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2006), we next investigated whether apoptosis was
induced in PMD patient-derived neurons. However, no
cleaved caspase-3* neurons derived from either control or
PMD iPSCs were observed (Figure S2C), suggesting that
this increased apoptosis was specific to oligodendrocyte
lineage cells in PMD in our iPSC-derived cultures.

Abnormal Myelin Structures and ER Morphologies
Were Detected by Electron Microscopic Analysis
Finally, we focused on the myelinating properties of PMD
iPSC-derived OLs, which represent the most characteristic
pathogenic feature of PMD. Because different types of neu-
ral cells, including neurons and astrocytes, in addition to
OLs, were derived in our cultures, neuron-glial interactions
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Figure 5. Enhanced Apoptosis in PMD
iPSC-Derived Oligodendrocytes

(A) Morphological differences in OLs. Immu-
nocytochemical analysis of iPSC-derived OLs
for OLs marker (04) and nuclei (Hoechst). The
OLs showed a uniform appearance in the
control iPSC-derived cells but showed scat-
tered morphologies in the PMD iPSC-derived
cells. The scale bar represents 40 pm,

(B) Representative immunocytochemical
images of apoptotic OLs using markers for
apoptosis (cleaved caspase-3) and OLs (04).
OLs (04" or MBP*) that were both positive
for cleaved caspase-3 and showed nuclear
condensation or fragmentation were consid-
ered apoptotic OLs. The scale bar represents
40 pm. c-caspase-3, cleaved caspase-3.

(C) Quantitative analysis of the number of
apoptotic OLs. The number of apoptotic cells
was higher in the PMD1 (PMD1-7, PMD1-15,
and PMD1-27) and PMD2 iPSC (PMD2-6,
PMD2-10, and PMD2-22)-derived OLs than
control iPSC (201B7, WD39, and TIG121)-
derived OLs (n =9; mean + SEM; independent
experiments; *p < 0.05; **p < 0.01; Mann-
Whitney's U test).

could be observed and neuron myelination by the iPSC-
derived OLs could be analyzed in situ. In immunocyto-
chemical analysis of MBP and NF200 (neurofilament
marker), parts of the neurofilament™ neurites were wrapped
by the MBP* process of iPSC-derived oligodendrocytes (Fig-
ure S3A). Thus, to evaluate the histological abnormality of
the myelin structures in vitro, we performed transmission
electron microscopy (TEM) analysis of ultrathin sections
of the differentiated cells. The results showed that myelin
structures with or without axons could be observed via
TEM. Considering the neuronal processes wrapped by
the MBP* process of iPSC-derived OLs observed through
immunocytochemistry, some of the axonal structures
could have been lost during the fixation process for TEM.
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Although we stained with antibodies against NAV1.6
(nodes) and CASPER (paranodes), we could not detect
any significant staining in our cultures. This may suggest
immature myelination in the present culture conditions.

Notably, mature myelin structures with thick myelin
lamella ~30 layers were observed in the control cultures.
In contrast, in the PMD iPSC-derived cultures, a limited
number of myelin structures with thin myelin lamella
~18§ layers were observed (Figure 6A). The frequency of
myelin formation and thickness of the myelin sheath
were significantly decreased in both PMD1 and PMD2
iPSC-derived OLs (Figures 6B and 6C).

Figure 6. Electron Microscopic Analysis of
PMD iPSC-Derived Cells

(A) TEM of iPSC-derived cells. The maximum
number of normal myelin lamella was greater
than 30 in the control iPSC-derived myelin
sheaths. In contrast, a limited number of
myelin lamella was observed in the PMD iPSC-
derived myelin sheaths. High-magnification
images are also shown in the lower panel. The
scale bars represent 100 nm (upper panels)
and 20 nm (lower panels).

(B) Quantitative analysis of the numbers of
myelin structures. We counted the numbers
of myelin structures per visual field of EM
images (approximately 1.8 mm?) for the
myelination frequency. The frequency of
myelin formation was significantly decreased
in both PMD1 (PMD1-7, PMD1-15, and PMD1-
27) and PMD2 (PMD2-6, PMD2-10, and PMD2-
22) iPSC-derived OLs (n = 3; mean + SEM;
independent experiments; *p < 0.05; t test).
(C) Quantitative analysis of the numbers of
myelin lamellae. We counted the numbers of
major dense lines per myelinated fiber for the
thickness of myelin, and the average of the
numbers of myelin lamellae in the top ten
myelin sheaths are presented. The thickness
of the myelin sheath was greatly reduced in
both PMD1 (PMD1-7, PMD1-15, and PMD1-
27) and PMD2 (PMD2-6, PMD2-10, and PMD2-
22) iPSC-derived OLs (n = 3; mean + SEM;
independent experiments; **p < 0.01;
t test).

(D and E) Histological abnormalities de-
tected in PMD iPSC-derived cells via TEM.
Apoptotic cells with fragmented nuclei
(arrow in D) were frequently detected among
the PMD-iPSC-derived cells (D). The scale bar
represents 1 pm. Dilations of ER intermem-
brane spaces were also observed (E). The
scale bars represent 0.5 pm.

PMD2

In addition, several types of histological abnormalities
were detected in the PMD cells. Apoptotic cells exhibiting
nuclear condensation were frequently observed among
the PMD iPSC-derived cells, in contrast to that observed
in those derived from control iPSCs (Figure D). More-
over, aberrant ER morphologies, such as dilation of the
ER intermembrane space (Fan et al, 2013; Lim al.,
2011), were found in the PMD iPSC-derived cells (Fig-
ure 6E). These results indicate that PMD iPSC-derived
OLs develop a poor myelin structure and subsequently
die, supporting the involvement of ER stress in the path-
ogenesis of PMD.
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DISCUSSION

In this study, we established PMD-specific human iPSCs
from two patients with different clinical severity and
different missense mutations of PLP1. One mutation is in
the transmembrane domain (PMD1) and the other is in
the extracellular domain (PMD2), both of which differ
from those in the previously reported PMD animal models.
And we generated patient-specific OLs. This model enables
an investigation of the correlations between the molecular
pathophysiology of PMD and various cell biological phe-
nomena, including OL differentiation, myelination, and
apoptosis in patient-derived live OLs through morpholog-
ical, biochemical, and molecular biological methods. These
analyses could not be achieved using conventional disease
models.

Although there are several reported methods for
inducing OPCs from human ESCs (Hu et al, 2009; lzrael
et al,, 2007, Kang ¢t al,, 2007), these methods have diffi-
culties in reproduc1b1hty, making it difficult to obtain suffi-
cient amounts of mature OLs for analysis. In the present
study, we developed an improved neural differentiation
protocol for human pluripotent stem cells by utilizing an
EB-neurosphere method involving dual Smad inhibition
in combination with a GSK3 inhibitor to facilitate differen-
tiation into NS/PCs more efficiently and reproducibly. In
addition, the use of T3, ciliary neurotrophic factor
(CNTF), and leukemia inhibitory factor (LIF) was beneficial
for differentiation into OLs. Using this method, we
achieved stable differentiation of several human iPSC
clones into OLs in a similar manner to that reported in a
recent study (Wang et al., 2013). Remarkably, our culture
procedure enabled recapitulation of myelin formation in
human iPSC (hiPSC)-derived neurites and OLs in vitro in
a single-culture system without coculturing with other
cells, such as rodent hippocampal neurons, as previously
reported (Kang et al., 2007). Thus, this study reports a suc-
cessful in vitro myelmatlon assay using human iPSC-
derived neurons and OLs.

Another important finding of this study was that the dif-
ferentiation of PMD iPSCs into OLs well-recapitulated the
progression of PMD pathogenesis in vitro. Although the
PMD-specific iPSCs induced abundant MBP* mature OLs,
myelination was substantially less frequent and limited
lamella formation was observed. These results suggest
that incomplete maturation and limited survival of OLs
rather than a failure to differentiate into OLs is responsible
for PMD pathogenesis. However, the cause of OL degener-
ation and dysmyelination observed in PMD is unclear.
Some previous reports have demonstrated the involvement
of ER stress in the pathogenesis of PMD associated with
missense mutations in the PLPI gene. Analyses using
cell lines, such as cos7 cells transfected with wild-type or
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mutant PLP1 genes, have shown that wild-type PLP1 pro-
tein is synthesized in the ER and transported to the cell sur-
face, whereas mutant PLP1 proteins are arrested in the
secretory pathway at an early stage and accumulate in the
ER (Gow et al,, 1994). In the CNS of PMD model mice,
such as msd and rsh mice, mutant PLP1 proteins are largely
confined to the perinuclear region of OLs and involved in
the UPR (Gow et al., 1998). These reports suggest the
involvement of ER stress in PMD pathogenesis. In the pre-
sent study, accumulation of misfolded mutant PLP1 pro-
teins in the ER and high susceptibility to ER stresses in
the PMD1 and PMD2 cells were observed. This increased
susceptibility to ER stresses or other cellular response could
have resulted in the apoptosis of PMD iPSC-derived OLs
and immature/incomplete myelination.

