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Introduction

Approximately 12,000 new spinal cord injury (SCI) cases are reported in the
USA each year (https://www.nscisc.uab.edu/PublicDocuments/fact_figures_docs/
Facts%202012%20Feb%20Final.pdf). The sudden impairment/loss of motor, sen-
sory, and autonomic functions turns the life of mostly young patients instantly upside
down. To date, effective restorative therapies that target molecular and cellular
mechanisms known to prevent structural and functional recovery are not available.
Most spinal cord injuries are induced by blunt trauma with subsequent compres-
sion of the spinal cord, leading to the disruption of axonal tracts. The loss of spinal
cord parenchyma, including astroglia, oligodendroglia, and neurons, as well as
microglial activation, macrophage and leukocyte infiltration, and demyelination of
preserved axons, represents key factors contributing to the poor intrinsic regenera-
tive capacity of the adult spinal cord. Moreover, growth-inhibitory factors, such as
myelin-based inhibitors [i.e., Nogo, MAG (myelin-associated protein), and OMgp
(oligodendrocyte myelin glycoprotein)], inhibitory extracellular matrix components
[i.e., CSPG (chondroitin sulfate proteoglycans)], diffusible chemorepellents [i.e.,
semaphorins, ephrins, and netrin (Busch and Silver 2007; Giger et al. 2010)], and
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the lack of growth-promoting molecules [i.e., neurotrophic factors], represent
additional components preventing recovery from SCI (Lu and Tuszynski 2008;
Thuret et al. 2006).

To achieve improvement in the most severe complete SCI cases, cell replacement
strategies are likely needed to compensate for the loss of spinal cord parenchyma at
the site of injury, as well as remote regions, with the ultimate goal to induce func-
tional recovery in spinal cord-injured individuals (Barnabe-Heider and Frisen 2008;
Hulsebosch 2002; Collins 1983). Solely enhancing the intrinsic capacity for cell
replacement seems insufficient to promote beneficial structural repair after a devas-
tating trauma with substantial tissue damage.

Ideally, grafted cells should serve as a substrate for axonal growth, axonal remy-
elination, and replacement of lost neurons or as neuronal relays to reconnect dam-
aged axons and secrete growth factors to promote axonal outgrowth/remyelination.
Studies have identified numerous cell types that meet some or all of these objec-
tives. The most attractive cell types can differentiate into neural phenotypes of the
adult spinal cord in a phenotypically appropriate fashion. Olfactory ensheathing
cells and Schwann cells derived from the peripheral nervous system (PNS) and the
transition zone between the PNS and central nervous system (CNS), respectively,
cannot replace lost cells in a phenotypically appropriate fashion. These cells do not
reside in the CNS (Field et al. 2003; Ramon-Cueto and Avila 1998), yet they can
elicit substantial axonal regrowth and myelination in the injured adult CNS
(Akiyama et al. 2004; Blakemore and Crang 1985; Honmou et al. 1996; Imaizumi
et al. 2000; Kohama et al. 2001; Weidner et al. 1999; Li et al. 1997; Lu et al. 2002;
Ramon-Cueto et al. 2000; Sasaki et al. 2004; Steward et al. 2006; Takami et al.
2002; Lu et al. 2006). Other cell types, such as fibroblasts, which are not cellular
components of the CNS, cannot mimic glial or neuronal function and can only serve
as cellular substrates for axonal growth and/or vehicles for the local delivery of
growth-promoting factors after genetic modification (Grill et al. 1997; Tuszynski
et al. 2003; Jin et al. 2002). The present review will focus on neural stem/progenitor
cells, which have the potential to differentiate into astroglia, oligodendroglia, and
neurons and are thus theoretically able to reconstitute the original CNS tissue com-
position as close as possible.

Stem Cell Nomenclature

The developmental stage, at which cells are isolated, defines stem cells as embry-
onic, fetal, or adult stem cells.

