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Abstract 
Cell transplantation therapy using human induced pluripotent stem cell-derived neural stem/progenitor cells (hiPSC-NS/PCs) is a new therapeutic 
strategy for spinal cord injury (SCI). Preclinical studies have demonstrated the efficacy of hiPSC-NS/PCs transplantation in the subacute phase 
of SCI. However, locomotor recovery secondary to hiPSC-NS/PCs transplantation is limited in the chronic phase, suggesting that additional 
treatment, including rehabilitative training, is required to ensure recovery. The therapeutic potential of hiPSC-NS/PCs that qualify for clinical ap-
plication is yet to be fully delineated. Therefore, in this study, we investigated the therapeutic effect of the combined therapy of clinical-grade 
hiPSC-NS/PCs transplantation and rehabilitative training that could produce synergistic effects in a rodent model of chronic SCI. Our findings 
indicated that rehabilitative training promoted the survival rate and neuronal differentiation of transplanted hiPSC-NS/PCs. The combination 
therapy was able to enhance the expressions of the BDNF and NT-3 proteins in the spinal cord tissue. Moreover, rehabilitation promoted neu-
ronal activity and increased 5-HT-positive fibers at the lumbar enlargement. Consequently, the combination therapy significantly improved motor 
functions. The findings of this study suggest that the combined therapy of hiPSC-NS/PCs transplantation and rehabilitative training has the po-
tential to promote functional recovery even when initiated during chronic SCI.
Key words: chronic spinal cord injury; human induced pluripotent stem cell-derived neural stem/progenitor cells; cell transplantation; rehabilitative training; 
combination treatment.
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Graphical Abstract 

Significance Statement
This study demonstrates the efficacy of the combination therapy of human induced pluripotent stem cell-derived neural stem/progenitor 
cells (hiPSC-NS/PCs) transplantation and rehabilitative training in chronic spinal cord injury (SCI). Rehabilitative training was able to 
enhance the survival and neuronal differentiation of transplanted hiPSC-NS/PCs, significantly improving motor function. These findings 
indicate that a therapeutic strategy that combines hiPSC-NS/PCs transplantation and rehabilitation could form the basis of regenerative 
therapy in cases of chronic SCI.

Introduction
Spinal cord injury (SCI) can cause severe damage to the 
central nervous system and can lead to motor paralysis or 
paresthesia. Fundamental and efficient treatment strategies 
for functional disabilities, such as paralysis, have yet to be 
established. Over the past two decades, cell transplanta-
tion therapy has emerged as a new treatment modality1-3. 
Recently, transplantation therapy using human induced 
pluripotent stem cell-derived neural stem/progenitor cells 
(hiPSC-NS/PCs) has gained significant attention due to 
the feasibility of genetic manipulation and mass produc-
tion without ethical issues4. Transplantation of hiPSC-NS/
PCs in the subacute phase of SCI has been reported to 
produce functional recovery via regeneration of some of 
the lost nerve connections, promoting remyelination, and 
by secreting trophic factors, as reported in conventional 
neural stem cells4-8. However, limited functional recovery 
was observed when hiPSC-NS/PCs were transplanted at the 
chronic phase, which is important because most SCI patients 
have chronic injuries9,10. It is essential, therefore, to explore 
therapeutic strategies that combine cell processing optimiza-
tion with other therapies11.

Concerning optimizing cell processing, hiPSC-NS/PCs 
pretreated with a gamma-secretase inhibitor (GSI) that 
activates p38 MAPK to promote axonal regrowth showed 
remarkable functional recovery compared to controls in a 
cell line that has been used in subacute SCI12. Based on this 
finding, the first clinical trial of hiPSC-NS/PCs transplan-
tation in subacute SCI patients involved a GSI pretreat-
ment process13. While GSI-pretreated hiPSC-NS/PCs exerted 

specific effects, including axonal regrowth and remyelination 
at the chronically injured spinal cord14, the improvement in 
motor function was limited in the animal model.

Rehabilitative training is a therapy that can be performed 
without ethical constraints in human clinical practice. 
However, only a few preclinical studies have reported its usage 
in combination with cell transplantation therapy15, despite 
being suggested in numerous clinical studies. Furthermore, 
the combined therapy of rehabilitation with NS/PCs trans-
plantation in the chronic phase has been examined in only one 
study16. Although Tashiro et al showed that combined treat-
ment was significantly more effective for functional recovery 
than non-treatment, they could not demonstrate the superi-
ority of the combination therapy over the single therapies. 
The mechanism by which combined treatment improves 
motor function after SCI, regardless of the phase, is yet to be 
fully elucidated17. Furthermore, there is currently no research 
that investigates the combined effect of rehabilitative training 
with any iPS cell-derived cell lines, which have attracted wide 
attention for their application in clinical practice.

The validation and optimization of the rehabilitative 
training carried out in preclinical investigations are crucial 
in terms of quality, quantity, feasibility, and reproducibility15. 
Recently, Shibata et al presented a treadmill training pro-
tocol based on the overload principle for chronic SCI mice 
and demonstrated improved gait performance with rehabili-
tative training alone18. They demonstrated that optimized re-
habilitative training could improve motor function even when 
the intervention was initiated in the chronic phase. Although 
training alone did not induce sufficient functional recovery, 
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further improvement would be expected when training is ap-
plied in combination with regenerative treatment.