In addition, we detected differences between PMD1 and
PMD2 cells. The differences of susceptibility to ER stresses
and the thickness of the myelin sheath were consistent
with the different levels of clinical severity of the two pa-
tients. The correlations between different clinical severity,
different missense mutations, and different pathogenic
changes have not previously been reported by conven-
tional disease models. These results suggest that this PMD
model accurately recapitulates disease pathophysiology
not only qualitatively but also in terms of the degree of
disease progression, although how the different point
mutations affect the degree of the observed phenotype
must be clarified. Accordingly, we propose models for a
“proof-of-concept” of PMD pathogenesis based on the
endogenous mutations found in PMD iPSC-derived OLs.
The present findings cannot be generalized to PMD as a
whole because the more common PLP1 duplication was
not included; therefore, we will investigate the pathogen-
esis of PMD with PLPI duplications in the future.

The current study represents the a demonstration of
pathogenic changes in PMD patients with PLP1 missense
mutations using disease-specific, human iPSC-derived
OLs. This model faithfully reproduces the pathophysiology
observed in the CNS of PMD patients, which is difficult to
identify through conventional experiments. Moreover, our
results demonstrate the usefulness of iPSC-derived OLs for
the analysis of the pathogenic processes of dysmyelinating
human neurological disorders and the development of
novel therapeutic agents for their treatment.

EXPERIMENTAL PROCEDURES

Isolation of Human Skin Fibroblasts and Generation of
iPSCs

HDFs from the dermis of a 1-year-old Japanese male patient and
HDFs from the dermis of a 20-year-old Caucasian male patient
(Coriell Institute: GM09546) were used to establish PMD1-iPSCs
(PMD1-7, 1-15, and 1-27) and PMD2-iPSCs (PMD2-6, 2-10, and
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2-22), respectively, Additional control cell lines used in this study
included 201B7 (control A, established from HDFs [Cell Applica-
tions] from the dermis of a 36-year-old Caucasian female; Takaha-
shi et al., 2007), WD39 (control B, established from HDFs from
the dermis of a 16-year-old Japanese female; Imaizumi et al,,
2012), and TIG121 (control C, established from HDFs from the
dermis of an 8-month-old Japanese male [Japan Health Sciences
Foundation]). All of the human iPSC clones were established
through the retroviral transduction of four transcription factors
(8OX2, OCT4, KLF4, and ¢-MYC) into HDFs as described previ-
ously (Takahashi et al., 2007) and evaluated based on the expres-
sion of pluripotent markers, the silencing of retroviral transgenes,
and teratoma formation assays as described previously (Ohta
et al., 2011). We used three clones for each group for further anal-
ysis: control (201B7, WD39, and TIG121), PMD1 (1-7, 1-15, and
1-27), and PMD2 (2-6, 2-10, and 2-22). The data from the three
clones were combined in each figure, and the data are shown
as the average of the three clones. All of the experimental proce-
dures for iPSC production were approved by the ethics committee
of the Keio University School of Medicine (approval number: 20-
16-18).

Culture and In Vitro Differentiation of Human iPSCs
hiPSCs were grown on mitomycin-C-treated SNL murine fibroblast
feeder cells in gelatin-coated (0.1%) tissue culture dishes. The
hiPSCs were maintained in standard hESC medium (Dulbecco’s
modified Eagle’s medium [DMEM]/F12 [Sigma] containing 20%
KnockOut serum replacement [KSR; Life Technologies], nonessen-
tial amino acids [NEAA], 0.1 mM 2-mercaptoethanol [Sigma], and
4 ng/ml fibroblast growth factor 2 [FGF-2] [PeproTech]) at 37°Cina
humidified atmosphere of 3% CO,.

For in vitro differentiation, iPSC colonies were detached from the
feeder layers en bloc using a dissociation solution (0.25% trypsin,
100 pug/ml collagenase IV [Invitrogen], 1 mM CaCl,, and 20% KSR;
day 0) and cultured in suspension in bacteriological dishes to form
EBs in a humidified atmosphere of 3% CO,. From day 1 to 4 of EB
formation, 3 pM dorsomorphin (Sigma), 3 uM SB431542 (Tocris
Bioscience), and 3 uM BIO ((2'Z, 3'E)-6-bromoindirubin-3’-oxime;
Sigma) were added. In addition, 1 uM retinoic acid (Sigma) and
1 uM purmorphamine (Calbiochem) were added on days 4 and
7, respectively, and maintained thereafter until day 16 (EB dissoci-
ation). The medium was changed every 2 days. On day 16, the EBs
were enzymatically dissociated into single cells using TrypLE Select
(Life Technologies), and the dissociated cells were cultured in sus-
pension at a density of 1 x 10° cells/ml in proliferation medium
consisting of serum-free medium (media hormone mix [MHM];
(Okada ot al, 2008) supplemented with 2% B27 supplement
(Invitrogen), NEAA, 1 uM purmorphamine, 60 ng/ml T3 (Sigma),
10 ng/ml PDGF-AA (PeproTech), 20 ng/ml FGE 10 ng/ml
epidermal growth factor (PeproTech), 10 ng/ml insulin growth fac-
tor 1, and 10 ng/mineurotrophin-3 (R&D Systems) in a humidified
atmosphere of 5% CO,. The medium was changed every 4~6 days
for approximately 15~20 days to form the first neurospheres. To
passage neurospheres, the first neurospheres were dissociated in
the same manner as described above and cultured at a density of
1 x 10° cells/ml in proliferation medium without purmorphamine
for approximately 15~20 days. To assay neurosphere differentia-

tion, undissociated 5-7 neurospheres were plated onto coverslips
10 mm in diameter coated with poly-L-ornithine (Sigma) and
growth-factor-reduced Matrigel (50x dilution, thin coated; Invi-
trogen), and cultured in differentiation medium that consisted of
MHM supplemented with 2% B27 supplement, NEAA, 60 ng/m!
T3, 10 ng/ml hLIF (Millipore), and 25 ng/ml CNTF (R&D Systems)
for 2-6 weeks in a humidified atmosphere of 5% CO,. Half of the
medium was changed every 2 or 3 days. For the quantitative
analysis of the differentiation efficiency into OL lineage cells,
the numbers of neurosphere colonies containing more than 40
marker-positive cells (> 40 cells, oligodendrocyte [++]), those con-
taining less than 40 marker-positive cells (1-39 cells, oligodendro-
cyte [+]), and those without marker-positive cells (oligodendrocyte
[-]) were counted and are presented as the percentage of total neu-
rosphere colonies. To examine the expression of ER-stress markers,
O4* differentiated cells were purified 4 weeks after the attachment
of the neurospheres using MACS technology with an anti-O4
antibody.

Direct Sequencing and Pyrosequencing Analysis of the
PLP1 Gene

Genomic DNA was extracted from peripheral blood samples (leu-
kocytes) from PMD1 and from HDFs and iPSCs from both PMD1
and PMD2. For direct sequencing of the mutations in the PLPI
gene in PMDI1, fragments of the promoter regions (5 UTR)
and all seven exons of the PLPI gene were amplified via PCR.
The PCR primers and cycling conditions employed for direct
sequencing are listed in Table $1. For pyrosequencing analysis of
the mutations in the PLPI gene in HDFs and iPSCs, fragments con-
taining the PMD1 mutation (¢.757 T > A in exon 6) and PMD2 mu-
tation (c.643 C>Tin exon 5) were amplified via PCR using forward
primers and biotinylated reverse primers. Pyrosequencing analyses
were performed following the manufacturer’s instructions (Pyro-
mark Q24; QIAGEN). The PCR primers and cycling conditions
applied for pyrosequencing analysis are listed in Table $2.

RNA Isolation and RT-PCR

RNA isolation and real-time quantitative RT-PCR were performed
as previously described using SYBR Premix ExTag II and the
MX3000P Real-Time PCR system (Stratagene; (kada et al., 2004,
2008). The amount of cDNA was normalized to that of human-spe-
cific 3-ACTIN mRNA.

