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a b s t r a c t
Stem cells represent a potential cellular resource in the development of regenerative medicine approaches
to the treatment of pathologies in which speciﬁc cells are degenerated or damaged by genetic abnormality, disease, or injury. Securing sufﬁcient supplies of cells suited to the demands of cell transplantation,
however, remains challenging, and the establishment of safe and efﬁcient cell banking procedures is an
important goal. Cryopreservation allows the storage of stem cells for prolonged time periods while maintaining them in adequate condition for use in clinical settings. Conventional cryopreservation systems
include slow-freezing and vitriﬁcation both have advantages and disadvantages in terms of cell viability
and/or scalability. In the present study, we developed an advanced slow-freezing technique using a programmed freezer with a magnetic ﬁeld called Cells Alive System (CAS) and examined its effectiveness
on human induced pluripotent stem cell-derived neural stem/progenitor cells (hiPSC-NS/PCs). This system signiﬁcantly increased cell viability after thawing and had less impact on cellular proliferation and
differentiation. We further found that frozen-thawed hiPSC-NS/PCs were comparable with non-frozen
ones at the transcriptome level. Given these ﬁndings, we suggest that the CAS is useful for hiPSC-NS/PCs
banking for clinical uses involving neural disorders and may open new avenues for future regenerative
medicine.
© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC
BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
A growing body of evidence indicates that stem cells may serve
as a useful source for regenerative medicine applications targeting certain refractory diseases. Neural stem and progenitor cells
(NS/PCs) derived from human fetus and/or embryonic stem cells
(ESCs) represent one potential source of transplantation approach
for neurodegenerative diseases and neurotraumatic injuries, such
as brain infarction and spinal cord injury (SCI). While NS/PCs can
be incorporated into host tissues and restore nervous system functionality (Nakamura and Okano, 2013; Okano et al., 2013), the
harvesting of such cells from a human fetus confronts legal and

∗ Corresponding authors.
E-mail addresses: masa@a8.keio.jp (M. Nakamura), hidokano@a2.keio.jp
(H. Okano).

ethical challenges in many countries including Japan. Since the
development of a new technique for establishing human induced
pluripotent stem cells (hiPSCs) from somatic tissues (Takahashi
et al., 2007), hiPSCs have become an attractive alternative cell
source due to their ease of generation and comparative lack of
ethical baggage.
In Japan, there is an ongoing project to establish a hiPSCs bank
to provide cells for use in allogeneic transplantation (Nakatsuji
et al., 2008; Okano and Yamanaka, 2014; Okita et al., 2011). We
have previously reported the effectiveness of transplanting hiPSCderived NS/PCs (hiPSC-NS/PCs) for SCI in rodents and non-human
primates (Imaizumi et al., 2012; Kobayashi et al., 2012; Nori et al.,
2011). Because it takes about six months to establish hiPSC-NS/PCs
derived from an SCI patient’s autologous somatic cells (Okada et al.,
2008), at present it is impossible to perform auto-graft of iPSCNS/PCs within the optimal therapeutic time window for sub-acute
SCI (from 2 to 4 weeks after injury) (Nishimura et al., 2014; Okano

http://dx.doi.org/10.1016/j.neures.2015.11.011
0168-0102/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/bync-nd/4.0/)

Y. Nishiyama et al. / Neuroscience Research 107 (2016) 20–29

2. Materials and methods
2.1. Cell culture
The hiPSCs (clone 201B7) were cultured and maintained as
described previously (Kobayashi et al., 2012; Nori et al., 2011;
Takahashi et al., 2007). To perform neural induction of hiPSCs,
we generated embryoid bodies (EBs) as described previously
(Kobayashi et al., 2012; Nori et al., 2011). EBs were then enzymatically dissociated into single cells and cultured in suspension in
serum-free media hormone mix (MHM) media for 10–14 days to
allow the formation of neurospheres (Kobayashi et al., 2012). Neurospheres were dissociated into single cells and then cultured in
the same manner for passage. The diameters of neurospheres were
measured using inverted microscope (IX73, OLYMPUS Corporation,
Tokyo, Japan). To evaluate cell viability, cells were enzymatically
dissociated immediately after thawing in a water bath at 37 ◦ C for
2 min and viable cells were counted by trypan blue exclusion test.
Five visual ﬁelds chosen at random with a 4× objective lens were
used to identify the diameter of hiPSC-NS/PCs spheres.
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and Yamanaka, 2014). To extend our results into potential clinical
applications, therapeutic strategies will heavily rely on allogeneic
transplantation of hiPSC-NS/PCs. We note here that hiPSC-NS/PCs
may need to be stored properly to achieve favorable outcomes
after transplantation. Cryopreservation makes it possible to store
cells for prolonged time periods adequate for the clinical setting,
although hiPSC-NS/PCs should be cryopreserved with high survival
rates and minimal impact on cellular properties such as proliferation and developmental potency after freezing and thawing.
Cryopreserved cells intended for clinical use must further be validated at given time points to avoid signiﬁcant adverse outcomes
such as failure to engraft into recipient tissue. However, few studies
to date have evaluated NS/PC properties before and after freezing
and thawing (Hancock et al., 2000; Ma et al., 2010; Milosevic et al.,
2005; Paynter, 2008; Tan et al., 2007).
Currently preferred procedures for preparing cryopreserved
cells are classiﬁed into two general types: slow-freezing and vitriﬁcation. The slow-freezing procedure has the beneﬁcial aspect of
enabling the preparation of large quantities of vials at one time,
while the vitriﬁcation method is superior in terms of cell survival.
Recently, the Cells Alive System (CAS) (ABI corporation Ltd., Abiko,
Japan) was developed as a novel freezing technology and it has
been used in the cryopreservation of various kinds of cells, including murine osteoblasts, rat bone tissue fragments, rat mesenchymal
stem cells (MSCs), human periodontal ligament cells, and human
ES cells (Abedini et al., 2011; Kaku et al., 2010, 2014, 2015; Kojima
et al., 2013, 2015; Koseki et al., 2013; Lin et al., 2013) and proven
to be a more effective method for cell preservation. However, it
remains unclear whether this procedure is applicable to the banking of hiPSC-NS/PCs as well.
In this study, we used CAS to cryopreserve hiPSC-NS/PCs and
examined the effects of cryopreservation process on hiPSC-NS/PCs.
We determined a simple, optimized method designed for clinical
use of these cells with improved cell viability without detrimental
impact on cell properties using this system.
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Fig. 1. Temperature of the cryopreservation solution. (A) Freezing temperature of
cryopreservation solution (STEM-CELLBANKER). Lowering the setting temperature
gradually, exothermic reaction was observed when actual temperature became
about −8.5 ◦ C. It indicates that freezing starts at this temperature. (B) Setting of the
CAS programmed freezer and changes of the actual temperature. After the conﬁrmation of the freezing temperature, we set the temperature of the CAS programmed
freezer as shown in gray line. It is hold for 5 min at 4 ◦ C, for 15 min at −7 ◦ C (supercooling state) and plunged to −70 ◦ C. In this setting, it took about 130 min to became
−70 ◦ C.

