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Abstract Reports of functional recovery from spinal cord
injury after the transplantation of rat fetus-derived neural
stem cells and embryonic stem cells has raised great
expectations for the successful clinical use of stem cell
transplantation therapy. However, the ethical issues in-
volved in destroying human embryos or fertilized oocytes
to obtain stem cells have been a major obstacle to
developing clinically useful stem cell sources, and the
transplantation of stem cells isolated from other human
embryonic tissues has not yet been developed for use in
clinical applications. Recently, induced pluripotent stem
cells, which can serve as a source of cells for autologous
transplantation, have been attracting a great deal of
attention as a clinically viable alternative to stem cells
obtained directly from tissues. In this review, we outline the

neural induction of mouse embryonic stem cells and
induced pluripotent stem cells, their therapeutic efficacy in
spinal cord injury, and their safety in vivo.
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Introduction

At the start of the 20th century, Spanish neuroanatomist
Santiago Ramón y Cajal [1] wrote, “Once the development
was ended, the fonts of growth and regeneration … dried
up irrevocably,” neatly articulating the long unchallenged
theory that neurogenesis does not occur in adult mammals
and that, once injured, the adult mammalian CNS,
especially the spinal cord, can never regenerate. However,
in 1992, cells with the potential to generate new neurons, or
neural stem cells, were identified by Reynolds and Weiss
[2]. Subsequently, methods were established to culture
mammalian neural progenitor cells, including stem cells,
from animals and humans [3–5].

When the molecular biological properties of neural stem
cells in the developing and adult CNS were elucidated [6–
10], attempts were made to take advantage of their
pluripotency to regenerate nervous system cells and tissues
that had been lost as a result of neurodegenerative disease
or injury. While being maintained in an undifferentiated
state, neural stem cells divide and proliferate. These cells
possess the potential for self-renewal (i.e., for giving rise to
cells that are identical to themselves) and for pluripotency
(i.e., giving rise to neurons, astrocytes, and oligodendro-
cytes), the 3 cell types that comprise the nervous system.
Moreover, they can be cultured in vitro by a variety of
methods, including being cultured as spherical bodies by
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the neurosphere method, although these spheres mainly
contain the progenitor cells, and the stem cell content
within the sphere is actually quite low. Therefore, as many
neural stem/progenitor cells as needed can be generated in
culture, and these cells show promise for transplantation
cell therapy, particularly in spinal cord injury (SCI)
research, because the transplantation of fetal spinal cord
tissue leads to functional recovery from SCI in the rat [11].

After this report, studies were conducted in the authors’
own laboratories to establish the safety and efficacy of
transplanting in vitro expanded stem/progenitor cells to
treat SCI. We tested the efficacy of transplanting: 1) rat fetal
spinal cord-derived neural stem/progenitor cells to treat rat
SCI during the subacute stage after injury [12], 2) mouse
fetal striatum-derived neural stem/progenitor cells to treat
SCI in mice (an experiment that used luciferase lumines-
cence to bioimage the transplanted cells) [13], and 3)
human fetal brain-derived neural stem/progenitor cells to
treat SCI in a nonhuman primate, the common marmoset
(Callithrix jacchus), as part of a pre-clinical trial [14]. We
found good functional recovery in all 3 cases and reported it
ref [12–14]. These results led to strong expectations that
human neural stem/progenitor cells that had been cultured
and expanded in vitro would be applied to nerve regeneration
in humans. However, the fact that these cells always had to
be collected from the brains of aborted fetuses has been a
major factor in precluding the clinical use of human neural
stem/progenitor cells, and even now there are still no
prospects for their clinical application in Japan.

In recent years, induced pluripotent stem (iPS) cells that
possess embryonic stem (ES) cell-like pluripotency and
proliferative capacity have been produced by transducing
several different genes into somatic cells [15–17]. If it were
possible to perform custom cell transplantation therapy by
generating iPS cells from patients themselves and trans-
planting them into SCI sites after the iPS cells had been
induced to differentiate into neural stem/progenitor cells, it
would also be possible to avoid both the ethical problem of
using human fetal tissue and the possibility of immunolog-
ical rejection. In this article, we will outline the in vitro
culture methods of inducing ES cell- and iPS cell-derived
neural stem/progenitor cells, discuss their safety at trans-
plantation, and describe current research on their transplan-
tation into SCI models in vivo.