For the analysis of the expression of retroviral transgene in iPSCs,
HDFs 7 days after the retroviral introduction (day 11 of the proto-
col) of four genes (SOX2, OCT4, KLF4, and ¢-MYC) were used as the
positive control (SOX2 tg, OCT4 tg, KLF4 tg, and ¢-MYC tg). The
data are presented as the copy numbers of mRNA for each trans-
gene. As for the analyses of NANOG, SOX1, BRACHYURY, SOX17,
BIT tubulin, GFAP, CNP, and ER stress marker (BIF, CHOP, and spliced
XBP1), data are presented as the relative expression to that in con-
trol. The applied primer sequences and PCR cycling conditions are
listed in Table S3.

Immunocytochemical Analysis
For immunocytochemical analysis, cells were fixed with 4% para-
formaldehyde for 30 min at room temperature. After blocking in
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blocking buffer (PBS containing 10% normal goat or donkey serum
and 0.3% Triton X-100) for 1 hr at room temperature, the cells were
incubated with primary antibodies at 4°C overnight. For O4 stain-
ing, we used blocking buffer without Triton X-100. After three
washes with PBS, the cells were incubated with Alexa 488-, Alexa
555-, or Alexa 647-conjugated secondary antibodies (Life Technol-
ogies) for 1 hr at RT. Nuclei were stained with 10 pg/ml Hoechst
33258 (Sigma). After washing with PBS, the cells were mounted
on slides and examined with a universal fluorescence microscope
(Axiophoto; Carl Zeiss) or confocal laser scanning microscope
(LSM700; Carl Zeiss). The primary antibodies used in these ana-
lyses were as follows: NANOG (1:100; ReproCELL), OCT4 (1:500;
Santa Cruz Biotechnology), OLIG2 (1:1,000; R&D Systems),
PDGFRax (1:2,000; Santa Cruz Biotechnology), NG2 (1:2,000; Milli-
pore), 04 (1:5,000; Millipore), MBP (1:1,000; Serotec), B-III-tubulin
(1:1,000; Sigma), NF200 (1:1,000, Millipore), GFAP (1:4,000,
Dako), KDEL (Abcam), PLP1 (1:30,000; gifted from Masayuki
Itoh [National Center of Neurology and Psychiatry] recognizes
PLP1, but not DM20), K167 (1:10,000, Abcam), and cleaved caspase
3 (1:1,000, Cell Signaling Technology).

Teratoma Assay

Undifferentiated iPSCs (5 % 10° cells) were injected into the
testes of 8-week-old male nonobese diabetic (NOD)/severe com-
bined immunodeficiency (SCID) mice (Charles River Labora-
tories) as described previously (Qiita et al, 2011). Eight weeks
after injection, the resultant tumors were dissected and fixed
with 4% paraformaldehyde. Paraffin-embedded tissue sections
were produced, and hematoxylin and eosin (H&E) staining was
performed. Images were obtained using a BZ-9000 microscope
(Keyence).

Transmission Electron Microscopy

For TEM analysis, neurospheres and cells in dishes were fixed
with 2.5% glutaraldehyde in 50 mM phosphate buffer (PB) over-
night at 4°C. After washing twice in 0.1 M PB, these samples fixed
with 1% osmium tetroxide for 90 min, dehydrated through
ethanol, and embedded in Epon. The neurospheres were
dissected and fixed on the stage, followed by the preparation of
ultrathin sections with a thickness of 70 nm using an ultramicro-
tome (Leica Microsystems). The sections were subsequently
stained with uranyl acetate and lead citrate for 10 and 12 min,
respectively. Finally, the sections were observed under a transmis-
sion electron microscope (JEOL model 1230), and images were
captured with Digital Micrograph 3.3 (Gatan). For the quantita-
tive analysis of myelination, the number of myelin lamellae,
which is the number of major dense lines per myelinated fibers,
was counted to assess myelin thickness and the number of
myelinated fibers per visual field of electron microscopy (EM) im-
ages (approximately 1.8 mm?) was counted to assess myelination
frequency.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and three tables
and can be found with this article online at http://dx.dot.org/10.
1016/stemcr.2014.03.007.
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Spinal cord injury (SCI) is a devastating condition with no established treatment. To better understand the pa-
thology and develop a treatment modality for SCI, an understanding of the physiological changes following SCI
at the molecular level is essential. However, studies on SCI have primarily used rodent models, and few studies
have examined SCI in non-human primates. In this study, we analyzed the temporal changes in gene expression
patterns following SCI in common marmosets (Callithrix jacchus) using microarray analysis and mRNA deep se-
quencing. This analysis revealed that, although the sequence of events is comparable between primates and ro-
dents, the inflammatory response following SCl is significantly prolonged and the onset of glial scar formation is
temporally delayed in primates compared with rodents. These observations indicate that the optimal time win-
dow to treat SCI significantly differs among different species. This study provides the first extensive analysis of
gene expression following SCI in non-human primates and will serve as a valuable resource in understanding

the pathology of SCL.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Spinal cord injury (SCI) results in a devastating loss of motor and
sensory functions due to the poor regenerative capacity of the central
nervous system. In the United States alone, approximately 12,000 pa-
tients are annually diagnosed with SCI. Despite recent advances in
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surgical techniques and our understanding of the biology of the spinal
cord, few treatment options for SCI are available with marginal benefits
for patients. A greater understanding of the pathology and the underly-
ing molecular mechanisms of SCI is, therefore, imperative to develop a
better therapeutic modality.

Contusion SCI initially causes the destruction of the blood-spinal
cord barrier, and infiltration of inflammatory cells into the spinal cord
ensues (Alexander and Popovich, 2009; Beck et al., 2010; Okano,
2002). Proinflammatory cytokines and reactive oxygen species {ROS)
are generated by inflammatory cells and lead to secondary damage in
the spinal cord (Bains and Hall, 2012; Kubota et al,, 2012; Xiong et al,,
2007). Thereafter, the acute inflammatory response subsides and is
followed by the formation of a cystic cavity and a glial scar, Subsequent-
ly, the production of chondroitin sulfate proteoglycans (CSPGs) and ex-
tracellular matrix proteins with potent inhibitory activity against axonal
growth (Ikegami et al., 2005; Silver and Miller, 2004) increases as the le-
sion develops into the chronic phase. In due course, changes in the spi-
nal cord microenvironment become irreversible (Afshari et al., 2009;
Okano, 2002). We and others have extensively analyzed the temporal
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. changes in gene expression patterns following SCI using rodent models
(Beck et al., 2010; Kumamaru et al,, 2012; Nakamura et al,, 2003). These
results not only provide important information to understand the mo-
lecular pathology of SCI but also serve as the basis to determine the op-
timal time window for therapeutic interventions, such as neural stem/
progenitor cell transplantation (Abematsu et al., 2010; Cao et al.,
2001; Cummings et al., 2005; Nishimura et al,, 2013; Nori et al,, 2011;
Ogawa et al,, 2002; Okada et al., 2005; Okano et al,, 2013; Tsuji et al.,
2010) and administration of anti-inflammatory substances and growth
factors (Kitamura et al., 2011; Mukaino et al,, 2010; Okada et al,, 2004;
Tuszynski et al,, 1996). As highlighted by the studies in rodent models,
it is conceivable that similar analyses in primate models will further
deepen our understanding of the pathology of SCl in humans; however,
such a study has not yet been performed, and very little is currently
known regarding the changes in gene expression following SCI in
primates.

To address this issue, we used the common marmoset (Callithrix
Jacchus) as a non-human primate SCI model and performed two differ-
ent global gene expression analyses: microarray analysis and mRNA se-
quencing (mRNA-seq) using next-generation sequencing. Additionally,
we performed a detailed histological analysis of the injured spinal cord
in adult common marmosets to validate the gene expression analysis
data. We found that, although the sequence of the gene expression pat-
terns was comparable between common marmosets and rodents, the
time course of changes in gene expression was significantly prolonged
in common marmosets. This observation indicates that the transition
of SCI from the acute to the chronic phase is temporally delayed in com-
mon marmosets compared with rodents and that the therapeutic time
window following SCI significantly differs among species. This study
provides the first extensive gene expression analysis following SCl in
non-human primates and may serve as an invaluable resource in under-
standing the pathology following SCI in primates and in establishing a
time frame for the treatment of SCI in humans.

