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Stroke is a major neurologic disorder. Induced pluripotent stem (iPS) cells can be produced from
basically any part of patients, with high reproduction ability and pluripotency to differentiate into
various types of cells, suggesting that iPS cells can provide a hopeful therapy for cell
transplantation. However, transplantation of iPS cells into ischemic brain has not been reported.
In this study, we showed that the iPS cells fate in a mouse model of transient middle cerebral
artery occlusion (MCAO). Undifferentiated iPS cells (5�105) were transplanted into ipsilateral
striatum and cortex at 24 h after 30 mins of transient MCAO. Behavioral and histologic analyses were
performed at 28 day after the cell transplantation. To our surprise, the transplanted iPS cells
expanded and formed much larger tumors in mice postischemic brain than in sham-operated brain.
The clinical recovery of the MCAO + iPS group was delayed as compared with the MCAO + PBS
(phosphate-buffered saline) group. iPS cells formed tridermal teratoma, but could supply a great
number of Dcx-positive neuroblasts and a few mature neurons in the ischemic lesion. iPS cells have
a promising potential to provide neural cells after ischemic brain injury, if tumorigenesis is properly
controlled.
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Introduction

Stroke is a major neurologic disorder and one of the
leading causes of death in human. The treatment for
cerebral infarction is only limited at present, and the
development of new treatment is requested on
clinical site. In previous experimental studies, bone
marrow stromal cells (Shichinohe et al, 2007) and
other stem cell transplantation therapy have been
considered to be a hopeful strategy to supply neural
cells repairing injury of ischemic brain (Abe, 2000;
Chang et al, 2007; Chopp and Li, 2008; Miljan and
Sinden, 2009). However, immunoreactive and ethical

problems still remain to apply into the human stroke
patients.

Mice-induced pluripotent stem (iPS) cells were
first established by Yamanaka et al with introducing
of four transcription factors (Oct3/4, Klf4, Sox2,
and c-myc) into mouse fibroblasts (Takahashi and
Yamanaka, 2006). iPS cells can be produced
from basically any part of patients, with high
reproduction ability and pluripotency to differenti-
ate into various types of cells, suggesting that
iPS cells can provide a hopeful therapy for cell
transplantation (Amabile and Meissner, 2009; Koch
et al, 2009; Ronaghi et al, 2009; Yu and Thomson,
2008). Although transplantations of embryonic stem
(ES) cells into ischemic brain have been reported
(Erdo et al, 2003; Takagi et al, 2005; Hayashi et al,
2006), such an examination with iPS cells has
not been reported probably because of limited
availability of iPS cells.

iPS cells do not have immunoreactive or ethical
problems found in neurosphere, bone marrow cells,
and ES cells, and therefore many stroke patients
expect the feasibility and efficacy of iPS cells in the
near future. Thus, we transplanted mice iPS cells
into the ischemic mice brain to investigate the
survival and possible differentiation of transplanted
iPS cells in ischemic brain environment.
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Materials and methods

Animals

Male C57BL/6N mice at the age of 8 to 10 weeks (body
weight 20 to 25 g) were used in this study. All experimental
procedures were approved by the Animal Committee of the
Okayama University Graduate School of Medicine. We
studied four experimental groups including the Sham +
PBS (phosphate-buffered saline) group (n = 6), the middle
cerebral artery occlusion (MCAO) + PBS group (n = 8), the
Sham + iPS group (n = 8), and the MCAO + iPS group
(n = 11). Each experimental group received intracerebral
implantation of PBS or mice iPS cells at 24 h after sham
operation or MCAO, as described below.