No previous reports have investigated the combined use of 
validated rehabilitative training and GSI-pretreated or iPSC-
derived cells transplantation. Furthermore, the mechanisms 
of the combination treatment initiated from the chronic 
phase are yet to be elucidated. Against this background, 
this study was conducted to clarify the combined effect of 
optimized cell transplantation and rehabilitative training. 
To this end, we transplanted GSI-pretreated hiPSC-NS/
PCs, which are used in clinical practice13, into chronic phase 
SCI mice and compared the differences in therapeutic ef-
fect and histology with and without rehabilitative training 
intervention.

Materials and Methods
For further details see the Supplementary Material.

SCI Animal Model
Female NOD-SCID mice (8 weeks old, 16-20 g; Charles River 
Laboratories, Kanagawa, Japan) were used in this study. All 
experimental procedures were approved by the Experimental 
Animal Care Committee of KEIO University, School of 
Medicine (assurance no. 13020) and by the Guide for the 
Care and Use of Laboratory Animals (National Institutes of 
Health, Bethesda, MD). Detailed methods are provided in the 
Supplementary Material.

Culture of hiPSC-NS/PCs
The YZWJs513 hiPSC line was used throughout this study. 
NS/PCs were prepared at a good manufacturing practice-grade 
cell processing facility at Osaka National Hospital, Japan. 
The clinical-grade human leukocyte antigen super-donor- 
derived, integration-free hiPSC line, YZWJs513, established 

by the iPSC Stock Project and organized by the Kyoto 
University Center for iPS Cell Research and Application, 
was used. The cells were cultured for 4 days in a floating 
culture, and the neurospheres were used for transplantation 
(Fig. 1A). Cells were treated with small-molecule GSI and 
N-[N-(3,5-difluorophenacetyl)-l-ananyl]-S-phenylglycine 
t-butyl ester (DAPT) (10 μM, Sigma-Aldrich, Inc., D5942) 
for 1 day before transplantation, as described in a previous 
study13. Detailed methods are provided in the Supplementary 
Material.

Experimental Design
Mice were randomly assigned to either the combination 
therapy with cell transplantation and treadmill training 
group (TP + TMT group, n = 19) or the cell transplantation 
single therapy group (TP group, n = 17). Mice with a Basso 
Mouse Scale (BMS) score of 4 or above at 42 days post-injury 
(DPI) were excluded from this study. All mice were subjected 
to pre-training for conditioning from 42 to 46 DPI (constant 
treadmill speed; 4 m/minute, 20 minutes/day). At 49 DPI, 
mice were transplanted with a total of 5.0 × 105/2 μL cells 
into 2 points on the rostral and caudal sides of the injured 
epicenter using a Hamilton syringe (87931, Hamilton, Reno, 
NV, USA) that used a 28G metal needle and a stereotaxic 
microinjector (KDS310, Muromachi-Kikai Co., Ltd., Tokyo, 
Japan). Mice in the TP + TMT group were subjected to tread-
mill training as rehabilitation therapy from 52 to 108 DPI 
(Fig. 1B). The treadmill training was performed individually 
for 20 min per day for 5 days per week. Training intensity was 
progressively increased according to the exercise tolerance of 
each individual mouse following the original training pro-
tocol described previously18. Details of the treadmill training 
method are provided in the Supplementary Material.

This study was conducted in 4 series in stages, with a total 
of 10 mice per series, including animals excluded at 42 DPI. 
Most of the animals that completed the experimental process 

Figure 1. (A) Micrographs showing representative hiPSC-NS/PCs aggregates. Scale bar = 200 μm. (B) Schematic representation of the schedule of the 
whole experiment. All mice were induced with contusive SCI at Th10 and subjected to pre-training from 42 to 48 DPI. hiPSC-NS/PCs were transplanted 
into the injured spinal cord at 49 DPI, and treadmill training was conducted from 52 to 108 DPI in the TP + TMT group.
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were assigned for histological analyses (by sagittal section or 
axial section) or capillary electrophoresis analysis after eu-
thanasia. However, a smaller but sufficient number of ani-
mals were used for electrophysiological analysis according 
to previous studies19,20, because electrical stimuli can af-
fect histology or protein expression features. Details on the 
number of animals used for each experiment are provided in 
Supplementary Table S1.

Tissue Processing and Histological Analyses
Histological analyses were performed via H&E staining, 
picrosirius staining (ScyTek Laboratories, Inc.), and 
immunohistochemistry. Details of tissue processing and histo-
logical analyses are provided in the Supplementary Material.

Immunoelectron Microscopy Analysis
Immunoelectron microscopy analysis was performed on 
spinal cord sections. The detailed procedure is provided in the 
Supplementary Material.

Capillary Electrophoresis Analysis
The protein levels of BDNF, NT-3, GDNF, and IGF-1 in the in-
jured epicenter and lumbar enlargement of the spinal cord were 
assessed at 108 DPI via capillary electrophoresis (004-600- 
N001; Simple Wes, Protein Simple, San Jose, CA, USA). The 
detailed methods are provided in the Supplementary Material.