Embryonic Stem Cells

Embryonic stem (ES) cells are derived from the inner cell mass of the blastocyst and
remain pluripotent, meaning that they retain the potential to give rise to all cell types
of the three germ layers (ectoderm, endoderm, and mesoderm), with exception
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to extraembryonic tissues (Marcus and Woodbury 2008). The first ES cells were
isolated and cultivated from mice, and a few years later, human-derived ES cells
followed (Reubinoff et al. 2000; Thomson et al. 1998). ES cells have the capacity
for unlimited proliferation in vitro (Evans and Kaufman 1981; Martin 1981;
McDonald et al. 1999), representing a promising cell type for transplantation para-
digms. However, major concerns regarding ethical issues, the necessity for immu-
nosuppression, the risk for tumor formation, and possible chromosomal instability
after long-term cultivation challenge the widespread application of this particular
cell type (McDonald et al. 1999; Vats et al. 2005; Nussbaum et al. 2007).

Fetal Stem Cells

Fetal stem cells are postembryonic cells, which are multipotent. Thus, they can only
differentiate into cell types within a specific lineage, e.g., neural stem cells or hema-
topoietic stem cells. Fetal stem cells are isolated from specific regions, similar to
adult stem cells, but they lack the differentiation potential of ES cells. The prolifera-
tive capacity of fetal stem cells is still superior in comparison to adult stem cells
(Rao 1999; Pojda et al. 2005; Johe et al. 1996; Wu et al. 2002a; O'Donoghue and
Fisk 2004). However, the need for immunosuppression following transplantation, as
well as ethical concerns, presents major drawbacks for this method.

Glial- or neuronal-restricted precursor cells (GRPs or NRPs) can be isolated
from the fetal spinal cord (rat E12 through E14) and are capable of self-renewal
(Rao et al. 1998; Lee et al. 2000). GRPs can be maintained in culture for a pro-
longed time without loosing their differentiation potential (Wu et al. 2002b; Davies
et al. 2006; Rao and Mayer-Proschel 1997; Rao et al. 1998; Gregori et al. 2002). In
addition, they can differentiate into two distinct astrocyte populations (type 1 and
type 2 astrocytes), as well as oligodendrocytes, but not into neurons (Wu et al.
2002b; Han et al. 2004). NRPs, on the other hand, can differentiate into several
neuronal phenotypes, but not into oligodendrocytes or astrocytes (Kalyani and Rao
1998; Mujtaba et al. 1999; Rao 1999).

Adult Neural Stem/Progenitor Cells

Adult neural stem/progenitor cells (NSCs) are multipotent and can be isolated from
two neurogenic regions: 1) the subventricular zone of the lateral ventricles, which
normally gives rise to neurons of the olfactory bulb, and 2) the subgranular zone of
the hippocampal dentate gyrus. In addition, adult NSCs also exist in non-neurogenic
regions of the CNS, such as the striatum, neocortex, and spinal cord (Palmer et al.
1999; Palmer et al. 1995; Yamamoto et al. 2001; Weiss et al. 1996). Besides their
potential for self-renewal, adult NSCs proliferate and can be expanded in vitro in
the presence of epidermal growth factor (EGF) and basic fibroblast growth factor
(bFGF) (Roy et al. 2000; Wachs et al. 2003; Gritti et al. 1996). After withdrawal of
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growth factors and/or exposure to serum, adult NSCs differentiate into neurons,
astrocytes, and oligodendrocytes in vitro (Arsenijevic et al. 2001; Gage et al. 1995;
Johansson et al. 1999; Reynolds and Weiss 1992; Weiss et al. 1996; Shihabuddin
et al. 1997; Cao et al. 2002).

Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSCs) are obtained by reprogramming differenti-
ated somatic cells to induce a pluripotent, embryonic-like state. By introducing four
genes (Oct3/4, Sox2, c-Myc, and Klf4) to mouse and human somatic cells, such as
fibroblasts, these cells have been reprogrammed to become iPSCs (Takahashi and
Yamanaka 2006; Park et al. 2008; Takahashi et al. 2007; Yu et al. 2007; Nakagawa
et al. 2008). Another method to generate iPSCs is to replace the oncogenes c-Myc
and KIf4 with NANOG and LIN28 (Yu et al. 2007). Similar to ES cells, iPSCs give
rise to cells of all three germ layers (Takahashi and Yamanaka 2006). In the context
of potential clinical applications, iPSC isolation from patient skin allows for autolo-
gous transplantation, thus avoiding ethical concerns and immunological problems
(Salewski et al. 2010; Fujimoto et al. 2012; Tsuji et al. 2011). However, the yield of
iPSCs obtainable from adult skin biopsies remains rather low. Furthermore, uncon-
trolled proliferation of iPSC grafts is a major concern and has to be closely moni-
tored (Yamanaka 2009; Takahashi and Yamanaka 2006; Maherali et al. 2007;
Maherali and Hochedlinger 2008; Wernig et al. 2007). Due to potential epigenetic
alterations, inappropriate reprogramming, and the possibility of chromosomal aber-
rations, iPSCs are thought to be more tumorigenic than ES cells (Ben-David and
Benvenisty 2011; Wernig et al. 2008; Yamanaka 2007; Miura et al. 2009). Therefore,
each iPSC line needs to be pre-evaluated to assess the risk of tumor formation, as
well as to confirm their safety following cell grafting, before their use can be trans-
lated into clinical applications (Tsuji et al. 2010).

Therapeutic Targets of Neural Stem Cell Transplantation

Remyelination

Axonal demyelination and loss of nerve conduction resulting from oligodendrocyte
loss contributes to functional impairment after SCI (Gledhill et al. 1973; Hulsebosch
2002; Basso et al. 1996). Post-mortem studies in spinal cord-injured individuals
indicate a preserved rim of axons in motor complete SCI (Kakulas 1999; Sherwood
et al. 1992). However, these spared axons are frequently demyelinated (Kakulas
1999). The intrinsic capacity for oligodendroglial replacement, and consecutive
remyelination of demyelinated axons in the adult spinal cord, remains limited. The
poor remyelination capacity is at least partially due to inadequate proliferation and
terminal differentiation of oligodendroglial precursor cells into mature myelinating
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oligodendrocytes (Levine and Reynolds 1999). Therefore, approaches to enhance
oligodendrocyte myelination represent a viable option for repairing the injured
spinal cord.

In vitro, adult NSCs differentiate into neurons, astroglia, and oligodendroglia
(Cao et al. 2002; Shihabuddin et al. 1997; Weiss et al. 1996). However, following
transplantation into the injured spinal cord, adult NSCs differentiate predominantly
into astroglia, with only few cells becoming oligodendroglia, while neuronal dif-
ferentiation is essentially never found (Akiyama et al. 2001; Vroemen et al. 2003;
Hofstetter et al. 2005; Cao et al. 2001; Pfeifer et al. 2006; Pfeifer et al. 2004; Mothe
and Tator 2008; Vroemen et al. 2007; Karimi-Abdolrezaee et al. 2006).

Similar results have been reported for fetal-derived NSCs, which generate only a
small proportion of cells (<10 %) that differentiate into oligodendrocytes up to 8
months post-transplantation in the injured spinal cord (Cao et al. 2001; Iwanami et al.
2005; Wu et al. 2002a). Other studies have shown that both ES cell and fetal NSC
grafts contain significantly higher proportions of cells that express markers for mature
oligodendrocytes (Salazar et al. 2010; Yasuda et al. 2011; Cummings et al. 2005;
McDonald et al. 1999). The grafting of human brain-derived fetal NSCs into spinal
cord-injured immunodeficient and myelin-deficient mice yielded up to 64 % adeno-
matous polyposis coli (APC)-positive oligodendrocytes, which were also associated
with remyelination of axons 4 months after transplantation (Cummings et al. 2005).