vials were placed in the CAS programmed freezer containing a
magnetic ﬁeld or a freezing container (Nalgene Mr. Frosty, Thermo
Fisher Scientiﬁc, MA, USA). The alternating magnetic ﬁeld with an
induced electric ﬁeld generated by the CAS freezer causes cells
and water molecules to vibrate by a non-thermal mechanism and
prevents the formation of intracellular ice crystals. As a result,
improvement of cell viability would be achieved (Kaku et al., 2010,
2012, 2015). The electric current and frequency were adjusted to
change the intensity of the magnetic ﬁeld in the CAS. The freezing
protocol was as follows: 4 ◦ C for 5 min, −7 ◦ C for 15 min, plunged to
−70 ◦ C (shown as the gray line in Fig. 1B); the electric current of CAS
was adjusted as follows: 0.5, 0.4 and 0.3 A. We set the frequency of
CAS to 30 Hz. To measure the actual temperature, thermocouple
thermometer (testo 735-2, Testo, Kanagawa, Japan) with a sheathtype ﬂexible probe was used in every minute and it was repeated
at least three times.

2.2. Cell freezing

2.3. Immunocytochemistry

After partially dissociating the hiPSC-NS/PCs, we counted the
viable cells using the trypan blue exclusion test at three or six days
after the last passage. A total of 2 or 5 × 106 cells were placed as neurospheres in a cryo-tube (Nunc CryoTubes, Thermo Fisher Scientiﬁc
Inc., MA, USA) with 1 ml cryopreservation solution (STEMCELLBANKER, ZENOAQ, Fukushima, Japan). For cryopreservation, the

To perform immunocytochemistry in spheres, we centrifuged
the spheres at 1000 rpm for 5 min. Cells were collected using iPGell
(GenoStaff, Tokyo, Japan) and postﬁxed for 1 h in 4% paraformaldehyde (PFA), soaked 4 h in 10% sucrose, 4 h in 20% sucrose, and
then overnight in 30% sucrose, following the manufacturer’s
instructions. We then embedded the spheres in Optimal Cutting
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Temperature compound (Sakura Finetek Japan Co., Ltd., Tokyo,
Japan), and sectioned them at 14 m on a cryostat (Leica CM3050 S,
Leica Microsystems, IL, USA). These sections were stained with the
following primary antibodies: anti-Ki-67 (rabbit IgG, 1:200, Novocastra, Newcastle upon Tyne, UK), anti-SOX2 (Mouse IgG, 1:500,
R&D Systems, MN, USA). Nuclei were stained with Hoechst 33258
(10 g/mL; Sigma Chemical Co., MO, USA). Images were obtained
by a confocal laser scanning microscope (LSM780; Carl Zeiss, Jena,
Germany). At least seven visual ﬁelds chosen at random with a 20×
objective lens were used to quantify the Ki-67 positive cells and
SOX2 positive cells.
To assay the degree of differentiation by immunostaining,
hiPSC-NS/PCs were dissociated into single cells, plated on poly-lornithine/ﬁbronectin-coated cover glasses, and allowed to undergo
spontaneous differentiation for 10 days, following a previously
reported method (Imaizumi et al., 2012; Okada et al., 2008). The
cells were ﬁxed for 10 min in 8% PFA, then 15 min in 4% PFA.
Cells were stained with the following primary antibodies: anti-Hu
(human IgG, 1:1000, a gift from Prof. Robert Darnell, The Rockefeller University, New York, NY, USA), anti-glial ﬁbrillary acidic
protein (GFAP) (rabbit IgG, 1:200, Dako, CA, USA), anti-2 ,3 -cyclic
nucleotide 3 -phosphohydrolase (CNPase) (mouse IgG; 1:1000,
Sigma Chemical Co., MO, USA), anti-SOX2 (Mouse IgG, 1:500, R&D
Systems, MN, USA), anti-␤-tubulin isotype III (␤III tubulin, Tuj1,
Mouse IgG, 1:1000, Sigma Chemical Co., MO, USA). Nuclei were
stained with Hoechst 33258 (10 g/mL; Sigma Chemical Co., MO,
USA). Images were obtained by a confocal laser scanning microscope (LSM780; Carl Zeiss, Jena, Germany). At least ﬁve visual ﬁelds
chosen at random with a 20× objective lens were used to quantify
the Hu-positive cells and SOX2-positive cells.
2.4. Microarray analysis
The samples were placed in TRIzol (Invitrogen, CA, USA) and
immediately frozen. Total RNA was isolated using Qiagen RNeasy
Kit (Qiagen Inc., Hilden, Germany). Microarray analysis was performed using Affymetrix GeneChip technology (Affymetrix Japan,
Tokyo, Japan). Total RNA (100 ng) was reverse transcribed, biotin
labeled, and hybridized. Hybridization was performed using the
Affymetrix GeneChip 3 IVT PLUS Reagent Kit (Affymetrix Japan,
Tokyo, Japan) for 16 h at 45 ◦ C. Arrays were scanned using a
GeneChip Scanner 3000 (Affymetrix Japan, Tokyo, Japan). Data
analysis was performed using Expression Analysis Data Analysis
Fundamentals (Affymetrix Japan, Tokyo, Japan). Signal detection,
quantiﬁcation and normalization were performed using the MAS5
algorithm at the default settings, following the manufacturer’s
instructions. Principal component analysis (PCA) and hierarchical
clustering were performed using GeneSpring GX (Agilent Technologies, CA, USA).
2.5. Statistical analysis
All data are reported as the mean ± SEM. An unpaired twotailed Student’s t test was used to assess the diameter of the
neurospheres, the proliferation and differentiation efﬁcacy of
hiPSC-NS/PCs between non-frozen and frozen-thawed. One-way
ANOVA, followed by the Scheffe’s multiple comparison test was
used for the survival. In each case, *P < 0.05 and **P < 0.01 were
considered to be statistically signiﬁcant.
3. Results
3.1. Validation of CAS for cryopreservation of hiPSC-NS/PCs
Since the CAS is reported to be effective for cryopreservation of various cell types, including murine osteoblasts, rat bone