Focal Cerebral Ischemia

The mice were anesthetized with a nitrous oxide/oxygen/
isoflurane mixture (69/30/1%) during surgery with the use
of an inhalation mask. MCAO was induced by the
intraluminal filament technique reported earlier (Yama-
shita et al, 2006). Briefly, the right carotid bifurcation was
exposed, and the external carotid artery was clotted distal
to the bifurcation. A 8-0 nylon filament with silicone
coating was then inserted through the stump of the
external carotid artery and gently advanced (9.0 to
10.0 mm) to occlude the origin of middle cerebral artery.
After 30 mins of transient occlusion, the filament was
gently removed to restore blood flow of middle cerebral
artery, and the incision was closed. Rectal temperature was
monitored and kept at 37.01C using a heating bed (model
BMT-100; Bio Research Center, Nagoya, Japan) during
surgery and 30 mins of ischemic period. A laser Doppler
flowmeter probe (MBF3D, Moor Instruments, Axminster,
UK) was attached to the surface of the ipsilateral cortex to
monitor regional cerebral blood flow. Mice were put in an
incubater (V-80 Atom Infant Incubator; Atom Medical,
Tokyo, Japan) at 28.51C for 7 days after MCAO.

Preparation and Transplantation of Induced
Pluripotent Stem Cells

Mice iPS cells, iPS-MEF-Ng-20D-17, were provided by
RIKEN BRC through the National Bio-Resource Project of
MEXT, Japan. The iPS cells were maintained on a feeder
layer of mitomycin C-treated mouse embryonic fibroblasts
(Millipore, Billerica, MA, USA) in Dulbecco’s modified
Eagle medium containing 15% fetal bovine serum,
0.1 mmol/L nonessential amino acids, 0.1 mmol/L 2-mer-
captoethanol, and 1000 U/ml mouse leukemia-inhibiting
factor (Takahashi and Yamanaka, 2006). For transplanta-
tion, the iPS cells were collected, suspended, and
incubated with fresh medium on 0.1% gelatin-coated
dishes for 30 mins to remove contaminated mouse embryo-
nic fibroblasts. The iPS cells were collected, and washed
three times with PBS (pH 7.2) to remove its medium and
pelleted by centrifugation. The pellets were resuspended
in 15 ml of PBS and placed on ice. Approximately 5� 105

cells in 2 ml of PBS or only 2 ml of PBS were stereotaxically

injected into the ipsilateral striatum and cortex (anterior,
lateral, depth in mm: �0.5, 2.5, 2.5 to 3.5) (Hof et al, 2000).
This position approximates the ischemic boundary zone in
the striatum and cortex. The needle was retained in the
striatum and cortex for an additional 5 mins interval to
avoid donor backflow. The immunosuppressive compound
cyclosporine A (Novartis, Basel, Switzerland) was applied
intraperitoneally immediately after this implantation and
every other day before animals were killed with a 10 mg/kg
dose.

Histochemistry

The mice (Sham + PBS group, n = 6; MCAO + PBS group,
n = 8; Sham + iPS group, n = 8; MCAO + iPS group, n = 7)
were anesthetized by intraperitoneal injection of ketamine
hydrochloride, and then perfused with chilled PBS,
followed by 4% paraformaldehyde in 0.1 mol/L phosphate
buffer. After postfixation overnight, 50 mm-thick coronal
sections were cut by a vibrating blade microtome
(VT1000S; Leica, Heidelberg, Germany). For immunohis-
tochemistry, the following primary antibodies were used:
goat antidoublecortin (Dcx) antibody, 1:100 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA); mouse antineuronal-
specific nuclear protein (NeuN) antibody, 1:100 (Milli-
pore); rabbit anti-c-myc antibody, 1:50 (Abcam, Cambridge,
UK); biotinylated Lycopersicon esculentum (tomato) lectin,
1:200 (Vector Laboratories, Burlingame, CA, USA), which
binds N-acetylglucosamine oligomer (NAGO). The anti-
bodies against Dcx and NeuN were detected with second-
ary antibodies conjugated with Alexa Fluor (Molecular
Probes, Eugene, OR, USA) (1:500). The sections were
captured by a confocal laser microscope (LSM510; Carl
Zeiss, Jena, Germany). To estimate the expression of c-myc
and NAGO were incubated with the respective first
antibody and with or without secondary antibody (1:500).
After incubation with ABC Elite complex (Vector Labora-
tories), the signal was visualized with diaminobenzidine
tetrahydrochloride. The sections were captured by a
microscope (BX51; Olympus, Tokyo, Japan).

