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Abstract 

Traumatic spinal cord injuries (SCIs) cause physical disruption of axons through the epicenter of the injury site, the 

release of factors that alter neuronal excitability, and inflammation, leading to deficits in motor, sensory, and 

autonomic function. Other factors contributing to loss of function include the death of cells and the formation of scar 

tissue that inhibits regeneration. Current clinical treatments for SCI include performing surgery to stabilize the injury 

site, administering high doses of corticosteroids to limit secondary injury processes, and providing rehabilitative care.  

However, no long term cures exist for the treatment of SCI and accordingly more aggressive strategies for repairing 

the damaged spinal cord have been investigated. A number of different cell therapies have been evaluated in both pre-

clinical and clinical trials and here we review these studies that evaluated the following types of cell therapies:  neural 

cells derived from embryonic stem cells (ESCs), oligodendrocyte progenitor cells (OPCs), motor neuron progenitor 

cells (MNPs), neural stem cells (NSCs), bone marrow-derived stem cells, induced pluripotent stem cells (iPSCs), 

olfactory unsheathing cells (OECs) and Schwann cells (SCs). We discuss the advantages and disadvantages of each 

cell type and their specific role in functional improvement. We highlight preclinical versus clinical studies along with 

discussion of new clinical trials and give suggestions for future areas of study.  
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Abbreviations:  

SCI: spinal cord injury  

ASIA: American Spinal Cord Injury Association  

ESCs: embryonic stem cells  

NSCs: neural stem cells  

OECs: olfactory ensheathing cells  

SCs: Schwann cells  

BBB: blood–brain barrier  

CNS: central nervous system  

BDNF: brain-derived neurotrophic factor  

NT-3: neurotrophin-3  

NT-4: neurotrophin-4  

PNS: peripheral nervous system  

NGF: nerve growth factor  

GDNF: glial-cell-line-derived neurotrophic factor  

IVF: in vitro fertilization  
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SCNT: somatic cell nuclear transfer  

PGD: pre-implantation genetic diagnosis  

PDGFRα: platelet-derived growth factor receptor 

alpha  

NG2: nerve/glial antigen-2  

FDA: Food and Drug Administration’s  

MNPs: Motor neuron progenitors  

UMNs: upper motor neurons  

LMNs: lower motor neurons  

IND: investigational new drug  

MSCs: Mesenchymal stem cells  

HSCs: hematopoetic stem cells  

BMSCs: bone marrow-derived stromal cells  

iPSCs: induced pluripotent stem cells  

ECM: extra cellular matrix  

CST: corticospinal tract  
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1. Introduction 

Spinal cord injury (SCI) is a devastating neurological 

disorder affecting thousands of  individuals each year 

[1]. Over the past few decades, enormous progress has 

been made in our understanding of SCI, but there is 

yet no cure for repairing the injured spinal cord. SCI is 

a complex disorder mainly caused by events like 

trauma caused during a vehicle accident, falling from 

a significant height, severe twisting of the middle 

portion of the torso, sport accidents as well as 

nontraumatic reasons like neoplasms, vascular 

disease, inflammatory disease and spinal stenosis [1, 

2]. When axons of spinal cord are physically disrupted 

through the epicenter of the injury site, deficits in 

motor, sensory, and autonomic function are caused. 

Hence, this disabling neurological disorder usually 

requires life-long therapy and rehabilitative care [3]. 

According to the scale designed by American Spinal 

Cord Injury Association (ASIA), injuries are classified 

in general terms of being neurologically “complete” or 

“incomplete” based upon the sacral sparing definition. 
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Sacral sparing refers to the presence of sensory or 

motor function in the most caudal sacral segments. A 

complete injury is defined as the absence of sacral 

sparing, whereas an incomplete injury is defined as the 

presence of sacral sparing [4]. Annually, between 

250,000 and 500,000 individuals suffer from SCI 

around the world. The World Health Organization has 

announced that around 90% of these cases are due to 

traumatic causes; nevertheless the amount of non-

traumatic spinal cord injury appears to be growing [5]. 

Currently, available treatments for SCI consist of 

administering high doses of corticosteroids and 

methylprednisolone for limiting secondary injury 

processes, surgical interventions to stabilize and 

decompress the spinal cord and rehabilitative care [6].  

Advances in understanding the biology of spinal cord 

injury can lead to effective therapies for functional 

restoration [7]. Even restoring some function can 

result in huge improvements in the quality of life for 

patients suffering from SCI [8]. However existing 

treatments do not cure SCI.  

Cell and stem cell-based treatments have proved their 

efficacy in pre-clinical investigations with several 

therapies making it to clinical trials, such as human 

embryonic stem cells (ESCs)-derived 

oligodendrocytes, neural stem cells (NSCs), olfactory 

ensheathing cells (OECs) and Schwann cells (SCs) [9-

11]. This review outlines cell and stem cell-based 

approaches for treatment of spinal cord injury. Here 

we present each cell type candidate for SCI,  discuss 

their therapeutic value, review animal studies for 

different types of cells along a summary given for the 

future investigation of cell and stem cell based 

treatments for SCI. 

A brief review on different cell based treatments for 

SCI is summarized at the end in Table 1. 

 

Table 1: A brief review on different cell based treatments for SCI 

Type of 

Cell 

Cell 

extraction 

source 

Animal 

model 
Outcome Comments Ref. 

 

 

ESC 

 

rat, mouse and 

human ESCs 

 

mouse, 

rat 

 

survival, integration, 

remyelination and improving 

locomotor function 

 

ESCs can be directed to differentiate 

into specific cells with specific 

protocols (like 4-/4+ retinoic acid 

protocol). 

Tumor formation is a legitimate risk 

for transplanted ESC-derivates. 

 

 

[6, 12, 40] 
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OPC 

 

 

 

hESCs 

 

 

 

Rat 

Enhances remyelination and 

promotes recovery of motor 

function 

Demyelinating pathology is an 

important prerequisite for the function 

of transplanted myelinogenic cells. 

Therapeutic potential of these cells is 

demonstrated at eraly time points after 

SCI. 

[59, 159] 

 

 

MNP 

 

hESCs, 

mESCs 

 

 

Rat 

promote motor neuron survival 

and regrowth, assist in 

regulating the maturation of 

neuromuscular synapses, 

increase the release of 

neurotransmitter 

The motor neuron differentiation 

pathway is largely controlled by sonic 

hedgehog and retinoic acid and 

methods have developed to 

differentiate hESCs to high-purity 

(>95%) human MNP 

[12, 75, 

77, 78] 

 

NSC 
human NSCs 

mouse, 

rat 

Differentiated into myelinating 

oligodendrocytes and caused 

integration and functional 

recovery 

Transplanted cells differentiated 

largely into astrocytes and 

oligodendrocytes within minimal 

neuronal differentiation 

[66, 88-90] 

 

BMSC 

 

 

MSCs, 

HSCs 

 

 

Rat 

Create a more favorable 

environment by modulating the 

immune response, limiting 

damage, expressing growth 

factors and cytokines, and 

improving vascularization 

They can transdifferentiate along glial 

and neuronal pathways, though in 

some studies, the characterization of 

cell phenotype was limited to the 

detection of lineage-specific markers 

with no glial or neuronal cell function 

apparent 

[6, 12, 42, 

98] 

iPSC 
iPSCs-derived 

NSCs 
mouse 

- Trilineage neural 

 differentiation, functional 

recovery 

- Fail to improve functional 

recovery of pharmacologically 

immunosuppressed mice 

 

- No tumor formation observed 

- Failure may be due to insufficient 

immunosuppressive effect in 

combination with immunogenicity of 

transplanted cells 

[113, 114, 

120] 
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OECs 

 

 

nasal biopsies 

 

 

Rat 

stimulate tissue sparing and 

neuroprotection, enhance 

outgrowth of both intact and 

lesioned axons, activate 

angiogenesis and remyelinate 

axons after a range of 

demyelinating insults 

They are supportive in repair 

processes, but the evidence that they 

facilitate regeneration of long axonal 

tracts is limited and it is not yet clear 

whether they can be expanded in 

sufficient numbers for use in human 

cell replacement strategies 

[124, 139-

141] 

SC SCs Rat 

higher myelin ratio, more axon 

regeneration into and out of the 

SC implant and further 

improved locomotion 

Combined transplantation of SCs with 

methylprednisolone, BDNF, NT-3, 

BDNF or D15A chondroitinase and 

elevation of cAMP levels 

[151-157] 

 

 

2. Pathophysiology of SCI 

Multiple mechanical forces cause spinal cord injury. 

The basic mechanical trauma initiates a cascade of 

events including breakdown of the blood–brain barrier 

(BBB), influx of peripheral inflammatory factors, 

activation of glial cells, excitotoxicity, and necrosis 

[12, 13]. The harshness of the injury can vary 

depending on the location and severity of the injury 

[14]. A schematic representation of the injured spinal 

cord is shown in Figure 1.   

Norenberg and coworkers have outlined the pathology 

of spinal cord injury and potential differences between 

human and experimental animal models in their 

review [15]. They have divided human SCI into four 

groups based on gross findings: solid cord injury, 

contusion/cavity, laceration, and massive 

compression. Animal models are extensively used for 

the study of basic pathological changes that follow 

SCI. However there are differences in injury type 

between laboratory-induced SCI and clinical SCI. 