Table 1
The intensity of the magnetic ﬁeld in the CAS.
Electric current (A)
Frequency (Hz)
Magnetic force (mT)

0.3
30
0.22–0.29

0.4
30
0.30–0.40

0.5
30
0.37–0.50

The intensity of the magnetic ﬁeld in the CAS when the electric current is 0.3 A, 0.4 A
and 0.5 A is 0.22–0.29 mT, 0.30–0.40 mT and 0.37–0.50 mT, respectively.

tissue fragments, rat MSCs, human periodontal ligament cells,
human erythrocytes, and human ESCs (hESCs) (Abedini et al., 2011;
Kaku et al., 2010, 2014, 2015; Kojima et al., 2013, 2015; Koseki
et al., 2013; Lin et al., 2013), we sought to apply this methodology to the cryopreservation of NS/PCs derived from hiPSCs.
We ﬁrst compared the actual temperature of the cryopreservation solution in the CAS with the setting temperature to validate
the system. We determined freezing temperature by exothermic
reaction. We measured the freezing temperature four times and
found out to be −8.5 to −16.0 ◦ C. Fig. 1A shows one of the examples to measure the freezing temperature. To pass more rapidly
through the temperature zone at which ice crystals form, we set
the sample temperature at −7 ◦ C, which was just above the freezing temperature, known as a “super-cooling state”. We maintained
this temperature for 15 min to preserve all samples in an individual vial at uniform temperature. The actual temperature is
shown in Fig. 1B. The intensity of the magnetic ﬁeld in the CAS
under three conditions we examined in this study is shown in
Table 1.
3.2. The CAS improved survival rate of frozen hiPSC-NS/PCs
To examine the impact on cell survival during cryopreservation,
we examined the survival rate of hiPSC-NS/PCs immediately after
thawing in a water bath at 37 ◦ C for 2 min. Frozen-thawed hiPSCNS/PCs were partially dissociated and stained by 0.5% trypan blue to
estimate the number of dead cells among total cell population. We
set up experiments in two conditions for cell preservation: frozen
at densities of 2 × 106 cells/ml (lower density) and 5 × 106 cells/ml
(higher density). Cell preservation was performed three or six
days after the last passage. For the setting of the CAS, we compared three different settings (0.5, 0.4 and 0.3 A) in the following
experiment.
The survival rates of hiPSC-NS/PCs under several conditions
are shown in Fig. 2A and B, indicating that the CAS did not have
much impact on cell viability compared to classical slow-freezing
approach. There were signiﬁcant differences in cell viability
between the CAS at 0.4 A (0.30–0.40 mT) and 0.3 A (0.22–0.29 mT)
and the freezing container at all conditions examined. The highest cell viability was achieved when hiPSC-NS/PCs were frozen at
2 × 106 cells/ml six days after the last passage using the CAS at 0.4 A
(0.30–0.40 mT). Thus, we decided to use this setting for further
experiments, and describe the characterization of cryopreserved
hiPSC-NS/PCs in the following section.
We next assessed the diameter of the non-frozen neurospheres
and frozen-thawed neurospheres derived from hiPSC-NS/PCs,
which were frozen at the density of 2 × 106 cells/ml three and six
days after the last passage using the CAS at 0.4 A (0.30–0.40 mT) or
the freezing container. These results indicated a signiﬁcant size difference in neurospheres frozen using these two methods, as shown
in Fig. 2C and D.
We speculated that the reduction of the diameter after thawing
was due to cell death, caused by the mechanical stress of freezing
and thawing. The difference of the diameter after thawing between
the CAS and freezing container was also due to cell death and
mechanical stress. Freezing by CAS may thus confer less stress to
cells than freezing by conventional container.
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Fig. 2. Cell survival and the diameter of neurospheres. (A, B) Cell survival under the several conditions of freezing. Cells were frozen at 3 days after the last passage (Day 3)
(A) and 6 days after the last passage (Day 6) (B). The number of frozen cells was 2 × 106 cells/ml and 5 × 106 cells/ml. The best viability was 66.6% when hiPSC-NS/PCs were
frozen at Day 6 and at the density of 2 × 106 cells/ml using the CAS programmed freezer with a 0.30–0.40 mT magnetic ﬁeld (0.4 A). The CAS programmed freezer increased
the cell survival after freezing and thawing, especially with a 0.30–0.40 mT magnetic ﬁeld (0.4 A). There were signiﬁcant differences between 0.22 and 0.29 mT (0.3 A),
0.30–0.40 mT (0.4 A) and the freezing container in any timing and density. (C, D) The diameter of non-frozen and frozen-thawed neurospheres. We assessed the diameter
of the non-frozen neurospheres and frozen-thawed neurospheres including hiPSC-NS/PCs, which were frozen at the density of 2 × 106 cells/ml at Day 3 (C) and Day 6 (D)
using the CAS programmed freezer with a 0.30–0.40 mT magnetic ﬁeld (0.4 A) or the freezing container. There was a signiﬁcant difference in the diameter of frozen-thawed
neurospheres between the CAS programmed freezer and freezing container at both Day 3 and Day 6.
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Fig. 3. Immunostaining of the non-frozen and frozen-thawed neurospheres, which were frozen at 3 days and 6 days after the last passage. (A, B) Immunostaining for Ki-67
and SOX2. (C, D) Quantitative analysis of Ki-67 and SOX2-positive cells in the non-frozen and frozen-thawed neurospheres which were frozen at 3 days and 6 days after the
last passage. There was no signiﬁcant difference in proliferation ability between non-frozen and frozen-thawed cells. Scale bar = 100 m.