ES Cell-Derived Neural Stem Cells

In Vitro Models of Neural Development and Mouse ES
Cell-Derived Neural Stem Cells

As previously stated, neural stem cells are defined as
having self-renewal potential and pluripotency. However,

their ability to differentiate and proliferate is strictly
governed by their time and place of birth, and not all
neural stem cells have the exact same properties. Neural
stem cells are already present on approximately embryonic
day 5 and can be cultured in the presence of leukemia
inhibitory factor [18]. Soon thereafter, and still at a
relatively early stage of embryonic development (embry-
onic days 8.5-12.5), the neural stem cells can be cultured in
vitro in the presence of fibroblast growth factor-2 (FGF-2).
From this stage until the late stage of embryonic develop-
ment, the radial glia located around the cerebral ventricle
possess the properties of neural stem cells, self-renewing by
symmetric cell division and producing neurons by asym-
metric cell division [19, 20]. In the late stage of embryonic
development, neural stem cells proliferate in vitro in
response to epidermal growth factor, as well as FGF-2.
However, the neural stem cells that emerge from this stage
onward are no longer able to produce early-born projection
neurons, such as forebrain-type cholinergic neurons, dopa-
minergic neurons, or motor neurons, which are born only in
the early stage of development. Finally, from the late stage
of embryonic development through the neonatal period and
into adulthood, neural stem cells in the brain are mainly
present around the cerebral ventricles and produce glial
cells (astrocytes and oligodendrocytes), as well as neurons
[21]. Thus, the differentiation and proliferation capacity of
neural stem cells is strictly controlled by the spatial and
temporal specificities that the cells are endowed with at the
time and place where they are born.

In a report from our group, Okada et al. [22] used mouse
ES cells derived from the inner cell mass to induce neural
stem/progenitor cells with high plasticity that are present in
a relatively early stage of development (i.e., they succeeded
in constructing a neural development model culture system
in vitro that mimics neural development and reflects its
temporal and spatial specificity). This culture system
eliminates the requirement for leukemia inhibitory factor to
maintain the ES cells in their undifferentiated state, and by
using floating cultures it allows the formation of embryoid
bodies (EBs), which contain cells derived from the 3 germ
layers. EBs contain relatively early-stage neural stem/
progenitor cells, and by growing EBs in floating cultures
containing serum-free neural stem cell culture medium
supplemented with FGF-2, it is possible to selectively culture
neural stem/progenitor cells in the form of neurospheres, in
which progenitor cells rather than stem cells are dominantly
present. Moreover, inhibiting bone morphogenetic protein
during the formation of EBs promotes differentiation into the
neuroepithelium, and adding a low concentration of Noggin
plays an important role in the formation of the forebrain.
Adding a low concentration of retinoic acid, which is
important in neural induction and the development of the
hindbrain and anterior spinal cord, increases the proportion
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of neural stem/progenitor cells in the EBs and the efficiency
of neurosphere formation.

Primary neurospheres (PNSs) formed in this way can be
subcultured as secondary neurospheres (SNSs) and tertiary
neurospheres. Intriguingly, although PNSs produce neurons
almost exclusively, SNSs and tertiary neurospheres produce
glial cells, including astrocytes and oligodendrocytes, as
well as neurons. The ability of neurospheres to be
subcultured repeatedly and to produce all 3 cell lineages
of the nervous system demonstrates that mouse ES cell-
derived neurospheres contain neural stem/progenitor cells,
as defined by their potential for self-renewal and their
pluripotency. Moreover, the changes in differentiation
potential associated with subculturing closely reflect the
temporal changes seen in the development of the nervous
system in vivo, in which only neurons are born in the initial
stage of development, and glial cells first begin to be born
in the middle stage of development. Furthermore, by adding
Noggin or changing the concentration of retinoic acid
during EB formation, neural stem/progenitor cells with
anterior-posterior axis region-specific properties can be
induced. Similarly, dorsal-ventral region-specific control
has been achieved by adding the ventralization factor Sonic
Hedgehog or the dorsalization factor bone morphogenetic
protein 4 or Wnt3a to the culture during the formation of
PNSs [22]. Based on these findings, adding the right factor
at the right time during the culture appears to permit the
region-specific control of neural stem/progenitor cell
properties.