Increased cell survival and oligodendroglial differentiation in vivo has been
shown after infusion of growth factors (PDGF-AA, bFGF, and EGF), in combina-
tion with adult NSC grafts (Karimi-Abdolrezaee et al. 20006), grafting of ciliary
neurotrophic factor (CNTF) expressing oligodendrocyte progenitor cells (OPCs)
(Cao et al. 2010) or multi-neurotrophin-expressing GRPs (with BDNF and NT-3
activity) (Cao et al. 2005; Cao et al. 2010), and after grafting of neurogenin-2-
expressing adult NSCs (Hofstetter et al. 2005). Survival/differentiation of graft-
derived oligodendrocytes varied between 50 and 400 % in these studies. In contrast,
the number of transplanted oligodendrocytes decreased, and neuronal differentia-
tion increased following grafting of fetal NSCs in combination with valproic acid
administration, a histone deacetylase inhibitor (Abematsu et al. 2010).

The pre-differentiation of NSCs into OPCs, which are already restricted toward
an oligodendroglial lineage, is another method that has been utilized to increase
absolute numbers of ES cell- and NSC-derived oligodendrocytes (Cao et al. 2010;
Keirstead et al. 2005; Nistor et al. 2005). Depending on the maturation stage, OPC
differentiation, survival, and migration differ significantly. Immature OPCs survive
better after transplantation, migrate more extensively from the implantation site,
and remyelinate more efficiently (Archer et al. 1997; Groves et al. 1993; Warrington
et al. 1993; Zhang et al. 1999; Franklin 2002). In addition, OPCs derived from fetal
or adult tissue, which have been purified by fluorescence-activated cell sorting of
A2B5*/PSA-NCAM- cells, result in different characteristics. Both OPC phenotypes
mediate robust myelination; however, adult-derived OPCs myelinate more rapidly,
generate a higher number of oligodendrocytes, and ensheath more host axons per
donor cell. In addition, adult cells migrate shorter distances compared to fetal-
derived OPCs (Windrem et al. 2004).
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Graft-induced remyelination is mostly visualized by toluidine-blue- or Luxol
fast blue-stained semi-thin sections and electron microscopy (Abematsu et al. 2010;
Cao et al. 2010; Cummings et al. 2005; Keirstead et al. 2005; Yasuda et al. 2011;
Zhang et al. 2007). The ratio between myelin sheath thickness and axon diameter
can be used to discriminate remyelination by Schwann cells or oligodendrocytes
from preserved myelin. Remyelinated axons typically exhibit thin myelin sheaths
relative to axon diameter (Keirstead et al. 2005). These measurements indicate that
oligodendrocyte-mediated remyelination, rather than prevention of oligodendrog-
lial cell death, accounts for the observed behavioral recovery. Remyelination by
grafted human fetal NSC-derived oligodendroglia has also been verified in shiverer
mice, where engrafted human cells were selectively ablated with diphtheria toxin,
resulting in secondary demyelination (Cummings et al. 2005).

In terms of locomotor recovery, minimal improvement of around 2 points on the
Basso, Beattie, & Bresnahan (BBB) motor recovery scale (range from 0 to 21; 0 no
observable movement vs. 21 normal locomotion) (Basso et al. 1996) was the most
common finding in studies examining remyelination (Cao et al. 2005; Hofstetter
et al. 2005; Karimi-Abdolrezaee et al. 2006; Keirstead et al. 2005; McDonald et al.
1999; Mitsui et al. 2005; Zhang et al. 2007). Two studies grafting human ES cell-
derived OPCs and CNTF-overexpressing rat OPCs, respectively, reported an aver-
age improvement of around 4 points on the BBB locomotor rating scale (Cao et al.
2010; Keirstead et al. 2005), which was paralleled by restoration of neurophysio-
logical parameters (transcranial magnetic motor-evoked potentials, magnetic inter-
enlargement reflex responses) (Cao et al. 2010). In addition to oligodendroglial
differentiation/remyelination, axonal sprouting around the injury site was reported
as a structural correlate of transplanting CNTF-overexpressing OPCs.
Transplantation of fetal NSCs into the contused spinal cord of non-obese diabetic
(NOD)/severe combined immunodeficiency (SCID) mice elicited restoration of
motor-evoked potentials and improved locomotor function (2 points in the Basso
Mouse Scale; BMS). In control animals receiving grafts of fetal shiverer mice-
derived NSCs, only thin, poorly formed, myelin sheaths were observed as the cor-
relate of impaired functional outcome (Yasuda et al. 2011).