These differences in injury including anatomical 

location, laminectomy, anesthesia, laboratory 

stressors and complications as well as other major 

reasons for discrepancies between promising animal 

studies and disappointing clinical trials are reviewed 

by Akhtar et al [16].  

Primary lesions occurring at the time of injury are 

followed by secondary injuries which have different 

mechanisms that can arise in hours or even years. The 

primary injuries include physical separation of neuro-

glial tissue and vascular destruction, loss of neurons 

within the grey matter, and loss of myelinating 

oligodendrocytes in the white matter. This damage 

happens at the moment of trauma and is followed by 

microhemorrhages in grey matter spreading out 

radially and axially in a few hours [1, 6, 7, 15]. The 

acute phase including edema, hemorrhage, 

inflammation, axonal swelling/degeneration, and the 

demise of neurons and oligodendrocytes takes hours to 

1-2 days [7, 15, 17]. The “secondary injuries” include 

collagenous scar formation, traumatic neuromata, 

Wallerian degeneration, and delayed post-traumatic 

syringomyelia [18]. A secondary cascade of signaling 
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events causes boosting the inflammatory cytokines 

and chemokines repeatedly, which leads to apoptosis, 

progressive loss of oligodendrocytes (and therefore 

demyelination), and axonal degeneration [12, 19]. In 

general, vascular abnormalities, excitotoxicity, 

oxidative stress, and cell death contribute to secondary 

damage [7]. Uncontrolled release of excitatory 

neurotransmitters, like glutamate, occurs,  causing the 

death of neurons and oligodendrocytes [1, 17]. The 

accumulation of glutamate happens instantly in 

response to ischemia and membrane depolarization 

and only takes 15 minutes to reach toxic levels [17, 

20]. Damage to the central nervous system (CNS) also 

can result in the formation of glial scar, which poses a 

physical obstacle for axonal regeneration [21]. Glial 

scar includes some inhibitory molecules like myelin 

associated molecules (Nogo, myelin associated 

glycoprotein, oligodendrocyte-myelin glycoprotein), 

chondroitin sulphate proteoglycans, individual 

proteoglycans (DSD-1/phosphacan, neurocan, 

versican, brevican, NG2, biglycan and decorin, CS56 

antigen) and other molecules (tenascin, CD44) that 

contribute to blocking the regeneration [21, 22] 

However, aside detrimental effect of glial scar as an 

obstacle for regeneration, there are some beneficial 

effects as well. Enhanced astrocyte migration and 

premature glial scar formation have shown to facilitate 

recovery [23].

 

 

Figure 1: A schematic representation of the injured spinal cord

 

3. Approaches to functional recovery 

 An ideal SCI therapy would enhance functional 

recovery meaning partial or complete return to the 

normal or proper physiological activity after trauma. 

Since limiting the progression of injury is much easier 

than repairing damage, the traditional approach is to 

stabilizing the patient post injury followed by 

treatments to limit the damage caused by secondary 

processes [8]. The formation of glial scar is the 
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greatest hurdle for regenerating the damaged tissue 

after SCI. Blocking the effects of glial scar is usually 

associated with identifying its inhibitory molecules. 

Some attempts to attenuate these inhibitory 

components have focused on methods which reduce 

the synthesis of these components eventually blocking 

their effect.   

Delivering neurotrophic factors for stimulating 

sprouting axons cross the gap across the lesion is 

another possible strategy [8, 19]. In vitro studies have 

shown presence of neurotrophins induces 

oligodendrogliagenesis and enhancement in 

myelination of ingrowing axons [24]. Administration 

of brain-derived neurotrophic factor (BDNF), 

neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) 

influenced the survival of developing CNS and 

peripheral nervous system (PNS) neurons and also 

exerted a neurotropic influence on injured mature CNS 

neurons by increasing their axonal growth [25]. 

Treatment using  nerve growth factor (NGF), NT-3 

and glial-cell-line-derived neurotrophic factor 

(GDNF), but not BDNF, demonstrated selective 

regrowth of damaged axons across the dorsal root 

entry zone and into the spinal cord in adult rats with 

injured dorsal roots [26].  

Using transplanted cells or tissue that support axonal 

elongation for bridging the gap is another approach for 

regeneration [19]. The initial studies in this field 

started to modify axonal growth and provide a surface 

supporting the growth of new axons [27-29] and 

regardless of the difficulty of regrowing axons, there 

has been a remarkable progress in this area [22, 30-

39]. 

Recent studies using cell and tissue transplants for 

promoting regeneration have focused on stem cells 

such as ESCs [40] and NSCs [41] as a new 

regeneration strategy. Stem cells should be 

incorporated into the injury site in order to restore the 

lost neuronal functionality, enhance the neuronal 

plasticity as well as act as support cells that promote 

regeneration.  There are two different ways to utilize 

stem cells for spinal cord repair: one is to transplant 

stem cells or cells derived from stem cells to the 

injured spinal cord, and the other way is taking 

advantage of the resident stem cells in the spinal cord 

[42]. Here, we specifically focus on transplanting 

different types of stem cells as well as two other non-

stem cell types that can be used for recovery and 

discuss their roles in improvement of regeneration, 

and also the hurdles associated with these cell types  

 

4. Types of cells 

4.1. Embryonic Stem Cells (ESCs) 

ESCs are pluripotent stem cells isolated from the inner 

cell mass of blastocysts [43]. Figure 2 illustrates the 

neural differentiation of ESCs. ESCs utilized in 

therapeutic research can be derived from embryos 

made from different methods including in vitro 

fertilization (IVF) [44, 45], somatic cell nuclear 

transfer (SCNT) [46, 47], altered nuclear transfer 

(ANT) [48], pre-implantation genetic diagnosis (PGD) 

[49-51] and parthenogenetic activation of eggs [52]. 

ESCs have a great potential for cell replacement 

therapies as they can be propagated in vitro almost 

indefinitely, stably banked, maintain a normal 

karyotype and differentiation potential even after 

years of culture and directed to differentiate into 

diverse cell types [6, 12]. 

hESCs and mouse ESCs (mESCs) have several 

morphological and behavioral differences. hESCs 

have a slower population-doubling rate versus mESCs 

(~36h population-doubling versus ~12h population-
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doubling time) [53]. Both types of ESCs grow colonies 

but hESC colonies are flat while mESCs form 

spherical colonies [54]. Both mESCs and hESCs have 

different signaling networks for maintaining 

pluripotency as well, and these differences suggest 

their function and downstream signaling pathways 

may differ [53]. 

Although ESCs have great potential and appeal for a 

therapeutic strategy, there are many concerns 

regarding their use. Several ethical issues are 

associated with the use of ESCs as the sourcing of 

donor embryos can be problematic. Also the 

possibility of cloning humans from ESCs in the one-

step procedure of tetraploid complementation and the 

risk of their global distribution and being used for 

reproductive cloning of humans in the future are 

examples of concerns that need to be put into ethical 

consideration [55]. 

hESCs have been directed to differentiate into motor 

neurons [56], multipotent neural precursors [57, 58], 

and high purity oligodendrocyte progenitors [59, 60]. 

mESCs cultured by using a 4-/4+ retinoic acid (RA) 

protocol have been shown to develop into 

oligodendrocytes after transplantation into the injured 

spinal cord [40]; they survived and differentiated 

primarily into mature oligodendrocytes that were 

capable of myelinating axons in the demyelination site 

after transplantation [61]. mESCs predifferentiated 

with RA also demonstrated better functional outcome 

after being injected into the lesion epicenter and 

mESC-treated animals reached the final phase of 

locomotor recovery[62]. 

Extensive research has been done on directing ESCs 

differentiation to produce cells for transplantation 

after SCI. These cell types include ESC derived 

neurons, astrocytes and oligodendrocytes. ESC-

derived neurons have the ability to survive, integrate 

and enhance in functional restore after transplantation 

into injured rat spinal cord [6, 63]. McDonald et al. 

transplanted mESC-derived cells into the spinal cord 9 

days after weight drop injury and the cells survived for 

at least 5 weeks; migrated at least 8 mm away from the 

site of transplantation; differentiated into astrocytes, 

oligodendrocytes and neurons without forming 

tumors; and improved locomotor function [40]. 
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Figure 2: A schematic of embryonic stem cells and their differentiation into the cells of the CNS 

4.2. Oligodendrocyte Progenitor Cells (OPCs) 

OPCs are scattered in the white matter and gray matter 

throughout the CNS and represent the main 

proliferating cell population in the intact spinal cord 

[64]. OPCs secrete multiple growth factors and 

oligodendrocyte-myelin permits saltatory conduction, 

action potential jump from node to node, in axons [12]. 

They express markers including platelet-derived 

growth factor receptor alpha (PDGFRα) and 

nerve/glial antigen-2 (NG2) and are often referred to 

as NG2-glia, NG2-cells or polydendrocytes [65].  

Utilizing  endogenous OPCs mainly for remyelination 

is probably the most practical short-term clinical 

intention for spinal cord regeneration [66]. Some 

studies suggested that OPCs have dual lineage 

potential and besides generating oligodendrocytes 

they give rise to protoplasmic gray matter astrocytes 

as well [67, 68]. However, more recent studies have 

demonstrated that OPCs are restricted to the 

oligodendrocyte lineage in most situations [69-71]. 