Transplantation of Mouse ES Cell-Derived Neural
Stem/Progenitor Cells into Injured Spinal Cords

The self-renewal potential, pluripotency, and genetic adapt-
ability of ES cells make them an attractive cell source for
therapeutic transplantation. Methods of inducing mouse ES
cells to form neurons have already been widely investigated
[23], and ES cell-derived neural stem/progenitor cells seem
ideal as a source of cells for transplantation. Furthermore,
the differentiation stage of the transplanted cells can be
specified, from undifferentiated ES cells to EBs to
differentiated neurons. However, as the degree of differen-
tiation decreases, the rate of teratoma formation by the
transplanted cells increases [24].

In terms of the efficacy of ES cell transplantation for
treating SCI, in 1999, McDonald et al. [25] formed EBs
from mouse ES cells, and reported good functional
recovery when they were transplanted into rats with a
SCI. However, their study did not rule out the risk of tumor
formation during a longer observation period or as a result
of transplanting less-differentiated EBs. Keirstead et al. [26]
established a method for efficiently inducing human ES

cells to form very pure populations of oligodendrocyte
progenitor cells by using a liquid culture medium that
contained a factor (such as insulin or thyroid hormone) that
promotes oligodendrocyte differentiation. They reported the
remyelination of demyelinated axons and hind limb
function recovery when they transplanted these cells into
the injured spinal cords of rats. Later, Yamada et al. [27]
formed EBs from ES cells and transplanted them into
injured spinal cords, after applying an electrical stimulus to
the EBs that caused the selective induction of neuronal
differentiation. These authors found that a higher proportion
of the electrically induced EBs differentiated into neurons
than did control EBs. They also showed that the prolifer-
ative ability of the EBs that had been exposed to the
electrical stimulus was lower than that of the EBs that were
not exposed to an electrical stimulus. Therefore, they
concluded that electrical stimulation was an effective
method for safely inducing neuronal differentiation; how-
ever, it did not lead to the recovery of hind limb function
after SCI. The stage at which neural progenitor cells
induced from ES cells are most suitable for transplantation
therapy in the subacute stage after injury was not clear from
any of these studies.

In another report from our group, Kumagai et al. [28]
used the culture system of Okada et al. [22], as previously
described, to induce the formation of PNSs from mouse ES
cells via EBs, and then of SNSs, by subculturing the PNSs.
They transplanted PNSs and SNSs into a mouse spinal cord
contusive injury model in the subacute stage, on day 9 after
the injury, and conducted a study of their treatment efficacy.
As previously stated, differentiation from the PNS cells was
almost entirely into the neurons, whereas the SNS cells tended
to differentiate into all 3 cell lineages (i.e., astrocytes and
oligodendrocytes), as well as neurons.21 However, post-
transplantation luciferase bioimaging of the PNSs and SNSs
showed that approximately 20% of the cells had survived.
Furthermore, the cells from the transplanted PNSs and SNSs
tended to differentiate into all 3 nervous system cell lineages
in vivo. The grafted PNSs and SNSs differentiated into Hu-
positive neurons (PNS: 52.8±19.1%; SNS: 16.3±5.2%),
glial fibrillary acidic protein (GFAP)-positive astrocytes
(PNS: 19.0±9.3%; SNS: 42.2±14.4%), and Adenomatous
Polyposis coli (APC)-positive oligodendrocytes (PNS: 14.8±
7.1%; SNS: 33.6±5.4%). Values are means±SEM, respec-
tively.

In addition, the atrophy and demyelination that followed
the contusive injury were significantly mitigated in the SNS
transplant group compared with the PNS transplant group,
and more extensive angiogenesis within the injured spinal
cord was observed in the SNS transplant group. Quantita-
tive analysis of the transverse area of the spinal cord at the
lesion epicenter was significantly larger in the SNS group
(3.2±1.2 mm2) compared with the PNS group (1.3±
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0.1 mm2). The evaluation of hind limb function on the
Basso mouse scale showed that only the SNS transplant
group had good functional recovery, which was statistically
significant compared with the control group that received
the vehicle only. The SNS transplant group exhibited 6.4±
1.0 points on the Basso mouse scale, which represented the
frequent or consistent plantar stepping with mostly coordi-
nated paws parallel at initial contact, whereas the PNS
control group showed 4.2±1.0 points, which indicated the
occasional plantar stepping [28].