Axonal Regrowth

Axonal regrowth can contribute to structural repair via two different mechanisms:
(1) transected axonal endings regrow across or around the lesion and reinnervate
previous target neurons distal to the lesion; (2) remaining intact axons that bypass
the lesion site extend collateral sprouts, which may partially compensate for tran-
sected axons. To accomplish true axonal regeneration across the lesion, a growth-
permissive substrate that fills the cystic lesion cavity needs to be introduced. Cellular
grafts not only provide a growth-permissive scaffold but also further recruit endog-
enous growth-promoting cells, such as Schwann cells, into the lesion site.
Neurotrophic factors or factors that neutralize inhibitory molecules can also
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promote collateral sprouting of axons. Local delivery of such growth-promoting
molecules can be achieved via cell grafts, which produce relevant growth factors
either naturally or following genetic modification.

Overall, few studies have reported neural stem/progenitor cell graft-mediated
axonal regeneration/sprouting. Enhanced regrowth of anterogradely labeled cortico-
spinal axons for a short distance into the graft has been shown following grafting of
adult spinal cord-derived NSCs into rat cervical dorsal column transections (Pfeifer
et al. 2004). Of note, grafted adult NSCs alone are not able to fill the cystic lesion
site. Co-grafting with fibroblasts or bone-marrow stromal cells (Sandner et al. 2012)
represents an effective strategy to maintain NSCs within the lesion site. Regenerating
axons were found to be co-localized with graft-derived glial-fibrillary-acidic-pro-
tein GFAP-expressing astroglia, suggesting that NSC-derived astrocytes provide a
cellular scaffold for injured axons (Pfeifer et al. 2004). Similar mechanisms have
been described following transplantation of GRP-derived astroglia into the injured
rat spinal cord (Davies et al. 2006). Fetal spinal cord-derived GRPs were purified
through A2B5 sorting, and consecutive exposure to bone morphogenetic protein 4
(BMP4) in vitro resulted in differentiation of A2B5-negative astroglia. These GFAP-
expressing astrocytes formed a permissive substrate for regenerating the ascending
sensory and descending rubrospinal axons through and across the graft after unilat-
eral lesions of the dorsal or dorsolateral funiculi. This observed axonal regeneration
was paralleled by improved locomotor recovery, as assessed by grid-walk analysis.
Interestingly, fetal grafts without astroglial differentiation failed to promote func-
tional improvement.

Unmodified spinal cord-derived fetal NSCs, grafted as cell suspensions into rat
spinal cord dorsal column crush lesions, were not able to fill the cystic lesion site
and failed to promote corticospinal and sensory axonal regeneration (Webber et al.
2007). Infusion of CNTF antibody, in combination with fetal NSC-soaked Gelfoam
grafted into a thoracic over-hemisection lesion in adult rats, resulted in regrowth of
anterogradely labeled corticospinal axons at and caudal to the lesion site (Ishii et al.
2006). This effect was attributed to CNTF deprivation with consecutive reduction
of astroglial scar formation rather than direct or indirect graft-mediated mecha-
nisms. Limited axonal sprouting has also been reported in studies using co-grafts of
fetal/neonatal cortical or hippocampal NSCs, together with olfactory ensheathing or
Schwann cells (Wang et al. 2010; Wang et al. 2011), although the underlying mech-
anisms remain unknown. Neuroprotection, rather than graft-mediated enhancement
of axonal growth, might be one mechanism resulting in increased axonal density in
animals with grafts of stem/progenitor cells. Increased density of serotonergic, nor-
adrenergic, and corticotrophin-releasing factor-positive axons caudal to the lesion
site has been demonstrated following transplantation of NRPs/GRPs in rat thoracic
contusion SCI. However, grafted cells were not spatially associated with these
axons. Functionally, locomotor and bladder functions (reduced detrusor hyperre-
flexia) were improved (Mitsui et al. 2005).