Keirstead et al. transplanted hESC derived-high purity 

OPCs into SCI sites of rats 7 days and 10 months after 

injury and the cells showed survival, redistribution 

over short distances, and differentiation into 

oligodendrocytes [59]. In this study, rats receiving 

OPCs at 7 days after injury exhibited enhanced 

remyelination and recovery of motor function, while 

rats that received OPCs after 10 months did not; this 

indicates that the therapeutic window for this type of 

treatment is limited to the early post injury period. 

Sharp et al. transplanted hESC-derived OPCs to 

thoracic SCI of rats and their experiment resulted in 

pathotropism (attraction of drugs toward diseased 

structures) and cells survived and differentiated, 
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enhanced remyelination, and improved locomotor 

outcomes without harmful effects [72].  

Geron Corporation evaluated therapy using hESC 

derived-high purity OPCs in Phase I clinical trials. 

After the U.S. Food and Drug Administration’s (FDA) 

approval of Geron Corporation’s clinical trial in 2009, 

the company started the trial using hESC derived 

OPCs [73]. A year after initiating the phase I clinical 

trial, Geron investigators reported encouraging 

precursory results on safety of cell therapy for four 

treated patients [11, 74]. However, the trial was 

surprisingly canceled in November 2011. 

 

4.3. Motor neuron progenitors (MNPs) 

In a healthy spinal cord the nerves which lie within the 

spinal cord are called upper motor neurons (UMNs) 

and their function is to carry the messages back and 

forth from the brain to the spinal nerves along the 

spinal tract. The spinal nerves which branch out from 

the spinal cord to the other parts of the body are called 

lower motor neurons (LMNs). The sensory portions of 

the LMN carry messages about sensation from the skin 

and other body parts and organs to the brain and the 

motor portions of the LMN send messages from the 

brain to the various body parts to initiate actions such 

as muscle movement. Spinal cord motor neurons 

synapse with muscle fibers and facilitate muscle 

contraction by expressing acetylcholine related 

markers, including choline acetyltransferase and 

vesicular acetylcholine transferase [12]. MNPs affect 

endogenous cells by their neurotrophin secretion via 

several mechanisms, hence they are a good potential 

therapeutic target. These mechanisms include 

promotion in motor neuron survival and regrowth and 

assistance in regulating the maturation of 

neuromuscular synapses [75-77]. They also increase 

the release of neurotransmitter and direct synaptic 

transmission via the Trk family of receptor tyrosine 

kinases and the p75 neurotrophin receptor[78], 

enhance neuronal survival, as well as growth of host 

axons in both normal and injured spinal cords, and 

improve functional recovery [77, 79, 80]. 

ESC-derived motor neurons have the ability to 

populate the embryonic spinal cord, as well as extend 

axons, and form synapses with target muscles [81]. In 

2010, California Stem Cell, Inc.  submitted an 

investigational new drug (IND) application to the FDA 

to begin phase I clinical trials in infants using human 

MNPs derived from hESCs for treatment of spinal 

muscular atrophy, though in 2011 the FDA placed the 

MotorGraft Program on clinical hold in order to obtain 

additional data [11]. 

 

4.4. Neural stem cells (NSCs) 

NSCs can be isolated and expanded from multiple 

regions of the fetal or adult nervous system including 

subventricular and subgranular regions [82]. These 

cells can differentiate into neurons, oligodendrocytes, 

and astrocytes [83]. NSCs in the lateral ventricle 

subventricular zone and hippocampal dentate gyrus 

demonstrate both neuroepithelial and astrocytic 

properties. They generate transiently amplifying 

progenitors that can subsequently give rise to neurons. 

The dentate gyrus neurons stay in the hippocampus, 

while subventricular zone progeny will migrate to the 

olfactory bulb [64]. Since NSCs are already 

committed to a neural fate, it will be easier to 

differentiate into mature neural phenotypes, and are 

less likely than ESCs to become neoplastic [6].  

Furthermore, NSCs can secrete several neurotrophic 

factors like BDNF, NGF, and GDNF, in vitro and in 

vivo [46]. However, when these cells are transplanted 

to normal or injured rat spinal cord they have either 

remained undifferentiated, or differentiated along the 
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glial lineage [83]. Nevertheless transplantation of 

these multipotent stem cells, being able to differentiate 

into a number of cell types but only those of a closely 

related family of cells, has resulted in integration in 

regions of tissue damage, differentiation into 

myelinating oligodendrocytes, and improvement 

following intraventricular, intravenous, intraspinal, or 

intraperitoneal delivery to various demyelinating or 

dysmyelinating animal models [84-87]. Human NSCs 

transplanted into spinal cord injured mice and rat 

resulted integration and functional recovery, but the 

transplanted cells differentiated into astrocytes and 

oligodendrocytes besides neuronal differentiation [88-

91]. 

Cumming et al. reported that long-term engraftment of 

human NSCs implanted into damaged mouse spinal 

cord resulted in differentiation into new neurons and 

oligodendrocytes, leading to locomotor recovery.[88] 

However, there are risks of side effects if NSCs 

differentiation after transplantation is not controlled; 

astrocytic differentiation and aberrant axonal 

sprouting after NS-cell implantation into injured rat 

spinal cord may cause hypersensitivity to stimuli that 

are not normally painful [66]. Transplantation of 

human ESC-derived NSCs into the injured spinal cord 

areas of SCI mice resulted in and improvement of 

motor behavior; grafted cells survived for at least 28 

days and differentiated into Tuj1-positive neurons and 

O4-positive oligodendrocytes at the grafted site [92]. 

Clinical trials have been undertaken for the use of 

human fetal NSCs. Seledtsova et al. reported positive 

results on their case study using harvested fetal NSCs 

in the chronic SCI environment [93]. In 2011 Stem 

Cells, Inc. initiated the world’s first NSC trial in SCI 

in Switzerland [94]. The NSCs were injected into the 

spinal cord and migrate to the area of injury to form 

neurons and oligodendrocytes, critical for 

remyelinating damaged neuronal axons for recovery 

of nerve function [11]. A new Phase I safety clinical 

trial commenced surgeries in September 2014 in the 

USA by Neuralstem Inc. All patients in the trial will 

receive six injections of the stem cells directly into or 

around the injury site. The patients will also receive 

physical therapy post-surgery as well as 

immunosuppressive therapy for three months [95]. 

This study is the first multicenter trial in the United 

States involving the transplantation of a cellular 

therapy for SCI since the stoppage of the Geron 

clinical trial in 2011 [10]. Another NSI-566/acute 

spinal cord injury Phase I/II trial is also expected to 

commence in 2014 or early 2015 in Seoul, South 

Korea by Neuralstem Inc. [95]. 

 

4.5. Bone marrow-derived stromal cells 

Mesenchymal stem cells (MSCs) and hematopoetic 

stem cells (HSCs) are two types of stem cells residing 

in the bone marrow. They are multipotent stem cells 

that typically form connective tissue and give rise to 

all the blood cell types in the body and certain immune 

system cells respectively [43]. HSCs and MSCs can 

transdifferentiate along glial and neuronal pathways; 

They are able to form glial and neuronal lineage cells 

in response to different types of chemical, genetic or 

physiological induction, howbeit the characterization 

of cell phenotype was limited to the detection of 

lineage-specific markers with no glial or neuronal cell 

function apparent in some studies [12]. These cells are 

easy to isolate and expand without the concern for 

technical and ethical problems; they have low 

immunogenicity which arises from ease of getting 

donor cells, they don’t have the risk of making tumors 

and can be easily used in autologous transplants. All 
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these particular features have made them very 

appealing choice for SCI repair [83].  

One of the most important features of those cells is the 

fact, that though they are often not present in the 

lesion, they can facilitate SCI recovery via paracrine 

effect (reduction of inflammatory cytokines, 

production of bioactive molecules) [96, 97]. 

Neurally induced bone marrow derived mesenchymal 

stem cells (NIMSCs) transplanted into rat model of 

sub-acute spinal cord injury caused both behavioral 

and histological improvement [98]. MSCs were 

induced to express neuronal like properties using a 

modified procedure [99] and locomotor function 

improvement in NIMSC group was significantly better 

comparing OECs and control groups [98]. Other 

studies using genetically modified MSCs showed 

improvement in axonal regeneration and prevention in 

hypersensitivity after SCI [100]. 

Human and rodent bone marrow-derived stromal cells 

(BMSCs) also have been used in spinal cord injury 

models as well as initial human clinical trials [101, 

102]. There are a number of reports of neuroprotection 

and even transdifferentiation into neurons, but the 

generation of neural cells from BMSCs has been 

questioned. Timing of delivery may be particularly 

important when using BMSCs, with reports that acute 

delivery provides more neuroprotection than when 

cells are transplanted at one week or later [103]. 

The claims of trans-differentiation of BMSCs into 

neural lineages have been challenged. Some studies by 

Sanchez-Ramos et al. have shown that human and 

mouse MSCs can differentiate into NSCs [104, 105], 

however other studies by Hofstetter et al. show lack of 

multiple neuronal markers and physiological evidence 

for differentiation of rat MSCs into NSCs in vivo and 

post-SCI transplantation [106]. Though the use of 

BMSCs has not resulted in exceptional clinical 

improvements for the injured spinal cord, the majority 

of recent clinical trials used bone marrow-derived 

stem cells due to the ease of harvesting and 

implantation, advantage of using an autologous source 

of cells and shorter interval required between harvest 

and transplantation [10]. Overall in phase I trials, 

BMSCs had no adverse outcomes and also significant 

changes in functional outcome and statistical 

improvements were limited [101, 107, 108]. 