Besides the reduction in atrophy and demyelination, and
the increased angiogenesis, the functional recovery was
apparently attributable to axon regrowth of the 5-
hydroxytryptamine-positive serotonergic raphespinal tract
fibers, which are important for the motor functional
recovery of hind limbs of rodents promoted by the trans-
planted cells. The functional recovery was also apparently
attributable to remyelination by transplanted cells that
differentiated into oligodendrocytes. Quantitative analysis
of 5-HT-positive fibers in axial sections 4-mm caudal to the
lesion epicenter resulted in significantly more 5-HT-positive
fibers that were observed in the SNS grafted group (0.0054
±0.002 mm2) than the PNS grafted group (0.0019±
0.001 mm2) at 6 weeks postinjury. Significantly more
Luxol fast blue-positive areas were detected in the SNS
grafted group compared with the PNS grafted group at the
lesion epicenter and 1-mm rostral and caudal to the lesion
epicenter. These findings suggested that when applying ES
cells to the treatment of SCI, it is preferable to transplant
ES-derived cells that have formed neural stem/progenitor
cells able to give rise to both glial cells and neurons, rather
than neural stem/progenitor cells that generate almost only
neurons. Thus, these findings are extremely important for
future attempts to implement ES-cell and iPS-cell trans-
plantation therapy.

However, even though aborted fetuses were not used to
obtain these cells, which were established from excess
embryos from infertility treatments, the ethical issues
remain. The same is true of fetus-derived neural stem cells,
but their use is even more problematic, because these cells
would generally be used as allografts, which could trigger
immunological rejection.

iPS Cell-Derived Neural Stem Cells

Assessment of the Safety of Using Mouse iPS Cell-Derived
Neural Stem Cells

A breakthrough in regard to resolving the problems
associated with using stem cells described thus far was
provided by Professor Shinya Yamanaka and colleagues at
Kyoto University, who established iPS cells from mouse

and human fibroblasts in 2006 and 2007, respectively [15,
16]. iPS cells are somatic cells that have been reprog-
rammed by transducing such genes as Oct3/4, Sox2, Klf4,
(and c-Myc) into mouse or human fibroblasts. They are
pluripotent stem cells that have the same proliferative
ability and differentiation potential as ES cells. It appears
possible to generate iPS cells from the somatic cells of
individual patients, a technology that is expected to resolve
the ethical and immunological problems that hinder the use
of ES cells. Nonetheless, some concerns regarding the use
of iPS remain: 1) the potential introduction of transgenes (e.
g., as a result of using viral vectors) and 2) a possible
greater risk of tumor formation, even than with ES cells, if
the fibroblasts are not completely reprogrammed.

We recently demonstrated great differences in the
tumorigenicity and responsiveness to neural induction
signals of iPS cells derived from various somatic tissues
[29]. We generated 36 independent mouse iPS cell clones
from various tissues and induced them to differentiate into
neurospheres. Then we evaluated their differentiation
capacity and post-transplantation safety in vivo by trans-
planting them into the corpus striatum of the brains of
NOD/SCID mice. Almost all of the iPS cell clones could
differentiate into neurospheres. However, detailed analyses
of the cells by flow cytometry revealed that the percentages
of undifferentiated Nanog-Enhanced Green Fluorescence
Protein-positive cells present in the neurospheres after
differentiation induction varied greatly with the source of
the somatic cells that were reprogrammed into the iPS cells.

For example, iPS cell clones derived from mouse
embryo fibroblasts (MEFs) showed equal responsiveness
to neural differentiation-inducing signals as ES cells, and
hardly any undifferentiated cells remained in the neuro-
spheres. Post-transplantation teratoma formation in mice
with transplants of MEF-iPS-cell-clone-derived neuro-
spheres was both as infrequent and as minor as in the
group transplanted with ES cell-derived neurospheres.
Moreover, no teratoma formation was observed during a
16-week observation period of mice with transplants of 2
iPS cell clones derived from adult gastric epithelial cells
(Stm) [30].