Materials and methods
Animals

All interventions and animal care procedures were performed in ac-
cordance with the Laboratory Animal Welfare Act, the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health,
USA), the Guidelines and Policies for Animal Surgery provided by the
Animal Study Committee of the Central Institute for Experimental Ani-
mals and Keio University, and the guidelines outlined by the Weatherall
Report and were approved by the Animal Study Committee of Keio Uni-
versity (numbers: 10017 and 11014). Female common marmosets
(C. jacchus; 2-years-old) were purchased from CLEA Japan Inc. (Tokyo,
Japan). The animals were housed at 26 °C with 65% humidity and illu-
mination for 12 h/day. All of the animals had free access to food and
water in the cage.

Contusive SCI in common marmosets

The subjects were anesthetized with an intramuscular injection of
ketamine (50 mg/kg; Sankyo Co., Ltd., Tokyo, Japan) and xylazine
(5 mg/kg; Bayer AG, Leverkusen, Germany), followed by inhalation of
isoflurane (Fluren; Abbott Japan Co., Ltd., Tokyo, Japan). Contusive SCI
was induced using a modified New York University weight-drop device,
as previously described (Iwanami et al., 2005; Kobayashi et al., 2012).
Briefly, a 17-g weight, 3.5 mm in diameter, was dropped from a height
of 50 mm onto the exposed dura mater at the C5 level following
laminectomy. For the sham control, laminectomy of the C5 vertebra
was performed without any manipulation of the spinal cord. During
the surgical procedures, the physiological condition of the animals
was continuously monitored by electrocardiography, transcutaneous
pulse oximetry (which estimates O, saturation), and skin and rectal

temperature readings. After the procedure, the animals were placed
in a temperature-controlled chamber until thermoregulation was
reestablished. Manual bladder expression was performed twice per
day until voiding reflexes were reestablished. Paralyzed animals were
provided adequate amounts of food and water until they recovered
their ability to ingest food and water without assistance. Thereafter, an-
imals had free access to food and water in the cage.

RNA isolation

The animals were anesthetized and transcardially perfused with
heparinized saline (5 U/ml) at 1-, 2-, 4-, and 6-weeks-post-injury
(WPI). Dissected segments (6 mm) of the spinal cord at the C5 level
were placed in TRIzol (Invitrogen, Carlsbad, CA, USA) and immediately
frozen. Total RNA was isolated using a Qiagen RNeasy Kit (Qiagen Inc,
Hilden, Germany). Samiples were collected from two different animals
with SCI at each time point following injury and one sham control ani-
maf at 2-WPL

Microarray analysis

Microarray analysis was performed using Affymetrix GeneChip tech-
nology as previously described (Heishi et al,, 2006; Matsui et al., 2012).
Sham control samples were independently analyzed three times. Total
RNA (100 ng) was reverse transcribed, biotin labeled, and hybridized
for 16 h to the Marmoset Genome oligonucleotide custom array
Marmo2 (Shimada et al., 2012; Tomioka et al., 2010). The arrays were
subsequently washed and stained in a Fluidics Station 450 (Affymetrix
Japan, Tokyo, Japan) according to the manufacturer's instructions. The
arrays were scanned using a GeneChip Scanner 3000 7G (Affymetrix
Japan). Data analysis was performed using Expression Console 1.1
(Affymetrix Japan). Signal detection and quantification were performed
using the MAS5 algorithm with the default settings. Principal compo-
nent analysis (PCA) was performed using Spotfire DecisionSite 9.1.2
(TIBCO Spotfire, Somerville, MA, USA). Statistical analysis was per-
formed using one-way ANOVA followed by the Tukey-Kramer test
(P< 0.001) using GeneSpring GX software 11.5.1 (Agilent Technologies
Inc., Santa Clara, CA, USA). The heat map was visualized using Java
TreeView (Saldanha, 2004). A total of 708 genes were grouped into
eight clusters by K-means clustering using Gene Spring GX software
11.5.1 (Agilent Technologies Inc.). Gene ontology (GO) analysis was
performed using the gene lists of each cluster. Enriched GO terms
were extracted using corrected P values with a cut-off at 0.05. P values
were calculated using Fisher's exact test. To obtain the corrected P
values, the false discovery rate was controlled using the Benjamini-
Yekutieli method.

Library preparation and mRNA-seq

Samples for mRNA-seq were prepared using the TruSeq RNA Sample
Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer's
protocol. Briefly, 100 ng of each total RNA sample was used for poly-A
mRNA selection using poly-T oligonucleotides attached to magnetic
beads. The purified mRNA was then fragmented and subjected to
c¢DNA synthesis using random primers. Following conversion of the
fragmented mRNA to double-stranded cDNA, a single adenosine nucle-
otide was added to the 3’ ends of the blunted cDNA fragments and then
ligated to the Y-shape adapter. These cDNAs were purified using
AMPure beads (Beckman Coulter, Brea, CA, USA) to remove excess
adapter. Finally, the cDNA libraries were amplified by PCR and purified
using AMPure beads. Each library was adjusted to a concentration of
11-12 pM and analyzed using a Genome Analyzer IIx (Illumina) in
75-bp single-read mode. The marmoset genomic DNA sequence in-
cluding scaffold sequences was obtained from the Ensembl FTP site
(ftp://ftp.ensembl.org/); concatemerized scaffold sequences were treat-
ed as single chromosomes and indexed using bowtie-build v.0.12.7
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(Langmead et al,, 2009). The marmoset mRNA-seq reads were mapped
to the concatemerized marmoset genomic DNA sequence using TopHat
v.1.3.1 (http://tophat.cbcb.umd.edu/) (Trapnell et al., 2009) with the
following parameters: “num-threads”, 4, and “splice-mismatches”,
2. The BAM-formatted mapping sequence data were normalized using
the trimmed mean of M values method, and the expression of each
gene was analyzed using Avadis NGS software (Agilent Technologies
Inc.).

Histological analysis

The subjects were anesthetized and intracardially perfused with 4%
paraformaldehyde at 1-, 2-, and 6-WPI (n = 2 each). A segment
(6 mm) of the spinal cord including the lesion epicenter was removed
at the C5 level, fixed overnight in 4% paraformaldehyde, and consecu-
tively soaked overnight in 10% and 30% sucrose, Each sample was
embedded in Optimal Cutting Temperature compound (Sakura
Finetechnical Co., Ltd., Tokyo, Japan), frozen, and sectioned in the sagit-
tal plane on a cryostat into 20-pum-thick sections. The sections were
stained with hematoxylin-eosin (HE) for general histological examina-
tion or immunostained with the following primary antibodies: anti-Iba1
(rabbit IgG, 1:200, Wako Pure Chemical Industries, Osaka, Japan), anti-
GFAP (rat IgG, 1:200, Invitrogen, Carlsbad, CA, USA), anti-CS56 (which
is a marker of CSPGs, mouse 1gM, 1:200, Sigma-Aldrich, St. Louis, MO,
USA), anti-ephrin B3 (rabbit IgG, 1:200, Abcam, Cambridge, UK), anti-
platelet endothelial cell adhesion molecule-1 (PECAM-1) (rat IgG,
1:50, BD Biosciences-Pharmingen, San Diego, CA, USA), anti-CD11b
(rat IgG, 1:200, BD Biosciences-Pharmingen), and anti-Ki67 (rabbit
IgG, 1:200, Leica Biosystems). For immunohistochemistry using anti-
GFAP and anti-PECAM-1 antibodies, a biotinylated secondary antibody
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA)
was used after exposing the sections to 0.3% H,0, for 30 min at room
temperature to inactivate endogenous peroxidases. The signals were
enhanced using the VECTASTAIN ABC kit (Vector Laboratories, Inc,
Burlingame, CA, USA). Nuclei were stained with Hoechst 33258
(10 pg/ml, Sigma-Aldrich). All images were obtained using a fluores-
cence microscope (BZ-9000; Keyence Co., Osaka, Japan) or a confocal
laser scanning microscope (LSM 700; Carl Zeiss, Munich, Germany).

Results
Global gene expression analysis using microarray analysis and mRNA-seq

Currently, the genome database for the common marmoset remains
incomplete and numerous scaffolds exist in the gene model; conse-
quently, there is a risk of inadequately over- or underestimating the ex-
pression levels of certain genes that are located across the scaffold and
known chromosomes. Therefore, we applied both microarray analysis
and mRNA-seq to examine gene expression profiles in this study. We
performed contusive SCI on 2-year-old common marmosets as previ-
ously described (Iwanami et al., 2005; Kobayashi et al., 2012) and col-
lected the spinal tissues at 1-, 2-, 4-, and 6-WPI. For microarray
analysis, gene expression data using the Marmo?2 array were normal-
ized by setting the average of the signal value of all of the probe sets
to 100. Probe sets without a significant signal were excluded from the
subsequent analysis. A total of 17,653 genes were identified in each
specimen using microarray analysis. In mRNA-seq analysis, sequence
tag counts were used to directly determine transcript abundance
using homologous fractions from the present marmoset gene models.
From the 21,716 sequences analyzed using mRNA-seq, 16,863 genes
were uniquely matched with the microarray data using the Ensembl da-
tabase. Regression analyses of the quantified expression values at each
time point between the mRNA-seq and microarray data exhibited R?
values comparable to previous studies using different animal models
(Fig. 1, R* = 0.570-0.607) (Llorens et al., 2011; Mortazavi et al., 2008;
Wang et al., 2009). These results indicate that, although these methods

can be further optimized, both methods demonstrate applicability for
gene expression analysis in this study.