 

4.6. Induced pluripotent stem cells (iPSCs)-

derived cells 

Induced pluripotent stem cells (iPSCs) are a type of 

pluripotent stem cell developed by Japanese Nobel 

Prize-winning stem cell researcher Shinya Yamanaka, 

who discovered in 2006 that mature cells can be 

converted to stem cells. iPSCs are typically derived by 

reprogramming of somatic cells following 

introduction of a specific set of reprogramming factors 

including Oct3/4, SOX2, KLF4 and c-Myc [109, 110]. 

Since they are patient-specific and can easily be 

established from patient somatic cells, iPSCs are 

advantageous for circumventing the ethical issues 

associated with the harvest of ESCs [111]. However, 

iPSCs like ESCs have same disadvantages regarding 

the ability for tumorigenesis, though less than ESCs, 

due to the introduction of foreign genes into 

chromosomes and the probability for incomplete 

reprogramming [109, 110]. The safety of the mouse 

iPSCs following transplantation and their neural 

differentiation greatly depend on the somatic cells 

from which the iPSCs have been derived [112]. iPSCs 

are a new technology yet an increasing number of 

experiments are being conducted with iPSC-derived 

cells in SCI animal models. IPSC-derived 

neurospheres transplanted into contusive injured 

spinal cord differentiated into all three neural lineages 
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without forming teratomas or other tumors. The 

transplanted cells also participated in remyelination 

and induced the axonal resulting promotion in 

locomotor function recovery [113, 114]. These studies 

also state that detailed evaluations of the cells, 

including their differentiation potentials and 

tumorigenic activities before initiation of clinical 

application is very crucial to establish their safety and 

effectiveness for therapies. Advanced reprogramming 

technologies have been developed enabling iPSCs 

generation with transiently applied synthetic mRNA at 

high efficiencies, eliminating the need for viral or 

genomic manipulation and allowing direct clinical 

translation [114-116]. With this technology neural 

cells can rapidly be differentiated from pluripotent 

cells, or even be programmed directly from skin or 

peripheral blood cells [117, 118]. In a recent study 

iPSCs-derived NSCs from very aged human cells 

grafted into adult immunodeficient rats after SCI 

survived, differentiated into neurons and glia and 

extended tens of thousands of axons from the lesion 

site over virtually the entire length of the rat CNS 

[119]. However, beneficial effects of iPSC-based 

therapies have been produced mostly using genetically 

immunodeficient rodents so far. Transplantation of 

human iPSC-derived neural progenitor cells has failed 

improve functional recovery of pharmacologically 

immunosuppressed mice with contusion SCI [120]. 

Besides, in another study human iPSC-derived neural 

cells failed to restore function in an early chronic 

spinal cord injury model in contrast to prior reports in 

acute and sub-acute injury models [121]. These 

findings highlight the importance of extensive 

preclinical studies of transplanted cells needed before 

the clinical application can be achieved. 

 

4.7. Olfactory ensheathing cells (OECs) 

The adult primary olfactory system is a unique part of 

the nervous system that has maintained the ability to 

regenerate continuously during adulthood [122]. 

Dying olfactory receptor neurons are regularly 

replaced by newborn cells differentiated from a stem 

cell layer at the base of the epithelium [123]. OECs are 

found in both the peripheral and central compartments 

of the primary olfactory system (the olfactory 

epithelium and bulb) and they participate in supporting 

olfactory neurogenesis and the retargeting across the 

PNS/CNS boundary in the olfactory system [124, 

125]. OECs, considered to be adult stem cells by some 

people, are a specialized and highly plastic glial cell 

that can continuously support the neurogenesis and 

axonal regeneration of olfactory receptor neurons 

[126]. These cells enhance outgrowth of both intact 

and injured axons, stimulate tissue sparing and 

neuroprotection, activate angiogenesis and 

remyelinate axons after a range of demyelinating 

insults [124]. They utilize different molecular signals 

that stimulate repair including neurotrophins (NGF, 

BDNF and NT-4/5)[127-129], extra cellular matrix 

(ECM) molecule (laminin [130, 131], collagen type IV 

[132, 133], L1CAM, Gro1, Timp2 [134, 135]) and 

other growth factors such as FGF-2 [136-138] which 

acts as a mitogen for OECs. They support and guide 

constant olfactory axons in the PNS and hence hold 

great promise for SCI medication as they are able to 

create a permissible microenvironment across the 

lesion for regeneration of axons [83]. Many rodent 

model studies have demonstrated the potential of 

OECs to promote re-myelination and long-distance 

regrowth of axons within the injured spinal cord, and 

thus to facilitate improvement of locomotor 

performance following SCI [139-141]. 
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Huang et al. harvested OECs from aborted fetuses and 

grafted them directly to the SCI lesion cavity.  A Phase 

I clinical trial demonstrated that there were no adverse 

effects, but patients needed immunosuppression for 

the transplant which elevated the possibility of 

morbidity.  Later autologous OECs have been 

transplanted alternatively to overcome this deficiency 

[10]. In a recent study led by Geoffrey Raisman, 

autologous OECs have been successfully used to 

enable a paralyzed patient to walk again [142]. The 

transplant, which was carried out by surgeons in 

Poland involved taking OECs from the patient’s own 

olfactory bulbs, and then grafting these cells at the site 

of injury, where they promote nerve cell growth to 

bridge the gap and restore function. An added 

advantage in using the patient’s own cells is that it 

avoids the problem of rejection by their immune 

system. OECs are an alternative cell type for 

transplant, however they bear limitations of graft 

morbidity and also limitations in the small neural cell 

stock derived from nasal mucosa. 

 

4.8. Schwann Cells (SCs) 

Schwann cells (SCs) are the principal glial cells of the 

PNS, producing the myelin sheaths that surround the 

PNS axons. Moreover, due to their diverse abilities 

regarding secretion of a variety of growth factors, 

expression on the membrane surface of adhesive 

molecules and production of extracellular matrix 

molecules that support axon growth, they have a 

crucial role in promoting peripheral nerve 

regeneration after injury [143-145]. The first 

experiment involving the transplantation of purified 

rat SCs for SCI treatment in 1981 [146] and since then, 

they have become one of the most widely transplanted 

neural cells in SCI. When implanted in the injured 

spinal cord, SCs support regeneration of axons, 

myelinate or ensheathe regenerated axons, reduce cyst 

formation in the injured tissue, reduce secondary 

damage of tissue around the initial injury site, and 

modestly improve limb movements [147]. Although 

they can facilitate regeneration in different ways, some 

axons, such as those of the corticospinal tract (CST), 

remain unaffected by SC grafts [148]. Besides, the 

environment they create is often so permissive that 

axons are reluctant to leave SC grafts and that limits 

clinical applicability [149, 150]. When SCs 

transplantation is combined with additional 

treatments, further improved regeneration is acquired. 

Studies regarding transplantation of SCs with 

methylprednisolone [151], SCs plus BDNF and NT-3 

[152, 153], SCs transduced to secrete BDNF or encode 

D15A (a molecule with BDNF and NT-3 activity) 

[154, 155] and SCs plus OECs and chondroitinase [38, 

156] or elevation of cAMP levels [157] have all 

resulted in higher myelin ratio, more axon 

regeneration into and out of the SC implant and further 

improved locomotion. In a study by Saberi et al. 

autologous transplantation of SCs in just four SCI 

patients did not reveal any serious complications up to 

1 year after the surgery yet, no functional outcome was 

reported [158]. A new clinical trial based on safety of 

autologous human SCs transplantation in subjects with 

sub-acute SCI is currently recruiting participants by 

University of Miami (NCT01739023). Results should 

be available by November 2015. 

 

5. Summary 

SCI is a complex disorder mainly caused by a physical 

disruption of spinal cord axons through the epicenter 

of injury and leads to deficits in motor, sensory, and 

autonomic function. The initial mechanical trauma to 

the spinal cord results breakdown of the BBB, influx 

of peripheral inflammatory factors, activation of glial 



 

Cell therapy for the treatment of spinal cord injury with focus on stem cells: A review 

 

27 
 

cells, excitotoxicity, and necrosis. A secondary 

cascade of signaling events leads to the cyclic increase 

in inflammatory cytokines and chemokines, leading to 

apoptosis, progressive loss of oligodendrocytes which 

leads to demyelination, and axonal degeneration. The 

inflammatory response results in fluid accumulation 

and the influx of immune cells facilitated by their 

expression of matrix metalloproteinases. 

Macrophages can aid nerve regrowth by 

phagocytosing myelin debris, which is known to 

inhibit axonal regeneration and may release protective 

cytokines, however, the cytokines and chemokines 

produced by immune cells can also propagate the 

inflammatory response, inducing a reactive process of 

secondary apoptosis in the tissue that surrounds the 

injury site. The injured spinal cord eventually becomes 

gliotic. Gliosis is beneficial for the reestablishment of 

physical and chemical integrity of the CNS since 

absence of the glial scar has been associated with 

impairments in the repair of the BBB. However it 

makes a physical obstacle preventing 

neuroregeneration. During gliosis, astrocytes and 

oligodendrocyte progenitors are activated within the 

injury site and secrete inhibitory molecules that 

prevent physical and functional recovery of the injured 

CNS. Hence, SCI is characterized by a highly reactive 

environment that presents significant obstacles for 

repair, as well as for the survival and integration of 

transplanted cells. 

The traditional approach to repair the damage has been 

limiting the secondary injury that follows trauma. 