Behavioral Analysis

At 24 h after transplantation of iPS cells, the surviving
mice were tested every 7 days for behavioral changes and
scored, as described by Bederson et al (1986) with minor
modifications, as follows: 0, no observable neurologic
deficits; 1, failure to extend the right forepaw; 2, circling
to the contralateral side; 3, falling to the right; 4, unable to
walk spontaneously. In addition, the mice were evaluated
by rotarod test on the same day. To get habituated, the mice
were exposed to a rotating rod 3 days before MCAO.
Initially, mice were placed on a rod that was rotated at
0 r.p.m. The speed was slowly accelerated to 45 r.p.m. over
a period of 5 mins. The mice were allowed maximum of
three trials to remain on the rotarod for 5 mins and the
evaluator was terminated when the animal fell from the
rotarod or reached criterion level. The maximum time that
the animal remained on the rod was recorded and used as
an indicator of integrity of motor coordination.
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Statistical Analysis

Values are expressed as mean±s.d. The differences in
tumor volume were evaluated for statistical significance by
nonrepeated measures analysis of variance (ANOVA) and
Student-Newman-Keuls (SNK) test. The intensity of NAGO
staining was evaluated for statistical significance by
nonrepeated measures ANOVA and Bonferroni correction.
In all statistical analyses, significance was accepted at
**P < 0.01. The clinical score was evaluated for statistical
significance by the Student’s t-test.

Results

In this study, we used a mouse model of MCAO
(Yamashita et al, 2006). Pluripotency of the iPS cells
derived from Nanog-green fluorescent protein (GFP)
transgenic mice (Okita et al, 2007), iPS-mouse
embryonic fibroblasts (MEF)-Ng-20D-17, was con-
firmed beforehand by staining with SSEA-1, Nestin,
Sox-2, and Oct-3/4, which are recognized as plur-
ipotential markers (data not shown). Nanog-GFP was
also confirmed in the iPS cells to be under the
undifferentiated condition.

Ipsilateral transplantation of undifferentiated iPS
cells into sham-operated brains formed only a small
tumor within the limited area at 14 and 28 days after
the transplantation (Figures 1A and 1C). However, iPS
cells formed much larger tumors at 14 day (Figure 1B),
which invaded over the infarcted area and formed
strikingly big tumors at 28 day occupying hemisphere
(Figure 1D). Tumor volume of the MCAO + iPS group
was significantly larger than the Sham+ iPS group
(**P < 0.01) both at 14 and 28 days, where that on 28
day is again larger than that on 14 day (Figure 1E).

Behavioral examination of the mice showed that
motor function described by Bederson’s score was
not statistically significantly different between the
Sham + PBS and the Sham + iPS groups (Figure 2,
upper panel). MCAO groups showed marked wor-
sening of Bederson’s score at 1day, whereas the score
returned to the normal level at 28 day in the MCAO +
PBS group, which was delayed in the MCAO + iPS
group (Figure 2, upper panel), but did not reach a
statistically significant difference. The clinical score
described by Rotarod time was not significantly
different between the Sham + PBS and the Sham +
iPS groups (Figure 2, lower panel). MCAO groups
showed marked worsening of Rotarod time at 1 day,
whereas the time returned to the nomal level at 28
day in the MCAO + PBS group, which was delayed in
the MCAO + iPS group (Figure 2, lower panel), but
did not reach a statistically significant difference.

