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Abstract: Stem cell transplantation for spinal cord injury (SCI) along with new pharmacotherapy 

research offers the potential to restore function and ease the associated social and economic 

burden in the years ahead. Various sources of stem cells have been used in the treatment of SCI, 

but the most convincing results have been obtained with neural progenitor cells in preclinical 

models. Although the use of cell-based transplantation strategies for the repair of chronic SCI 

remains the long sought after holy grail, these approaches have been to date the most successful 

when applied in the subacute phase of injury. Application of cell-based strategies for the repair 

and regeneration of the chronically injured spinal cord will require a combinational strategy that 

may need to include approaches to overcome the effects of the glial scar, inhibitory molecules, 

and use of tissue engineering strategies to bridge the lesion. Nonetheless, cell transplantation 

strategies are promising, and it is anticipated that the Phase I clinical trials of some form of 

neural stem cell-based approach in SCI will commence very soon.
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Introduction
Spinal cord injury (SCI) is a major cause of disability and, at present, there is no 

universally accepted treatment. The cervical and lumbar regions of the spine are 

the most commonly affected areas in SCI. The functional decline following SCI is 

contributed to by both direct mechanical injury and secondary pathophysiological 

mechanisms that are induced by the initial trauma. These mechanisms initially involve 

widespread hemorrhage at the site of injury and necrosis of cellular components of 

the central nervous system (CNS). At later stages of injury, the cord is observed to 

display reactive gliosis. The actions of astrocytes, as well as numerous other cells in 

this response, create an environment that is not conducive to axonal regrowth, and the 

immune system worsens this further.1

The discovery of the potential utility of stem cells in neurological repair and 

regeneration is an exciting development in neuroscience. Despite advances in medical 

and surgical care, the current clinical therapies for SCI are largely ineffective. During 

the last two decades, the search for new therapies has been revolutionized with the 

discovery of stem cells, which has inspired scientists and clinicians to search for a 

stem cell-based reparative approach to treat SCI. Stem cells, in the niches around the 

ependymal layer, proliferate after neuronal loss. This proliferation is triggered by 

various messenger cascades provoked by the injury. Gliosis in most situations impairs 

the attempts of axons to regrow and re-establish communications. Cell replacement 
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approaches in the setting of SCI can be used to achieve 

two broad goals, ie, regeneration, which seeks to replace 

lost or damaged neurons and induce axonal regeneration or 

plasticity, and repair, which seeks to replace supportive cells 

such as oligodendrocytes in order to induce remyelination 

and prevent progressive myelin loss.2 In the setting of SCI, 

stem cell therapy could potentially be used to stimulate the 

endogenous stem cell population to proliferate along neuronal 

lines or to supplement stem cells in the repair process.3,4 The 

mature CNS harbors endogenous stem cells which develop 

into neurons constantly in at least a few areas of the CNS, 

ie, the subventricular zone, which includes the linings of 

the lateral ventricles, the subgranular zone of the dentate 

gyrus, and the central canal of the spinal cord. These cells 

normally differentiate only into astrocytes and oligodendro-

cytes in vivo.5,6 There are some factors in the CNS which 

normally limit or prevent endogenous stem cells from becom-

ing mature neurons.4

After injury, with resultant loss of both nerve cells and 

cells that provide the myelin for appropriate conduction 

properties, the obvious solution would be to provide cells 

that can replace the lost function. A variety of tissues and 

cells have been used to encourage restoration of function.7 

These include stem cells, olfactory ensheathing cells (cells 

that form the myelin on olfactory nerves), Schwann cells 

(cells that form the myelin on peripheral nerves), dorsal 

root ganglia, adrenal tissue, hybridomas, peripheral nerves, 

or transplanted conduits of Schwann cells, which would 

serve as a source for chemical and mechanical guidance. 

It is postulated that these tissues would rescue, replace, or 

provide a regenerative pathway for injured adult neurons, 

which would then integrate or promote regeneration of the 

spinal cord circuitry and restore function after injury.8

The route through which stem cells can be instilled is a 

major question in cell therapy. Direct injection into the injury 

site at the time of surgery, delivery through the vascular 

route by highly selective angiography, through the central 

canal by instillation into the fourth ventricle, and intrathecal 

instillation are the possible and frequently used routes for 

stem cell transplantation in SCI. Of these routes, intrathecal 

instillation is technically simple and least likely to provoke 

iatrogenic damage of regenerative potential.