Other approaches comprise delivery of neurotrophic 

factors to stimulate sprouting axons cross the gap 

across the lesion, using transplanted cells or tissue that 

supports axonal elongation for bridging the gap is 

another approach for regeneration and specifically 

stem cell based strategies for treatment of SCI.  

With all the current effort for treatment, there is yet no 

long term cure for repairing the injured spinal cord.  

Cellular therapies have shown promising results in 

animal models. Stem cells can replace damaged or 

diseased cells, provide a cell-based electrical ‘relay’ 

between neurons above and below the injury, facilitate 

regeneration by providing neuroprotective or growth 

factors, and play other indirect roles such as promoting 

neovascularization or providing a permissive substrate 

for regeneration of endogenous cells. Stem cells used 

in different studies for SCI treatment can be 

categorized among ESCs, OPCs, MNPs, NSCs, 

BMSCs, and iPCSs.  

ESCs have great potential and appeal for a therapeutic 

strategy though there are many concerns regarding 

their tumorigenicity and ethical issues. Utilizing OPCs 

mainly for remyelination is the most practical short-

term clinical intention for spinal cord regeneration. 

Transplanted OPCs SCI sites showed survival, 

redistribution over short distances, and differentiation 

into oligodendrocytes, however the therapeutic 

window for this type of treatment is limited to the early 

post injury period. ESC-derived motor neurons have 

the ability to populate the embryonic spinal cord, as 

well as extend axons, and form synapses with target 

muscles. Transplantation of NSCs into the injured 

spinal cord areas of SCI mice resulted in improvement 

of motor behavior; survival and differentiation into 

Tuj1-positive neurons and O4-positive 

oligodendrocytes. BMSCs showed no adverse 

outcomes in phase I clinical trial but significant 

changes in functional outcome and statistical 

improvements were limited. IPSCs are the very recent 

promising strategy with an increasing number of 
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experiments being conducted in the area of SCI. They 

are advantageous for circumventing popular ethical 

issues associated with the harvest of ESCs as well as 

immunological rejection problem. However, 

regardless of their promising results future work needs 

to focus on the specific hiPSC-derivatives, co-

therapies and their safety in order to start clinical trials. 

OECs are an alternative option for transplant 

consideration, however they bear limitations of graft 

morbidity and also limitations in the small neural cell 

stock derived from nasal mucosa. Of all the cells used 

for SCI, SCs have the longest history of 

transplantation. SCs support regeneration of axons, 

myelinate or ensheathe regenerated, reduce cyst 

formation in the injured tissue, reduce secondary 

damage of tissue around injury site, and improve limb 

movements. Although using SCs alone as a treatment 

is accompanied with some limitations, combined 

transplantation of SCs with additional treatments 

acquires further improved regeneration. 

Animal models have shown some positive results 

including improved locomotor function and 

remyelination, validating scientific principles and 

strategies. Results from these studies have proved their 

efficacy in pre-clinical investigations with several 

therapies making it to clinical trials.   

Acknowledgment 

The authors would like to express their appreciation to 

Dr. Stephanie M. Willerth and Mr. Nima K. Mohtaram 

from University of Victoria-Canada for their valuable 

and constructive comments during the development of 

this work. 

 

References 

1. McDonald, J.W. and C. Sadowsky, Spinal-

cord injury. The Lancet, 2002. 359(9304): p. 417-

425. 

2. Ho, C.H., et al., Spinal Cord Injury Medicine. 

1. Epidemiology and Classification. Archives of 

Physical Medicine and Rehabilitation, 2007. 88(3, 

Supplement 1): p. S49-S54. 

3. Fehlings, M.G. and D.C. Baptiste, Current 

status of clinical trials for acute spinal cord injury. 

Injury, 2005. 36(2): p. S113-S122. 

4. Kirshblum, S.C., et al., International 

standards for neurological classification of spinal 

cord injury (revised 2011). The journal of spinal 

cord medicine, 2011. 34(6): p. 535-546. 

5. Spinal Cord Injury, fact sheets. 2013  

November 2013]; Available from: 

http://www.who.int/mediacentre/factsheets/fs384

/en/. 

6. Coutts, M. and H.S. Keirstead, Stem cells for 

the treatment of spinal cord injury. Experimental 

neurology, 2008. 209(2): p. 368-377. 

7. Mann, C.M. and B.K. Kwon. An update on 

the pathophysiology of acute spinal cord injury. in 

Seminars in Spine Surgery. 2007. Elsevier. 

8. Myckatyn, T.M., S.E. Mackinnon, and J.W. 

McDonald, Stem cell transplantation and other 

novel techniques for promoting recovery from 

spinal cord injury. Transplant immunology, 2004. 

12(3): p. 343-358. 

9. Mackay-Sim, A. and F. Féron, Clinical trials 

for the treatment of spinal cord injury: Not so 

simple, in Neural Progenitor Cells. 2013, 

Springer. p. 229-237. 

10. Ghobrial, G., et al., Promising Advances in 

Targeted Cellular Based Therapies: Treatment 

Update in Spinal Cord Injury. J Stem Cell Res 

Ther, 2014. 4(170): p. 2. 

11. Trounson, A., et al., Clinical trials for stem 

cell therapies. BMC medicine, 2011. 9(1): p. 52. 

12. Wyatt, L.A. and H.S. Keirstead, Stem cell-

based treatments for spinal cord injury. Progress 

in brain research, 2011. 201: p. 233-252. 

13. Winter, B. and H. Pattani, Spinal cord injury. 

Anaesthesia & Intensive Care Medicine, 2008. 

9(9): p. 401-403. 

14. Thumbikat, P., N. Hussain, and M.R. 

McClelland, Acute spinal cord injury. Surgery 

(Oxford), 2009. 27(7): p. 280-286. 

15. Norenberg, M.D., J. Smith, and A. Marcillo, 

The pathology of human spinal cord injury: 

defining the problems. Journal of neurotrauma, 

2004. 21(4): p. 429-440. 

16. Akhtar, A.Z., J.J. Pippin, and C.B. Sandusky, 

Animal models in spinal cord injury: a review. 

Rev Neurosci, 2008. 19(1): p. 47-60. 

17. Carlson, G.D. and C. Gorden, Current 

developments in spinal cord injury research. The 

Spine Journal, 2002. 2(2): p. 116-128. 

18. Kim, R.C., The Pathological Findings in 

Traumatic Injury to the Human Spinal Cord, in 

http://www.who.int/mediacentre/factsheets/fs384/en/
http://www.who.int/mediacentre/factsheets/fs384/en/


 

Cell therapy for the treatment of spinal cord injury with focus on stem cells: A review 

 

29 
 

Animal Models of Spinal Cord Repair. 2013, 

Springer. p. 25-37. 

19. Blesch, A., P. Lu, and M.H. Tuszynski, 

Neurotrophic factors, gene therapy, and neural 

stem cells for spinal cord repair. Brain Research 

Bulletin, 2002. 57(6): p. 833-838. 

20. Kwon, B.K., et al., Pathophysiology and 

pharmacologic treatment of acute spinal cord 

injury. The Spine Journal, 2004. 4(4): p. 451-464. 

21. Fawcett, J.W. and R.A. Asher, The glial scar 

and central nervous system repair. Brain Research 

Bulletin, 1999. 49(6): p. 377-391. 

22. Schmidt, C.E. and J.B. Leach, Neural tissue 

engineering: strategies for repair and 

regeneration. Annual review of biomedical 

engineering, 2003. 5(1): p. 293-347. 

23. Okada, S., et al., Conditional ablation of 

Stat3 or Socs3 discloses a dual role for reactive 

astrocytes after spinal cord injury. Nature 

medicine, 2006. 12(7): p. 829-834. 

24. McTigue, D.M., et al., Neurotrophin-3 and 

brain-derived neurotrophic factor induce 

oligodendrocyte proliferation and myelination of 

regenerating axons in the contused adult rat spinal 

cord. The Journal of neuroscience, 1998. 18(14): 

p. 5354-5365. 

25. Bregman, B.S., et al., Neurotrophic Factors 

Increase Axonal Growth after Spinal Cord Injury 

and Transplantation in the Adult Rat. 

Experimental neurology, 1997. 148(2): p. 475-

494. 

26. Ramer, M.S., J.V. Priestley, and S.B. 

McMahon, Functional regeneration of sensory 

axons into the adult spinal cord. Nature, 2000. 

403(6767): p. 312-316. 

27. Tessler, A., et al., Enhancement of adult 

dorsal root regeneration by embryonic spinal cord 

transplants. Progress in brain research, 1988. 78: 

p. 213-218. 

28. Reier, P.J., et al., Fetal cell grafts into 

resection and contusion/compression injuries of 

the rat and cat spinal cord. Experimental 

neurology, 1992. 115(1): p. 177-188. 

29. Veraa, R.P. and L.M. Mendell, Strategies for 

modifying axonal growth, synaptic function, and 

recovery of neural function after injury to the 

central nervous system: A conference report. 

Experimental neurology, 1986. 93(1): p. 1-56. 

30. Xu, X.M., et al., Axonal regeneration into 

Schwann cell‐seeded guidance channels grafted 

into transected adult rat spinal cord. Journal of 

Comparative Neurology, 1995. 351(1): p. 145-

160. 

31. Xu, X.M., et al., Bridging Schwann cell 

transplants promote axonal regeneration from 

both the rostral and caudal stumps of transected 

adult rat spinal cord. Journal of neurocytology, 

1997. 26(1): p. 1-16. 

