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Abstract
Spinal cord injury is one of the most debilitating conditions, which mostly 

affects relatively young individuals. Following the initial insult, secondary 
pathologic processes including the vascular and inflammatory cascades lead to 
permanent cellular disruption, causing an irreparable damage. For the last two 
decades, replacement of the lost cellular and supporting elements at the site 
of the injury have become a major topic of spinal cord regenerative research. 
Various types of stem cells have been used as sources for these elements. 
However, despite the extensive advancement in the isolation, expansion, and 
transplantation of these stem cells, and the promising functional outcomes in 
animal models, they are yet to be widely used in humans, and more studies are 
needed to determine their safety and efficacy. In this review, we will discuss the 
major different types of stem cells used in SCI.
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Introduction
Spinal cord injury (SCI) is one of the most prevalent disabling 

conditions in the world. It has an annual incidence of 15-40 cases per 
million [1]. It most commonly affects young, and otherwise healthy, 
patients [2]. SCI has been divided into four types, based on the gross 
anatomic findings: 1- Solid cord injury, the least common type, 
is associated with normal appearance of the spinal cord following 
injury; 2- Contusion/cavity, the most common type, is associated 
with areas of hemorrhage and expanding necrosis and cavitation, but 
with no disruption of the surface of the spinal cord; 3- Laceration, 
where there is a clear-cut disruption of the surface anatomy; and 4- 
Massive compression, where the  cord  is macerated or pulpified to a 
variable degree [3]. However, such gross findings carry no significant 
difference in the consequent histological changes [4], which are the 
major determinant of the post-traumatic functional impairment. 
These histological changes are divided into two phases, primary and 
secondary. The primary phase results from the direct traumatic effect 
of the insult on the neural and vascular structures of the spinal cord. 
This phase is followed by a more insidious and deleterious phase, the 
secondary phase. It is associated with ischemic and inflammatory 
changes, leading to cellular necrosis and apoptosis, scar formation, 
and prolonged Wallerian degeneration [4]. (Figure 1) These changes 
have become a major area of research, intending to identify possible 
therapeutic targets to interrupts this sequence of events. Moreover, 
within the last two decades, filling the post traumatic cavitation of the 
spinal cord with the lost tissue elements derived from stem cells has 
become one of the main pillars of spinal cord regeneration studies.

Stem cells
Stem cells are non-differentiated cells with high proliferation 

and differentiation potentials, and with self-renewal and regenerative 
capability. Stem cells are classified according to their potency into 
totipotent, pluripotent, multipotent, oligopotent, and unipotent, 
based on how many types of differentiated cells, and of what germ 
layers, the stem cells are capable to produce [5]. Of these different 

types of stem cells, embryonic stem cells (ESCs) and adult stem cells 
(ASCs) have received most attention. The ESCs are pluripotent cells 
that arise from the inner cell mass of the blastocyst during early stage 
of development. They may give rise to any type of cells from the yet-
to-be formed three germ layers: ectoderm, mesoderm, and endoderm. 
After tissue differentiation in children and adults, most of these 
tissues retain a population of stem cells that give rise to the specific 
line of cells of the retaining organ. These cells are named the ASCs. 
For unknown reason, ASCs, do not exist in some tissues including 
brain (exist in some subependymal areas and hippocampus and a few 
other areas described below), spinal cord, heart, and kidneys, with 
minor exceptions [5,6].

For long time, the process of tissue differentiation into adult 
somatic cells was considered unidirectional, and pluripotent stem 
cells could only be obtained from specific sites, including developing 
embryos and adult bone marrow. In 2006, Takahashi and Yamanaka 
[7] were able to go back in cellular time by reprogramming adult 
somatic cells into pluripotent cells similar to the ESCs using defined 
pluripotency-related transcription factors (i.e. Oct3/4, Sox2, c-Myc, 
and Klf4). These newly formed pluripotent stem cells were called 
the induced pluripotent stem cells (iPSCs) [8]. However, despite 
the extensive, rapid, and important advancements associated with 
these cells, their generation has been associated with increased 
chromosomal aberrations and genetic deletions, and therefore, 
higher risk of carcinoma [7].

Cellular transplantation
Stem cells at different stages of maturation have been used for 

cellular transplantation. These cells have mainly included the neural 
stem cells, oligodendrocytes and their progenitors, motor neurons 
and their progenitors, mesenchymal stem cells, and bone marrow 
stem cells (Table 1).

Neural stem cells
Neural stem cells (NSCs) are multipotent cells that are 

able to differentiate into neuronal and non-neuronal cells (e.g. 
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oligodendrocytes and astrocytes), and thus, can replace multiple lost 
elements at the site of SCI. The sources of human NSCs are divided 
into embryonic and adult depending on the development level at the 
time of isolation. Embryonic sources include the fetal neural tissue 
and the ESCs. The adult sources include the adult neural tissue and 
the iPSCs.