Several studies reporting axonal sprouting/regeneration also described partial
functional recovery (Davies et al. 2006; Mitsui et al. 2005; Wang et al. 2010; Wang
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et al. 2011). An impressive improvement of locomotor function (BBB scores of 17
vs. 9.1 in the control group) within 12 weeks post-injury was demonstrated after
co-grafting of fetal NSCs and olfactory ensheathing cells (Wang et al. 2010).
Neonatal NSCs overexpressing TrkC, co-grafted with NT-3-overexpressing
Schwann cells, also induced superior locomotor function (BBB score improvement
from 0.5 in control animals to 7.6 in grafted animals). Moreover, motor- and
sensory-evoked potentials recovered almost to the level of uninjured animals (Wang
et al. 2011). Independent investigators need to replicate these findings before firm
conclusions can be drawn. Taken together, at present there is only limited evidence
for robust functional recovery by neural stem cell-mediated axonal regeneration.

Neuronal Replacement

Significant degeneration of lower motor neurons is observed in cervical and lumbar
spinal cord injuries, which contributes to severe and irreversible paresis in upper
and lower extremities. In these cases, therapeutic efforts should focus on neuronal
replacement strategies, rather than aiming for long-distance axonal regeneration to
promote functional recovery. In addition, transplanted neurons might serve as
“relays” across the lesion in the injured spinal cord. Transected axons may form
synapses with graft-derived neurons that can extend into the distal spinal cord to
connect with appropriate target neurons.

A key prerequisite for neuronal replacement is that grafted stem/progenitor cells
differentiate into appropriate mature neurons. However, unmodified adult NSCs do
not differentiate into neurons after grafting to the injured spinal cord (Pfeifer et al.
2004, Pfeifer et al. 2006; Vroemen et al. 2003; Mothe and Tator 2008). In contrast,
in the majority of studies, fetal NSCs have been shown to differentiate into neurons
after spinal cord grafting (Yan et al. 2007; Okada et al. 2005; Cummings et al. 2005;
Cummings et al. 2006; Ogawa et al. 2002), as demonstrated by immunohistochem-
istry (beta-III-tubulin, NeuN, and defined neurotransmitter phenotypes). Some of
the fetal NSC graft-derived neurons also exhibited electron microscopic evidence of
synapse formation with the host neurons (Cummings et al. 2005). Only limited evi-
dence exists that relevant integration of graft-derived neurons into the spinal or
supraspinal circuitry occurs. Robust neuronal differentiation into GABAergic and
cholinergic neurons was demonstrated after grafting NSCs from human fetal spinal
cord into the lumbar spinal cord of nude rats. Graft-derived neurons were inner-
vated by host axons and subsequently established synapses with host neurons (Yan
et al. 2007). However, these effects were investigated in a peripheral nerve lesion
model (lumbar rhizotomy and excitotoxic root lesion), not in a SCI model. E13.5 rat
spinal cord-derived NRPs/GRPs differentiated into GABAergic and glutamatergic
neurons after grafting into a rat spinal cord lesion model (dorsal column transec-
tion) (Bonner et al. 2010). Axonal outgrowth over a limited distance into the host
spinal cord from these neurons was promoted by injection of a lentiviral vector
expressing the neurotrophic factor BDNF. In a subsequent study, the same cells
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grafted into a dorsal column lesion at cervical level CI1, followed by BDNF-
expressing lentiviral injections, elicited sensory axonal regeneration into the graft,
as well as graft-derived axonal outgrowth into the dorsal column nuclei along the
neurotrophin gradient. Synaptic connections between sensory axons and graft-
derived neurons on one side, and graft-derived neurons and dorsal column nuclei on
the other side, were confirmed by electron microscopy and electrophysiological
analysis. These findings provide convincing evidence for a “relay” function of stem
cell grafts (Bonner et al. 2011).