Hematoxylin–eosin staining showed tridermal
transformation of iPS cells transplanted in MCAO
at 14 (Figure 3A) and 28 days, where neural tube-like
cells (Figure 3B), striated muscle fiber (Figure 3C),
chondrocyte (Figure 3D), and immature or cylinder-
like epithelium (Figures 3E and 3F), and endodermal
cells formed cylinder-like epithelium (Figure 3B),
and mesodermal cells striated muscle fiber (Figure
3C). A small tumor formed in the Sham + iPS group
at 14 day showed only immature stage of cells.

Single immunohistochemistry showed a promi-
nent c-myc expression in cells of the tumors
especially at the interface of iPS tumor and ischemic
host brain (Figure 4) where c-myc expression was
observed especially nuclear in the cylinder-like
epithelial cells (Figures 4A and 4F).

Double immunofluorescent analysis detected a lot
of Nanog-GFP-positive cells with some Dcx-positive

Figure 1 Tumorigenesis and tumor volume after intracerebral transplantation of mice iPS cells. Transplanted-induced pluripotent
stem (iPS) cells formed only a small tumor within the sham-operated brain at 14 and 28 days (A, C), whereas iPS cells formed much
larger tumors in the postischemic brain at 14 and 28 days (B, D). **P < 0.01, nonrepeated measures analysis of variance (ANOVA)
and SNK test (E). Values are mean±s.d. SNK, Student-Newman-Keuls.
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cells in the tumors of the Sham + iPS group at 14 day
(Figure 5A), both of which then decreased at 28 day
(Figure 5C). In contrast, a lot of Dcx-positive cells
with only a small number of Nanog-GFP-positive
cells were found in the tumors of the MCAO + iPS
group at 14 day (Figure 5E), whereas most Nanog-
GFP-positive cells disappeared with some cluster
formation of Dcx-positive cells at 28 day (Figure 5G).
Small number of Nanog-GFP and Dcx double-
positive cells were found in the tumors of the Sham
+ iPS group and the MCAO + iPS group at 14 day
(Figures 5A and 5E, arrowheads). Although a lot of
Nanog-GFP-positive cells were found in the Sham +
iPS group at 14 day, there was no double-positive
cells with NeuN (Figure 5B). Both Nanog-GFP and
NeuN showed a weak immunofluorescence without
double positivity at 28 day in the Sham + iPS group
(Figure 5D). In contrast, an early disappearance of
Nanog-GFP fluorescence and a few NeuN-positive
cells were found within the tumors of the MCAO +
iPS group at 14 day (Figure 5F, arrow), but no more
such NeuN-positive cells at 28 day (Figure 5H).

Figure 2 Behavioral analysis after the induced pluripotent stem
(iPS) cell transplantation. Motor functional analysis performed
every 7 days after the iPS cell transplantation. The clinical scores
shown as Bederson’s score (upper panel) and Rotarod time
(lower panel) were not significantly different between the Sham
+ PBS (open circles) and the Sham + iPS (open squares)
groups. After transient decrease in the MCAO grpups (filled
circles and squares), the recovery of clinical scores delayed in
the MCAO + iPS group (filled circles) as compared with the
MCAO + PBS group (filled squares), but did not reach a
statistically significant difference. MCAO, middle cerebral artery
occlusion; PBS, phosphate-buffered saline.

Figure 3 Undifferentiated induced pluripotent stem (iPS) cells
formed tridermal teratoma in ischemic brain. Coronal brain
sections obtained from the MCAO+ iPS group (A to F) at 14
day after the transplantation, and stained with hematoxylin–eosin.
The iPS cells expanded over the infacted area (A). The iPS-derived
tumors consisted of ectodermal cells with neural tube-like cells
(B), mesodermal cells with striated muscle fiber (C) and
chondrocyte (D), and endodermal cells with immature (E) or
cylinder-like (F) epithelium, scale bar = 2mm (A), 50mm (B to F).

