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A B S T R A C T   

Transplanting human neural progenitor cells is a promising method of replenishing the lost neurons after spinal 
cord injury (SCI), but differentiating neural progenitor cells into the diverse types of mature functional spinal 
cord neurons in vivo is challenging. In this study, engineered human embryonic spinal cord-like tissues with 
dorsal and ventral neuronal characters (DV-SC) were generated by inducing human neural progenitor cells 
(hscNPCs) to differentiate into various types of dorsal and ventral neuronal cells on collagen scaffold in vitro. 
Transplantation of DV-SC into complete SCI models in rats and monkeys showed better therapeutic effects than 
undifferentiated hscNPCs, including pronounced cell survival and maturation. DV-SC formed a targeted 
connection with the host’s ascending and descending axons, partially restored interrupted neural circuits, and 
improved motor evoked potentials and the hindlimb function of animals with SCI. This suggests that the 
transplantation of pre-differentiated hscNPCs with spinal cord dorsal and ventral neuronal characteristics could 
be a promising strategy for SCI repair.   

1. Introduction 

SCI results in permanent motor and sensory function deficits below 
the injured segment. It has been estimated that three million people live 
with traumatic SCI worldwide, with approximately 180,000 new cases 
announced each year [1]. There is currently no efficient clinical therapy 

for SCI, until recently [2]. Since neural progenitor cells (NPCs) can 
multi-directionally differentiate into neurons, astrocytes, and oligo-
dendrocytes, NPC transplantation is considered a promising method for 
replenishing lost cells in the lesion site after SCI [3–10]. 

NPCs transplantation currently faces several challenges. First, graf-
ted NPCs are inclined to differentiate into astrocytes in the injured spinal 
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cord due to an inhibitory microenvironment after SCI [11–18]. Second, 
the spinal cord contains more than 20 distinct neuron subpopulations 
that are responsible for sensory and locomotive behavior. During em-
bryonic mouse spinal cord development, 12 neuronal restricted pro-
genitor domains are formed along the dorsoventral axis of the neural 
tube. These neuronal restricted progenitors can result in cardinal classes 
of dorsal interneurons (INs), cardinal classes of ventral INs, and motor 
neurons (MNs) [19]. The neuronal population of the spinal cord is 
largely conserved between rodents and human beings [20]. While some 
literature has reported that grafted NPCs can differentiate into specific 
neurons [19,21], regenerating various lost neurons after SCI is difficult. 
Third, the long differentiation and maturation period of human NPCs is 
insufficient for producing mature neurons during the short therapeutic 
window after SCI. Human spinal cord NPCs (hscNPCs) required a longer 
time to develop into mature neurons, typically at least several months 
[20,22–26]. We hypothesize that the pre-differentiation of hscNPCs into 
dorsal or ventral neuronal cells before transplantation could be impor-
tant for stem cell-based SCI repair. 

In this study, we isolated and cultured early embryonic hscNPCs on a 
collagen scaffold. We induced them to differentiate into several types of 
dorsal and ventral neuronal progenitors with different cocktails in vitro 
to generate engineered dorsal and ventral spinal cord-like tissues (DV- 
SC). We then transplanted DV-SC into rats with complete transection SCI 
to examine the survival and maturation of pre-differentiated dorsal and 
ventral neuronal progenitors and electrophysiological and motor func-
tion recovery. Considering monkey models are important for human 
trials because they share a similar body size, neuroanatomy, complexity 
of neurological functions, and immunology [27], we also grafted DV-SC 
into rhesus monkeys with complete transection SCI to assess the thera-
peutic outcomes. These data demonstrate that the transplantation of 
pre-differentiated hscNPCs with spinal cord dorsal and ventral neuronal 
characters could be a promising strategy for SCI repair. 

2. Material and methods 

2.1. Ethics 

Rats were supplied and housed at the experimental animal center at 
the Institute of Genetics and Developmental Biology, Chinese Academy 
of Sciences (Bejing, China), and all surgeries were performed there. 
Rhesus monkeys were supplied and housed at the experimental animal 
center in Hunan Puruima Medicine Research Center (Hunan, China), 
and all surgeries were performed there. All experimental and surgical 
procedures were performed in accordance with the Chinese Ministry of 
Public Health Guide and were approved by the Institutional Animal Care 
and Use Committee of Hunan Puruima Medicine Research Center. 