3.3. Proliferative property of hiPSC-NS/PCs were unchanged using
the CAS
Based on these ﬁndings, we assessed the proliferation ability of
these frozen-thawed hiPSC-NS/PCs, which were cryopreserved at
lower density using the CAS at 0.4 A (0.30–0.40 mT) 3 or 6 days after
the last passage and compared with non-frozen cells. We assessed
the proliferation ability of non-frozen and frozen-thawed neurospheres derived from hiPSC-NS/PCs by immunostaining for Ki-67
and SOX2 (Fig. 3A and B). There were no signiﬁcant differences
in proliferation ability between the non-frozen and frozen-thawed
hiPSC-NS/PCs under the speciﬁc conditions described above (Fig. 3C
and D).
3.4. Differentiation ability was maintained in cryopreserved
hiPSC-NS/PCs
To assess the differentiation ability of non-frozen and frozenthawed hiPSC-NS/PCs, we induced differentiation of hiPSC-NS/PCs

for 10 days in vitro and, subsequently assessed them for differentiation ability to examine the expression of lineage speciﬁc
markers; Hu for neurons, GFAP for astrocytes, CNPase for oligodendrocytes, and SOX2 for undifferentiated neural progenitor cells.
We prepared frozen hiPSC-NS/PCs, which had been frozen at lower
density three or six days after the last passage. As shown in
Fig. 4A and B, these hiPSC-NS/PCs had a trend to predominantly
differentiate into Hu-positive neurons and they could produce less
glial cells including GFAP-positive astrocytes and CNPase-positive
oligodendrocytes, which are known differentiation properties of
hiPSC-NS/PCs in vitro (Kobayashi et al., 2012). Unexpectedly, we
noticed that signiﬁcant number of Hu-positive cells also expressed
SOX2, indicating that majority of neurons generated in our experimental paradigm were immature and hiPSC-NS/PCs probably need
more time to differentiate into mature neurons. However, at least,
we could conﬁrm that freezing-thaw process did not affect initial neuronal differentiation program, which are most important
in terms of clinical application of hiPSC-NS/PCs to neurological
diseases. To conﬁrm the differentiation ability of hiPSC-NS/PCs
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Fig. 4. Immunostaining of the non-frozen and frozen-thawed hiPSC-NS/PCs. The hiPSC-NS/PCs were frozen at 3 days and 6 days after the last passage. Neural induction was
performed for 10 days in vitro. (A, B) Immunostaining for Hu to detect neurons and SOX2 to detect undifferentiated cells with a high magniﬁcation (40× objective lens was
used). (C) Immunostaining for ␤III tubulin to detect neurons. (D, E) Quantitative analysis of Hu and SOX2-positive cells of the non-frozen and frozen-thawed hiPSC-NS/PCs,
which were frozen at 3 days and 6 days after the last passage. These cells dominantly differentiated into Hu-positive neurons, but less GFAP-positive cells and CNPase-positive
cells. There were no signiﬁcant differences in the percentages of Hu and SOX2-positive cells between non-frozen and frozen-thawed cells. Scale bar = 50 m.
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Fig. 5. Principal component analysis and hierarchical clustering of the transcriptome analysis. (A) Principal component analysis in hiPSCs, non-frozen hiPSC-NS/PCs, which
were 3 days (Day 3) or 6 days after the last passage (Day 6) and frozen-thawed hiPSC-NS/PCs, which were frozen at Day 3 or Day 6 using the CAS programmed freezer or the
freezing container. The samples of hiPSCs and hiPSC-NS/PCs frozen at Day 3 or Day 6 were clearly separated and the samples of frozen-thawed hiPSC-NS/PCs were closely
clustered with non-frozen sample in each freezing timing and freezing method. (B) Hierarchical clustering in the same samples. There was a distinct difference in the gene
expression proﬁle of frozen-thawed hiPSC-NS/PCs, which were frozen at Day 3 and Day 6. The gene expression proﬁles of non-frozen and frozen-thawed hiPSC-NS/PCs were
closely clustered in each freezing timing and freezing method.

into neurons, we also used ␤III tubulin marker and found␤III
tubulin-positive neurons in all conditions (Fig. 4C). There were no
signiﬁcant differences in the percentages of Hu and SOX2-positive
cells between the non-frozen and the frozen-thawed cells under
the speciﬁc condition as described above (Fig. 4D and E).
3.5. Transcriptome analysis of non-frozen and frozen
hiPSC-NS/PCs
Given the similarities between non-frozen and frozenthawed hiPSC-NS/PCs by the CAS in terms of proliferation and

differentiation kinetics, we sought to perform detailed characterization of hiPSC-NS/PCs by transcriptome analysis. We performed
microarray analysis using a series of hiPSC-NS/PCs, which were
non-frozen hiPSC-NS/PCs, frozen-thawed hiPSC-NS/PCs by CAS,
frozen-thawed hiPSC-NS/PCs by freezing container, and hiPS cells,
as shown in Fig. 5. The samples of hiPSC-NS/PCs were harvested
at three and six days after the last passage. Frozen-thawed samples were obtained from two separate vials stored under the same
condition. We performed principal component analysis (PCA) with
three principal components (PC1, 2 and 3) using the microarray
data. The contributions of each component were 25.97%, 21.09
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and 7.91%, respectively. The samples of hiPS cells, frozen-thawed
hiPSC-NS/PCs frozen at 3 and 6 days after the last passage were
clearly separated, and samples of frozen-thawed hiPSC-NS/PCs
were closely clustered with non-frozen sample in both freezing
timing (Fig. 5A). Two-dimensional hierarchical clustering revealed
that the gene expression of frozen-thawed hiPSC-NS/PCs using the
CAS and the freezing container formed a distinct cluster in both
freezing timing. Furthermore, the gene expression proﬁles of nonfrozen and frozen-thawed hiPSC-NS/PCs were closely clustered in
both freezing timing (Fig. 5B). These ﬁndings suggest that freezing and thawing by CAS or freezing container does not signiﬁcantly
affect the cells’ gene expression proﬁles.