Behavioral Analyses and Evaluation of Muscle 
Atrophy
The hind limb locomotor function was evaluated weekly 
for up to 15 weeks post-injury using BMS scores on the 
open field21. Body weight was also measured weekly up to 
15 weeks post-injury. At 108 DPI, the rotarod test, quadru-
pedal gait analysis, and kinematics analysis were performed. 
The detailed methods are provided in the Supplementary 
Material.

Electrophysiology
The motor-evoked potential (MEP) was recorded using a 
Neuropack S1 MEB9402 signal processor (Nihon Kohden, 
Tokyo, Japan) at 108 DPI. The detailed methods are described 
in the Supplementary Material.

Quantification and Statistical Analyses
Statistical analysis of kinematics data was performed using R 
software (version 4.0.2, Foundation for Statistical Computing, 
Vienna, Austria), and the overall data similarity between 
the samples was visualized using Rtsne (version 0.15). For 
t-distributed stochastic neighbor embedding (t-SNE) anal-
ysis, 43 parameters (Supplementary Table S2) were computed 
as previously reported22. The other statistical analyses were 
performed using SPSS software (version 26.0.0.0; Japan IBM, 
Tokyo, Japan). All data were presented as the mean ± SEM. 
Statistical significance was defined at *P < .05, **P < .01, 
and ***P < .005. The Mann-Whitney U test was used for 
comparison between the 2 groups. BMS scores and body 
weight changes were analyzed with repeated-measures 2-way 
ANOVA, and the scores at each time point were compared 
using 2-tailed Student’s t test.

Results
Rehabilitative Training Enhanced the Survival of 
Grafted hiPSC-NS/PCs
The cross-sectional areas of the chronically injured spinal 
cords were compared at 108 DPI using H&E staining (Fig. 
2A). Quantitative analysis revealed no significant differences 
between the TP + TMT and TP groups at all measured sites 
(Fig. 2B). These results indicated that the combined therapy 
of hiPSC-NS/PCs transplantation and rehabilitative training 
had no impact on the retention of spinal cord tissue in the 
chronic phase.

To evaluate the effect of combined therapy on scar volume, 
we compared the volumes of picrosirius red-stained collagen 
(fibrous scar tissue) in the 2 groups at 108 DPI (Supplementary 
Fig. S1A). Quantitative analysis revealed that there were no 
significant differences between the TP + TMT and TP groups 
in this immunodeficient strain (Supplementary Fig. S1B). This 
result indicated that the combination therapy had no effect on 
the fibrous scar tissue volume once the scar tissue had formed.

STEM121 immunostaining was used on the sagittal spinal 
section of the TP + TMT group to assess the survival of grafted 
cells (Fig. 2C). The results showed that grafted hiPSC-NS/
PCs migrated rostrally and caudally from the epicenter and 
persisted in the host tissue for more than 8 weeks. Quantitative 
analysis in the axial section showed that the STEM121-
positive area was significantly increased in the TP + TMT 
group compared to the TP group at the lesion epicenter and 
1 mm rostral and 1 mm caudal areas (Fig. 2D, 2E; epicenter: 
0.227 mm2 ± 0.047 mm2 vs. 0.116 mm2 ± 0.019 mm2, P < .05; 
rostral: 0.066 mm2 ± 0.015 mm2 vs. 0.017 mm2 ± 0.002 mm2, 
P < .05; caudal: 0.060 mm2 ± 0.018 mm2 vs. 
0.016 mm2 ± 0.004 mm2, P < .05). The grafted cell volume was 
also significantly larger in the TP + TMT group compared 
to that in the TP group (Fig. 2F; 0.316 mm3 ± 0.042 mm3 vs. 
0.124 mm3 ± 0.013 mm3, P < .05). Human nuclear antigen 
(HNA) immunostaining was used to assess the survival rate 
of transplanted cells (Supplementary Fig. S2A). Quantitative 
analysis of the survival rate of transplanted cells showed that 
the survival rate was significantly higher in the TP + TMT 
group compared to the TP group (Supplementary Fig. S2B; 
9.69% ± 0.34% vs. 4.12% ± 0.31%, P < .01). These findings 
indicated that rehabilitative training enhanced the survival of 
grafted hiPSC-NS/PCs.

Rehabilitative Training Promoted the Neuronal 
Differentiation of Grafted hiPSC-NS/PCs into 
Mature Neurons
First, we analyzed the differentiation phenotype of hiPSC-NS/
PCs in vitro. The results showed that most of the hiPSC-NS/
PCs were differentiated into neurons, whereas some were 
differentiated into astrocytes; results that were consistent 
with those of previous reports (details of the data are pro-
vided in Supplementary Fig. S3)12,13.