Overview of the gene expression patterns in the spinal cord following injury

To gain an overview of the temporal changes in the transcriptome
following SCI, we performed PCA with three principal components
(PC1, 2, and 3) using the microarray data. The contribution of each com-
ponent was 30.7%, 21.6%, and 13.0%, respectively. Three-dimensional PC
score plots indicated that the two individual specimens harvested at
identical time points following SCI were closely clustered together, val-
idating the reproducibility of the present analysis (Fig. 2A). The localiza-
tion of the plots from the 1-WPI samples was significantly different
from that of the sham control on the PC1 axis, indicating that the differ-
ence on the PC1 axis most likely represents the presence or absence of
injury. Notably, the 2- and 4-WPI group clusters, which were located
close to one another, exhibited a largely different localization from
that of the 1-WPI cluster, particularly on the PC2 axis, indicating that
the gene expression pattern significantly changes 1 week following in-
jury to the spinal cord. Although the localization of the 6-WPI group
cluster was slightly different from the localizations of the 2- and 4-
WPI clusters on the PC3 axis, these plots were nevertheless nearly iden-
tically distributed on the three-dimensional plane.

To extract the principal genes involved in the development of post-
SCI changes, the normalized data were reduced to 708 genes using the
cut-off values of the expression levels (>50) and the fold change
(>3.0) versus the signal value of the sham-operated control. Two-
dimensional hierarchical clustering indicated that the sham group and
the SCI groups each formed a distinct cluster (Fig. 2B). Although the
gene expression patterns within each SCI group were similar, the degree
of changes in the gene expression patterns from that of the sham group
was significantly higher in the 1-WPI group than in the other SCI groups
(2~, 4~, and 6-WPI). Consistent with the PCA, the tree view exhibited a
relatively high correlation between the 2- and 4-WPI groups, whereas
no significant correlation between the 2-, 4-, and 6-WPI groups and
the 1-WPI group was observed. Collectively, these results suggest that
the changes in the gene expression patterns following SCI can be ap-
proximately divided into two phases: the acute phase (0-2 weeks fol-
lowing injury, during which period the gene expression patterns
drastically fluctuate) and the subacute/chronic phase (2-6 weeks fol-
lowing injury, during which period the gene expression patterns gradu-
ally converge to a steady state).

K-means clustering and GO analysis of target genes

We next performed K-means clustering and GO analysis to further
investigate the biological characteristics of the extracted genes. Because
our original marmoset GeneChip sets were not annotated with GO
terms, each probe was linked with the corresponding GO terms of
human genes via the human RefSeq database. Using K-means cluster-
ing, the target genes were statistically grouped into eight clusters ac-
cording to their expression patterns following SCI. GO analysis was
individually performed on each cluster, and GO terms of interest were
obtained from five of the eight clusters (Fig. 3). Based on the time course
of the gene expression pattern changes, we found that these five clus-
ters can be divided into three different groups. Cluster 1 represents
the genes that are downregulated following SCI. The GO terms in this
cluster are primarily related to synaptic transmission and neurotrans-
mitters, which reflect the loss of functional neural tissues following
SCI Clusters 2 and 3 represent the genes that are upregulated following
SCL. The GO terms in these two clusters are related to the immune re-
sponse and the production of cytokines, which are indicative of the in-
flammatory reaction evoked following SCl. The gene expression
patterns in these two groups (Clusters 1, 2, and 3) indicate that the
genes in these clusters are responsible for the drastic changes in the
gene expression patterns following SCI, as shown in the three-
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Fig. 1. Comparison of the gene expression patterns in the injured spinal cord between the microarray and mRNA-seq analyses. The spinal cord tissues were collected from the sham-
operated marmoset (A) and the marmosets with SCI at 1- (B), 2- (C), 4- (D), and 6-WPI (E), and the gene expression levels were analyzed using microarray analysis and mRNA-seq as

described in the Materials and methods.

dimensional PC score plots and hierarchical clustering (Figs. 2A and B).
In contrast, Clusters 4 and 5 represent the genes that are transiently up-
regulated following SCI and subsequently repressed to near basal levels.
The GO terms in this cluster are primarily related to the regulation of
ROS and the cell cycle, reflecting the genes involved in the regulation
of post-traumatic oxidative damage and robust cell proliferation. Be-
cause the expression levels of the genes in this group (Clusters 4 and
5) peak at 1-WPI and decrease thereafter, these genes likely represent
the determinants in discriminating the gene expression profiles of the
1-WPI group from those of other SCI groups in PCA and hierarchical
clustering (Figs. 2A and B).

The development of the secondary changes following SCI is delayed in
common marmosets compared with rodents

Previous studies suggest that the optimum therapeutic time window
for SCI differs for each individual therapeutic intervention. For example,
cell transplantation is most effective when it is performed during the
transition period from the inflammatory phase to the onset of glial for-
mation. In contrast, the administration of anti-inflammatory substances
and growth factors should be performed before the inflammatory
response subsides. In rodent models, the production of inflammatory
cytokines sharply increases as early as 12 h following injury and

Fig. 2. Temporal changes in the gene expression pattern following SCI. (A) Three-dimensional PC score plots of the microarray data. (B) Hierarchical clustering of the principal genes. Blue

tiles indicate downregulated genes, and magenta tiles indicate upregulated genes.



S. Nishimura et al. / Experimental Neurology 261 (2014) 171-179 175

A Cluster 1 GO analysis
400 Transmission of nerve impulse
300 Synaptic transmission
200 Cell-cell signaling
100 lon transport
° Regulation of neurctransmitter levels
Sham 2 WP 4 8 0 2 2 8 3 10
corrected p-value (-log, )
B Cluster 2
:Zg Positive regulation of lymphocyte activation
150 Positive regutation of celf activation
100 Positive regulation of leukocyte activation
50 Positive regulation of T cell activation
N Positive regulation of alpha-beta
Sham 2 3 & Teell differentiaiiono > 3 3
Wei corrected p-value (-log, )
C Cluster 3
gg Inflammatory response
400 Cytokine secretion
332 Phagocytosis
100 Cytokine-mediated signaling pathway
“shem | 2 H [ [ 1 2
WPI corrected p-value (-log,,)
D Cluster 4
s00 Regulation of oxygen and reactive
400 oxygen species metabolic process
300
200 Response to wounding
100 Negative regulation of oxygen and
R reactive oxygen species metabolic
Sham 2 4 6 DFOCGSSO . : 5
WPI corrected p-value (-log,;)
E Cluster 5
1
o A Cell cycle phase
g % M phase of mitotic cell cycle
sy 4 % M phase
/ S, Mitotic cell cycle
o Mitasis
Sham 2 4 &

WPI

o 3 [ 8 12 15
corrected p-value (-log,,)

Fig. 3. GO analysis of the genes involved in the development of post-SCl changes. (A-E) Genes involved in the development of post-SCI changes were grouped into five clusters using K-

means analysis, and the GO terms were annotated in each cluster.

diminishes to near basal levels by 1-WPI (Kumamaru et al., 2012;
Nakamura et al., 2003). In contrast, the present GO analysis suggests
that the inflammatory response is significantly prolonged in primates
compared with rodents, indicating that the therapeutic time window
differs among species. To validate this hypothesis, we further analyzed
the genes involved in the inflammatory response and found that the ex-
pression levels of immune cell markers and cytokines peak at 1-WPI and
decrease at and after 2-WPI (Figs. 4A and B). This trend was nearly iden-
tical between the results of the microarray and mRNA-seq analyses.
Moreover, these observations are consistent with the results of GO
analyses, suggesting that the inflammatory response following SCi is
prolonged in primates compared with rodents.