4. Discussion
In this study, we validated the procedures for cryopreservation
of hiPSC-NS/PCs to apply them for future clinical application to
the CNS disorders and traumas. Although we demonstrated the
effectiveness of the CAS for clinical research settings, a series of
studies has examined the impact of cryopreservation steps on various kinds of NS/PCs, including NS/PCs derived from mouse ESCs
(Hancock et al., 2000), mouse fetal forebrain (Milosevic et al., 2005)
and human fetal CNS (Vescovi et al., 1999). This series of studies
showed cell viability, cell fate determination and proliferation after
the freezing–thawing process, but to date there have been no studies in which freezing protocols are directly compared in detail, nor
are there any guidelines governing the preservation of NS/PCs for
clinical use, probably due to a lack of generalized procedures of
cryopreservation.
The two most commonly used methods of cryopreservation are
vitriﬁcation and slow-freezing. Vitriﬁcation freezes cells quickly
by immersing into liquid nitrogen directly. Although ice crystal
formation is completely prevented, vitriﬁcation requires a high
concentration of cryoprotective agents, which is toxic to most cells
(Fahy et al., 2004a,b; Fowler and Toner, 2005). In the actual clinical
setting, the cells for transplantation should be intensively washed
to remove the toxic reagent. Moreover, vitriﬁcation also requires
additional special skills and is not suitable for large amounts of
cells (Fahy et al., 2004a,b; Fowler and Toner, 2005; Li et al., 2010;
Reubinoff et al., 2001; Richards et al., 2004; Vajta and Nagy, 2006;
Zhou et al., 2004). Therefore, this procedure is not commonly
used for clinical studies. In contrast, slow-freezing method had
an advantage in terms of handling and less-toxic reagent required
for the cryopreservation. Usually the cells are gradually frozen in
a deep freezer or programmed freezer with low concentration of
cryoprotective agents, which might not cause serious toxic and
osmotic damage (Mazur, 1990). However, a large amount of ice
crystals formed inside the cells injure the cellular membrane. This
is explained by an insufﬁcient volume of cryoprotective agents to
prevent ice crystal formation. If the penetration is too slow, cells
are exposed to the cryoprotective agents for a long time. As a result,
cells would be damaged (Al-Hasani et al., 2007; Balaban et al., 2008;
Fowler and Toner, 2005; Kuwayama et al., 2005; Paynter, 2008;
Pedro et al., 2005; Rama Raju et al., 2005). This technique does not
require special skills and has allowed to freeze large amounts of
cells, but after thawing recovery is low compared with vitriﬁcation (Imaizumi et al., 2014). Although these two procedures have
both merits and demerits, slow-freezing would be more advanced
side for cell-banking because of the convenience and allowance of
freezing large amount of cells.
To improve cell survival in slow-freezing, at ﬁrst, we focused
on the cryopreservation solution, STEM CELL-BANKER, which is
chemically-deﬁned and xeno-free, making it suitable for clinical
application (Holm et al., 2010). It contains 10% DMSO, glucose
and high polymer described in the Japanese Pharmacopeia (JP) as
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a second cryoprotective agent plus NaCl, KCl, Na2 HPO4 , HK2 PO4 ,
NaHCO3 as pH adjusters for maintenance of the cell function (Holm
et al., 2010).
We next focused on the freezing method, temperature, the number of frozen cells and the timing of cryopreservation (it means the
diameter of neurospheres). The survival and quality of the cryopreserved materials are also issues in the food industry, and a
new cryopreservation technology called “Cells Alive System” (CAS)
that uses a newly programmed freezer system and a magnetic
ﬁeld, has been developed. When frozen foods are thawed, damaged cells lose intracellular water and many compounds affecting
product ﬂavor. Because cells contain clusters of water molecules,
when cells freeze, clusters may grow inside cells and damage
the cell membrane. However, alternating magnetic ﬁelds with an
induced electric ﬁeld generated by the CAS freezer causes cells and
water molecules to vibrate by a non-thermal mechanism. These
vibrations are ampliﬁed in concert with mechanical and thermal
vibrations (CAS vibration), which prevents the formation of intracellular ice crystals (Kaku et al., 2010, 2012, 2015). This effect has
been veriﬁed by scanning electron microscope (SEM) images which
show the miniaturization of intracellular ice crystals by use of
CAS freezer (Owada, 2011). Further, Iwasaka et al. (2011) reported
that ﬁne ice crystals, which strongly scatter the irradiating light,
increased in the early phase of the super-cooling state when a
pulsed train magnetic ﬁeld was applied. Previous reports showed
the successful cryopreservation and transplantation of periodontal ligament cells using the CAS (Abedini et al., 2011; Kaku et al.,
2010, 2015). Additionally, murine osteoblasts, rat bones, rat MSCs
and human embryonic stem cells were cryopreserved by the CAS
programmed freezer (Kaku et al., 2014; Kojima et al., 2013, 2015;
Koseki et al., 2013; Lin et al., 2013). They reported CAS improved
cell survival and cryopreserved cells had as same function as nonfrozen cells.
We found that the best viability was 66.6% when the hiPSCNS/PCs were frozen at 2 × 106 cells/ml at 6 days after the last
passage using CAS under 0.4 A (0.30–0.40 mT) condition by slowfreezing, whereas it was 34.0% using freezing container. Cell
viability was superior when frozen at a density of 2 × 106 cells/ml
than 5 × 106 cells/ml. We thought that the temperature did not
become uniform when the cell density was too high. Some neurospheres could not be sufﬁciently cooled, and were damaged as a
result. We assessed a fewer number of hiPSC-NS/PCs, the survival
was extremely low (data not shown). There may thus be an optimal
cell density during freezing.
It is also better to be frozen at six days after the last passage
than 3 days after the last passage. The diameter of neurospheres at
three and six days was 54.7 ± 1.1 and 80.2 ± 2.9 m, respectively.
We thought that penetration of the cryopreservation solution to
neurospheres was insufﬁcient when the diameter of neurospheres
was too large. As a result, the cells would die. When we assessed
larger neurospheres, survival was extremely low (data not shown).
There should thus be an optimal diameter of the neurospheres in
the freezing process. A previous study by Ma et al. (2010) reported
that the sphere diameters might affect the survival rate, supporting
our present ﬁndings.
One might have interests on the mechanistic insight regulating improved survival rate achieved in the CAS system. Since we
found the signiﬁcant difference in the diameter of neurospheres
after thawing between using CAS and freezing container, we speculated the difference was due to cell death caused by the mechanical
stress of freezing and thawing. As described above, CAS generates the alternating magnetic ﬁelds, which causes cells and water
molecules to vibrate. This CAS vibration prevents the formation
of intracellular ice crystals and damaging the cell membrane. In
our microarray analysis, there are only a few cell-death associated
genes changed between the cells frozen using CAS and ones using
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freezing container and therefore, molecular mechanism regulating
the cell survival by the CAS cannot be simply explained by transcriptome analysis. The detailed molecular mechanism underlying
the CAS system need to be unraveled in the future study.
In the present study, we showed an improvement in cell viability using CAS under speciﬁc conditions. There was signiﬁcant
difference in the cell viability among the different CAS conditions
(0.4 A and 0.3 A) and the freezing container. We determined 0.4 A
(0.30–0.40 mT) condition of the CAS would be optimal for cryopreservation of hiPSC-NS/PCs.
In terms of proliferation and differentiation ability, CAS had no
signiﬁcant effect on cell proliferation or differentiation ability, consistent with previous reports (Abedini et al., 2011; Hancock et al.,
2000; Kaku et al., 2010, 2014, 2015; Kojima et al., 2013, 2015;
Koseki et al., 2013; Lin et al., 2013; Ma et al., 2010; Milosevic et al.,
2005; Paynter, 2008; Tan et al., 2007). Moreover, PCA and hierarchical clustering indicated that the gene expression proﬁles of
cells frozen and thawed cells using CAS or freezing container were
similar to those of non-frozen cells.
5. Conclusions
CAS cryopreservation dramatically improved cell survival
immediately after thawing and did not signiﬁcantly affect proliferation, differentiation or gene expression. We plan to cryopreserve
hiPSC-NS/PCs in STEM CELL-BANKER by slow-freezing method
using the CAS protocol described above and transplant cells
immediately after thawing to SCI patients in future clinical
studies.
Author contributions
Yuichiro Nishiyama: Conception and design, collection and/or
assembly of data, data analysis and interpretation, manuscript
writing. Akio Iwanami and Jun Kohyama: Conception and design,
manuscript writing, ﬁnal approval of manuscript. Go Itakura, Soya
Kawabata, Keiko Sugai, Soraya Nishimura, Rei Kashiwagi and Kaori
Yasutake: Collection and/or assembly of data, ﬁnal approval of
manuscript. Miho Isoda: Collection and/or assembly of data, data
analysis and interpretation, ﬁnal approval of manuscript. Morio
Matsumoto: Final approval of manuscript. Masaya Nakamura and
Hideyuki Okano: Conception and design, Manuscript writing.
Acknowledgements
We thank Prof. Yoshiaki Toyama (Keio University) for invaluable comments, Prof. Shinya Yamanaka (Kyoto University) for
the undifferentiated iPSCs, Prof. Douglass Sipp (Keio University)
for invaluable comments for the manuscript, Prof. Robert Darnell
(Rockefeller University) for the anti-Hu antibody and Mr. Owada
(ABI corporation Ltd., Abiko, Japan) for the CAS. We also thank
Drs. F. Renault-Mihara, M. Shinozaki, S. Shibata, R. Yamaguchi, A.
Yasuda, S. Nori, Y. Kobayashi, M. Takano, T. Konomi, H. Iwai, S.
Tashiro, M. Ozaki, T. Iida, K. Matsubayashi, T. Okubo, K. Kojima,
S. Ito and Ms. Harada, who are the members of the spinal cord
research team in the Departments of Orthopedic Surgery, Rehabilitation Medicine, and Physiology in Keio University School of
Medicine for their assistance. This work was supported by Research
Center Network for Realization of Regenerative Medicine by the
Japan Science and Technology Agency (JST) and the Japan Agency
for Medical Research and Development (AMED) (to H.O. and M.N.).
This work was also supported by the Research Project for Practical
Application of Regenerative Medicine from AMED (to A.I., J.K. and
M.N.). This work was carried out in collaboration with Keio University School of Medicine, ABI Corporation Ltd., and Nihon Unisys Ltd.
H.O. is a paid scientiﬁc advisory board member for SanBio Co., Ltd.