Second, we evaluated their differentiation phenotype in 
vivo at 108 DPI via immunostaining. Regardless of the ex-
perimental group, HNA-positive grafted cells appeared 
to be differentiated into three neural lineages: ELAVL3/4 
(pan-neuronal marker)- or NeuN (mature neuron marker)-
positive neurons, GFAP-positive astrocytes, and APC-
positive oligodendrocytes (Fig. 3A and Supplementary Fig. 
S4A). Quantitative analysis revealed that the HNA/NeuN 
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double-positive count was significantly increased in the 
TP + TMT group compared with the TP group (Fig. 3B; 
51.48% ± 5.72% vs. 29.17% ± 4.85%, P < .05). The HNA/
ELAVL3/4, HNA/APC double-positive count, and GFAP 
positive area results showed no significant differences be-
tween the 2 groups (Fig. 3C–3D and Supplementary Fig. 
S4B; ELAVL3/4: 84.60% ± 3.46% vs. 84.51% ± 3.58%, 
P = .602; GFAP: 5.30 μm2 ± 1.73 μm2 vs. 6.01 μm2 ± 0.55 μm2, 
P = .754; APC: 7.26% ± 1.26% vs. 5.31% ± 1.63%, P = .251).  
Immature cells, identified via the neural stem cell marker, 
Nestin, or the cell proliferation marker, Ki67, remained 
at low expression rates in both groups, and no signif-
icant differences were observed (Fig. 3E–3G; Nestin: 
2.74 μm2 ± 0.57 μm2 vs. 2.63 μm2 ± 0.91 μm2, P = .465; Ki67: 
3.48% ± 0.72% vs. 3.49% ± 0.47%, P = .917). These results 
indicated that rehabilitative training promoted neuronal 
differentiation of the grafted hiPSC-NS/PCs into mature 
neurons.

We also analyzed the characteristics of transplanted cell-
derived neurons via immunostaining. The results showed that 
some of the transplanted neurons expressed glutamatergic or 

GABAergic markers, while others differentiated into inhibi-
tory interneurons (Supplementary Fig. S5).

Transplanted Cell-derived Neurons Connected to 
Host Neurons Via Synaptic Formation
Immunoelectron microscopy labeling with an anti-
human cell cytoplasm antibody (STEM121) revealed 
pre- and post-synaptic structures and synapses between 
STEM121 + transplanted cell-derived neurons and host mouse 
neurons in both groups (Fig. 4). These findings demonstrated 
the formation of reciprocal synaptic connections between the 
transplanted cell-derived neurons and the host.

Combined Therapy of hiPSC-NS/PCs 
Transplantation and Rehabilitative Training 
Contributed to Synaptic Activity in the Lumbar 
Spinal Cord
The neural activity in the central pattern generator at the 
lumbar enlargement, as assessed by the area of Syn1-positive 
boutons (Fig. 5A), was found to be significantly higher in 

Figure 2. (A) Representative H&E-stained images of axial sections at the lesion epicenter and at the sites located 4 mm rostral and 4 or 8 mm caudal in 
each group. Scale bars = 300 μm. (B) Quantitative analysis of the spinal cord area measured in H&E-stained axial sections at each level. No significant 
differences were noted between the 2 groups at all measured sites. n = 5 each. (C) Representative image of a sagittal section stained for STEM121 
in the TP + TMT group. STEM121 + grafted cells were elongated from the rostral and caudal sites. Scale bars, 3000 and 100 μm (enlarged images). 
(D) Representative images of axial sections stained for STEM121 at the lesion epicenter and 1 mm rostral and caudal sites in each group. Scale bars 
= 300 μm. (E) Quantitative analysis of STEM121 + area in axial sections at each level. STEM121 + areas were significantly increased in the TP + TMT 
group compared to the TP group at all measured sites. n = 5 each. (F) Quantitative analysis of STEM121 + volume. STEM121 + volume was observed 
to be significantly larger in the TP + TMT group than in the TP group. n = 5 each. *P < .05 according to Mann-Whitney U test. Data are presented as the 
mean ± SEM.
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Figure 3. (A) Representative images of neural cells differentiated from graft cells. HNA + grafted cells merged with NeuN (neurons), GFAP (astrocytes), 
and APC (oligodendrocytes). Scale bars = 300 and 20 μm (enlarged images). The histograms show the proportions of NeuN + cells among HNA + grafted 
cells (B), GFAP + area per HNA + grafted cells (C), and the proportions of APC + cells among HNA + grafted cells (D). Percentages of NeuN+/HNA + cells 
were significantly increased in the TP + TMT group compared with the TP group. n = 5 each. (E) Representative images of immature graft cells. 
HNA + grafted cells merged with Nestin (immature cell) and Ki67 (immature cell). Scale bars, 300 and 20 μm (enlarged images). The histograms show 
Nestin + area per HNA + grafted cells (F) and the proportions of Ki67 + cells among HNA + grafted cells (G). n = 5 each. *P < .05 according to Mann-Whitney 
U test. Data are presented as the mean ± SEM.
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the TP + TMT group compared to the TP group (Fig. 5B; 
1 148.66 μm2 ± 250.37 μm2 vs. 454.26 μm2 ± 73.31 μm2, 
P < .05).

Raphespinal tract innervation was evaluated by observa-
tion of 5-HT-positive fibers within the ventral horn in regions 
of lumbar enlargement (Fig. 5C). Quantitative analysis re-
vealed that the 5-HT-positive area was significantly increased 
in the TP + TMT group compared with the TP group (Fig. 5D; 
0.012 ± 0.002 mm2 vs. 0.006 ± 0.001 mm2, P < .05).