The use of human embryo tissues for cell culturing was approved by 
the Reproductive Study Ethics Committee of Nanjing Drum Tower 
Hospital and Nanjing Medical University (2018-223-01). Informed 
consent was provided by the donors. The aborted embryo tissues were 
acquired from legally terminated pregnancies [20]. 

2.2. HscNPCs culture 

Gestational 7-week-old human embryo tissue was obtained from 
Nanjing Drum Tower Hospital after normal termination in accordance 
with nationally approved ethical and legal guidelines. HscNPCs culture 
was carried out as previously reported [28–30]. Primary NPCs were 
obtained from 2-cm-long human spinal cord tissues at gestational 7 
weeks. The single-cell suspension of spinal cord was prepared at 37 ◦C 
with accutase (Sigma-Aldrich, USA) for 5 min. Next, an appropriate 
volume of Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium 
was added to end the digestion, and the suspension was centrifuged at 
500 g for 5 min. Cells were cultured in 10-cm wide petri dishes (Corning, 
USA), pre-coated with 125 μg laminin (BioLamina, Sweden) in the 
proliferation medium (2:1 mixture of DMEM and DMEM/F12, Gibco, 

USA) containing 1% non-essential amino acid (Gibco, USA), 1% sodium 
pyruvate (Gibco, USA), 1% penicillin-streptomycin (Gibco, USA), 15 
mM HEPEs (Sigma-Aldrich, USA), 2% B27 (Gibco, USA), 100 mg/L 
human plasma apo-transferrin (Millipore, USA), 25 mg/L recombinant 
human insulin (Yeasen, Shanghai, China), 15 g/L glucose (Sigma-Al-
drich, USA), 20 nM progesterone (Sigma-Aldrich, USA), 100 μM pu-
trescine (Sigma-Aldrich, USA), 30 nM sodium selenite (Sigma-Aldrich, 
USA), 40 ng/mL epidermal growth factor (EGF, Peprotech, USA), 40 
ng/mL basic fibroblast growth factor (bFGF, Peprotech, USA), 20 ng/mL 
leukemia inhibitory factor (LIF, Peprotech, USA), 10 ng/mL 
neurotrophins-3 (Peprotech, USA), and 1.83 μg/L heparin (Sigma-Al-
drich, USA). 

The medium was changed for each sample every other day. HscNPCs 
reached the primary culture stage at 15 days, and then were passaged 
approximately every 7 days, when they grew to 80% confluence. During 
the process of passaging, HscNPCs were digested with accutase, then 
replated onto new 10 cm petri dishes precoated with laminin at a density 
of 1 × 106 cells per dish. HscNPCs could be passaged for at least ten 
generations and cells at the sixth passage were used for following ex-
periments in this study. 

To track the grafted hscNPCs in vivo, the cells were infected with a 
lentivirus expressing green fluorescent protein (GFP; Miga Technology 
Co., Ltd, China). Briefly, when hscNPCs reached about 50% confluence, 
the culture medium was changed to fresh proliferation growth medium 
containing the lentivirus (108 TU/mL, 50 μL GFP lentivirus per 106 

hscNPCs), polybrene (5 mg/mL, Miga Technology Co., Ltd, China) was 
used to increase viral attachment. 8 h later, the proliferation medium 
was changed again to remove the lentivirus. After incubating at 37 ◦C for 
72 h, these cells were seeded on the collagen scaffolds. 