Figure 4 c-myc was prominently expressed in the tumors. c-myc
was expressed in cells of the tumors at 14 day after the induced
pluripotent stem (iPS) transplantation in the Sham + iPS (A) and
the MCAO + PBS groups (D). c-myc expression was prominent at
the interface of iPS tumor and ischemic host brain (D), as
compared with sham brain (A), and c-myc stain was observed in
the cylinder-like epithelial cells (B, C, E, F). (C) and (F) represent
magnification of the boxed areas (c) and (f), respectively. Scale bar
= 2mm (A, D), 500mm (B, E), 100mm (C, F). MCAO, middle
cerebral artery occlusion; PBS, phosphate-buffered saline.
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A protein marker of vascular endothelial cells,
NAGO, was expressed at basal level in the Sham +
PBS group (Figures 6A, 6a). An increase of NAGO
staining was observed in the periphery of tumors in
the Sham + iPS group at 28 day (Figures 6B, 6b). After
tMCAO, NAGO staining of peri-infarct area slight
increases in the MCAO + PBS group at 28 day
(Figures 6C, 6c), but such staining was much more
striking in the MCAO + iPS group (**P < 0.01, Figures
6D, 6d).

Discussion

In this study, we first discovered mice iPS cells
expanded and formed much larger tumors in mice
postischemic brain than in sham-operated brain until
28 day after the transplantation (Figure 1). The
clinical score described by Bederson’s score and
Rotarod time was not significantly different between
the Sham + PBS and the Sham + iPS groups (Figure 2).
However, MCAO groups showed a marked worsen-
ing of clinical score at 1 day, and the clinical
recovery of the MCAO + iPS group was delayed as
compared with the MCAO + PBS group (Figure 2). In
addition, tridermal transformation of iPS cells was
formed only in postischemic brains (Figure 3), where
a part of iPS cells differentiated into neuroblasts and

Figure 5 Induced pluripotent stem (iPS) cells have a potential to
produce both neuroblasts and mature neurons in normal and
postischemic brains. iPS cells were originally labeled with
Nanog-GFP before transplantation, and Dcx (a neuroblast
marker) or NeuN (a mature neuronal marker) was stained in
sections of the infracted area of the Sham + iPS (A to D) and the
MCAO + iPS (E to H) groups. Small number of Nanog-GFP and
Dcx double-positive cells were found in the tumors of the Sham
+ iPS group and the MCAO + iPS group at 14 day (A and E,
arrowheads). A few NeuN-positive cells were found in the
tumors of the MCAO + iPS group at 14 day (F, arrow). Scale bar
= 20 mm. GFP, green fluorescent protein; MCAO, middle cerebral
artery occlusion; PBS, phosphate-buffered saline.

Figure 6 NAGO was abundantly expressed outside of tumors.
NAGO, a protein marker of vascular endothelial cells, was
observed at basal level at 28 day after the iPS cell transplantation
in the Sham+ PBS group (A), which was highly induced in the
periphery of tumors in the Sham + iPS (B), and slightly induced in
the MCAO + PBS groups (C). Such NAGO induction was more
striking in the MCAO + iPS group (D); (a to d) represent
magnification of the boxed areas in (A, B, C, D), respectively.
Scale bar = 2 mm (A), 100mm (a). The intensity of NAGO staining
was significantly higher in the MCAO+ iPS group compared with
Sham + PBS group (**P < 0.01). Statistical analysis: nonre-
peated measures analysis of variance (ANOVA) and Bonferroni
correction. Data represent mean±s.d. iPS, induced pluripotent
stem; MCAO, middle cerebral artery occlusion; NAGO, N-
acetylglucosamine oligomer; PBS, phosphate-buffered saline.
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neurons at 14 or 28 day after the transplantation
(Figure 5). In the tumors, c-myc expression was
increased significantly (Figure 4), and in the periph-
ery of the tumors, NAGO staining was observed at 28
day after the transplantation (Figure 6).