References
Abedini, S., Kaku, M., Kawata, T., Koseki, H., Kojima, S., Sumi, H., Motokawa, M., Fujita,
T., Ohtani, J., Ohwada, N., Tanne, K., 2011. Effects of cryopreservation with a
newly-developed magnetic ﬁeld programmed freezer on periodontal ligament
cells and pulp tissues. Cryobiology 62, 181–187.
Al-Hasani, S., Ozmen, B., Koutlaki, N., Schoepper, B., Diedrich, K., Schultze-Mosgau,
A., 2007. Three years of routine vitriﬁcation of human zygotes: is it still fair to
advocate slow-rate freezing? Reprod. Biomed. Online 14, 288–293.
Balaban, B., Urman, B., Ata, B., Isiklar, A., Larman, M.G., Hamilton, R., Gardner, D.K.,
2008. A randomized controlled study of human Day 3 embryo cryopreservation
by slow freezing or vitriﬁcation: vitriﬁcation is associated with higher survival,
metabolism and blastocyst formation. Hum. Reprod. 23, 1976–1982.
Fahy, G.M., Wowk, B., Wu, J., Paynter, S., 2004a. Improved vitriﬁcation solutions
based on the predictability of vitriﬁcation solution toxicity. Cryobiology 48,
22–35.
Fahy, G.M., Wowk, B., Wu, J., Phan, J., Rasch, C., Chang, A., Zendejas, E., 2004b.
Cryopreservation of organs by vitriﬁcation: perspectives and recent advances.
Cryobiology 48, 157–178.
Fowler, A., Toner, M., 2005. Cryo-injury and biopreservation. Ann. N. Y. Acad. Sci.
1066, 119–135.
Hancock, C.R., Wetherington, J.P., Lambert, N.A., Condie, B.G., 2000. Neuronal differentiation of cryopreserved neural progenitor cells derived from mouse
embryonic stem cells. Biochem. Biophys. Res. Commun. 271, 418–421.
Holm, F., Strom, S., Inzunza, J., Baker, D., Stromberg, A.M., Rozell, B., Feki, A.,
Bergstrom, R., Hovatta, O., 2010. An effective serum- and xeno-free chemically
deﬁned freezing procedure for human embryonic and induced pluripotent stem
cells. Hum. Reprod. 25, 1271–1279.
Imaizumi, K., Nishishita, N., Muramatsu, M., Yamamoto, T., Takenaka, C., Kawamata,
S., Kobayashi, K., Nishikawa, S., Akuta, T., 2014. A simple and highly effective
method for slow-freezing human pluripotent stem cells using dimethyl sulfoxide, hydroxyethyl starch and ethylene glycol. PLOS ONE 9, e88696.
Imaizumi, Y., Okada, Y., Akamatsu, W., Koike, M., Kuzumaki, N., Hayakawa, H., Nihira,
T., Kobayashi, T., Ohyama, M., Sato, S., Takanashi, M., Funayama, M., Hirayama, A.,
Soga, T., Hishiki, T., Suematsu, M., Yagi, T., Ito, D., Kosakai, A., Hayashi, K., Shouji,
M., Nakanishi, A., Suzuki, N., Mizuno, Y., Mizushima, N., Amagai, M., Uchiyama,
Y., Mochizuki, H., Hattori, N., Okano, H., 2012. Mitochondrial dysfunction
associated with increased oxidative stress and alpha-synuclein accumulation in PARK2 iPSC-derived neurons and postmortem brain tissue. Mol. Brain
5, 35.
Iwasaka, M., Onishi, M., Kurita, S., Owada, N., 2011. Effects of pulsed magnetic ﬁelds
on the light scattering property of the freezing process of aqueous solutions. J.
Appl. Phys. 109, 07E320.
Kaku, M., Kamada, H., Kawata, T., Koseki, H., Abedini, S., Kojima, S., Motokawa,
M., Fujita, T., Ohtani, J., Tsuka, N., Matsuda, Y., Sunagawa, H., Hernandes, R.A.,
Ohwada, N., Tanne, K., 2010. Cryopreservation of periodontal ligament cells with
magnetic ﬁeld for tooth banking. Cryobiology 61, 73–78.
Kaku, M., Kawata, T., Abedini, S., Koseki, H., Kojima, S., Sumi, H., Shikata, H.,
Motokawa, M., Fujita, T., Ohtani, J., Ohwada, N., Kurita, M., Tanne, K., 2012.
Electric and magnetic ﬁelds in cryopreservation: a response. Cryobiology 64,
304–305.
Kaku, M., Koseki, H., Kojima, S., Sumi, H., Shikata, H., Kojima, S., Motokawa, M., Fujita,
T., Tanimoto, K., Tanne, K., 2014. Cranial bone regeneration after cranioplasty
using cryopreserved autogenous bone by a programmed freezer with a magnetic
ﬁeld in rats. Cryo Lett. 35, 451–461.
Kaku, M., Shimasue, H., Ohtani, J., Kojima, S., Sumi, H., Shikata, H., Kojima, S.,
Motokawa, M., Abonti, T.R., Kawata, T., Tanne, K., Tanimoto, K., 2015. A case
of tooth autotransplantation after long-term cryopreservation using a programmed freezer with a magnetic ﬁeld. Angle Orthod. 85, 518–524.
Kobayashi, Y., Okada, Y., Itakura, G., Iwai, H., Nishimura, S., Yasuda, A., Nori, S.,
Hikishima, K., Konomi, T., Fujiyoshi, K., Tsuji, O., Toyama, Y., Yamanaka, S., Nakamura, M., Okano, H., 2012. Pre-evaluated safe human iPSC-derived neural stem
cells promote functional recovery after spinal cord injury in common marmoset
without tumorigenicity. PLoS ONE 7, e52787.
Kojima, S., Kaku, M., Kawata, T., Sumi, H., Shikata, H., Abonti, T.R., Kojima, S., Fujita,
T., Motokawa, M., Tanne, K., 2013. Cryopreservation of rat MSCs by use of a
programmed freezer with magnetic ﬁeld. Cryobiology 67, 258–263.
Kojima, S.I., Kaku, M., Kawata, T., Motokawa, M., Sumi, H., Shikata, H., Abonti,
T.H., Kojima, S.T., Yamamoto, T., Tanne, K., Tanimoto, K., 2015. Cranial suturelike gap and bone regeneration after transplantation of cryopreserved MSCs
by use of a programmed freezer with magnetic ﬁeld in rats. Cryobiology 70,
262–268.
Koseki, H., Kaku, M., Kawata, T., Kojima, S., Sumi, H., Shikata, H., Motokawa, M.,
Fujita, T., Ohtani, J., Tanne, K., 2013. Cryopreservation of osteoblasts by use of a
programmed freezer with a magnetic ﬁeld. Cryo Lett. 34, 10–19.
Kuwayama, M., Vajta, G., Ieda, S., Kato, O., 2005. Comparison of open and closed
methods for vitriﬁcation of human embryos and the elimination of potential
contamination. Reprod. Biomed. Online 11, 608–614.
Li, Y., Tan, J.C., Li, L.S., 2010. Comparison of three methods for cryopreservation of
human embryonic stem cells. Fertil. Steril. 93, 999–1005.
Lin, P.Y., Yang, Y.C., Hung, S.H., Lee, S.Y., Lee, M.S., Chu, I.M., Hwang, S.M., 2013.
Cryopreservation of human embryonic stem cells by a programmed freezer with
an oscillating magnetic ﬁeld. Cryobiology 66, 256–260.
Ma, X.H., Shi, Y., Hou, Y., Liu, Y., Zhang, L., Fan, W.X., Ge, D., Liu, T.Q., Cui, Z.F.,
2010. Slow-freezing cryopreservation of neural stem cell spheres with different
diameters. Cryobiology 60, 184–191.