Combined Therapy of hiPSC-NS/PCs 
Transplantation and Rehabilitative Training 
Enhanced the Expression of Neurotrophic Factors 
in Injured Spinal Cord
The expression of neurotrophic factors was assessed both in 
the lesion and in the lumbar enlargement (Fig. 6A–6D and 
Supplementary Fig. S6A–S6D). Quantitative analyses via 
capillary electrophoresis showed that the expression levels 
of the BDNF and NT-3 proteins at the lesion site were sig-
nificantly higher in the TP + TMT group compared to the TP 
group (Fig. 6E–6H; BDNF: 1.83 ± 0.09 vs. 1.00 ± 0.27, P < .05; 
NT-3: 1.47 ± 0.08 vs. 1.00 ± 0.10, P < .05; GDNF: 1.29 ± 0.14 
vs. 1.00 ± 0.11, P = .117; IGF-1: 1.07 ± 0.10 vs. 1.00 ± 0.06, 
P = .347). Similarly, quantitative analyses at the lumbar spinal 
cord revealed that the expressions of BDNF, NT-3, and 

IGF-1 were significantly increased in the TP + TMT group 
compared to the TP group (Supplementary Fig. S6E–S6H; 
BDNF: 1.82 ± 0.26 vs. 1.00 ± 0.17, P < .05; NT-3: 1.52 ± 0.04 
vs. 1.00 ± 0.07, P < .05; GDNF: 1.60 ± 0.20 vs. 1.00 ± 0.15, 
P = .117; IGF-1: 2.40 ± 0.54 vs. 1.00 ± 0.26, P < .05). These 
findings suggest that the combined therapy was able to en-
hance the expression of neurotrophic factors in the spinal 
cord.

Combined Therapy of hiPSC-NS/PCs 
Transplantation and Rehabilitative Training 
Promoted Functional Recovery
The BMS scores indicated significantly better recovery in the 
TP + TMT group than in the TP group (Fig. 7A; repeated-
measures two-way ANOVA. P < .01; post hoc analyses with 
two-tailed Student’s t test, at 70 DPI: 3.00 ± 0.13 vs. 2.56 ± 0.13, 
P < .05; 77 DPI: 3.16 ± 0.13 vs. 2.67 ± 0.12, P < .05; 84 DPI: 
3.16 ± 0.12 vs. 2.74 ± 0.16, P < .05; 91 DPI: 3.21 ± 0.16 vs. 
2.68 ± 0.14, P < .05; 98 DPI: 3.24 ± 0.16 vs. 2.74 ± 0.14, P < .05; 
105 DPI: 3.21 ± 0.15 vs. 2.71 ± 0.14, P < .05) (individual data 
trends are represented in Supplementary Fig. S7A).

The gait performance and appearance were assessed 
using the rotarod test and quadrupedal gait analysis using 
the DigiGait system at 108 DPI. The rotarod test revealed 
that the mice in the TP + TMT group continued running 

Figure 4. Immunoelectron microscopy image showing graft-to-host and host-to-graft synapse formation (white arrowheads) in the hiPSC-NS/PCs 
transplanted mouse spinal cords at 108 DPI. Grafted cells were detected by black dots observed upon anti-human cytoplasm antibody (STEM121) 
staining. STEM121 antibody labeling was observed in both presynaptic neurons (red) and postsynaptic neurons (blue) in both groups. Scale bars = 
200 nm.
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for significantly longer than those in the TP group (Fig. 7B; 
42.93 s ± 5.32 s vs. 27.78 s ± 3.51 s, P < .005). Quadrupedal 
gait analysis showed that there was a significantly better 
improvement in the TP + TMT group than in the TP group 
in terms of stride length, paw angle, swing duration, 
and cadence of the hind limb (Fig. 7C–7F; stride length: 
4.60 cm ± 0.12 cm vs. 3.99 cm ± 0.18 cm, P < .05; paw angle: 
15.30° ± 1.10° vs. 24.57° ± 1.71°, P < .005; swing duration: 
0.068 s ± 0.003 s vs. 0.052 s ± 0.003 s, P < .005; cadence: 
3.12 Hz ± 0.20 Hz vs. 2.57 Hz ± 0.37 Hz, P < .05) and in stride 
length and swing duration of the forelimb (Supplementary 
Fig. S7B–S7E; stride length: 4.12 cm ± 0.15 cm vs. 
3.37 cm ± 0.19 cm, P < .01; swing duration: 0.080 s ± 0.003 s 
vs. 0.053 s ± 0.004 s, P < .005). The other parameters did not 
significantly differ between the TP + TMT and TP groups 
(data not shown).

The interlimb coordination, as represented by the phase 
dispersion (percentage of anchor step cycle) between limbs 
indicated significant improvement in the TP + TMT group 
compared to the TP group in all limb pairs (Fig. 7G; diag-
onal limb pairs: 8.48% ± 2.92% vs. 25.42% ± 4.01%, P < .05; 
ipsilateral limb pairs: 40.24% ± 2.72% vs. 29.22% ± 4.03%, 
P < .05; forelimb pairs: 49.46% ± 0.71% vs. 38.36% ±  
5.54%, P < .05; hind limb pairs: 42.91% ± 2.93% vs. 
27.67% ± 5.68%, P < .05).

Stick diagrams of kinematics analysis during quadrupedal 
treadmill walking depicted a more coordinated and con-
sistent gait in the TP + TMT group compared to the TP group  
(Fig. 7H). t-SNE analysis revealed a qualitative difference in 
the gait motion between the 2 groups (Fig. 7I).