2.3. Scaffold preparation and characterization 

The collagen scaffold was produced as previously reported [15]. 
Briefly, the depilated bovine skin was immersed in 0.5 M acetic acid 
solution at 4 ◦C. Next, samples were mixed in a blender for 15 min and 
neutralized with 4 M NaOH to obtain a uniform collagen solution. After 
dialysis and lyophilization, the collagen scaffold was acquired. To 
generate an aligned porous structure, the collagen scaffolds were cut 
into 0.2 × 0.5 × 0.5 cm blocks and infiltrated in 40 mL MES (pH 6.5) 
containing 0.6 mg/mL N-hydroxysuccinimide and 1 mg/mL 1-eth-
yl-3-(3-dimethylaminopropyl) carbodiimide. The pellets were then 
washed. A mechanical-testing machine (Shimadzu AGS-X, Japan) was 
used to examine the mechanical properties of the collagen scaffold. 
Stretching strain data at various stretching stresses were recorded (n = 4 
samples). Collagenase I was used to degrade the collagen scaffolds. 
Specifically, 0.16 mg/ml (i.e. 40 U/mL) of collagenase I was dissolved in 
Tris-EDTA-SDS-CaCl2 TESCA buffer and then the collagen scaffolds were 
digested at 37 ◦C. For scanning electron microscope (SEM), collagen 
scaffold or collagen scaffold loaded with cells were washed three times 
with PBS, then fixed in 2.5% glutaraldehyde for approximately 90 min, 
dehydrated with a range of graded ethanol, and freeze-dried for 2 d. 
Finally, the dried samples were coated with gold and examined under 
SEM. 

2.4. Generation of a DV-SC 

We induced dorsal or ventral differentiation of hscNPCs by simu-
lating the development process of the embryonic spinal cord [19, 
31–38]. To make a DV-SC, we seeded hscNPCs onto semicircular piece of 
collagen scaffold and pre-differentiated into dorsal or ventral hscNPCs. 
To promote the cell adhesion on the collagen scaffold, we prepared 10 
μg/mL laminin with PBS, and the collagen scaffold were immersed into 
the laminin solution at 37 ◦C for 2 h. Then the collagen scaffolds were 
rinsed in PBS once and the excess PBS was removed by a sterilized filter 
paper. HscNPCs were digested and the density of cell suspension was 
adjusted to 5 × 105 cells/5 μL in the proliferation medium, and then cells 
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were carefully added onto each half of collagen scaffold. For rat trans-
plantation, the total seeding number of hscNPCs was 106, and for rhesus 
monkey transplantation, the total cell seeding number was 107. After 
that, collagen scaffolds loaded with hscNPCs were cultured at 37 ◦C for 
2 h. HscNPCs began to extend and adhere to the porous collagen scaf-
folds during this phase. Then sufficient differentiation medium was 
added into the cell culture plate for subsequent induction. HscNPCs 
loaded on the collagen scaffolds were differentiated in the dorsal or 
ventral differentiation medium respectively for 30 d in vitro. 

Compared with the proliferation medium, the basal differentiation 
medium had no growth factors, such as EGF, bFGF, or LIF. However, we 
added 10 ng/mL brain-derived neurotrophic factor (BDNF, Peprotech, 
USA) and 20 ng/mL glial cell line-derived neurotrophic factor (GDNF, 
Peprotech, USA) to promote the survival and maturation of the neurons. 
For dorsal differentiation, we added an additional 15 ng/mL of bone 
morphogenetic protein 4 (BMP4), which belonged to the transforming 
growth factor-β family of proteins in the differentiation medium. The 
ventral differentiation medium was supplemented with some small 
molecules and factors, including 100 nM SAG (a small molecule that acts 
as a smoothened agonist of SHH signaling), 0.2 μM LDN-193189 (a small 
molecule to inhibit BMP signaling) [32,39–43], 100 nM retinoic acid, 
10 ng/mL ciliary neurotrophic factor, 10 ng/mL insulin-like growth 
factor-1, and 1 μM adenosine cyclophosphate. 

2.5. Immunocytochemistry 

After 30 d culture, hscNPCs seeded on collagen scaffolds were fixed 
in 4% paraformaldehyde (PFA) for 15 min at room temperature (RT). 
After being washed three times with phosphate buffer saline (PBS), fixed 
samples were permeabilized with 0.2% Triton X-100 with 5% normal 
donkey serum in fetal bovine serum for 1 h. Primary antibodies diluted 
in the blocking solution were applied overnight. The primary antibodies 
used for immunolabeling are recorded in Supplementary Table 1. For 
quantification of dorsal and ventral neuronal markers in DV-SC, the 
differentiation assay was performed for three times. Images were taken 
from randomly selected three fields in each subject by using a confocal 
microscopy (Zeiss, Observer.Z1). A total number of 9 images were used 
for quantification for each subject. DAPI positive signal intensity was 
thresholded and counted automatically using ImageJ. BRN3A+, TLX3+, 
LMX1B+, FOXP2+, LHX1+, HB9+, ISL1+, and OLIG2+ immunostained 
cells were counted manually. Then percentage of dorsal and ventral INs, 
MNs or motor neuron progenitors (MNPs) were calculated. 