32. Prewitt, C.M., et al., Activated 

macrophage/microglial cells can promote the 

regeneration of sensory axons into the injured 

spinal cord. Experimental neurology, 1997. 

148(2): p. 433-443. 

33. Li, Y., P.M. Field, and G. Raisman, 

Regeneration of adult rat corticospinal axons 

induced by transplanted olfactory ensheathing 

cells. The Journal of neuroscience, 1998. 18(24): 

p. 10514-10524. 

34. Ramón-Cueto, A. and M. Nieto-Sampedro, 

Regeneration into the spinal cord of transected 

dorsal root axons is promoted by ensheathing glia 

transplants. Experimental neurology, 1994. 

127(2): p. 232-244. 

35. Ankeny, D.P., D.M. McTigue, and L.B. 

Jakeman, Bone marrow transplants provide tissue 

protection and directional guidance for axons 

after contusive spinal cord injury in rats. 

Experimental neurology, 2004. 190(1): p. 17-31. 

36. Coumans, J.V., et al., Axonal regeneration 

and functional recovery after complete spinal cord 

transection in rats by delayed treatment with 

transplants and neurotrophins. The Journal of 

neuroscience, 2001. 21(23): p. 9334-9344. 

37. Imaizumi, T., et al., Xenotransplantation of 

transgenic pig olfactory ensheathing cells 

promotes axonal regeneration in rat spinal cord. 

Nature biotechnology, 2000. 18(9): p. 949-953. 

38. Ramón-Cueto, A., et al., Long-distance 

axonal regeneration in the transected adult rat 

spinal cord is promoted by olfactory ensheathing 

glia transplants. The Journal of neuroscience, 

1998. 18(10): p. 3803-3815. 

39. Jin, Y., et al., Transplants of fibroblasts 

genetically modified to express BDNF promote 

axonal regeneration from supraspinal neurons 

following chronic spinal cord injury. 

Experimental neurology, 2002. 177(1): p. 265-

275. 

40. McDonald, J.W., et al., Transplanted 

embryonic stem cells survive, differentiate and 

promote recovery in injured rat spinal cord. 

Nature medicine, 1999. 5(12): p. 1410-1412. 

41. Okano, H., et al. Transplantation of neural 

stem cells into the spinal cord after injury. in 

Seminars in cell & developmental biology. 2003. 

Elsevier. 



Y. Panahi-Joo et al. / J of Applied Tissue Engineering 2(1); (2015) 

 

 

42. Barnabé-Heider, F. and J. Frisén, Stem cells 

for spinal cord repair. Cell Stem Cell, 2008. 3(1): 

p. 16-24. 

43. Goldstein, L.S. and M. Schneider, Stem cells 

for dummies. 2010: Wiley. com. 

44. Cowan, C.A., et al., Derivation of embryonic 

stem-cell lines from human blastocysts. New 

England Journal of Medicine, 2004. 350(13): p. 

1353-1356. 

45. Thomson, J.A., et al., Embryonic stem cell 

lines derived from human blastocysts. science, 

1998. 282(5391): p. 1145-1147. 

46. Ying, C., et al., Embryonic stem cells 

generated by nuclear transfer of human somatic 

nuclei into rabbit oocytes. Cell research, 2003. 

13(4): p. 251-263. 

47. Meissner, A. and R. Jaenisch, Generation of 

nuclear transfer-derived pluripotent ES cells from 

cloned Cdx2-deficient blastocysts. Nature, 2005. 

439(7073): p. 212-215. 

48. Hurlbut, W.B., Altered nuclear transfer as a 

morally acceptable means for the procurement of 

human embryonic stem cells. Perspectives in 

Biology and Medicine, 2005. 48(2): p. 211-228. 

49. Pickering, S.J., et al., Generation of a human 

embryonic stem cell line encoding the cystic 

fibrosis mutation ΔF508, using preimplantation 

genetic diagnosis. Reproductive biomedicine 

online, 2005. 10(3): p. 390-397. 

50. Eiges, R., et al., Developmental study of 

fragile X syndrome using human embryonic stem 

cells derived from preimplantation genetically 

diagnosed embryos. Cell Stem Cell, 2007. 1(5): p. 

568-577. 

51. Pickering, S.J., et al., Preimplantation genetic 

diagnosis as a novel source of embryos for stem 

cell research. Reproductive biomedicine online, 

2003. 7(3): p. 353-364. 

52. Mai, Q., et al., Derivation of human 

embryonic stem cell lines from parthenogenetic 

blastocysts. Cell research, 2007. 17(12): p. 1008-

1019. 

53. Stojkovic, M., et al., Derivation, growth and 

applications of human embryonic stem cells. 

Reproduction, 2004. 128(3): p. 259-267. 

54. Bishop, A.E., L.D. Buttery, and J.M. Polak, 

Embryonic stem cells. The Journal of pathology, 

2002. 197(4): p. 424-429. 

55. Denker, H.-W., Potentiality of embryonic 

stem cells: an ethical problem even with 

alternative stem cell sources. Journal of medical 

ethics, 2006. 32(11): p. 665-671. 

56. Li, X.-J., et al., Specification of motoneurons 

from human embryonic stem cells. Nature 

biotechnology, 2005. 23(2): p. 215-221. 

57. Carpenter, M.K., et al., Enrichment of 

neurons and neural precursors from human 

embryonic stem cells. Experimental neurology, 

2001. 172(2): p. 383-397. 

58. Reubinoff, B.E., et al., Neural progenitors 

from human embryonic stem cells. Nature 

biotechnology, 2001. 19(12): p. 1134-1140. 

59. Keirstead, H.S., et al., Human embryonic 

stem cell-derived oligodendrocyte progenitor cell 

transplants remyelinate and restore locomotion 

after spinal cord injury. The Journal of 

Neuroscience, 2005. 25(19): p. 4694-4705. 

60. Nistor, G.I., et al., Human embryonic stem 

cells differentiate into oligodendrocytes in high 

purity and myelinate after spinal cord 

transplantation. Glia, 2005. 49(3): p. 385-396. 

61. Liu, S., et al., Embryonic stem cells 

differentiate into oligodendrocytes and myelinate 

in culture and after spinal cord transplantation. 

Proceedings of the National Academy of 

Sciences, 2000. 97(11): p. 6126-6131. 

62. Marques, S.A., et al., Predifferentiated 

embryonic stem cells promote functional 

recovery after spinal cord compressive injury. 

Brain research, 2010. 1349: p. 115-128. 

63. Bareyre, F.M., Neuronal repair and 

replacement in spinal cord injury. Journal of the 

neurological sciences, 2008. 265(1): p. 63-72. 

64. Sabelström, H., M. Stenudd, and J. Frisén, 

Neural stem cells in the adult spinal cord. 

Experimental neurology, 2013. 

65. Nishiyama, A., et al., Polydendrocytes (NG2 

cells): multifunctional cells with lineage 

plasticity. Nature Reviews Neuroscience, 2009. 

10(1): p. 9-22. 

66. Lindvall, O. and Z. Kokaia, Stem cells for the 

treatment of neurological disorders. Nature, 2006. 

441(7097): p. 1094-1096. 

67. Guo, F., et al., Early postnatal proteolipid 

promoter-expressing progenitors produce 

multilineage cells in vivo. The Journal of 

neuroscience, 2009. 29(22): p. 7256-7270. 

68. Zhu, X., R.A. Hill, and A. Nishiyama, NG2 

cells generate oligodendrocytes and gray matter 

astrocytes in the spinal cord. Neuron Glia 

Biology, 2008. 4(01): p. 19-26. 

69. Barnabé-Heider, F., et al., Origin of new glial 

cells in intact and injured adult spinal cord. Cell 

Stem Cell, 2010. 7(4): p. 470-482. 

70. Kang, S.H., et al., NG2< sup>+</sup> CNS 

Glial Progenitors Remain Committed to the 

Oligodendrocyte Lineage in Postnatal Life and 

following Neurodegeneration. Neuron, 2010. 

68(4): p. 668-681. 



 

Cell therapy for the treatment of spinal cord injury with focus on stem cells: A review 

 

31 
 

71. Zhu, X., et al., Age-dependent fate and 

lineage restriction of single NG2 cells. 

Development, 2011. 138(4): p. 745-753. 

72. Sharp, J., et al., Human Embryonic Stem 

Cell‐Derived Oligodendrocyte Progenitor Cell 

Transplants Improve Recovery after Cervical 

Spinal Cord Injury. Stem Cells, 2010. 28(1): p. 

152-163. 

73. Alper, J., Geron gets green light for human 

trial of ES cell–derived product. Nature 

biotechnology, 2009. 27(3): p. 213-214. 

74. Lukovic, D., et al., Perspectives and Future 

Directions of Human Pluripotent Stem Cell-

Based Therapies: Lessons from Geron's Clinical 

Trial for Spinal Cord Injury. Stem cells and 

development, 2013. 23(1): p. 1-4. 

75. Corti, S., et al., Embryonic stem cell-derived 

neural stem cells improve spinal muscular atrophy 

phenotype in mice. Brain, 2010. 133(2): p. 465-

481. 

76. Dreyfus, C.F., et al., Expression of 

neurotrophins in the adult spinal cord in vivo. 

Journal of neuroscience research, 1999. 56(1): p. 

1-7. 