The electrophysiological analysis using the MEP indi-
cated that the spinal conductivity was more recovered in 

Figure 5. (A) Representative axial section images in lumbar enlargement stained for βⅢ-tubulin and Syn1. Enlarged images of the area are shown in the 
white box. Scale bars = 300 and 20 μm (enlarged images). (B) Quantitative analysis of Syn1 + area in enlarged images of axial sections. Syn1 + areas were 
significantly larger in the TP+ TMT group than in the TP group. n = 5 each. (C) Representative images of the axial section in lumbar enlargement stained 
for 5-HT. The ventral horn is surrounded by a white line. Enlarged images of the area are shown in the blue box. Scale bars = 300 and 100 μm (enlarged 
images). (D) Quantitative analysis of 5-HT + area in the ventral horn of axial sections. 5-HT + areas were significantly larger in the TP + TMT group than in 
the TP group. n = 5 each. *P < .05 according to Mann-Whitney U test. Data are presented as the mean ± SEM.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac089#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac089#supplementary-data
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the TP + TMT group compared to the TP group (Fig. 7J);  
the amplitude was significantly larger (Fig. 7K; 
165.00 μV ± 13.23 μV vs. 113.33 μV ± 13.33 μV, P < .05), 
and the latency was shorter; however, the difference was 
not statistically significant (Fig. 7L; 2.05 ms ± 0.13 ms vs. 
2.47 ms ± 0.07 ms, P = .064).

The recovery of reduced muscle volume as represented 
by body weight and wet weight of the triceps surae muscle 
was noted to be greater in the TP + TMT group than in the 
TP group. The percentage change in body weight following 
the initiation of intervention was significantly increased in 
the TP + TMT group compared to the TP group (Fig. 7M,  

Figure 6. Digitized protein immunoblots of injured spinal cord tissue for BDNF (A), NT-3 (B), GDNF (C), and IGF-1 (D). n = 5 each. Quantitative analysis of 
BDNF (E), NT-3 (F), GDNF (G), and IGF-1 (H) relative protein expression levels normalized to the total protein level imaged in (A–D). Expressions of BDNF 
and NT-3 proteins in the injured spinal cord were enhanced in the TP + TMT group compared to the TP group. n = 5 each. *P < .05 according to Mann-
Whitney U test. Data are presented as the mean ± SEM.
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Figure 7. (A) Serial BMS score assessment of the hind limb motor functions among mice in the TP + TMT and TP groups. The BMS scores were noted 
to significantly improve in the TP + TMT group compared with the TP group. n = 19 for the TP + TMT group, n = 17 for the TP group. (B) Comparison of 
rotarod test results between the TP + TMT and TP groups. Running times were significantly longer in the TP + TMT group than in the TP group. n = 19 
for the TP + TMT group, n = 17 for the TP group. The hind limb motion during quadrupedal gait was analyzed using the DigiGait system. The histograms 
show the following parameters: stride length (C), paw angle (D), swing duration (E), and cadence (F). Gait performances were significantly improved 
in the TP + TMT group compared with the TP group. n = 14 for the TP + TMT group, n = 12 for the TP group. (G) Interlimb coordination was analyzed with 
phase dispersions of diagonal, ipsilateral, forelimb, and hind limb pairs. Coordination was significantly improved for the TP + TMT group compared to 
the TP group for all limb pairs. n = 14 for the TP + TMT group, n = 12 for the TP group. H. Representative stick diagrams of hind limb movements in the 
TP + TMT and TP groups. (I) t-SNE analysis of the kinematic data in the TP + TMT and TP groups. The spatial arrangement of the points in the plot reflects 
the overall data similarity between the samples. n = 5 each. (J) Representative images of motor-evoked potential (MEP) waves, stimulated at Th5 spinal 
cord and recorded from the distal quadriceps muscle tendon in the TP + TMT and TP groups. (K) Quantitative analysis of the MEP amplitude in the 
TP + TMT and TP groups. The amplitude was significantly larger in the TP + TMT group than in the TP group. n = 4 for the TP + TMT group, n = 3 for the 
TP group. (L) Quantitative analysis of MEP latency in the TP + TMT and TP groups. The latency was shorter in the TP + TMT group than in the TP group, 
but the difference was not statistically significant. n = 4 for the TP + TMT group, n = 3 for the TP group. (M) Serial percentage change in body weight was 
calculated by dividing the current body weight by the body weight at 49 DPI in the TP + TMT and TP groups. The percentage change in body weight was 
significantly increased in the TP + TMT group compared with the TP group. n = 10 for the TP + TMT group, n = 9 for the TP group. (N) Histogram showing 
the wet weight of the triceps surae of mice in the TP + TMT and TP groups. The wet weight of the triceps surae was significantly greater in the TP + TMT 
group than in the TP group. n = 10 for the TP + TMT group, n = 9 for the TP group. *P < .05, **P < .01, and ***P < .005 according to repeated-measures 
2-way ANOVA, followed by 2-tailed Student’s t tests (A and M) and Mann-Whitney U test (B–L and N). The data are presented as the mean ± SEM.
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repeated-measures two-way ANOVA. P < .05; post hoc 
analyses with two-tailed Student’s t test, on day 84: 
105.80% ± 1.41% vs. 99.61% ± 2.10%, P < .05; day 91: 
105.82% ± 1.40% vs. 99.57% ± 2.31%, P < .05; day 98: 
108.52% ± 1.61% vs. 99.56% ± 2.20%, P < .05; day 105: 
107.82% ± 1.60% vs. 99.70% ± 2.32%, P < .05) (individual 
data trends of the percentage change in body weight are 
represented in Supplementary Fig. S7F and serial raw data for 
body weight are represented in Supplementary Fig. S7G), and 
the wet weight of the triceps surae was significantly greater 
(Fig. 7N; 0.131 g ± 0.005 g vs. 0.117 g ± 0.004 g, P < .05). These 
findings suggested that the combined therapy recovered 
muscle mass and spinal conduction resulting in improved 
hind limb motor function.