By contrast, iPS cell clones derived from adult tail-tip
fibroblasts (TTFs) displayed statistically significant resis-
tance to differentiation, and many undifferentiated cells
remained in the neurospheres after the induction of
differentiation. Furthermore, the TTF-iPS-derived neuro-
spheres formed significantly larger teratomas when trans-
planted into NOD/SCID mice, many of which soon became
debilitated or died. Neurospheres derived from iPS cell
clones from the adult liver, (Hep)-derived iPS cells, were
intermediate between the MEF-iPS cell clones and TTF-iPS
cell clones for both responsiveness to neural differentiation
signals and tumorigenesis.
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Interestingly, neither the transduction of c-Myc nor
screening of the reprogrammed cells with a reporter
molecule was associated with the responsiveness of the
iPS cells to the induction of differentiation or with their
safety after transplantation. It appears that the previously
described persistence of gene-expression patterns of the
original somatic cells from which the iPS cells were derived
may explain the variations in their differentiation capacity,
but an urgent need remains for a detailed analysis of the
properties of iPS cells derived from different tissues.

Transplantation of “Safe” Mouse iPS Cell-Clone-Derived
Neural Stem Cells to Treat SCI

In light of the previously described studies in relation to
safety, we first assessed the safety of each clone by
transplanting neurospheres into the brain of the NOD/SCID
mice, also as previously described. Next, we used a mouse
iPS cell clone whose safety had been confirmed (38 C2
clone), to study the effectiveness of treating SCI by
transplanting neurospheres derived from it into the lesion
site in a mouse model [31]. The 38 C2-iPS-derived
secondary neurosphere (38 C2-SNS) transplantation was
performed in the subacute stage on day 9 after the injury. In
a similar way, as with the previously mentioned experi-
ments with derived ES cells, the results of luciferase
bioimaging showed that approximately 20% of the trans-
planted 38 C2-SNSs survived within the injured spinal
cord, and also showed that they differentiated into neurons
(31.4±1.1%), astrocytes (49.3±4.5%), and oligodendro-
cytes (14.4±3.0%), suggesting that almost all of the grafted
38 C2-SNSs differentiated into definable CNS cell types.
Severe atrophic change and demyelination had occurred in
the injured spinal cord after the contusive injury, but the
changes were significantly mitigated in the group treated
with the 38 C2-SNSs. Quantification of Luxol fast blue-
positive areas at the lesion epicenter 42 days after injury
revealed that the 38 C2-SNS grafted mice showed a
significantly larger myelinated area than the PBS control
mice (38 C2-NS, 0.19±0.029 mm2; controls, 0.046±
0.012 mm2; values are mean±SEM; n=7 each). Moreover,
in the 38 C2-SNS grafted group, the serotonergic innerva-
tion of the distal cord compared to the control animals was
promoted and supported by grafted 38 C2-SNS-derived
glial fibrillary acidic protein+ astrocytes, which exhibited a
bipolar morphology with long processes extending along
the axis of the spinal cord, caudal to the lesion epicenter in
close association with 5-HT+ host serotonergic fibers,
thereby enhancing functional recovery after SCI [31].
Quantitative analysis of the serotonergic innervation of the
distal cord revealed a significant difference between the
38 C2-SNS (0.0051±0.0010 mm2) and the PBS control

groups (0.0019±0.00021 mm2). The contusive injury (60
kdyn) resulted in a significant decrease in the number of 5-
HT+ fibers at the distal cord followed by a slight recovery,
which is a nature of contusive SCI. The injection of PBS in
the PBS control group did not induce any additional
increase in the number of 5-HT+ fibers at the distal cord.
In contrast, innervation of the distal cord by these 5-HT+

fibers was enhanced by the grafted 38 C2-SNS 6 weeks
after SCI [31]. Evaluation of the motor function of the hind
limbs on the Basso mouse scale showed significantly better
recovery of function in the group treated with iPS-cell-
derived neurospheres than in the control groups (PBS-
treated group and fibroblast-transplanted group). Forty-two
days after injury, the 38 C2-SNS-grafted animals could lift
their trunks (BMS points, 4.3±0.28) and had significantly
better BMS than the PBS control animals (BMS points, 2.8
±0.2), which were unable to support their body weight with
their hind limbs. From a clinical perspective, the recovery
of weight-supported plantar steps in the 38 C2-SNS grafted
group was noteworthy. This functional recovery was
apparently attributable to effects, such as the promotion of
axonal regrowth in the raphespinal tract supported by graft-
derived bipolar astrocytes and the remyelination by the
transplanted cells (Fig. 1), in addition to the mitigation of
the atrophic change and demyelination previously men-
tioned. However, this promotion of serotonergic innervation
at the distal cord was not the direct effect of grafted 38 C2-
SNSs (i.e., the noncell autonomous effect of grafts).