Human NSCs derived from fetal neural tissue

The most significant breakthrough in human NSCs isolation from 
fetal neural tissue was made by Svendsen et al. [9,10]. For the first 
time, these stem cells were capable of migration and differentiation 
into neurons and glial cells (oligodendrocytes and astrocytes) after 
transplantation into rat brains. Thereafter, multiple studies have 
attempted to isolate these cells from fetal brain [11-13] and spinal 
cord [14], and enhance their expansion, maturation, and survival 
using various neurotrophic factors, including epidermal growth factor 
(EGF), basic fibroblast growth factor (bFGF), leukemia inhibitory 
factor (LIF), cilliary neurotrophic factor (CNTF), and brain-derived 
growth factor (BDGF).

Transplantation of these human NSCs has been carried out 
on animal models of SCI, including mice [15], rats [16,17], and 
common marmosets [18]. It has not applied on humans. In all these 
studies, cellular transplantation was performed during acute stage of 
injury (less than 2 weeks), and was associated with signs of cellular 
proliferation and migration, with significant gradual functional 
improvement.

Human NSCs derived from adult neural tissue

Adult sources for human NSCs isolation include the 
subependymal zone and the hippocampus. Other areas may also 
include the spinal cord, striatum, and neocortex. Proliferation of these 
cells has been induced using the EGF and bFGF. Withdrawal of these 
factors leads to NSCs differentiation [19]. Following transplantation 
into rats during acute stage of SCI, the NSCs were able to migrate and 
differentiate into neurons and glial cells, with significant locomotor 
recovery [19,20]. During chronic stage of SCI (after 8 weeks), no 
signs of functional improvement was recorded [20], which supports 
the therapeutic window theory. No trials were conducted on humans.

The therapeutic window theory proposes the presence of a 
window period at early stages of SCI, before more deleterious 
secondary changes progress. These changes will progressively limit 
the cellular migration to the site of injury, and suppresses their 
maturation and differentiation, and hence, results in a very limited 
functional improvement [21-23].

Human NSCs derived from ESCs and iPSCs

Isolation and transplantation of human NSCs derived from ESCs 
and iPSCs has only scantly been reported in the literature, probably 
due to the complexity of the procedure, and presence of other less 
complicated source for NSCs, with similar outcomes. In all the 
reported studies, transplantation of these cells into mice [24,25] 
and rats [26] spinal cord was performed at acute stage of injury, and 
resulted in cellular migration and differentiation, and significant 

Figure 1: Mechanism of cellular damage following spinal cord injury.
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functional improvement. No studies were reported on humans.

Oligodendrocytes and motor neurons

SCI is associated with significant loss of motor neurons (MNs), 
oligodendrocytes (OLs), and their progenitors. This loss is a major 
contributing factor to the functional deterioration following injury. 
Therefore, replacement of these elements has become a main research 
target. In most studies, human OLs and MNs are derived from ESCs, 
and few studies have recently isolated these cells from iPSCs.

Transplantation of these MNs [27,28] and OLs [21,29-32] into 
animal models of SCI at acute stage of injury was associated with 
effective migration and integration, and resulted in significant 
locomotor improvement. No studies were conducted on human.

Mesenchymal stem cells
Mesenchymal stem cells (MSCs) are multipotent stem cells that 

can be derived from the bone marrow and umbilical cord in adults 
and neonates, respectively. They are able to differentiate into any 
cell of the mesenchymal linage, including osteoblasts, chondrocytes, 
adipocytes, and stroma. They are also able to Trans-differentiate into 
cells of endodermal and ectodermal lineages such as hepatocytes 
and neurons, respectively [33,34]. These mesenchymal cells have the 
capacity to increase tissue preservation and decrease cyst and injury 
size [35]. They are also capable of producing various neurotrophic 
factors that promotes neuronal survival and functional recovery. 
Moreover, MSCs constitute an autologous source for stem cell 
engraftment, and can be expanded from relatively small amounts of 
bone marrow aspirates, and therefore represents an attractive source 
for cellular transplantation [33,34]. There was also no evidence of 
tumor formation following MSCs transplantation.

Pal et al. [36] have administered autologous bone marrow MSCs 
(BM-MSCs) intrathecally into 30 patients with chronic complete 
SCI. Patients were divided into two groups based on the time of 
injury as less or more than 6 months. In patients with less than 6 
months of injury, minimal improvement of motor and sensory 
functions was noticed, but was not sufficient to elicit positive motor 
and somatosensory evoked potentials, or to produce MRI changes. 
Patients, however, had improvement of daily activities and quality 
of life, and recovery of bladder and bowel sensation and control. In 
patients with more than 6 months of injury, no improvement was 
detected.