Transplanted fetal spinal cord tissue into the neonatal injured spinal cord supports
survival of axotomized neurons and axonal regrowth, resulting in locomotor
improvement (Bregman and Reier 1986; Bregman 1987; Diener and Bregman 1998;
Bernstein-Goral and Bregman 1993, 1997; Houle and Reier 1988). Fetal spinal cord
grafts within the adult uninjured spinal cord were shown to promote host-derived
axonal growth into the transplant. However, axons failed to grow across the graft and
back into the host spinal cord (Kunkel-Bagden et al. 1992; Bregman et al. 1997,
Bernstein-Goral and Bregman 1993). Based on a more recent study, which demon-
strated remarkable axonal growth after grafting green-fluorescent-protein GFP-
expressing rat cortical E14 NSCs into the lesioned rat motor cortex (Gaillard et al.
2007), NSCs derived from E14 GFP-transgenic rat spinal cord were transplanted
subacutely into the completely transected adult rat spinal cord (Lu et al. 2012). The
NSC grafts differentiated into astrocytes, oligodendrocytes, and neurons. Graft-
derived axons elongated robustly from the thoracic graft site both into the white
matter of the lumbar spinal cord and cervical spinal cord in a highly oriented fash-
ion. Frequently, axon collaterals terminated in the spinal cord gray matter, and GFP-
expressing axon terminals formed synapses with host dendrites, which suggested
that graft-derived neurons form functional relays in the injured spinal cord.
Importantly, axonal growth occurred despite the presence of numerous growth-
inhibitory molecules in the injured spinal cord, underlining the importance of a
proper neuron-intrinsic axonal regrowth capacity. A remarkable locomotor improve-
ment of 5 points in the BBB locomotor scale was paralleled by partial restoration of
nerve conduction across the transection site. Both locomotor and electrophysiologi-
cal recoveries were abolished by spinal cord re-transection. In subsequent experi-
ments, grafts of human fetal-derived stem cell lines achieved comparable results
after thoracic spinal cord transection (Lu et al. 2012), which highlights their rele-
vance for a potential clinical translation.

Neuronal replacement was also proposed as an underlying mechanism of func-
tional recovery after grafting of iPSCs (Fujimoto et al. 2012; Nori et al. 2011; Tsuji
et al. 2010). In these studies, murine- or human-derived neural progenitors gener-
ated from iPSCs were grafted into NOD/SCID mice at 7 to 9 days following SCI. The
grafted cells survived, integrated into the host tissue, and differentiated into all three
CNS lineages (neurons, astrocytes, and oligodendrocytes). The majority of these
cells differentiated into neurons (50-75 %) (Fujimoto et al. 2012; Nori et al. 2011),
which formed synaptic connections with host neurons. Roughly one third of the
grafted iPSCs differentiated into astroglia and oligodendroglia. The exact mecha-
nisms underlying the observed functional recovery remain to be determined.
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Stem Cell Transplantation: Clinical Application

Clinical trials are mandatory to assess the risks and benefits of a cell-based therapy
before such an approach can be translated into a routine clinical application. The
point in time when a promising experimental therapy should be investigated in a
clinical trial is frequently the subject of major controversy. On one side, expectations
and hopes of patients asking for effective therapies to cure severe disabilities have to
be addressed. On the other side, careful scientists ask for caution in conducting pre-
mature clinical trials. To ensure that clinical trials in SCI are justified and conducted
properly, a consensus for standards for the appropriate conduct of clinical trials has
been established (Tuszynski et al. 2007; Steeves et al. 2007; Lammertse et al. 2007,
Fawcett et al. 2007). A number of case series/clinical trials using cell-based therapies
in SCI have been conducted, which indicated different degrees of compliance with
these guidelines (Hug and Weidner 2012). The majority of studies have investigated
bone-marrow-derived cell grafts (Pal et al. 2009; Callera and do Nascimento 2006;
Chernykh et al. 2007; Deda et al. 2008; Geffner et al. 2008; Kumar et al. 2009; Park
et al. 2005; Sykova et al. 2006; Yoon et al. 2007; Saito et al. 2008). In this chapter,
only clinical trials investigating NSC-based therapies will be reviewed.