Due to cellular loss, regeneration after SCI is limited, 

and current approaches to treatment of SCI do not lead to 

complete cure. Various sources of stem cell transplantation 

have been shown to replace host neurons, enhance axonal 

growth, and improve functional recovery successfully in rat 

models of SCI.9 New approaches in stem cell therapy using 

neural stem/progenitor cells are widely accepted in the treat-

ment of degenerative diseases for the repair of damaged or 

lost tissues (Figure 1). There are several cell sources for stem 

cell therapy, including fetal spinal cord tissue,10 neuronal stem 

cells from adult brains, and mesenchymal stem cells from 

bone marrow11 and other organs, in addition to embryonic 
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Figure 1 Major stem cell sources, regenerative strategies, and levels of difficulties in the treatment of spinal cord injury.
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stem cells. Human embryonic and adult stem cells both have 

potential use as cell-based regenerative therapies. Of course 

they differ in many respects, eg, in the number and differenti-

ated cell types that they can become.

Pathophysiology of SCI
To understand the rationale of the recent advances, it is first 

necessary to review the pathophysiology of SCI. There are 

four general types of SCI: cord maceration, in which the 

morphology of the cord is severely distorted; cord lacerations 

(gun shot or knife wounds); contusion injury, which leads to 

a central hematomyelia that may evolve into a syringomyelia; 

and solid cord injury, in which there is no central focus of 

necrosis as in contusion injury. There are three phases of 

SCI response that occur after injury, ie, acute, secondary, 

and chronic injury processes.12–14 Experimental models and 

clinical observations of acute SCI support the concepts of 

primary and secondary injury, in which the initial mechanical 

insult is succeeded by a series of deleterious events that pro-

mote progressive tissue damage and ischemia. Whereas the 

primary injury is fated by the circumstances of the trauma, 

the outcome of the secondary injury may be amenable to 

therapeutic modulation.

Acute SCI
In the acute phase, which encompasses the moment of 

injury and extends for the first few days, a variety of par-

allel pathophysiological processes begins, which can be 

summarized in two complex phases.15

Primary injury mechanism
The primary injury phase is due to compression or contusion. 

Primary injury mechanisms include impact plus persistent 

compression; impact alone with transient compression; dis-

traction; and laceration/transection.13 The first mechanism 

in SCI involves cord compression, fracture-dislocations, 

and acute disc ruptures. The second mechanism involves 

impact alone with only transient compression and distraction. 

Forcible stretching of the spinal column in the axial plane 

provides a third mechanism and becomes apparent when dis-

tractional forces resulting from flexion, extension, rotation, or 

dislocation produce shearing or stretching of the spinal cord 

and/or its blood supply. This type of injury may underlie SCI 

without radiological abnormality, especially in children where 

cartilaginous vertebral bodies, underdeveloped musculature, 

and ligament laxity are predisposing factors.16

The initial mechanical insult tends to damage primarily 

the central gray matter, with relative sparing of the white 

matter, especially peripherally, which can be the result of its 

softer consistency and greater vascularity.17 Further nerve 

transmission may be disrupted due to microhemorrhages or 

edema near the injury site.18–20 Damage of gray matter occurs 

within the first hour after injury, whereas the white matter is 

irreversibly damaged within 72 hours after injury.

Secondary injury mechanism
Following an initial impact after SCI, there is a cascade 

of downstream events termed “secondary injury”, which 

culminates in progressive degenerative events in the spinal 

cord. These secondary injury mechanisms include, but are 

not limited to, ischemia, inflammation, free radical-induced 

cell death, glutamate excitotoxicity, cytoskeletal degradation, 

and induction of extrinsic and intrinsic apoptotic pathways. 

After SCI, several factors, including glutamate release, lipid 

peroxidation, and ionic imbalance, contribute to the events, 

leading to acute local ischemia and secondary degeneration.21 

There is emerging evidence that glutamate excitotoxicity 

plays a key role not only in neuronal cell death but also in 

delayed post-traumatic spinal cord white matter degeneration. 