Adult Tissue-Derived “Safe” iPS Cell Clones and “Unsafe”
iPS Cell Clones

Next, we conducted a similar transplantation experiment
using adult-tissue (TTF)-derived iPS cells as a model that
was closer to actual clinical application. There were 6 TTF-
derived clones among the 36 mouse iPS cell clones used in
our joint safety study with Miura et al. [29], but only one of
them, clone 335D1, was confirmed to be safe in our
teratoma assay. We used clone 335D1 along with 2 “unsafe”
clones (256H13 and 256H18) in a transplantation experi-
ment, in which we induced the clones to form neurospheres
and transplanted them into the mouse SCI model, as
described for clone 38 C2.

We found the improvement to be suddenly lost, although
functional recovery was achieved after transplantation of the
neurospheres from all of the clones (335D1, 256H13,
256H18) into the injured spinal cord 6 weeks after the injury
in the mice, with transplants of the “unsafe” clone-derived
neurospheres. Most of these mice then suddenly died.

A histological analysis revealed huge teratomas
within the spinal cords of the animals that had been
treated with neurospheres derived from the “unsafe”
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clones. Moreover, these grafted “unsafe” cells exhibited
Nanog and Oct3/4 immunoreactivity (Fig. 2), suggesting
that the grafted and surviving “unsafe” clone-derived cells
were in the undifferentiated state, and failed to differen-
tiate the definable CNS cell types, including neurons,
astrocytes and oligodendrocytes, and resulted in forming
teratoma within the injured cord. By contrast, when the
“safe” 335D1 clone was used, no tumor formation was
observed in any of the mice, as expected, and their
functional recovery was statistically significant in com-
parison with the control group and equivalent to that
obtained with ES cell-derived neurospheres.

These findings showed that adult tissue-derived iPS cell
clones were not as safe as clones derived from embryonic
tissue, and although there was extremely wide variation
among the clones in relation to their safety after transplan-
tation, if their safety is rigorously assessed in advance, they

may be a useful source of cells for the treatment of SCI
[31].

Future Prospects and Tasks

As previously indicated, iPS cells may have great potential
as a source of cells for autologous transplantation. In recent
years, it has become possible to generate human iPS cells
from a single drop of blood [32], and iPS cell research is
advancing rapidly. However, retroviruses and lentiviruses
are used to transduce reprogramming factors during iPS cell
establishment, and because these viruses are often integrat-
ed in the vicinity of gene promoters, there is a risk of
altering the pattern of expression of nearby endogenous
genes and causing tumor formation. Actual examples of
leukemia developing in 2 of 10 patients with X-linked
severe combined immunodeficiency who underwent gene
therapy with a retrovirus vector have been reported [33].
Fortunately, in recent years, iPS cells have been success-
fully produced without using retroviruses or lentiviruses by
means of transient gene expression [32, 34–36] and protein
transduction [37, 38], and by replacing some of the
previously transduced genes with drug treatment [39, 40].
The use of iPS cells produced without inserting exogenous
genes appears to be preferable for cell transplantation
therapy. However, detailed comparisons of the properties
of iPS clones generated by these various methods will be
necessary to determine whether their pluripotency and in
vitro differentiation capacity are comparable to those of iPS
cells produced with retroviruses. Furthermore, the issue of
genomic instability, including copy number variations and
whole chromosome aneuploidies are very important in
considering the safety issue of iPS cells-based therapy,
irrespective to the methods of iPS cells establishment.

Fig. 2 Scattered small clusters of Nanog+undifferentiated cells were
observed in these mice without obvious teratoma formation. Scale bar=
100 μm. diaminobenzine = xxxx