" Based on the observation that the overall inflammatory phase fol-
lowing SCl is extended in primates, we next asked whether the onset
of the chronic phase (i.e., the expression of axonal growth inhibitors
and glial scar formation) also follows this trend. We found that the ex-
pression of ephrin B3, which is a well-known axonal growth inhibitor
(Duffy et al., 2012), increases at and after 1-2-WPI (Fig. 4D). The chang-
es in the expression level of CSPGs, which are a family of proteins that
exhibit potent inhibitory activity against axonal growth, were less evi-
dent; however, phosphacan exhibited a significant increase at 2-WPI

in mRNA-seq analysis (Fig. 4E). Additionally, a temporal increase in vas-
cular endothelial growth factor (VEGF) B transcripts at 2-WPI was ob-
served (Fig. 4C). As expected, myelin-associated proteins, such as
myelin basic protein and proteolipid protein 1, significantly decreased
following SCI and slightly recovered thereafter in mRNA-seq analysis
(Fig. 4F). These results suggest that the endogenous repair responses in-
cluding revascularization and remyelination occur at approximately 2-
WPI in the present model. Although there were some discrepancies be-
tween the results of microarray and mRNA-seq analyses, these trends
were nearly identical between the two analyses. Collectively, these ob-
servations suggest that the transition period from the inflammation
phase to the onset of glial scar formation lies at approximately 2-WP}
in primates and is significantly delayed in common marmosets com-
pared with rodents.

Histological analysis of the injured spinal cord in common marmosets

To further validate the results of the transcriptome analysis at the
protein level, we performed histological analysis of the injured spinal
cord in common marmosets. Immunostaining indicated a marked infil-
tration of Ibal™ macrophages and microglial cells at the lesion epicenter
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Fig.4. Comparison of the temporal changes in gene expression between mRNA-seq and microarray analyses. The expression of a portion of the major genes involved in the early
stage (A~C) and later stage (D-F) of the development of post-SCl changes were quantitatively analyzed.

at 1-WPI (Fig. 5B-1), whereas no positive staining for GFAP or CS56 was proliferating in situ at this time point (Fig. 5G). None of these cells
observed at this time point (Fig. 5C-1). Ephrin B3 was present at only were detected at and after 2-WPI, These observations are consistent
low levels in the lesion at 1-WPI (Fig. 5E-1). Additionally, we found with the GO analysis, in which several GO terms associated with cell
CD11b* Ki67™* cells at the lesion epicenter at 1-WPI, indicating proliferation (Fig. 3, Cluster 5) were identified at 1-WPI (Fig. 3E). The
that the infiltrated macrophages and microglial cells were actively number of Iba1™ cells significantly decreased at 2-WPI, and conversely,

Fig. 5. Histological analysis of the temporal changes in the injured spinal cord tissues. Representative images of sagittal sections of spinal cord tissues collected at 1-, 2-, and 6-WPL
HE staining (A) and immunostaining for Iba1 (B), GFAP (C), CS56 (D), ephrin B3 (E), and PECAM-1 (F). Arrows (G-5) indicate the cells dually positive for CD11b and Ki67. Scale bars:

500 pm in (A, B, C, D, E, and F), 50 um in (G-1-4), and 10 pm in (G-5).
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an increase in the positive staining for PECAM-1 (which is an endothe-
lial cell marker) at the lesion site was observed (Fig. 5B-2). At this time
point, the ephrin B3-positive areas became evident, whereas the GFAP-
and CS56-positive areas remained undetectable. By 6-WPI, Iba1* cells
had all disappeared from the lesion (Fig. 5B-3), and the formation of a
cavity at the epicenter became evident. The cavity was delineated by a
GFAP-positive glial scar that was positive for CS56 and ephrin B3
(Figs. 5A-3, C-3, D-3, and E-3). The PECAM-1-positive vascular area,
which was present at 2-WPI, could no longer be detected around the
cavity at this time point (Fig. 5F-3). Overall, these temporal changes in
the histological analysis are consistent with the analytical data deduced
from the gene expression analyses and support the validity of the
present transcriptome analysis methodology.

Discussion

To understand the pathology of SCI and to establish a better treat-
ment, global analysis of the gene expression patterns of the injured spi-
nal cord is critical. Previous studies primarily utilized rodent SCl models
for this purpose (Beck et al., 2010; Kumamaru et al., 2012; Nakamura
et al., 2003), and, to the best of our knowledge, no primate models
have been previously employed. Thus, the question remained whether
the transcriptome results from rodent models is applicable to primates.
In this study, we performed extensive gene expression and histological
analyses in an adult common marmoset SCI model and present the first
results on the temporal changes in gene expression patterns following
SClin primates.

This study reveals important differences and similarities in the tem-
poral changes in gene expression patterns of the injured spinal cord be-
tween primates and rodents. For example, a significant accumulation of
macrophages and microglial cells in the injured spinal cord was ob-
served at approximately 1-WPI in both primates (the present study,
Figs. 4A and 5B) and rodents (Beck et al., 2010; Popovich et al,, 1997).
The temporal changes in the production of ROS, which play a crucial
role in post-traumatic oxidative damage (Bains and Hall, 2012; Kubota
et al., 2012; Xiong et al., 2007), also appeared to be similar between pri-
mates and rodents. In contrast, previous studies using a rodent SCI
model indicated that the increase in the production of inflammatory cy-
tokines returns to near basal levels by 1-WPI (Kumamaru et al,, 2012;
Nakamura et al., 2003), whereas in common marmosets, the expression
of proinflammatory cytokines remained at relatively high levels at 1-
WPl and decreased to basal levels at approximately 2-WPI (Fig. 4B). Ad-
ditionally, we found that the expression of matrix metalloproteinase 9
(MMP9) transcripts, which peaks within 24 h following injury in rodent
SCl models (Lee et al., 2012b; Noble et al., 2002), was expressed at sig-
nificantly elevated levels at 1-WPI in primates (Fig. 4A). MMP9 is
expressed in activated macrophages/microglial cells (Lee et al., 2012a;
Lee et al., 2012b); therefore, this observation supports the idea that
the inflammatory response following SCI requires a longer time to sub-
side in primates than in rodents. Collectively, these observations sug-
gest that, although the sequence of events following SCI is comparable
between primates and rodents, the inflammatory response following
SCl is significantly longer in primates than in rodents.

Some discrepancies were found between the transcriptome and his-
tological analyses with regard to certain genes. Temporal expression
patterns of ephrin B3 were similar between the transcriptome and his-
tological analyses, which indicated a gradual increase after 1-WPI in
both analyses. Additionally, the increase in the VEGFB transcripts and
the formation of the vasculature (PECAM-1-positive areas), as well as
the expression of immune cell markers and the appearance of Ibal™
cells, were both nearly synchronized. In contrast, although the accumu-
lation of CSPGs (CS56-positive areas) in the injured spinal cord became
evident at 6-WP], the expression of the CSPG transcripts remained rath-
er constant throughout the time course following SCl. Although the rea-
son for this discrepancy is unclear, newly produced CSPGs may be

consistently accumulated in the site of injury without being degraded
following SCL

Several therapeutic approaches, such as cell transplantation and
growth factor administration, have been shown to induce functional re-
covery following SCI in several animal models. In the acute phase of SC1,
inflammatory cytokines exhibit neurotoxic effects on neural progenitor
cells (Andrews et al,, 1998; Ben-Hur et al,, 2003) and drive cellular dif-
ferentiation toward the astrocyte lineage (Gomi et al., 2011; Okada
et al., 2005). However, in the chronic phase, glial scar formation pre-
vents the migration of neural progenitor cells and axonal growth
(Afshari et al., 2009; Ikegami et al.,, 2005; Kumamaru et al., 2013;
Nishimura et al., 2013; Silver and Miller, 2004). These studies suggest
that the optimal time window of cell transplantation therapy lies be-
tween the cessation of the inflammatory response and the onset of
glial scar formation, which is approximately 7-9 days following SCl in
rodents (Abematsu et al, 2010; Cao et al,, 2001; Cummings et al.,
2005; Lu et al., 2012; Nishimura et al., 2013; Ogawa et al,, 2002;
Okada et al., 2005; Tsuji et al., 2010). [n contrast, neuroprotective ap-
proaches, such as the administration of anti-inflammatory substances
and growth factors, should be performed during the acute inflammatory
phase, which resolves within 1-WPI in rodents. However, this study
demonstrates that the acute inflammatory response following SCJ, in-
cluding the infiltration of inflammatory cells, inflammatory cytokine se-
cretion, and oxidative damage, may continue until 2-WPI in common
marmosets. Accordingly, the expression of axonal growth inhibitors
gradually increased at approximately 2-WPI and thereafter. Further-
more, the accumulation of CSPGs and ephrin B3, as well as glial scar for-
mation, were more prominent at 6-WPI than at 1- or 2-WP], suggesting
that the microenvironment of the injured spinal cord changes into an ir-
reversible chronic stage by 6-WPI. Collectively, these results suggest
that the optimal time window for cell transplantation may lie at approx-
imately 2-4-WPI in non-human primates and 0-2-WP! for neuropro-
tective therapies (Fig. 6).

