modalities of acupuncture to treat SCI in rats and found that
electroacupuncture have better anti-inflammatory, antioxidant effect than other
method of acupuncture which can protect neurons to improve recovery. In addition,
electroacupuncture are effective to relieve pain by activating a variety of bioactive
chemicals including opioids, serotonin and norepinephrine [64]. Combination of
electroacupuncture treatment after cellular transplantation is a good strategy.
Electroacupuncture can prolong the survival time of the transplanted cells, and
promote the proliferation and differentiation of transplanted cells. Ding et al. [65]
combinedly used electroacupuncture and grafted mesenchymal stem cells for SCI
and detected that the expression of NTFs receptor TrkC is increased and remyeli-
nation and function in demyelinated spinal cord are improved.

7.2 Chinese Herbology

Chinese herbs have been used for centuries and formed a set of unique theory.
According to the theory of Chinese herbology, the treatment of SCI mainly involves
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activating blood circulation, removing blood stasis, smoothing the meridian,
nourishing kidney and benefitting qi (This is a traditional Chinese medicine theory,
distinct from the theory of modern medicine). The commonly used prescription
include the single prescriptions such as Salvia miltiorrhiza (Dan Sen), Panax
notoginseng (San Qi), Panax ginseng (Ren Shen), Ligusticum wallichii (Chuan
Qiong) or their active ingredients and the compound prescriptions such as
Buyanghuanwu Decoction, Xuefuzhuyu Decoction, Fangjihuangqi Decoction and
so on. Panax notoginsenoside is a compound isolated from Panax notoginseng. The
study found that Panax notoginsenoside can inhibit the inflammatory cytokines
release and signaling pathways in cell apoptosis for the effect of neuroprotection
[66]. Panax notoginsenoside also caused an upregulation of NGF and BDNF for
improving the hind limb motor function [67]. Ligustilide is one of the main active
components of Angelica sinensis, which can reduce the generation of reactive
oxygen species to reduce the neuron damage and promote restoration of the injury
[68]. Compatibility of medicines is an important component of Chinese traditional
medicine theory. Buyanghuanwu Decoction is composed of astragalus, Angelica
sinensis, radix paeoniae rubra, lumbricus, Ligusticum wallichii, safflower, peach
kernel. The study found Buyanghuanwu decoction can promote the proliferation
and differentiation of neural stem cells [69], and also can decrease in expression of
caspase-3 and Bax and increase in Bcl-2 expression to exert anti-apoptosis effect
[70]. Buyanghuanwu Decoction also can be used to combine with embryonic neural
stem cell transplantation, and that will be under a synergistic effect on the recovery
of neurological function [71].

8 Conclusion

SCI brings a series of functional impairment and pain to the patient caused dev-
astating shock and heavy burden. Owing to the unique nature of the central nervous
system and complex pathophysiological mechanisms after SCI, it is difficult to form
a suitable environment conducive to recovery of SCI. On the contrary, scar for-
mation and low levels of NTFs hinder the repair of the spinal structure. The
treatment of SCI is creating a suitable microenvironment on the damaged area and
supplement the new cells to instead the damaged and apoptotic cells to support the
reconstruction of the original structure of the spinal cord. Supplementary exogenous
NTFs is the principal part of creating suitable microenvironment. Nonetheless,
management strategies of different NTFs at different times and different site need to
be more sophisticated regulation. Biological scaffold that can cope with the delivery
of NTFs, while cell transplantation can also offer support. The presence of a large
number of cells destroyed or apoptosis after SCI, and the insufficient endogenous
stem cells in the central nervous system makes it is necessary to transplant
exogenous cells. Exogenous cells can supplement the lack of cell, while the
secretion of extracellular matrix can play a role in improving the microenvironment.
And genetic engineering can help the transplanted cells be best to play this role.
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Chinese medicine is one kind of magical drugs and treatment methods. Continue to
clarify the biological mechanisms of Chinese medicine also can provide excellent
ideas for the treatment of SCI. At present the main problems or challenges existing
in the research are: first, the cells transplanted into the defect is not able to com-
pletely differentiate to form the cell suiting the functional and the structure. Such as
how to regulate the biology behavior including proliferation and differentiation of
NSCs as seed cells, so that it can provide important cell structure basis and neu-
rotrophic support for the reconstruction of spinal cord tissue engineering, and avoid
unfavorable side for SCI repair, such as the transplanted neural stem cells in a
quiescent state or mostly differentiate into glial cells and so on. Secondly, the
number of new tissue growth in both ends of the fiber is limited and it is difficult to
form synaptic connections. Thirdly, how to exclude or counteract the cytokines or
negative components that inhibit axonal regeneration and the formation of synapses
in the environment. Fourthly, the transplantation related issues such as immune
rejection, revascularization and so on are also very important issues. Finally, more
important is to repair the injured spinal structure but not functional rehabilitation.
After various conditions stimulus in vivo and vitro environmental reached the
remodeling of structural and functional, and ultimately to achieve important goals
that the function of patients with paraplegia rehabilitation and quality of life
improved obviously. We still have a hard and slow way to get that.

After comprehensive analysis of large number of domestic and foreign basis and
clinical research about SCI, the author put forward the treatment of spinal cord
injury with paraplegia rehabilitation treatment, which should be taken to a new
comprehensive treatment strategies and methods called “SR-Combined Strategies”.
The concrete content includes: (1) Rescue: including spinal surgical fixation,
decompression, neural protection and stress protection and so on; (2) Regeneration:
a various kinds of treatment for promoting damaged spinal cord regeneration. Main
idea is to promote spinal cord neurons axon regrowth, such as use NTFs, transgenic
therapy; (3) Replacement: It is all kinds of neurons, stem cells or other cells for the
transplant therapy; (4) Remyelination: It is mainly to promote form new myelin of
the demyelinated spinal cord fibers and restore conduction function of damaged
nerve fiber, including the appropriate drugs, factors and myelin forming cells
therapy; (5) Rehabilitation: including almost all of the neurological rehabilitation
physiotherapy methods and measures. We think we should establish the following
concepts: (1) Rehabilitation is not an adjuvant therapy. Breaking the idea in tra-
ditional sense that the rehabilitation dispensable; (2) Adhere to the principle of
individual rehabilitation. According to each the actual injury patients and the
development of the situation, make a scientific and reasonable rehabilitation
methods and embodiments; (3) early intervention and perseverance principle.
Breaking the traditional concept that the rehabilitation is the late treatment and
establishing the concept of lifelong rehabilitation; (4) Rehabilitation techniques
adhere to integration of Chinese and western, and value both physical and chemical.
Breaking the traditional concept that the rehabilitation just includes physiotherapy
and physical exercise therapy. Rehabilitation equipment should adjust local con-
ditions and personalized; (5) Rehabilitation theory need innovation and absorbs
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new knowledge. Such as the present, in particular, should be focused on the psy-
chological rehabilitation of paraplegics, truly improve physical and mental health of
paraplegics. SR-Combined Strategies also should adjust the local conditions and
personalized. In summary, the combination of a variety of methods for clinical
therapy of SCI is the development direction in the future, and basic research
continuously investigation of the downstream mechanism of each method can
provide fresh ideas for clinical combined strategy.
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