2.6. Quantitative real-time polymerase chain reaction (Q-PCR) analysis 

Total RNA was extracted using an Ultrapure RNA Kit (Cowin Bio-
sciences, Jiangsu, China). For cDNA synthesis, the reverse-transcription 
reaction was performed using a reverse transcription kit (Hifair II 1st 
Strand cDNA Synthesis Super Mix for qPCR, YEASEN 11123ES60). Q- 
PCR was performed using SYBR Green Master Mix (Hifair qPCR SYBR 
Green Master Mix, YEASEN 11201ES08) to detect mRNA abundance. 
The primers were shown in Supplementary Table 2. 

2.7. Whole-cell patch clamp 

Differentiated dorsal or ventral hscNPCs were harvested and were 
maintained in a 24-well plate filled with 500 μL of differentiation me-
dium in an incubator (5% CO2, 37 ◦C). After a recovery period of 
approximately 1 h, an individual cell cluster was moved to a recording 
chamber and continuously superfused with oxygenated artificial cere-
brospinal fluid (in mM: 126 NaCl, 331 KCl, 26 NaHCO3, 1.2 NaH2PO4, 
2.4 CaCl2, 1.3 MgCl2 and 10 D-glucose) at a rate of 3–5 mL per minute at 
30 ± 1 ◦C. An inverted microscope (IX73, Olympus, Japan) equipped 
with epifluorescence and infrared-differential interference contrast 
(DIC) illumination, and a camera (Andor), air immersion lens (40X), and 
air immersion lens (4X) were used to visualize the cells and operate 

electrodes. Patch pipettes had a 5–7 MΩ resistance when full of intra-
cellular solution (in mM: 10 HEPES, 130 potassium gluconate, 16 KCl, 2 
MgCl2, 4 Na2-ATP, 0.4 Na3-GTP, 0.2171 EGTA and 0.5% neurobiotin, 
pH = 7.25, adjusted with KOH). Evoked action potentials were recorded 
in current-clamp mode using a set of injected currents from − 100 pA to 
280 pA in increments of 20 pA. Na–K currents were recorded in voltage- 
clamp mode with a basal holding potential of − 70 mV followed by 
stimulating pulses from − 80 mV to 60 mV with a step size of 10 mV. The 
membrane potential was held at − 70 mV when spontaneous excitatory 
postsynaptic currents were recorded. Stimulus delivery and data 
acquisition were conducted with a multiclamp 700B amplifier and a 
Digidata 1440 A (Molecular Devices, USA), which were controlled by 
Clampex. 

2.8. Surgery procedures for rats 

A Sprague Dawley rat T8-9 spinal cord complete transection model 
was made with a microscissor. Rats used in the experiment were 6–8 
week-old females weighing 200–220 g. The surgery procedure was 
slightly modified according to the previous reports [44,45]. All surgeries 
were performed under intraperitoneal anesthesia with a 10% chloral 
hydrate solution (500 mg/kg), after which a 2–3 cm midline incision 
was made to reveal the T8-11 vertebrae. After removing the laminae, the 
spinal cord was exposed, and a 3–4 mm long segment of the spinal cord 
was excised in T8-9. Bleeding was stopped using a gelatin sponge filled 
up in the transection site. Immediately following surgery, collagen 
scaffolds, collagen scaffolds loaded with undifferentiated hscNPCs, or 
pre-differentiated dorsal and ventral hscNPCs were transplanted into the 
gap. Rats were randomly assigned into three experimental groups, with 
20 rats per group. Group one received only transplantation of collagen 
scaffolds (scaffold group), group two received transplantation of 
collagen scaffolds loaded with 106 undifferentiated hscNPCs (scaffold +
NPCs group), and group three received transplantation of collagen 
scaffolds loaded with 106 pre-differentiated dorsal and ventral hscNPCs 
(scaffold + DV-SC group). There were 14, 15, 14, and 15 rats that sur-
vived in each group, respectively. Following treatments, the skin and 
musculature were closed with sutures, and each group of rats was 
returned to their respective cages to recover. In addition, in groups that 
received cell implantation, cyclosporin A (10 mg/kg/rat/d, MedChe-
mExpress, MCE, USA) was injected intraperitoneally 3 d before surgery 
and continued daily in all rats until they were euthanized. 