Discussion
In this study, we examined the effectiveness of a combina-
tion therapy that included clinical-grade GSI-pretreated 
hiPSC-NS/PCs transplantation and a validated rehabilita-
tion protocol that addressed a central clinical principle (the 
overload principle) in chronic SCI. The survival and neuronal 
differentiation of transplanted hiPSC-NS/PCs and the histo-
logical efficacy induced by the combination therapy resulted 
in significant improvement in terms of motor function. Thus, 
the combination of GSI-pretreated hiPSC-NS/PCs transplan-
tation and regenerative rehabilitation could be effective for 
even chronic SCI patients as part of a treatment strategy.

In human clinical practice, it has been documented that 
multi-modal or robot-assisted gait training alone can signif-
icantly improve gait and trunk function, even in the chronic 
phase of SCI23-25. We previously presented a treadmill training 
protocol that adjusts the intensity of training based on the 
overload principle for chronic SCI mice and demonstrated 
limited improvement in gait performance18. However, such im-
provement was not remarkable in terms of practical activity; 
therefore, a completely new treatment strategy was required, 
such as regenerative medicine using iPS cell technology18,26,27. 
No significant improvement was observed in preclinical re-
search where the combined effect of neural stem cells and re-
habilitative training in chronic SCI was investigated, although 
a significant recovery between the combination treatment and 
the control was reported compared with the transplantation-
only group16. Thus, the current study is the first to report that 
regenerative rehabilitation far surpasses the effect of trans-
plantation monotherapy. Our findings indicate the specific 
effects of GSI-pretreated NS/PCs transplantation and the 
verified rehabilitative training.

The outcomes of combination therapy in regenerative 
treatments have recently been reported by Tashiro et al, both 
in the injured spinal cord where cells were transplanted and 
also distant from the lesion17. Improved survival was one 
benefit of rehabilitation training on transplanted cells28,29. 
Regardless of the timing of the injury, the survival rate of 
grafted cells rapidly declines within 2 weeks of transplanta-
tion30, and preventing this decline is crucial to improve motor 
function28. This study reports for the first time that combi-
nation rehabilitation prevents transplanted cell loss in the 
chronic phase as in the subacute phase.

The differentiation of transplanted cells into neurons and 
oligodendrocytes is another factor that is essential for func-
tional recovery31. Previous research focusing on the sub-
acute stage of treatment demonstrated that transplanted 

neural stem cells differentiated into more mature neurons 
and oligodendrocytes with rehabilitative training28,29. In con-
trast, the current study’s results were limited to an increase 
in the differentiation of hiPSC-NS/PCs into mature neurons 
with rehabilitation, which is consistent with the findings 
of a prior study that focused on the chronic phase of treat-
ment16. These findings imply that the timing of the training 
sessions may alter how the differentiation of grafted neural 
stem cells is affected by rehabilitation. On the other hand, 
we also observed that transplanted cell-derived neurons 
differentiated into glutamatergic and GABAergic neurons and 
inhibitory interneurons in both groups. Further studies are 
needed to determine whether rehabilitation alters the char-
acter of transplanted cell-derived neurons. In any case, the 
synaptic connection of transplanted cells differentiated into 
mature neurons to the host neuronal network, as shown in 
the immunoelectron microscopy analysis, indicated successful 
cell transplantation32. Furthermore, the improved survival 
of transplanted cells and their differentiation into mature 
neurons might contribute significantly to functional improve-
ment. However, differences were observed between in vivo 
and in vitro results in terms of the percentage of positive 
NeuN, an indicator of mature neuron. We attribute this result 
to the fact that the time point evaluated after transplantation 
in vivo was 8 weeks, whereas the incubation period for differ-
entiation in vitro was 5 weeks, and the environment to which 
the cells were exposed was different.

Our results revealed that rehabilitation expanded 
5-HT-positive fibers in the lumbar enlargement and promoted 
neuronal activity as measured via Syn1 expression. Syn1 
is frequently used as a pre-synaptic marker for activity-
dependent synaptic plasticity and its functioning33. Syn1 
was downregulated below the lesion, but treadmill training 
restored its expression in the transplanted hiPSC-NS/PCs ani-
mals, in line with a study on non-transplanted animals34. The 
raphespinal tract, identified with 5-HT staining, is one of the 
supraspinal tracts that originates from the brain stem and is 
crucial for forelimb and hind limb coordination, contributing 
to the gait quality in quadrupedal rodents35. We observed an 
improvement in the coordination value together with the res-
toration of the 5-HT-positive area in the animals that received 
the combined treatment. The present findings demonstrated 
that the combined treatment increased 5-HT fibers in the 
lumbar spinal cord, especially in the case of chronic SCI. It 
has been documented previously that hiPSC-NS/PCs trans-
plantation or rehabilitation training alone can boost 5-HT 
fibers20,36. However, the mechanisms behind the development 
of 5-HT-positive fibers are yet to be determined. The tracing 
technique may help to clarify this.