Importantly however, the differences in cellular composition 

and expression of specific types of glutamate receptors 

in grey versus white matter require a compartmentalized 

approach to understand the mechanisms of secondary injury 

after SCI.

Chronic SCI
In chronic SCI, the wave of secondary cell death, which 

mainly affects neurons and oligodendrocytes, spreads 

rostrally and caudally from the site of impact, leading to 

structural and functional disturbance of the spinal cord.22 

Later, secondary mechanisms cause the chronic phase of 

the SCI, when they produce vasculature and ischemia, 

glutamatergic excitotoxicity, oxidative cell stress, lipid 

peroxidation, and inflammation, all of which alone or in 

concert can trigger apoptosis.21 Mortality rates are highest in 

the first year after SCI. For patients surviving at least 1 year 

after traumatic SCI, life expectancy is approximately 90% 

of normal.23,24 Higher neurological level, severity of injury, 

and older age at the time of SCI negatively impact survival.

Current treatments and clinical 
trials for SCI
Pharmacological agents must be given within a narrow 

window of opportunity to be effective. Although many 

therapeutic agents show potential promise in animal 

models, only methylprednisolone has been shown in large, 
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randomized, double-blind human studies to enhance the 

functional recovery of neural elements after acute SCI.25 

Several studies have investigated chronic SCI models using 

whole tissue grafts and cells of the peripheral nervous system. 

Transplantation of fetal spinal tissue, fetal brain cortex, olfac-

tory ensheathing cells, peripheral nerve grafts, and Schwann 

cells after SCI have all been shown to improve locomotor 

recovery,26–30 suggesting that the chronic post-injury period 

may be a feasible target for repair (Table 1).

Regeneration and replacement of neurons and glia 

that undergo cell death soon after injury are the main 

goals of all stem cell-based therapies for SCI. Successful 

development of stem cell-based therapies for SCI requires 

more intense work to obtain a better understanding of 

stem cell differentiation pathways and their survival upon 

transplantation.25 All stem cell replacement strategies 

should address these two important problems, and this may 

be accomplished by improved differentiation protocols for 

stem cells, transplantation of neural progenitor cells, or by 

activation of endogenous sources of neural progenitors. 

However, the ideal source of stem cells for efficient and 

safe cell replacement has remained a challenging issue that 

requires more investigation (Table 2).

An autologous transplantation approach for the treatment 

of SCI eliminates concerns regarding immune rejection and 

avoids the controversy over embryonic or neonatal sources. 

However, an autologous approach necessitates sacrificing a 

peripheral nerve, and despite improvements in amplification 

techniques, more time is needed before enough cells can 

be generated for transplantation. Alternative sources of 

stem cells from postnatal skin or adult bone marrow have 

recently been pursued and tested after thoracic transection31 

or contusion32 injuries to obviate the need for harvesting a 

peripheral nerve from a patient. Different sources of stem 

cells are being exploited for the treatment of spinal cord 

injury as well as other neurological disorders.

Human embryonic stem cells
Embryonic stem cells are derived from the inner cell mass 

of mammalian blastocysts and have the ability to proliferate 

by maintaining both their pluripotency and the ability to 

differentiate into nearly all cell types, including neuronal 

and glial fate cells.26,33 Human embryonic stem cells were 

first derived from human blastocysts by Thomson et al in 

1998.27 These cells have an ability to proliferate in long-

term cultures while maintaining their pluripotent nature. 

Therefore, embryonic stem cells are a promising source of 

differentiated oligodendrocytes and motor neurons for the 

treatment of SCI. Several reports34–36 have demonstrated the 

in vitro capacity of human embryonic stem cells to generate 

neural progenitor cells, including regionally specific neuronal 

subtypes. Compared with other sources of cell therapy, 

human embryonic stem cells are one of the most attractive 

cell sources for spinal cord therapy and this strategy has been 

validated recently34 by the finding that human embryonic stem 

cell-derived motor neurons can survive and integrate into the 

spinal cord. In a recent study by Erceg et al,37 transplantation 

of human embryonic stem cell-derived oligodendrocyte 

progenitor cells and/or motor neuron progenitors was 

done in an adult rat with SCI. The study demonstrated the 

survival, migration, and differentiation of transplanted cells 

into appropriate cell types without forming teratomas, and 

improved locomotor function.

