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Abstract. Before induced pluripotent stem cells (iPSCs) can be used to treat neurologic diseases, human iPSC-derived neural
cells must be analyzed in the primate brain. In fact, although mouse and human iPSCs have been used to generate dopaminergic
(DA) neurons that are beneficial in rat models of Parkinson’s disease (PD), human iPSC-derived neural progenitor cells (NPCs)
have not been examined in primate brains. Here, we generated NPCs at different stages of predifferentiation using a feeder-free
culture method, and grafted them into the brains of a monkey PD model and NOD-SCID mice. Magnetic resonance imaging
(MRI), positron emission tomography (PET), immunocytochemistry, and behavioral analyses revealed that NPCs pretreated with
Sonic hedgehog and fibroblast growth factor-8 followed by glial cell-derived neurotrophic factor, brain-derived neurotrophic
factor, ascorbic acid, and dibutyryl cyclic AMP resulted in smaller grafts than those without these treatments, and survived as
DA neurons in a monkey brain as long as six months. Thus, for the first time, we describe a feeder-free neural differentiation
method from human iPSCs and an evaluation system that can be used to assess monkey PD models.

Keywords: Induced pluripotent stem cells, Parkinson’s disease, transplantation, dopaminergic neurons, positron emission
tomography

INTRODUCTION

Induced pluripotent stem cells (iPSCs) are a promis-
ing avenue for cell replacement therapy in neurologic
diseases. For instance, mouse and human iPSCs have

*Correspondence to: Jun Takahashi, M.D., Ph.D., Department of
Biological Repair, Institute for Frontier Medical Sciences, Kyoto
University, 53 Shogoin kawahara-cho, Sakyo-ku, Kyoto 606-8507,
Japan. Tel.: 81 75 751 4840; Fax: 81 75 751 4840; E-mail:
jbtaka@frontier.kyoto-u.ac.jp.

been used to generate dopaminergic (DA) neurons that
improve symptoms in rat Parkinson’s disease (PD)
models [1, 2]. For these cells to be used clinically,
however, the growth, differentiation, and function of
human iPSC-derived neural cells must be evaluated in
a primate model. Transplantation of embryonic neural
tissues has been shown to relieve parkinsonian symp-
toms both in animal models and human patients [3-5].
In addition, we and others have transplanted monkey
embryonic stem cell-derived neural progenitor cells

ISSN 1877-7171/11/$27.50 © 2011 - IOS Press and the authors. All rights reserved
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(NPCs) [6, 7] or human NPCs [8] into the brains of
monkey PD models. Human iPSC-derived NPCs have
yet to be characterized in a primate brain, however. Fur-
thermore, neuronal differentiation and transplantation
methods need to be optimized. In this study, we devel-
oped a series of methods to induce human iPSCs to
become NPCs using a feeder-free culture method, and
grafted NPCs at different stages of predifferentiation
into the brain of a monkey PD model. We then exam-
ined the growth and DA activity of the grafts using
magnetic resonance imaging (MRI), positron emis-
sion tomography (PET), immunocytochemistry, and
behavioral analyses.

MATERIALS AND METHODS
Human iPSC culture

Human iPSCs (253G4) were maintained as previ-
ously described [9]. For passage, feeder cells were
detached using CTK dissociation solution (0.25%
trypsin, 0.1% collagenase IV, 20% KSR, and 1 mM
CaCl, in PBS). The detached iPSC clumps were
broken into smaller pieces (20-30 cells) by gentle
pipetting, and split at 1:3. The cells were used in
experiments between passage 20 and 50.

Induction of NPCs from human iPSCs

Human iPSCs were dissociated into single cells
using Accumax (Innovative Cell Technologies) and
quickly reaggregated in differentiation medium (9000
cells/150 ml/well) in 96-well low cell-adhesion plates
(Lipidure-Coat U96 w; Nunc). Differentiation medium
contained DMEM/F12 supplemented with 5% KSR,
2mM glutamine, 0.1 mM nonessential amino acids,
and 0.1 mM 2-mercaptoethanol. For the first three
days, 50 pM Y-27632 (Wako) [10, 11], 2uM dor-
somorphin, and 10 pM SB-431542 [12] were added
to the culture medium. On day 14, iPSC-derived
spheres were replated on 6-cm Petri dishes con-
taining neurobasal medium (Gibco) supplemented
with B-27 and 2mM L-glutamine. For the indi-
cated samples, 200 mg/ml Sonic hedgehog (Shh) and
100 mg/m! fibroblast growth factor (FGF)-8 were
added on days 14-28. After day 28, the medium was
replaced with neurobasal medium supplemented with
B-27, 2mM L-glutamine, 2ng/ml glial cell-derived
neurotrophic factor (GDNF), 10ng/ml brain-derived
neurotrophic factor (BDNF), 1 mM dibutyryl cyclic
AMP (dbcAMP), and 200 nM ascorbic acid.

Quantitative reverse transcription-polymerase
chain reactions (RT-PCRs)

Total RNA was extracted using an RNeasy Mini
Kit (Qiagen), and reverse transcribed using the Super
Script III First-Strand Synthesis System (Invitrogen).
Quantitative PCRs were carried out with SYBR Green
mix (ABI) and the ABI StepOne Plus RT-PCR system.
Data was assessed using a standard curve and normal-
ized based on 3-actin expression. Primer sequences are
shown in supplementary Table 1.

Immunocytochemistry

Invitro immunohistochemical analyses were carried
out after samples were permeabilized and blocked with
0.3% Triton X-100 and 2.5% donkey serum. Spheres
were fixed with 4% paraformaldehyde, frozen, and cut
with a cryostat (Leica) at 10-um thickness. Primary
antibodies are shown in supplementary Table 2. Appro-
priate donkey secondary antibodies conjugated with
Alexa 488 or Alexa 594 were used. For nuclear stain-
ing, 200ng/ml 4',6-diamidino-2-phenylindole was
added to the final wash. Immunoreactive cells were
visualized using a fluorescence microscope (BZ-9000,
Keyence) and a confocal laser-scanning microscope
(Fluoview FV1000D, Olympus). For quantification,
cells in more than three randomly selected 40x fields
were counted from at least three independent cultures.
In in vivo studies, animals were transcardially per-
fused with 4% paraformaldehyde. The excised brain
was frozen, cut with a microtome at 40-um thickness,
and stained as free-floating sections. In mice, tyrosine
hydroxylase (TH)* cells and Ki677 cells were counted
among 3.0 x 10% cells in at least five 40x fields for
each graft. In the monkey, TH™ cells were counted in
every ninth section throughout the graft using BZ Ana-
lyzer II (Keyence), whereas Ki67™ cells were counted
in at least three 40 fields for one tract and 3.0 x 10*
cells were examined in each graft. Hematoxylin—eosin
(H-E) staining was performed according to standard
procedures.

Animals and cell transplantation

An adult male cynomolgus monkey (Macaca
fascicularis; 3 years old) weighing 2.63kg was
obtained from Shin Nippon Biomedical Laboratories
(Kagoshima, Japan). The monkey and mice were cared
for and handled according to the Guidelines for Animal
Experiments of Kyoto University and the Guide for the
Care and Use of Laboratory Animals of the Institute