2.9. Surgery procedures for rhesus monkeys 

A total of 19 adult female rhesus monkeys (Macaca mulatta), aged 
3–4 years old and weighing 4.1–5.8 kg were used in this study. All rhesus 
monkeys were placed into individual cages at a temperature of 
approximately 16–22 ◦C, and 40–70% humidity. Before surgeries, rhe-
sus monkeys were housed in animal quarters for at least 3 weeks. The 
rhesus monkeys were randomly divided into three groups: 1) four in the 
control group without any treatment, 2) six in the collagen scaffolds +
107 undifferentiated hscNPCs graft group (scaffold + NPCs group), and 
3) nine in the collagen scaffolds + 107 pre-differentiated dorsal and 
ventral hscNPCs graft group (scaffold + DV-SC group). The 9 monkeys 
transplanted with scaffold + DV-SC were sacrificed at the following 
different time point, including: 1) 1 monkey sacrificed at 7 days post 
injury (dpi); 2) 1 monkey sacrificed at 20 dpi; 3) 3 monkeys sacrificed at 
2 months post injury (mpi); 4) 1 monkey sacrificed at 4 mpi; 5) 3 
monkeys sacrificed at 6 mpi. 

Rhesus monkeys were anesthetized with tiletamine-zolazepam 
(Zoletil 50; Virbac S.A., Carros, France) at a dose of 5 mg/kg, and 
administered an intramuscular injection of 0.1 mg/kg atropine sulfate 
after 8–10 h of food and water deprivation. After being anesthetized, 
tracheal intubation was conducted, and mechanical ventilation was 
applied. Anesthesia was maintained by fentanyl (7–10 μg/kg/h intra-
venously, Hospira Inc., Lake Forest, IL) and propofol (2.5 mg/kg/rhesus 
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monkey, intravenously, ASTRAZENECA PLC, UK). An intravenous 
infusion of physiological saline was administered to preserve blood 
volume. The respiratory rate, heart rate, and blood oxygen saturation 
were monitored during the surgery. Under aseptic conditions, a 4–6 cm 
longitudinal incision was made at T8-10. The erector spine muscle was 
dissected away from the spinous process. A 5–6 mm long segment of the 
spinal cord in T8-9 was excised using previously reported methods [46, 
47]. After thorough hemostasis with gel foam, a 7–8 mm diameter and 6 
mm long collagen scaffold loaded with 107 undifferentiated hscNPCs or 
107 pre-differentiated dorsal and ventral hscNPCs was implanted to fill 
the transected cavity. The control group underwent T8-9 complete spi-
nal cord transection without any additional treatment. Finally, dura, 
paraspinal muscles, and skin were closed in layers with sutures. In 
groups that received cell implantation, tacrolimus (1 mg/kg/rhesus 
monkey/d, Astellas Ireland Co., Ltd, Ireland), mycophenolate mofetil 
(100 mg/kg/rhesus monkey/d, Coche Pharmaceuticals Ltd, 
Switzerland), and prednisone acetate (1 mg/kg/rhesus monkey/d, 
Xianju Pharmaceutical Co., Ltd, Zhejiang, China) were injected intra-
peritoneally 3 d before surgery and continued daily in all rhesus mon-
keys until sacrificed. Since a complete transection would result in 
paraplegia and loss of bowel and bladder function, we hired specialized 
staff to empty the monkey bladders 2–3 times a day. 