77. Rossi, S.L., et al., Histological and functional 

benefit following transplantation of motor neuron 

progenitors to the injured rat spinal cord. PLoS 

One, 2010. 5(7): p. e11852. 

78. Wyatt, T.J., et al., Human motor neuron 

progenitor transplantation leads to endogenous 

neuronal sparing in 3 models of motor neuron 

loss. Stem cells international, 2011. 2011. 

79. Grumbles, R.M., et al., Neurotrophic factors 

improve motoneuron survival and function of 

muscle reinnervated by embryonic neurons. 

Journal of neuropathology and experimental 

neurology, 2009. 68(7): p. 736. 

80. Wyatt, T.J. and H.S. Keirstead, Stem cell-

derived neurotrophic support for the 

neuromuscular junction in spinal muscular 

atrophy. Expert Opinion on Biological Therapy, 

2010. 10(11): p. 1587-1594. 

81. Wichterle, H., et al., Directed differentiation 

of embryonic stem cells into motor neurons. Cell, 

2002. 110(3): p. 385-397. 

82. Nayak, M.S., et al., Cellular therapies in 

motor neuron diseases. Biochimica et Biophysica 

Acta (BBA)-Molecular Basis of Disease, 2006. 

1762(11): p. 1128-1138. 

83. Silva, N.A., et al., From basics to clinical: A 

comprehensive review on spinal cord injury. 

Progress in Neurobiology, 2014. 114(0): p. 25-57. 

84. Ben‐Hur, T., et al., Transplanted 

multipotential neural precursor cells migrate into 

the inflamed white matter in response to 

experimental autoimmune encephalomyelitis. 

Glia, 2003. 41(1): p. 73-80. 

85. Bulte, J.W., et al., MR microscopy of 

magnetically labeled neurospheres transplanted 

into the Lewis EAE rat brain. Magnetic resonance 

in medicine, 2003. 50(1): p. 201-205. 

86. Einstein, O., et al., Intraventricular 

transplantation of neural precursor cell spheres 

attenuates acute experimental allergic 

encephalomyelitis. Molecular and Cellular 

Neuroscience, 2003. 24(4): p. 1074-1082. 

87. Pluchino, S., et al., Injection of adult 

neurospheres induces recovery in a chronic model 

of multiple sclerosis. Nature, 2003. 422(6933): p. 

688-694. 

88. Cummings, B.J., et al., Human neural stem 

cells differentiate and promote locomotor 

recovery in spinal cord-injured mice. Proceedings 

of the National Academy of Sciences of the 

United States of America, 2005. 102(39): p. 

14069-14074. 

89. Hooshmand, M.J., et al., Analysis of host-

mediated repair mechanisms after human CNS-

stem cell transplantation for spinal cord injury: 

correlation of engraftment with recovery. PLoS 

One, 2009. 4(6): p. e5871. 

90. Yan, J., et al., Extensive neuronal 

differentiation of human neural stem cell grafts in 

adult rat spinal cord. PLoS medicine, 2007. 4(2): 

p. e39. 

91. Karimi-Abdolrezaee, S., et al., Delayed 

transplantation of adult neural precursor cells 

promotes remyelination and functional 

neurological recovery after spinal cord injury. 

The Journal of Neuroscience, 2006. 26(13): p. 

3377-3389. 

92. Kimura, H., et al., Transplantation of 

embryonic stem cell-derived neural stem cells for 

spinal cord injury in adult mice. Neurological 

research, 2005. 27(8): p. 812-819. 

93. Seledtsova, G.V., et al., Delayed results of 

transplantation of fetal neurogenic tissue in 

patients with consequences of spinal cord trauma. 

Bull Exp Biol Med, 2010. 149(4): p. 530-3. 

94. StemCells, Inc. Initiates World's First Neural 

Stem Cell Trial in Spinal Cord Injury. 2011  [cited 

2011 14 March 2011]; Available from: 

http://investor.stemcellsinc.com/phoenix.zhtml?c

=86230&p=irol-newsArticle&ID=1538868. 

95. Neuralstem Cell Therapy 

http://investor.stemcellsinc.com/phoenix.zhtml?c=86230&p=irol-newsArticle&ID=1538868
http://investor.stemcellsinc.com/phoenix.zhtml?c=86230&p=irol-newsArticle&ID=1538868


Y. Panahi-Joo et al. / J of Applied Tissue Engineering 2(1); (2015) 

 

 

for Spinal Cord Injury. 2014; Available from: 

http://www.neuralstem.com/cell-therapy-for-sci. 

96. Urdzíková, L.M., et al., Human 

mesenchymal stem cells modulate inflammatory 

cytokines after spinal cord injury in rat. 

International journal of molecular sciences, 2014. 

15(7): p. 11275-11293. 

97. Quertainmont, R., et al., Mesenchymal stem 

cell graft improves recovery after spinal cord 

injury in adult rats through neurotrophic and pro-

angiogenic actions. PLoS One, 2012. 7(6): p. 

e39500. 

98. Yazdani, S.O., et al., A comparison between 

neurally induced bone marrow derived 

mesenchymal stem cells and olfactory 

ensheathing glial cells to repair spinal cord 

injuries in rat. Tissue and Cell, 2012. 44(4): p. 

205-213. 

99. Deng, W., et al., < i> In Vitro</i> 

Differentiation of Human Marrow Stromal Cells 

into Early Progenitors of Neural Cells by 

Conditions That Increase Intracellular Cyclic 

AMP. Biochemical and biophysical research 

communications, 2001. 282(1): p. 148-152. 

100. Kumagai, G., et al., Genetically Modified 

Mesenchymal Stem Cells (MSCs) promote 

axonal regeneration and prevent hypersensitivity 

after Spinal Cord Injury. Experimental neurology, 

2013. 

101. Yoon, S.H., et al., Complete Spinal Cord 

Injury Treatment Using Autologous Bone 

Marrow Cell Transplantation and Bone Marrow 

Stimulation with Granulocyte Macrophage‐
Colony Stimulating Factor: Phase I/II Clinical 

Trial. Stem Cells, 2007. 25(8): p. 2066-2073. 

102. Syková, E., et al., Autologous bone marrow 

transplantation in patients with sub-acute and 

chronic spinal cord injury. Cell transplantation, 

2006. 15(8-9): p. 8-9. 

103. Li, S., N. L'Heureux, and J.H. Elisseeff, Stem 

cell and tissue engineering. 2011: World 

Scientific. 

104. Sanchez-Ramos, J., et al., Adult Bone 

Marrow Stromal Cells Differentiate into Neural 

Cells< i> in Vitro</i>. Experimental neurology, 

2000. 164(2): p. 247-256. 

105. Sanchez‐Ramos, J.R., Neural cells derived 

from adult bone marrow and umbilical cord 

blood. Journal of neuroscience research, 2002. 

69(6): p. 880-893. 

106. Hofstetter, C., et al., Marrow stromal cells 

form guiding strands in the injured spinal cord and 

promote recovery. Proceedings of the National 

Academy of Sciences, 2002. 99(4): p. 2199-2204. 

107. Phinney, D.G. and D.J. Prockop, Concise 

review: mesenchymal stem/multipotent stromal 

cells: the state of transdifferentiation and modes 

of tissue repair--current views. Stem Cells, 2007. 

25(11): p. 2896-902. 

108. Kishk, N.A., et al., Case control series of 

intrathecal autologous bone marrow 

mesenchymal stem cell therapy for chronic spinal 

cord injury. Neurorehabil Neural Repair, 2010. 

24(8): p. 702-8. 

109. Takahashi, K. and S. Yamanaka, Induction of 

Pluripotent Stem Cells from Mouse Embryonic 

and Adult Fibroblast Cultures by Defined Factors. 

Cell, 2006. 126(4): p. 663-676. 

110. Takahashi, K., et al., Induction of Pluripotent 

Stem Cells from Adult Human Fibroblasts by 

Defined Factors. Cell, 2007. 131(5): p. 861-872. 

111. Salewski, R.P., E. Eftekharpour, and M.G. 

Fehlings, Are induced pluripotent stem cells the 

future of cell‐based regenerative therapies for 

spinal cord injury? Journal of cellular physiology, 

2010. 222(3): p. 515-521. 

112. Miura, K., et al., Variation in the safety of 

induced pluripotent stem cell lines. Nature 

biotechnology, 2009. 27(8): p. 743-745. 

113. Tsuji, O., et al., Therapeutic potential of 

appropriately evaluated safe-induced pluripotent 

stem cells for spinal cord injury. Proceedings of 

the National Academy of Sciences, 2010. 

107(28): p. 12704-12709. 

114. Miyoshi, N., et al., Reprogramming of mouse 

and human cells to pluripotency using mature 

microRNAs. Cell stem cell, 2011. 8(6): p. 633-

638. 

115. Warren, L., et al., Highly efficient 

reprogramming to pluripotency and directed 

differentiation of human cells with synthetic 

modified mRNA. Cell stem cell, 2010. 7(5): p. 

618-630. 

116. Anokye-Danso, F., et al., Highly efficient 

miRNA-mediated reprogramming of mouse and 

human somatic cells to pluripotency. Cell stem 

cell, 2011. 8(4): p. 376-388. 

117. Vierbuchen, T., et al., Direct conversion of 

fibroblasts to functional neurons by defined 

factors. Nature, 2010. 463(7284): p. 1035-1041. 