Y. Nishiyama et al. / Neuroscience Research 107 (2016) 20–29
Mazur, P., 1990. Equilibrium, quasi-equilibrium, and nonequilibrium freezing of
mammalian embryos. Cell Biophys. 17, 53–92.
Milosevic, J., Storch, A., Schwarz, J., 2005. Cryopreservation does not affect proliferation and multipotency of murine neural precursor cells. Stem Cells 23,
681–688.
Nakamura, M., Okano, H., 2013. Cell transplantation therapies for spinal cord injury
focusing on induced pluripotent stem cells. Cell Res. 23, 70–80.
Nakatsuji, N., Nakajima, F., Tokunaga, K., 2008. HLA-haplotype banking and iPS cells.
Nat. Biotechnol. 26, 739–740.
Nishimura, S., Sasaki, T., Shimizu, A., Yoshida, K., Iwai, H., Koya, I., Kobayashi,
Y., Itakura, G., Shibata, S., Ebise, H., Horiuchi, K., Kudoh, J., Toyama, Y.,
Anderson, A.J., Okano, H., Nakamura, M., 2014. Global gene expression analysis following spinal cord injury in non-human primates. Exp. Neurol. 261,
171–179.
Nori, S., Okada, Y., Yasuda, A., Tsuji, O., Takahashi, Y., Kobayashi, Y., Fujiyoshi, K.,
Koike, M., Uchiyama, Y., Ikeda, E., Toyama, Y., Yamanaka, S., Nakamura, M.,
Okano, H., 2011. Grafted human-induced pluripotent stem-cell-derived neurospheres promote motor functional recovery after spinal cord injury in mice.
Proc. Natl. Acad. Sci. U. S. A. 108, 16825–16830.
Okada, Y., Matsumoto, A., Shimazaki, T., Enoki, R., Koizumi, A., Ishii, S., Itoyama,
Y., Sobue, G., Okano, H., 2008. Spatiotemporal recapitulation of central nervous system development by murine embryonic stem cell-derived neural
stem/progenitor cells. Stem Cells 26, 3086–3098.
Okano, H., Nakamura, M., Yoshida, K., Okada, Y., Tsuji, O., Nori, S., Ikeda, E., Yamanaka,
S., Miura, K., 2013. Steps toward safe cell therapy using induced pluripotent stem
cells. Circ. Res. 112, 523–533.
Okano, H., Yamanaka, S., 2014. iPS cell technologies: signiﬁcance and applications
to CNS regeneration and disease. Mol. Brain 7, 1–12.
Okita, K., Matsumura, Y., Sato, Y., Okada, A., Morizane, A., Okamoto, S., Hong, H.,
Nakagawa, M., Tanabe, K., Tezuka, K.-I., Shibata, T., Kunisada, T., Takahashi, M.,
Takahashi, J., Saji, H., Yamanaka, S., 2011. A more efﬁcient method to generate
integration-free human iPS cells. Nat. Methods 8, 409–412.