Although transplantation of undifferentiated iPS
cells surprisingly developed quantitatively (Figure 1)
and qualitatively (Figure 3) in the ischemic brain as
compared with sham control brain, the fate of the
transplanted cells in the ischemic brain may be
determined based on the balances of the cells and the
host interaction (Takagi et al, 2005). In another
experiment, we also confirmed that matrix metallo-
proteinases 9 was remarkably expressed in the
MCAO + iPS group in comparison with the Sham +
iPS group (data not shown), which may allow the
transplanted iPS cells to explosively expand. A
previous report also showed a tridermal transforma-
tion of ES cells transplanted in postischemic brains
(Erdo et al, 2003). In the cerebral ischemia, various
cytokines, such as epidermal growth factor (Nino-
miya et al, 2006) and leukemia-inhibiting factor
(Suzuki et al, 2000), chemokines, and trophic factors
are known to be produced and secreted mainly by
reactive microglias and astrocytes surrounding the
ischemic lesion. ES cell-derived neuronal progenitor
cells were transplanted into the brain at 24 h after
ischemia, and the transplanted cells expressed
interleukin 6, which is considered to protect neurons
from ischemic injury (Hayashi et al, 2006).

Our study first showed iPS cells have a potential to
produce neuroblasts in normal and postischemic
brain (Figure 5), as was the case of ES cells that also
produced neuronal and grial cells in postischemic
brain (Erdo et al, 2003). In the previous study, we
showed that neuroblasts derived from subventricular
zone migrated into ischemic region, but the amount
of such endogenous neuroblasts was only a little
(Yamashita et al, 2006). In contrast, our this study
showed that exogenous iPS cells could supply a
great number of Dcx-positive neuroblasts into the
ischemic lesion (Figure 5E), indicating that iPS cell
could be a promising therapeutic approach to
provide sufficient neuronal cells for various neuro-
logic disorders such as cerebral ischemia or other
acute brain injury.

We showed the expression of c-myc increased
significantly in the cylinder-like epithelial cells of
the tumors (Figures 4C and 4F), and NAGO expres-
sion was observed in cells of the edge around the
tumors (Figure 6). Proto-oncogene c-myc showed a
strong nuclear staining in the epithelial cells (Zong
et al, 2009), and c-myc induced in cells that have the
morphologic characteristics of neurons after cerebral
ischemia (Huang et al, 2001) and is essential not
only to propagate and grow neural cells but also to
promote vasculogenesis and angiogenesis (Baudino
et al, 2002). To continuously grow, tumor usually
requires nutritional and oxygen supply from sur-
rounding vessels with angiogenesis (Lopes, 2003).
The prominent expression of c-myc at the interface of

iPS tumor and ischemic host brain (Figure 4D)
supports a strong tumorigenicity of iPS cells in
ischemic brain as compared with sham host brain
(Figure 1), which also suggest that c-myc promoted
angiogenesis in the tumors of the Sham + iPS and the
MCAO + iPS groups (Figure 4), resulting in new
vessel formation in the region around the tumors
confirmed by NAGO staining (Figure 6).

In summary, our present data show that mice iPS
cell transplanted into the normal and ischemic mice
brains survived for 28 days and differentiated into
neuroblasts especially in cases after tMCAO (Figure
5F). As iPS cells provided a great number of
neuroblasts within transplanted tissue in the is-
chemic brain after MCAO (Figure 5), they have a
promising potential to replace neural cells after
ischemic brain injury, if tumorigenesis is properly
controlled. In fact, a clinical trial reported that
transplantation of differentiated murine iPS cells
into the brain of Parkinson’s disease model rat
improved behavioral function (Wernig et al, 2007).
A recent study reported that the teratoma formation
depends on source of iPS cell (Miura et al, 2009). The
reason why behavioral scores did not reach a
significant difference between iPS and PBS-treated
mice after MCAO may be that those tumorigenic iPS
cells were not cytotoxic enough to make a great
difference in clinical scores. Further study with iPS
cells of another cell source, or with progenitor cells
from iPS cells could clarify detailed effect of iPS cell
transplantation for ischemic brain.
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