Limitations with regard to this source of cells include 

the lengthy and complex differentiation protocols needed 

for obtaining neural progenitors from human embryonic 

stem cells, application of undesired cell types and undefined 

factors, and also issues regarding the safety of transplanta-

tion of human embryonic stem cells in humans, including 

formation of teratomas following human embryonic stem 

cell-derived neural cell engraftment.38

Neural stem cells
Neural stem cells can be isolated from various parts of 

the embryonic and adult CNS, such as the subventricular 

zone lining the lateral ventricles39–41 and the dentate gyrus 

of the hippocampus,42,43 although the multipotentiality of 

the latter remains a contentious issue. Neural stem cells 

are multipotent and can differentiate into three lineages, 

ie, neurons, oligodendrocytes, and astrocytes, and can be 

efficiently propagated in vitro.44,45 The alternative strategy for 

treatment of SCI is recruitment of endogenous neural stem 

cells or transplantation of neural stem cells. There are very 

few reports46–49 that describe the mechanism of integration 

of neural stem cells and a mechanism to promote functional 

recovery after SCI. Recently, Hooshmand et al46 have shown 

that no change occurs in the host microenvironment (lesion 

size, tissue sparing, glial scar, and expression of proteins such 

as fibronectin, NG2, versican, GFAP, and PECAM1) after 

analysis of neural stem cell-engrafted models of SCI. Sources 

of transplanted neural stem cells, methods of isolation, and 

preparation of cells prior to implantation seem to be critical 

in cell survival and integration after implantation.46,50

Neural stem cells are more preferable to human embryonic 

stem cells for clinical applications because they are safer for 

cell therapy, given that neural stem cells have less potential to 
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form tumors compared with embryonic stem cells.51 Isolation 

of pure populations of differentiated cells, inefficient tracking 

systems, and moderate cell survival after transplantation45,52 

are critical challenges that remain when using neural stem 

cells. Axonal regeneration and extension by cell replacement 

using either endogenous or exogenous stem cells suffer 

from various limitations, including formation of glial scars, 

a lack of neurotrophic factors, inhibitory myelin-associated 

molecules, and decreased levels of cAMP.53,54

Induced pluripotent stem cells
Induced pluripotent stem cells represent a breakthrough 

in the field of stem cell biology and provide a promising 

cell resource for customized patient-specific cell therapies. 

Induced pluripotent stem cells are very similar to embryonic 

stem cells in terms of gene expression, chromatin methylation, 

and embryoid body and viable chimera formation.55 They 

are capable of differentiating into all cell types, including 

neurons, glia, neural progenitor cells, and motor neurons.56,57 

Furthermore, the derivation of induced pluripotent stem 

cells using nonviral methods58 or by chemicals and small 

molecules,59 such as transcription factors,60 Oct4, Klf4, 

Sox2, and c-Myc,61 makes this cell replacement strategy very 

attractive. Nevertheless, this cell type shares disadvantages 

similar to those of other cell sources. Teratoma formation, 

aberrant reprogramming, and the presence of transgenes 

in induced pluripotent stem cell populations are the most 

concerning obstacles, which should be addressed before their 

clinical application.62

Bone marrow stromal cells
Bone marrow stromal cells are isolated from the stromal 

compartment of the bone marrow and are nonteratogenic, 

with anti-inflammatory and immunomodulatory effects.63,64 

These cells also secrete neurotrophic factors and cytokines 

which make them an attractive source for trophic support in 

autologous transplantation of endogenous and co-implanted 

cells at the time of CNS injury. Several studies in rodents have 

demonstrated that the intraspinal, intrathecal, and systemic 

(intravenous) routes of delivery have been successful for 

axonal regrowth and sprouting in SCI repair.65

However, the use of bone marrow stromal cells in SCI is 

limited because of certain issues, such as bone marrow stromal 

cell migration beyond the injection site. Variability in clinical 

outcome of bone marrow stromal cells across the lesion site in 

SCI repair makes it difficult due to intervariability in efficacy 

and immunomodulatory potency. Also, there is an absence of 

more appropriate models for SCI using bone marrow stromal 
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cells to distinguish between functional preservation of axons 