In December 2010, StemCells, Inc. initiated a phase I/II clinical trial based on
preclinical evidence that fetal human brain-derived stem cells can differentiate into
myelinating oligodendrocytes and synapse-forming neurons mediating functional
recovery in rodent models of SCI (Cummings et al. 2006; Cummings et al. 2005;
Hooshmand et al. 2009; Salazar et al. 2010; Uchida et al. 2000). The trial received
final approval in July 2011 and is currently recruiting patients. The aim of the trial
is to assess the safety and preliminary efficacy in 12 patients with AIS (American
Spinal Injury Association impairment scale) grade A—C thoracic SCI at three to 12
months post-injury. Patients receive cell suspension grafts injected directly into the
SCI lesion site, followed by transient immunosuppression. Subsequently, patients
will be assessed over a 1-year period to monitor safety and to measure recovery of
sensation, motor, and bowel/bladder function. An additional 4-year follow-up
observational study will conclude the study. As of January 2013, four patients have
been enrolled. No side effects have been reported to date (Dr. Armin Curt, Ziirich,
personal communication).

Based on preclinical evidence (Sharp et al. 2010; Keirstead et al. 2005) that
human ES cell-derived oligodendrocyte progenitor cells enhance remyelination and
neuroprotection after SCI, Geron Corp. initiated a multicenter trial (Mayor 2010).
In 20009, the first clinical trial to evaluate safety and efficacy (recovery of neurologi-
cal function) following human ES cell transplantation in acute SCI was approved.
Patients with a complete thoracic SCI (AIS A) were included. Two million human
ES cell-derived oligodendrocyte progenitor cells were injected into the spinal cord
lesion site within 14 days after injury, accompanied by immunosuppression with
tacrolimus. Surprisingly, in November 2011, the company discontinued the clinical
trial for financial reasons after five patients underwent the cell transplantation pro-
cedure. Apparently, the establishment of proper cell purification protocols, prob-
lems with cyst formation after transplantation, and slow patient recruitment caused
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an unexpected rise in costs. Over the course of 12 years from bench to bedside,
developmental costs for this therapeutic approach were estimated at $170 million
(http://www.bbc.co.uk/news/health-11517680). According to the company, the
therapy did not promote any improvement, but was well tolerated with no serious
adverse events. (Kaiser 2011).

Summary and Conclusions
Preclinical studies investigating neural stem cell grafting in SCI reported partial
structural and functional improvement. Based on this evidence, two clinical trials
investigating neural stem cell grafts in SCI subjects were initiated. Unfortunately,
the first phase I/II trial investigating ES cell-derived grafting in acute SCI was
terminated. Despite the disappointment related to the premature termination of
this clinical trial, the experience gathered from this pioneer study will signifi-
cantly facilitate planning and execution of future clinical studies of this kind.
Current concepts employing neural stem cell grafts, as glial scaffolds for
regenerating axons (Pfeifer et al. 2004; Davies et al. 2006) or as relays after
neuronal differentiation (Bonner et al. 2011; Lu et al. 2012), hold great prom-
ise for promoting substantial structural restoration as a prerequisite for a suc-
cessful regenerative therapy in SCI. Future research efforts need to focus on
accessible stem cell sources, which do not raise ethical concerns. iPSCs —
once issues of tumor formation and efficient cell propagation and differentia-
tion have been addressed — may serve as areliable and effective stem cell-based
regenerative therapy in SCI. Moreover, relevant glial or neuronal phenotypes
need to be enriched and further modified in their capacity to promote struc-
tural repair. Robust restoration of spinal neural circuits in animal models of
chronic severe spinal cord contusion injury will be the most valuable predic-
tor for successful clinical trials in SCI.
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