Due to the paucity of clinical data, it is unclear whether this time
window is also applicable to humans; however, a previous study has
demonstrated that the infiltrated inflammatory cells maintained their
neurotoxic activity up to approximately 10 days following SCI in
humans (Fleming et al., 2006). If this finding holds true, it is possible
that humans also develop post-SCI changes in a similar time frame as
common marmosets. Regarding the clinical application of cell trans-
plantation for patients with SCI, the determination of the time window
for efficient treatment and for the preparation of the cells for implanta-
tion is critical. Additional studies are warranted to better understand the
temporal changes in gene expression and to determine the optimum
time window for the treatment of SCt in humans, Nevertheless, we be-
lieve that the present study will serve as a foundation to accomplish
these goals.
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Abstract

Background: Rats exhibit extremely limited motor function recovery after total transection of the spinal cord (SCT).
We previously reported that SM-216289, a semaphorin3A inhibitor, enhanced axon regeneration and motor function
recovery in SCT adult rats. However, these effects were limited because most regenerated axons likely do not connect
to the right targets. Thus, rebuilding the appropriate connections for regenerated axons may enhance recovery. In
this study, we combined semaphorin3A inhibitor treatment with extensive treadmill training to determine whether
combined treatment would further enhance the “rewiring” of regenerated axons. In this study, which aimed for
clinical applicability, we administered a newly developed, potent semaphorin3A inhibitor, SM-345431 (Vinaxanthone),
using a novel drug delivery system that enables continuous drug delivery over the period of the experiment.

Results: Treatment with SM-345431 using this delivery system enhanced axon regeneration and produced significant,
but limited, hindlimb motor function recovery. Although extensive treadmill training combined with SM-345431
administration did not further improve axon regeneration, hindlimb motor performance was restored, as evidenced by
the significant improvement in the execution of plantar steps on a treadmill. In contrast, control SCT rats could not
execute plantar steps at any point during the experimental period. Further analyses suggested that this strategy
reinforced the wiring of central pattern generators in lumbar spinal circuits, which, in tumn, led to enhanced motor
function recovery (especially in extensor muscles).

Conclusions: This study highlights the importance of combining treatments that promote axon regeneration with

specific and appropriate rehabilitations that promote rewiring for the treatment of spinal cord injury.

Keywords: Axonal regeneration, Semaphorin3A, inhibitor, Rehabilitation, Rewiring, Drug delivery system

Background

Severe spinal cord injuries (SCI) in adult mammals result
in various deficits throughout life. The limited capability
of axons to regenerate in the central nervous system
(CNS) is thought to be the main reason for these lasting
deficits. Previous studies have suggested that both ex-
trinsic and intrinsic factors in the CNS contribute to this
incapacity for axonal regeneration [1-4]. Several distinct
extrinsic molecules have been proposed to hinder axonal
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regeneration, including CNS myelin-associated proteins
(MAG, Nogo, OMgp) [5-9], chondroitin sulphate proteo-
glycans [10,11], semaphorin3A [12,13] and RGM (repulsive
guidance molecule) [14,15]. Neutralizing one (or several) of
these molecules enhances axonal regeneration and results
in some degree of functional recovery [10,16,17]. Until
recently, it remained unknown whether neutralizing
semaphorin3A would also lead to axonal regeneration and
motor function recovery, in part because semaphorin3A
deficiency is lethal [18]. Thus, we previously developed
a selective and potent semaphorin3A inhibitor called
SM-216289 [19] that selectively inhibits semaphorin3A
signaling both in vitro and in vivo [20]. Administration of
SM-216289 to adult rats after total spinal cord transection
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(SCT) led to axonal regeneration and motor function
recovery [20]. In addition, axonal regeneration and func-
tional recovery have now been observed after several
treatments that block 1 or more axonal growth inhibitors
(including SM-216289). However, these effects are moderate
at best, presumably because most of the regenerated axons
do not connect with the correct targets [21]. Thus, re-
building the appropriate connections of regenerated axons
in lesioned spinal cords remains an important unresolved
issue.

Body weight-supported treadmill training induces plastic
changes in lesioned spinal cords and is useful for maximiz-
ing residual locomotor function after moderate SCI [22,23].
Furthermore, even after severe SCI, treadmill training
partially improves hindlimb coordination [24] by inducing
plasticity in specific spinal locomotor circuits called “cen-
tral pattern generators” (CPGs). More specifically, these
plastic changes have been shown to result in the recovery
of plantar step walking in cats [25] and neonatal rats [26].
Furthermore, SCT adult rats partially recover plantar
step walking when treadmill training is combined with
other appropriate treatments, such as epidural electrical
stimulation [27], pharmacological treatments [24] or cell
transplantation [28]. Thus, with specific and appropriate
rehabilitation, spinal cord CPGs can be reorganized, and
functionally appropriate connections between CPGs and
regenerated (or residual) axons can be rebuilt. Therefore,
we hypothesized that extensive treadmill training would
assist in the correct wiring of axons regenerated by sema-
phorin3A inhibitor treatment and that this rewiring may
contribute to further motor functional recovery after SCT.

However, several issues, including drug delivery, remain
to be resolved before semaphorin3A inhibitors can be
used in the clinic. In an attempt to resolve these issues,
we developed a novel selective semaphorin3A inhibitor,
SM-345431 (Vinaxanthone), which demonstrates physico-
chemical properties equivalent to those of SM-216289 but
also improvements that should allow for the development
of a higher quality pharmaceutical product. Additionally,
we developed a novel drug delivery system (DDS) utilizing
a silicone sheet. With future clinical applications in mind,
we chose to evaluate SM-345431 with this novel DDS.
We observed that, consistent with our previous study
[20], SM-345431 treatment enhanced axon regeneration
and resulted in significant, but limited, hindlimb motor
function recovery. Although extensive treadmill training
with SM-345431 administration did not further improve
axon regeneration, hindlimb motor performance was re-
stored, as evidenced by the execution of plantar steps on a
treadmill using a body support system (BSS). Moreover,
immunohistological analysis suggested that SM-345431
administration with treadmill training reinforced the wir-
ing of CPGs in lumbar spinal circuits and led to enhanced
motor function recovery, especially in extensor muscles.
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Results

Evaluation of a novel DDS and the activity of SM-345431
in vitro

In our previous study, we used an osmotic mini-pump
to deliver the semaphorin3A inhibitor SM-216289 [20].
However, in clinical practice, this type of invasive drug
delivery method is not ideal. Therefore, we developed a
novel DDS that utilizes a silicone matrix to continuously
deliver SM-345431 (a newly developed semaphorin3A in-
hibitor) intrathecally. We evaluated the drug release pro-
file of SM-345431 in this new silicone matrix preparation
and the potency of SM-345431-mediated semaphorin3A
inhibition in vitro (Figure 1). SM-345431 exhibited sema-
phorin3A inhibiting activity with an IC50 of 0.1-0.2 uM in
growth cone collapse assays using E8 chick and E14 rat
dorsal root ganglia (DRG) (Figure 1A). When chick embry-
onic DRG explants and semaphorin3A-expressing COS7
cell aggregates (semaphorin3A-COS) were co-cultured
in a collagen gel, the neurites of the DRG explants grew
away from the semaphorin3A-COS, as shown in Figure 1B.
However, when DRG explants and semaphorin3A-COS
were co-cultured in the presence of SM-345431, radial ex-
tensions of the neurites were observed, which suggests
that the chemo-repulsive effects of semaphorin3A were
blocked by SM-345431 in a dose-dependent manner
(Figure 1B). We also evaluated the selectivity of SM-345431
for semaphorin3A inhibition by examining the pharmaco-
logical profile of SM-345431 (Tables 1 and 2). As shown in
these tables, the IC50 value for semaphorin3A inhibition
was substantially lower than the other IC50s, which sug-
gested that SM-345431 is a highly selective semaphorin3A
inhibitor. To examine the semaphorin3A inhibiting activity
of SM-345431 while it was being released from the silicone
matrix (SM-345431-silicone), 1 mg of a silicone sheet
containing 100 pg SM-345431 was placed into collagen
gel cultures containing DRG explants and semaphorin3A-
COS (Figure 1C). Assuming that 5% of the SM-345431
was released and uniformly diffused throughout the culture
during the 2 days of incubation, the final concentration
of SM-345431 was approximately 5 uM, which is a large
enough dose to inhibit semaphorin3A activity. Radial
neurite extension was observed in cultures with SM-
345431-silicone but not in those with control silicone,
indicating that semaphorin3A activity had been inhibited
by SM-345431. We also measured the cumulative percent-
age of released doses of SM-345431 using this DDS over
2 months in vitro (Figure 1E) and found that this DDS
released a constant dose of SM-345431 and was stable
in vitro. When 7 mm x 5 mm x 0.3 mm sheets were used,
the amount of drug release stabilized at approximately
10 pg/day after an initial peak of drug release that occurred
over the first 2 days (Figure 1F). For the in vivo study, we
trimmed the silicone sheet into 3 mm x 3 mm x 0.3 mm
pieces to fit the injury site following SCT (Figure 1G-I).
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SM-345431 was placed onto the transected site of the spinal cord. The system allowed for stable and continuous release of the semaphorin3A