and de novo axonal regrowth.66,67

Umbilical cord blood-derived stem cells
Identification of a suitable source of stem cells for use in 

regenerative medicine research and its applications has been 

challenging. For effective clinical application, a readily, more 

accessible, abundant, and compatible source of stem cells is 

required. Umbilical cord blood provides an answer to these 

problems because it is an abundant source of nonembryonic 

stem cells.68 Compared with the collection of bone marrow, 

umbilical cord blood collection is more feasible because it 

is noninvasive with no side effects for either the baby or the 

mother.69,70 Moreover, umbilical cord blood stem cells have a 

higher proliferating potential, with telomeres that are longer 

than those of other somatic stem cells.71,72 Further, umbilical 

cord blood can be stored and cryopreserved in cord blood 

banks for later use in transplant applications.

It has been shown that the mononuclear fraction of 

umbilical cord blood contains pluripotent stem cells with the 

potential to become neural cells.73 The use of these cells in 

neural clinical applications is still in the initial phase, but the 

results obtained so far are very promising. Kang et al74 puri-

fied mesenchymal stem cells from umbilical cord blood and 

transplanted them to the injury site in a 37-year-old woman 

with SCI. The results showed regeneration of the spinal cord 

at the injury site and the patient showed improved sensory 

perception and mobility.74

Preclinical trials based on umbilical cord blood stem 

cells in animal models have shown promising results in the 

treatment of neural diseases and injuries.75 Many researchers 

have demonstrated that umbilical cord blood stem cells are 

amenable to neurological application, including preclinical 

animal models of disease, and more recently clinical trials.76 

Therefore, umbilical cord blood stem cells are unique in their 

suitability for use in stem cell transplantation for the treat-

ment of neurological disease.77

Adipose-derived mesenchymal stem cells
Studies have been conducted with mesenchymal stem 