29

Owada, T., 2011. CAS technology; from storing fresh food to preserving medical
resources. Organ Biol. 18, 71–78.
Paynter, S.J., 2008. Principles and practical issues for cryopreservation of nerve cells.
Brain Res. Bull. 75, 1–14.
Pedro, P.B., Yokoyama, E., Zhu, S.E., Yoshida, N., Valdez Jr., D.M., Tanaka, M., Edashige,
K., Kasai, M., 2005. Permeability of mouse oocytes and embryos at various developmental stages to ﬁve cryoprotectants. J. Reprod. Dev. 51, 235–246.
Rama Raju, G.A., Haranath, G.B., Krishna, K.M., Prakash, G.J., Madan, K., 2005. Vitriﬁcation of human 8-cell embryos, a modiﬁed protocol for better pregnancy rates.
Reprod. Biomed. Online 11, 434–437.
Reubinoff, B.E., Pera, M.F., Vajta, G., Trounson, A.O., 2001. Effective cryopreservation
of human embryonic stem cells by the open pulled straw vitriﬁcation method.
Hum. Reprod. 16, 2187–2194.
Richards, M., Fong, C.Y., Tan, S., Chan, W.K., Bongso, A., 2004. An efﬁcient and safe
xeno-free cryopreservation method for the storage of human embryonic stem
cells. Stem Cells 22, 779–789.
Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., Yamanaka,
S., 2007. Induction of pluripotent stem cells from adult human ﬁbroblasts by
deﬁned factors. Cell 131, 861–872.
Tan, F.C., Lee, K.H., Gouk, S.S., Magalhaes, R., Poonepalli, A., Hande, M.P., Dawe, G.S.,
Kuleshova, L.L., 2007. Optimization of cryopreservation of stem cells cultured as
neurospheres: comparison between vitriﬁcation, slow-cooling and rapid cooling
freezing protocols. Cryo Lett. 28, 445–460.
Vajta, G., Nagy, Z.P., 2006. Are programmable freezers still needed in the embryo
laboratory? Review on vitriﬁcation. Reprod. Biomed. Online 12, 779–796.
Vescovi, A.L., Parati, E.A., Gritti, A., Poulin, P., Ferrario, M., Wanke, E., FrolichsthalSchoeller, P., Cova, L., Arcellana-Panlilio, M., Colombo, A., Galli, R., 1999. Isolation
and cloning of multipotential stem cells from the embryonic human CNS and
establishment of transplantable human neural stem cell lines by epigenetic
stimulation. Exp. Neurol. 156, 71–83.
Zhou, C.Q., Mai, Q.Y., Li, T., Zhuang, G.L., 2004. Cryopreservation of human embryonic
stem cells by vitriﬁcation. Chin. Med. J. (Engl.) 117, 1050–1055.