Elevated levels of the neurotrophic factors, BDNF and 
NT-3, in the injured spinal tissue were factors that may en-
hance the benefits of the combined treatment stated above. 
Training before and after transplantation may have helped this 
process, as BDNF is a protein associated with plasticity that is 
known to be elevated due to short-term rehabilitation and is 
implicated in neuronal activity, survival, and remodeling37-40. 
Exercise-induced neuroplasticity is tightly correlated with 
the levels of BDNF in the neuromuscular system41,42. In ad-
dition, NT-3 is a growth factor known to be upregulated by 
many forms of exercise rehabilitation and promotes axonal 
sprouting, neuronal differentiation, and neuroprotection43,44. 
These mechanisms may shed light on the findings mentioned 
above. Interestingly, neurotrophic factors are upregulated via 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac089#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac089#supplementary-data
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both NS/PCs transplantation and rehabilitation as represented 
by BDNF and NT-3. These neurotrophic factors may enhance 
the therapeutic effects of both NS/PCs transplantation and re-
habilitation. One of the key mechanisms of the combined ef-
fect of transplantation and rehabilitation appears to be this 
complementing process via trophic support11. In addition, 
Kusano et al reported that neural stem cells expressing NT-3 
significantly improved motor recovery in chronic phase SCI45. 
Although it was previously believed that the host tissue secretes 
neurotrophic factors14,18, our research suggests that combining 
exogenous neurotrophic factors along with hiPSC-NS/PCs and 
rehabilitation may improve function further.

The motor function was evaluated from various aspects, 
including general open-field locomotion using BMS, quad-
rupedal gait appearance using the footprint in the DigiGait 
system, and joint motion by kinematics captured with a high-
resolution camera. In addition, the endurance was assessed 
via the rotarod test, the coordination was assessed with phase 
dispersion analysis, and disused muscle atrophy was assessed 
by the muscle weight. When the results from the electrophys-
iological study were also taken into account, the combined 
therapy promoted motor functional recovery, as evidenced by 
the fact that those parameters were better improved in the 
rehabilitation-combined animals than in the transplantation-
alone group. GSI-pretreated hiPSC-NS/PCs in combination 
with rehabilitation showed significantly improved effects, 
resulting in the acquisition of practical locomotor function, 
although treatment with GSI-pretreated hiPSC-NS/PCs trans-
plantation alone also showed a partial improvement of motor 
function at the chronic phase in a previous report14. The im-
provement in motor function may have been due, in part, to 
the strengthening of the local circuit synapses in the lumbar 
spinal cord and the recovery in lower leg muscle volume 
resulting from rehabilitation therapy alone. However, as 
shown by the synaptic interaction between the transplanted 
and host cells and the results of the electrophysiological anal-
ysis, improved survival and enhanced neuronal differentiation 
of the transplanted cells may have led to increased synaptic 
connection. Therefore, the combination of transplantation 
and rehabilitation may play an essential role in integrating 
lower and upper motor neurons. These findings suggest that 
hiPSC-NS/PCs transplantation combined with rehabilitative 
training is an efficient treatment in the chronic phase of SCI 
with low treatment sensitivity.

This study had several limitations. First, this study used 
a moderate contusive injury to the thoracic spinal cord 
as the type of SCI model. Future studies should investi-
gate whether the same outcomes are attained for different 
injury sites and severities. Second, this study’s results do 
not explain the enhanced synaptic formation between the 
transplanted cells and host caused as a result of rehabilita-
tive training. Although the results of the electrophysiolog-
ical analysis implied that the synaptic formation between 
the transplanted cells and the host was facilitated by reha-
bilitative training, future studies are required to provide 
direct evidence of these findings. Third, no direct evidence 
existed that elevated neurotrophic factors promoted the sur-
vival rate, neuronal differentiation of transplanted cells, and 
subsequent improvement in motor function. Further studies 
are required to elucidate these mechanisms. However, neu-
rotrophic factors were elevated in the injured spinal cord 
and the lumbar spinal cord, where there was evidence of 
increased neural activity, suggesting that neurotrophic 

factors may have had a positive impact on functional im-
provement. Finally, it is unclear which factors most signif-
icantly contributed to the improvement in motor function 
because the current study compared two groups with cell 
transplantation. The contribution to motor function from 
training alone may be significant, as indicated by the result 
of increased muscle weight. However, investigation into the 
effects of rehabilitative training on transplanted cells is es-
sential to advance regenerative medicine.

Conclusion
The combination of hiPSC-NS/PCs transplantation and reha-
bilitative training was able to enhance the synaptic activity in 
the lumbar spinal cord and promoted the survival rate and 
neuronal differentiation of grafted cells passively through the 
promotion of neurotrophic factor secretions. Consequently, 
the combined therapy of GSI-pretreated hiPSC-NS/PCs trans-
plantation and the verified rehabilitation protocol promoted 
motor functional recovery. Therefore, this therapeutic strategy 
could be expected to form the basis of regenerative treatment 
in cases of chronic SCI.
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