cells for the treatment of various diseases in the field of 

regenerative medicine. For many years, bone marrow stromal 

cells have been the primary source of stem cells for tissue 

engineering applications.78–80 However, studies have shown 

that subcutaneous adipose tissue has an advantage over other 

stem cell sources, ie, the ease of isolating stem cells from 

harvested tissue.81 Adipose mesenchymal stem cells show 

stable growth and proliferation kinetics, and can differentiate 

into adipogenic, osteogenic, chondrogenic, myogenic, or 

neurogenic lineages in vitro.82–84

Adipose mesenchymal stem cells express CD90, CD105, 

CD106, CD117, and STRO-1 markers, and are negative for 

hematopoietic lineage markers (eg, CD45 and CD14) as 

well as for endothelial cell markers (CD31, CD144) and von 

Willebrand factor.82,84 Adipose mesenchymal stem cells are 

fibroblast-like cells in their morphology, and preserve their 

shape after expansion in vitro.82,85,86

Adipose mesenchymal stem cells can be used in the 

treatment of many CNS injuries.87–91 Ryu et al91 used this 

type of stem cell for the treatment of acute spinal injury 

in a canine model, and reported significant improvement 

in neurological function. In another study, adipose 

mesenchymal stem cells were used to treat SCI in rats after 

in vitro differentiation into Schwann cells.92 In this study, the 

authors stated that functional improvement was not observed 

despite the significant histological improvement achieved at 

the primary injury site by the transplantation of Schwann 

cells. Therefore, it was speculated that complete recovery 

of spinal cord function requires a much more complex 

treatment strategy combining different modalities. Adipose 

mesenchymal stem cell therapies appear very promising 

based on the results of in vitro and in vivo research. Currently, 

a number of clinical trials for the regeneration of soft tissue, 

craniofacial tissue, cardiovascular, and CNS tissues are 

underway.93

Schwann cells
Schwann cells are typical gliocytes that are involved in axon 

regeneration in the peripheral nervous system and form the 

myelin sheaths around axons.94 Several neurotrophic factors, 

extracellular matrix, and cell adhesion molecules expressed by 

Schwann cells have been used to promote axon regeneration 

and improve the glial environment after SCI.95,96

It is believed that astroglial scars block the growing axons 

and prevent migration of Schwann cells into the astroglial 

domain, so they are unable to provide a bridge for newly 

born axons to grow through the astroglial scar.95 Therefore, 

more research is needed to maintain the biological activity of 

Schwann cells and increase their migration after being trans-

planted to the SCI site. Woodhoo et al97 implanted Schwann 

cell precursors into the injured spinal cord and found that 

these cells have greater ability than normal Schwann cells to 

migrate and survive in the astroglial environment.

In another study, Papastefanaki et  al98 transplanted 

Schwann cells with altered adhesion properties into an in vivo 

mouse model of SCI and found that these cells promoted 
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faster and significantly greater functional recovery compared 

with normal Schwann cells or no cells at all. The ability of 

Schwann cells to repair SCI can be enhanced by combined 

therapeutic measures, such as increasing the secretion of 

neurotrophic factors by genetic engineering, filling the gap, 

and providing channels through the injury site.

Olfactory ensheathing cells
Olfactory ensheathing cells are present along the full length 

of olfactory nerves crossing the peripheral nervous system 

and CNS junction.99,100 Unlike most of the adult CNS, the 

olfactory bulb retains its regenerative capacity. Compared 

with other cells, olfactory ensheathing cells have a greater 

ability to migrate to areas distal from the transplantation 

site, so they can bridge the gap between the lesion site and 

normal spinal cord to grow the axons.101 These cells can be 

harvested and then transplanted back into the original human 

donor, thereby eliminating rejection-related problems and 

being ideal for translational research.102

Olfactory ensheathing cell transplantation studies in 

animals suggest that delaying transplantation after SCI may 

be beneficial to the survival of ensheathing cells.98 There are 

many published reports about autologous transplantation as a 

treatment for SCI.106 Olfactory ensheathing cells have more 

potential advantages than Schwann cells, but more basic 

research is needed to identify the mechanisms by which they 

promote axonal regeneration. Recent findings suggest that 

the beneficial effect of these cells can be enhanced by genetic 

engineering approaches or transplanting them with other 

cell types.103 When compared with Schwann cells and other 

sources of stem cells, problems of rejection, overgrowth, 

disease transmission, and ethical issues can be avoided 

because a subject’s own olfactory mucosa can be used for in 

vitro studies and clinical trials.106

Challenges in developing cellular 
therapies for SCI
Cell sourcing
A number of cell sourcing issues need to be considered when 

developing cell-based therapies for the treatment of SCI and 

other neurological disorders. To develop such a strategy, 

a suitable source and quantity of cells for transplantation 

need to be considered first. If the cells are obtained from 

an animal source for preclinical studies, there should be 

a mechanism for translating them into the clinical setting. 

A second consideration is how to characterize the cells 

obtained to determine which specific cell phenotype should 

be implanted for a particular disease. Another issue arises 

when the stem cells are continuously cultured, including 

reproducibility of cell lines and the number of times a cell 

line can be passaged due to variation in passage numbers, 

feeder layers, and composition of the medium.

Transplantation issues
The first transplantation issue concerns the route of delivery, 

which should preserve cell integrity and viability. For 

progenitor cell transplantation, maximum care should be 

taken to eliminate unwanted differentiation or proliferation, 

which can lead to formation of teratomas. A second issue 

is related to the immune response of patients at the time of 

transplantation, which can lead to graft rejection.