cord. (1) The novel DDS we employed. A silicone sheet containing

The release of SM-345431 (0.1 mg/mg loading 10%) in vivo
was calculated as 0.5-0.7 ug/day, and this dose was similar
to the dose of the semaphorin3A inhibitor (SM-216289)
[19] that we administered using osmotic mini pumps in
our previous study [20]. Therefore, the newly developed
DDS allowed stable and continuous release of the newly
developed; potent semaphorin3A inhibitor SM-345431.

SM-345431 delivery via the novel DDS enhanced axonal
regeneration

To examine the regeneration of axons after SM-345431
treatment and SM-345431 treatment combined with exten-
sive treadmill training, we evaluated axons in the injured

spinal cord with immunostaining using antibodies against
GAP43 and serotonin (5-HT) (Figure 2), GAP43 is widely
used as a marker for regenerated axons. In both treat-
ment groups, a marked increase in the number of GAP43-
positive axons was observed at the epicenter of the injury
(Figure 2D-F) and in the surrounding area (Figure 2G-I).
Compared with the control group, the number of GAP43
axons was significantly increased in both the SM-345431
treatment group and the combined treatment group, espe-
cially at 1 mm caudal to the injury epicenter (Figure 2J).
No significant difference was observed between the 2
treatment groups. Thus, administration of the semaphor-
in3A inhibitor SM-345431 using this DDS enhanced axonal
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Table 1 Pharmacological profile of SM-345431 (part 1)
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Table 2 Pharmacological profile of SM-345431 (part 2)

Enzymes 1C50 (um) Kinases {C50 (pm)
Sermaphorin 0.1-0.2 CaMKll >10
Matrix Metalloproteinase-1 (MMP-1) >10 CDK5/p35 >10
Matrix Metalloproteinase-7 (MMP-7) 10 CSRC >10
Matrix Metalloproteinase-2 (MMP-2) >10 EGFR 050
Matrix Metalloproteinase-3 (MMP-3) >10 EphA2 >10
Matrix Metalloproteinase-9 (MMP-9) >10 EphA4 080
Phospholipase PLA2-1 >10 EphB2 068
Phospholipase PLC >10 EphB4 >10
Caspase 1 >10 Fes 510
Caspase 3 >10 FGERI 510
Caspase 6 >10 FGFR2 510
Caspase 7 >10 FGFR3 077
Caspase 8 >10 »
P FGFR4 064
Protein Tyrosine Phosphatase, CD45 >10
Fltl >10
Protein Tyrosine Phosphatase, PTP1B >10
Flt3 >10
Protein Tyrosine Phosphatase, PTP1C >10 ‘ o
n >1
Protein Tyrosine Phosphatase, T-Cell >10 Y
) GSK3a 246
Sphingomyelinase, Neutral (N-SMase) >10
. GSK3B >10
Chemokine CCR1 >10
IGF-1R >10
Chemokine CCR2B >10
Chemokine CCR4 >10 JARS >10
Chemokine CCRS >10 KOR >10
Chemokine CXCR2 (IL-8B) >10 MAPK2 >10
Glucocorticoid >10 MEKI >10
Interfeukin IL-1 . >10 MEK4 >10
Interleukin IL-2 >10 MKK6 >10
Interteukin IL-6 >10 PAK2 >10
Tumor Necrosis Factor (TNF), Non-selective >10 PAK4 >10
Adhesion, fibronectin-mediated >10 PKA >10
Adhesion, ICAM-1-Mediated >10 PKBa >10
Adhesion, VCAM-1-Mediated >10 PKBB >10
Cell proliferation, B-Cell+LPS >10 PKCy >10
Cell proliferation, T-Cell+Con A >10 ROCK-I >10
Mediator release, IL-1beta >10 ROCK-II >10
Mediator release, IFN-gamma >10 ROCK-Hl >10
Mediator release, IL-10 >10 SAPK2a >10
Mediator release, IL-2 >10 TrkA >10
Mediator release, IL-4 >10 TrkB >10
Mediator release, IL-5 >10 Pl 3-Ky 10
Mediator release, iL-6 >10 Summary of the IC50 values revealed by inhibition tests for various kinases.
Mediator release, TNF-alfa, PBML 10 The data ir\ Tal?les.l‘a.nd 2 suggest that SM-345431 was highly selective for
semaphorin3A inhibition.
Transcription response, NF-AT >10
Transcription response, NF-kB >10

Summary of the IC50 values for binding assays of various receptors and ion
channels, and 1C50 values for the inhibition of various enzymes. The 1C50
value for semaphorin3A inhibition was extremely low compared to that of the

other factors.

regeneration. However, no additional axonal regeneration
was observed when SM-345431 treatment was combined
with treadmill training.
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Figure 2 SM-345431 enhanced axonal regeneration in vivo, but combined treatment had only a limited effect on further axon

=

regeneration. (A-l) Sagittal sections from SCT rats immunostained for GAP-43. Low-magnification images of the control (A), SM-345431 (B) and
combined treatment {C) groups. Scale bars = 500 pum. (D-F) Magnified images of the boxed areas shown in A-C. Scale bars = 10 pm. (G-1) Additional
magnified images of the boxed areas shown in A-C. Scale bars = 10 pm. (J) Quantitative analysis of GAP-43-positive areas at 1 mm rostral to the lesion,
1 mm caudal to the lesion and at the epicenter of the lesion. Immunohistochemistry was performed using DAB with nickel enhancement. *P < 0.05,
**P < 0,01. Statistical analyses were performed using one-way ANOVA and Bonferroni post hoc tests. Data are represented as the mean + SEM. (K-P)
Sagittal sections of SCT rats double-stained for 5-HT and GFAP, Scar tissue is outlined by GFAP staining, which also allowed for confirmation of total
transection of the spinal cord in each animal. (K-M) Low-magnification images of the control (K), SM-345431 (L) and combined treatment {M) groups.
Scale bars = 500 pm. (N-P) Magnified images of the boxed areas shown in K-M. Scale bars = 10 um. Arrowheads represent S-HT-positive (serotonergic)
axons. (Q-S) Quantitative analyses of S-HT-positive axons that penetrated into the scar tissue. {Q) Quantitative analysis of the number of 5-HT-positive
axons that penetrated into the lesion site. (R,S) Quantitative analysis of the 5-HT-positive area within the scar tissue area. Immunohistochemistry was
performed by double-staining using DAB with or without nickel enhancement. The left side is rostral in all images. **P < 0.01. Statistical analyses were

performed using a Kruskal-Wallis H test. Data represent the mean + SEM.

The raphespinal tract axons, which can be detected by
immunohistochemistry against serotonin (5-HT), contrib-
ute to functional locomotor control, and regeneration of
these axons leads to substantial enhancement of motor
function recovery [28]. Therefore, we also evaluated the
regeneration of raphespinal tract axons using a GFAP
antibody to delineate scar tissue at the injury site and a
5-HT antibody to visualize raphespinal axons. In control
animals, 5-HT-positive axons were restricted to the area
rostral to the transected site, and few 5HT-positive axons

entered the GFAP-negative scar tissue area {Figure 2ICN).
Interestingly, significantly more 5-HT-positive axons
penetrated the GFAP-negative scar tissue area after SM-
345431 treatment and combined treatment as compared
to the control conditions (Figure 2K-S). Because we used a
total transection model in this study, the 5-HT-positive
axons that penetrated the GFAP-negative scar tissue in
the treatment groups were regarded as regenerated axons
(Figure 2L-P). Cortico-spinal tract (CST) axons are known
to be incapable of regeneration after transection, even