118. Yamanaka, S., Patient-specific pluripotent 

stem cells become even more accessible. Cell 

Stem Cell, 2010. 7(1): p. 1-2. 

119. Lu, P., et al., Long-Distance Axonal Growth 

from Human Induced Pluripotent Stem Cells after 

Spinal Cord Injury. Neuron, 2014. 83(4): p. 789-

796. 

120. Pomeshchik, Y., et al., Transplanted human 

iPSC-derived neural progenitor cells do not 

promote functional recovery of 

pharmacologically immunosuppressed mice with 

http://www.neuralstem.com/cell-therapy-for-sci


 

Cell therapy for the treatment of spinal cord injury with focus on stem cells: A review 

 

33 
 

contusion spinal cord injury. Cell 

Transplantation, 2014. 

121. Nutt, S.E., et al., Caudalized human iPSC-

derived neural progenitor cells produce neurons 

and glia but fail to restore function in an early 

chronic spinal cord injury model. Experimental 

Neurology, 2013. 248(0): p. 491-503. 

122. Schwob, J.E., Neural regeneration and the 

peripheral olfactory system. The Anatomical 

Record, 2002. 269(1): p. 33-49. 

123. Weiler, E. and A.I. Farbman, Supporting cell 

proliferation in the olfactory epithelium decreases 

postnatally. Glia, 1998. 22(4): p. 315-328. 

124. Richter, M.W. and A.J. Roskams, Olfactory 

ensheathing cell transplantation following spinal 

cord injury: hype or hope? Experimental 

neurology, 2008. 209(2): p. 353-367. 

125. Ruitenberg, M.J., et al., Olfactory 

ensheathing cells: characteristics, genetic 

engineering, and therapeutic potential. Journal of 

neurotrauma, 2006. 23(3-4): p. 468-478. 

126. Richter, M., K. Westendorf, and A.J. 

Roskams, Culturing olfactory ensheathing cells 

from the mouse olfactory epithelium. Methods 

Mol Biol, 2008. 438: p. 95-102. 

127. Lipson, A.C., et al., Neurotrophic properties 

of olfactory ensheathing glia. Experimental 

neurology, 2003. 180(2): p. 167-171. 

128. Woodhall, E., A.K. West, and M.I. Chuah, 

Cultured olfactory ensheathing cells express 

nerve growth factor, brain-derived neurotrophic 

factor, glia cell line-derived neurotrophic factor 

and their receptors. Molecular brain research, 

2001. 88(1): p. 203-213. 

129. Boruch, A.V., et al., Neurotrophic and 

migratory properties of an olfactory ensheathing 

cell line. Glia, 2001. 33(3): p. 225-229. 

130. Kafitz, K.W. and C.A. Greer, The Influence 

of Ensheathing Cells on Olfactory Receptor Cell 

Neurite Outgrowth In Vitroa. Annals of the New 

York Academy of Sciences, 1998. 855(1): p. 266-

269. 

131. Tisay, K.T. and B. Key, The extracellular 

matrix modulates olfactory neurite outgrowth on 

ensheathing cells. The Journal of neuroscience, 

1999. 19(22): p. 9890-9899. 

132. Doucette, R., Immunohistochemical 

localization of laminin, fibronectin and collagen 

type IV in the nerve fiber layer of the olfactory 

bulb. International journal of developmental 

neuroscience, 1996. 14(7): p. 945-959. 

133. Julliard, A. and D. Hartmann, Spatiotemporal 

patterns of expression of extracellular matrix 

molecules in the developing and adult rat 

olfactory system. Neuroscience, 1998. 84(4): p. 

1135-1150. 

134. Thompson, R.J., et al., Comparison of 

neuregulin‐1 expression in olfactory ensheathing 

cells, Schwann cells and astrocytes. Journal of 

neuroscience research, 2000. 61(2): p. 172-185. 

135. Vincent, A.J., et al., Genetic expression 

profile of olfactory ensheathing cells is distinct 

from that of Schwann cells and astrocytes. Glia, 

2005. 51(2): p. 132-147. 

136. Alexander, C.L., U.F. Fitzgerald, and S.C. 

Barnett, Identification of growth factors that 

promote long‐term proliferation of olfactory 

ensheathing cells and modulate their antigenic 

phenotype. Glia, 2002. 37(4): p. 349-364. 

137. Au, E. and A.J. Roskams, Olfactory 

ensheathing cells of the lamina propria in vivo and 

in vitro. Glia, 2003. 41(3): p. 224-236. 

138. Au, E., et al., SPARC from olfactory 

ensheathing cells stimulates Schwann cells to 

promote neurite outgrowth and enhances spinal 

cord repair. The Journal of neuroscience, 2007. 

27(27): p. 7208-7221. 

139. Li, Y., P. Decherchi, and G. Raisman, 

Transplantation of olfactory ensheathing cells 

into spinal cord lesions restores breathing and 

climbing. The Journal of neuroscience, 2003. 

23(3): p. 727-731. 

140. Lu, J., et al., Transplantation of nasal 

olfactory tissue promotes partial recovery in 

paraplegic adult rats. Brain research, 2001. 

889(1): p. 344-357. 

141. Lu, J., et al., Olfactory ensheathing cells 

promote locomotor recovery after delayed 

transplantation into transected spinal cord. Brain, 

2002. 125(1): p. 14-21. 

142. Tabakow, P., et al., Functional regeneration 

of supraspinal connections in a patient with 

transected spinal cord following transplantation 

of bulbar olfactory ensheathing cells with 

peripheral nerve bridging. Cell transplantation, 

2014. 

143. Oudega, M. and X.-M. Xu, Schwann cell 

transplantation for repair of the adult spinal cord. 

Journal of neurotrauma, 2006. 23(3-4): p. 453-

467. 

144. Chernousov, M.A. and D.J. Carey, Schwann 

cell extracellular matrix molecules and their 

receptors. Histol Histopathol, 2000. 15(2): p. 593-

601. 



Y. Panahi-Joo et al. / J of Applied Tissue Engineering 2(1); (2015) 

 

 

145. Mirsky, R., et al., Schwann cells as regulators 

of nerve development. Journal of Physiology-

Paris, 2002. 96(1–2): p. 17-24. 

146. Duncan, I.D., et al., Transplantation of rat 

schwann cells grown in tissue culture into the 

mouse spinal cord. Journal of the Neurological 

Sciences, 1981. 49(2): p. 241-252. 

147. Wiliams, R.R. and M.B. Bunge, Chapter 15 - 

Schwann cell transplantation: A repair strategy 

for spinal cord injury?, in Progress in Brain 

Research, B.D. Stephen and B. Anders, Editors. 

2012, Elsevier. p. 295-312. 

148. Tetzlaff, W., et al., A systematic review of 

cellular transplantation therapies for spinal cord 

injury. Journal of neurotrauma, 2011. 28(8): p. 

1611-1682. 

149. Raisman, G., Use of Schwann cells to induce 

repair of adult CNS tracts. Revue neurologique, 

1997. 153(8-9): p. 521-525. 

150. Campbell, G., et al., Upregulation of 

activating transcription factor 3 (ATF3) by 

intrinsic CNS neurons regenerating axons into 

peripheral nerve grafts. Experimental neurology, 

2005. 192(2): p. 340-347. 

151. Chen, A., et al., Methylprednisolone 

administration improves axonal regeneration into 

Schwann cell grafts in transected adult rat 

thoracic spinal cord. Experimental neurology, 

1996. 138(2): p. 261-276. 

152. Xu, X.M., et al., A combination of BDNF and 

NT-3 promotes supraspinal axonal regeneration 

into Schwann cell grafts in adult rat thoracic 

spinal cord. Experimental neurology, 1995. 

134(2): p. 261-272. 

153. Blits, B., et al., Adeno-associated viral 

vector-mediated neurotrophin gene transfer in the 

injured adult rat spinal cord improves hind-limb 

function. Neuroscience, 2003. 118(1): p. 271-281. 

154. Menei, P., et al., Schwann cells genetically 

modified to secrete human BDNF promote 

enhanced axonal regrowth across transected adult 

rat spinal cord. European Journal of 

Neuroscience, 1998. 10(2): p. 607-621. 

155. Golden, K.L., et al., Transduced Schwann 

cells promote axon growth and myelination after 

spinal cord injury. Experimental Neurology, 

2007. 207(2): p. 203-217. 

156. Fouad, K., et al., Combining Schwann cell 

bridges and olfactory-ensheathing glia grafts with 

chondroitinase promotes locomotor recovery after 

complete transection of the spinal cord. The 

Journal of Neuroscience, 2005. 25(5): p. 1169-

1178. 

157. Morgan, L., K.R. Jessen, and R. Mirsky, The 

effects of cAMP on differentiation of cultured 

Schwann cells: progression from an early 

phenotype (04+) to a myelin phenotype (P0+, 

GFAP-, N-CAM-, NGF-receptor-) depends on 

growth inhibition. The Journal of cell biology, 

1991. 112(3): p. 457-467. 

158. Saberi, H., et al., Treatment of chronic 

thoracic spinal cord injury patients with 

autologous Schwann cell transplantation: an 

interim report on safety considerations and 

possible outcomes. Neuroscience letters, 2008. 

443(1): p. 46-50. 

159. Cloutier, F., et al., Transplantation of human 

embryonic stem cell-derived oligodendrocyte 

progenitors into rat spinal cord injuries does not 

cause harm. 2006. 

 

 

 

 

 

 

 

 

 