Confirming an experimental therapy 
before transfer into humans
To obtain the necessary experimental data to begin clinical 

studies, compelling evidence of benefit must be demonstrated 

in reproducible animal models of SCI, although no single 

experimental model exactly mimics clinical conditions in 

humans. The rodent models that are currently being used 

include compression, contusion, and transection methods 

leading to reproducible patterns of structural damage in 

specific gray and white matter structures. Injury severity 

varies with each model, so that a spectrum of histopathological 

and behavioral deficits is reproduced. Also, the SCI patient 

population is a very heterogeneous group, so no one SCI 

patient is exactly the same as another. With this in mind, 

the American Society of Neural Transplantation and Repair 

comments that the exact type of animal model required will 

depend on the target condition being considered.105

Cell fate and tracking in vivo
Determination of cell migration and fate in real time and in the 

long term is of major interest as it relates to dosing, efficacy, 

optimization, and safety concerns in translational approaches 

for cell therapy. For both research and clinical purposes, 

tracking of stem cells after their administration is crucial 

in vivo and in vitro for determination of their distribution, 

location, quantity, viability, and final differentiation. There 

are several strategies to track the cells in vivo and in vitro. 

Noninvasive strategies include: direct labeling of target 

cells with paramagnetic contrast agents and tracking them 

with functional magnetic resonance imaging, using either 

supermagnetic iron oxide particles,106,107 gadolinium,108,109 

19 F isotopes,110 direct labeling with quantum dots using 

cadmium nanocrystals,111,112 or traditional fluorochromes like 

PKH26,113 or internal labeling using transfected enhanced 
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green fluorescence protein and firefly luciferase reporter 

genes via the bioluminescence mechanism.114,115 Each of 

these cell tracking methods suffers from many drawbacks, 

including: limited uptake of paramagnetic contrast and weak 

magnetic resonance imaging signals (except when using the 

supermagnetic iron oxide particles); traditional fluorochromes 

being prone to bleaching; cadmium in quantum dot crystals 

being toxic to cells; and bioluminescence imaging being 

limited by low tissue penetrance.116

Cell dosing and delivery
In terms of the upper limit and frequency of administration, 

stem cell dosing remains controversial in the indication of 

SCI. One would expect an incremental response with dose 

escalation, but the available data are limited. Recently, 

Usvald et  al117 demonstrated an optimum dosing regimen 

for intraparenchymal injection of human spinal cord-

derived stem cells into the minipig spinal cord for neuronal 

repopulation, although some studies have suggested that 

intrathecal and intravenous delivery of stem cells is less 

efficacious than direct injection into spinal cord tissue.118,119 

Vaquero et al118 also showed that intralesional injection of 

stem cells into rats with SCI produced a better outcome than 

intravenous administration. A recent study by Wu et  al120 

proposed fibrin glue as a vehicle for delivering mesenchymal 

stem cells to injured neural tissues, with good functional 

recovery, although it is still a challenge to target the stem 

cells within cellular precision.

Conclusion and future directions
In the field of translational biology, we are rapidly moving 

toward translation into clinical practice, which provides 

advanced cell culture techniques and plasticity with regard 

to choosing different stem cell sources to test the ability of 

these cells in the treatment of SCI and other neurological 

disorders. Research using in vitro and in vivo regenerative 

medicine models has demonstrated the potential use of stem 

cells in the treatment of various diseases, but uncertainty 

regarding a suitable source have raised controversial 

problems concerning their identification and development 

of new cell-based therapies.

Although various factors are involved in causing different 

types of SCI, destruction of the signal pathway is the same. 

Reier et al121 performed the first human fetal stem cell trans-

plantation for SCI and the procedure explicitly recognized 

the advantage of using stem cells, with a positive outcome in 

regards to both safety and efficacy. More studies are needed 

to enhance graft cell viability and application of controlled 

differentiated cells in SCI. Several other studies have also 

demonstrated that histological changes in axonal regeneration 

and sprouting are crucial for behavioral recovery, therefore 

promoting axonal elongation and sprouting is now a well 

accepted strategy for treatment of SCI. These cellular-based 

therapies combined with additional strategies such as neu-

rotrophins, neuroprotective agents, and engineering of neu-

robiocompatible materials to bridge the cord injury increase 

the hope of improved treatment of SCI.

Because of the complexity of the issues involved, 

different viewpoints, and variations between protocols at 

different institutions for graft replacement transplantation 

studies, it is diff icult to develop a common protocol. 

Questions regarding relevant animal modeling in both large 

and small animals also require continued discussion, and 

controlled preclinical data in Phase I studies are essential to 

evaluate the safety of cell therapy.
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