Kishk et al. [37] have also used intrathecal route for BM-MSCs 
administration in 43 patients with complete and incomplete SCI of 
subacute and chronic duration (less than 6 months). Over a period 
of 6 months, only minimal sensory and motor improvement was 
noticed, including bladder and bowel control, compared to control 
group.

Bhanot et al. [35] have used a combination of intrathecal followed 
by intramedullary BM-MSCs administration in 13 patients with 
chronic complete SCI of more than 8 weeks duration. Over 1 year of 
follow-up, only 1 patient had slight motor recovery, 2 patients had 
patchy improvement in pin prick sensation below the level of injury, 
and 1 patient subjectively developed sensation of bladder fullness.

Park et al. [38] have used intramedullary route for BM-MSCs 
administration in 10 patients with subacute and chronic SCI of 

more than 4 weeks duration. Their method included multiple 
intramedullary injections, 2 above the cavity and 3 into the cavity, 
and using the fibrin glue to seal the site of injection. Over 6 months 
of follow-up, 7 patients with complete SCI had no functional or 
MRI improvement. The remaining 3 patients with incomplete SCI, 
showed motor improvement, and were followed for another 30 
months. Over this period, these patients had remarkable motor and 
functional recovery. For the first time, electrophysiological study, 
assessed by motor and somatosensory evoked potentials, and MRI, 
showed significant improvement. This promising result, compared 
to previous studies might be related to many factors, including the 
presence of incomplete SCI in patients with functional recovery, and 
the use of direct intramedullary route with multiple injections into 
the site of injury.

Bone marrow stem cells 
The bone marrow stem cells (BMSCs) are used as an entire 

bone marrow aspirate containing a mixed population of cells, 
including MSCs, hematopoietic stem cells, endothelial progenitor 
cells, macrophages, lymphocytes, and marrow stromal cells. This 
combination provides the injured spinal cord with the established 
neuroprotective effect of its components [39-42]. They also have the 
advantages of being autologous and have low teratogenicity. Cellular 
administration can be done through intrathecal, intramedullary, 
intravenous, or intra-arterial routes. 

Park et al. [43] have used intramedullary administration of 
autologous BMSCs, combined with granulocyte macrophage-colony 
stimulating factor (GM-CSF) in 6 patients with acute complete 
SCI of less than 2 weeks duration (one patient received only GM-
CSF). GM-CSF induces growth of hematopoietic stem cells, and 
prevents cellular apoptosis of hematopoietic and neuronal cells. It 
also enhances BMSCs survival within the spinal cord, and induces 
excretion of neurotrophic cytokines, including BDGF. Four patients 
(including the one with GM-CSF only) showed significant motor and 
sensory recovery, 3 to 7 months after transplantation.

Yoon et al. [44] have used combined intramedullary 
administration of BMSCs and GM-CSF in 35 patients with complete 
SCI. Patients were divided into three groups, based on timing of 
transplantation: acute (less than 2 weeks), subacute (2-8 weeks), and 
chronic (more than 8 weeks). Over 10 weeks of follow-up, moderate 
functional recovery was noticed in acute and subacute SCI groups.

Sykova et al. [45] have used BMSCs transplantation via either 
intravenous or intra-arterial routes in 20 patients with acute and 
chronic complete SCI. Over 3 months of follow-up, only minimal 
motor and sensory recovery was noticed in 5 out of 7 acute patients 
and in 1 out of 13 chronic patients. These patients were mainly from 
the intra-arterial group.

Geffner et al. [46] have used different routes of BMSCs 
transplantation in 8 patients with acute and chronic complete SCI. 
These routes include intramedullary, intrathecal, and intravenous. 
Over two years of follow-up, minimal functional recovery was noticed 
mainly in patients with acute SCI.

Conclusion
From the previous studies, we can notice that despite the 
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promising results in animals, cellular transplantation of NSCs, OLs, 
and MNs in humans with SCI is strictly limited, due to the fear of 
immunologic reaction, rejection, and tumor formation. On the 
other hand, the use of autologous MSCs and BMSCs represent a 
safe, feasible, and reliable method of cellular transplantation for SCI 
treatment, and hence, are the main source of transplant applied in 
humans. However, in addition to the rarity of these clinical trials, there 
is a significant variation in the methods applied, and controversial 
outcomes are sometime reported, which makes it difficult to compare 
their results. More studies with longer follow-ups are definitely 
needed, and a standardized method for reporting functional outcome 
should also be applied.
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