Fig. 1 Immunohistochemistry
of 38 C2-mouse embryo
fibroblast-induced pluripotent
stem-subcultured as secondary
neurospheres-derived mature
oligodendrocytes (Myelin Basic
Protein+). Grafted cells (Red
Fluorescence Protein+) were in-
tegrated into myelin sheath and
differentiated into myelinating
oligodendrocytes. Scale
bar=20 μm
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Moreover, when we turn our attention to the pathology of
the SCI itself, we find that many tasks must still precede the
use of iPS cells in clinical applications. Three main
mechanisms by which the transplanted cells contribute to
the recovery of function have been proposed as follows: 1)
synaptic formation and axon regeneration by the trans-
planted cells, 2) remyelination by the transplanted cells, and
3) trophic support by the transplanted cells [41]. Detailed
investigations and verification of these 3 mechanisms seem
essential to achieving the goal of clinical application, but it
must be said that, even in actual clinical practice, many
aspects of the pathology of SCI itself, including the fact that
the paralysis in the hyperacute stage and prediction of the
outcome are not always the same, and remain obscure. Not
being able to evaluate minute changes in the injured spinal
cord tissue of living animals in the span of time appears to
be one of the factors that stands in the way of a
breakthrough, but we have been pursuing research that
should allow us to accomplish this task 1 step at a time. We
have recently focused on anisotropic diffusion in the spinal
cord white matter, and succeeded in establishing diffusion
tensor tractography, which is a novel axon-specific evalu-
ation system that uses magnetic resonance imaging [42],
and we are attempting to apply this technology to patients
with spinal injuries and spinal cord disease (Fig. 3).

Research on human ES cells, under strict supervision, is
also currently being pursued in Japan. Studies on culture
methods for human ES cells and iPS cells have already
begun in our laboratory; however, not surprisingly, we face
the same problems when using human ES cells as needed to
be resolved when using mouse ES cells. The most

important problem is safety, especially for clinical applica-
tions, because the intermingling of undifferentiated ES/iPS
cells with differentiated cells might cause teratoma forma-
tion, and new methods are needed to only obtain the
desirable cells. Two approaches that have been considered
are to select the appropriate cells with 100% reliability, by
inserting a drug-resistance gene or a marker gene under a
lineage-specific promoter [43], and to kill only highly
proliferative cells by introducing the drug-inducible expres-
sion of a gene that governs cell death [44]. However, this is
a difficult problem, and although the task is urgent, it will
be some time before it is possible to guarantee sufficient
safety to enable stem cell use in clinical settings. Prior to
any clinical trial of human CNS disorders using iPS cells, it
will be essential to pre-evaluate each iPS cell clone
carefully to be able to guarantee a safety level equal to
other types of cells, such as hair follicle stem cells [45–51],
multipotent skin-derived precursor cells [52, 53], fetus-
derived neural stem/progenitor cells [54], and neural crest
stem cells [55]. Moreover, experiments on primates will be
essential, as preclinical studies before transplantation can be
tried in SCI patients [56]. In the future, after rigorously
evaluating its safety, we plan to conduct further studies in
our own laboratory using human ES/iPS-cell-derived neural
stem/progenitor cell transplantation in a primate SCI model.

At the beginning of 2009, the United States Food and
Drug Administration (FDA) approved a clinical trial (phase
1) in the United States of Geron Corporation’s ES cell-
derived oligodendrocyte progenitor cells to treat acute stage
SCI, which has attracted a great deal of worldwide
attention. However, the use of human ES cells is problem-
atic among people with certain ethical and religious
viewpoints. iPS cells have attracted a great deal of attention
as a technology that can resolve these problems, but the
difficulties that currently prevent the use of these cells in
the clinic, and the needed investigations, including devel-
oping new methods of inducing the cells, establishing their
tumorigenicity, and so forth, must first be resolved with
human ES cells. ES cell research can be described as the
“other leg” of iPS cell research, and even from the
standpoint of aiming at future clinical applications, it seems
absolutely essential to pursue research on both of them
simultaneously. Although a recent article indicates a
stronger immunogenicity of the mouse iPS cells than that
of mouse ES cells at transplantation of these undifferenti-
ated mouse pluripotent stem cells into the C57BL/6 mice
[57], our previous results indicate that mouse iPS cell-
derived neural stem/progenitor cells [31] survived in a
similar way as that of mouse ES cell-derived neural/stem
progenitor cells [28] and mouse fetal CNS-derived neural/
stem progenitor cells [13] when transplanted into the SCI
model of C57BL/6 mice. Thus, the issue of the immuno-
genicity of human iPS cell-derived cells should be

Fig. 3 Diffusion tensor tractography images of the injured cervical
spinal cord of a patient, made using 1.5 Tesla magnetic resonance
imaging. The man injured his spinal cord during a skiing accident
27 years before. White matter tracts were disrupted at the injury site,
and the disruption is visible on the image
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investigated in comparison with human ES cell-derived
cells and human somatic stem cells before the clinical
application.
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