2.10. Behavioral assessments 

Weekly behavioral evaluations were performed on the rats by two 
observers blinded to the post-injury treatments, using the Basso, Beattie 
& Bresnahan (BBB) locomotor rating scale to check walking ability and 
motion amplitude, fineness, and coordination of the three hind limb 
joints. 

Analysis of the rhesus monkeys’ movement was recorded as previ-
ously described [48,49]. Videos were recorded and evaluated by two 
individual, blinded investigators. Finally, 4 videos were shown, 
including Supplementary Video S2 showing DV-SC at 6 mpi, Supple-
mentary Video S3 showing DV-SC at 3 mpi, Supplementary Video S4 
showing control at 6 mpi, and Supplementary Video S5 showing scaf-
fold + NPCs at 6 mpi. 

Supplementary data related to this article can be found at https://doi 
.org/10.1016/j.bioactmat.2023.03.015. 

2.11. Electrophysiology assessment 

The cortical motor evoked potentials (CMEPs) of rats were evaluated 
at 8 weeks post-injury (wpi) after SCI using Keypoint 9033A07 (Alpine 
bioMed ApS, Denmark). Rats were anesthetized with chloral hydrate 
solution (500 mg/kg) and placed in a prone position for the testing 
operation. For CMEPs, the stimulus electrode was placed into the sub-
cutaneous tissue 1 cm behind the intersection of the cranial midline and 
eyebrow, and the other electrode was placed into the contralateral 
subcutaneous tissue. The recording electrode was inserted into the 
muscle of one hindleg. The grounding electrode was placed subcutane-
ously near the L1 spinal segment. Multiple pulse stimulation was used to 
produce a CMEPs wave with the following parameters: 45 mA, 0.1 ms, 
and 2 Hz. Each test was repeated five times to ensure waveform stability. 

Spinal cord motor evoked potentials (SCMEPs) of rhesus monkeys 
were detected as described before [46,50]. The stimulating electrodes 
were inserted into the host rostral section of the lesion site, and the 
recording electrodes were inserted into the host caudal section of the 
lesion site. The reference electrodes were inserted into the tail. 

2.12. Immunohistochemistry 

The animals were deeply anesthetized with 10% chloral hydrate 
(500 mg/kg) and transcardially perfused with 0.9% NaCl physiological 
saline solution, followed by treatment with 4% PFA. Immediately after 
perfusion, spinal cords were dissected, post-fixed overnight at 4 ◦C, and 

separately transferred to 20% sucrose and 30% sucrose overnight at 
4 ◦C. Horizontal sections of spinal cords containing the transection/graft 
site (approximately 2 cm long) were sectioned on a cryostat set at 18–20 
μm thickness. Cryosections were permeabilized with 0.2% Triton X-100 
with 5% normal donkey serum in fetal bovine serum for 1 h at RT, after 
which the blocking buffer was removed and replaced with primary an-
tibodies. All primary antibodies are listed in Supplementary Table 2. 

For quantification of surviving cells after surgery, the number of 
GFP-labeled grafted cells was quantified from 56 continuous sagittal 
slices (18 μm-thick per slice) in the lesion site from three rats or 150 
continuous sagittal slices (20 μm-thick per slice) in the lesion site from 
three monkeys at each time point. Total number of graft cells per subject 
was estimated by quantifying for GFP in every seventh section in rats 
and in every fifteenth section in monkeys, then multiplied by 7 or 15, 
respectively. GFP positive signal intensity was thresholded and counted 
automatically using ImageJ. 

To quantify the cell type of GFP-positive cells, neuronal class III 
β-tubulin (TUJ1) and NeuN antibodies were used for distinguishing 
neurons. 5-hydroxytryptamine (5-HT), peptidergic C-fibers expressing 
calcitonin gene-related peptide (CGRP), SYP and PSD95 were detected 
in the lesion region of three rats and three monkeys at each time point. 
Images were taken from three randomly selected fields in the lesion site 
and boundary site between normal tissue and injury area in each slice on 
a confocal microscope (Leica). A total number of 6 images were used for 
quantification for each subject. GFP+/TUJ1+ or GFP+/NeuN+ double- 
immunostained neurons and GFP+ cells were counted manually, and 
calculated for percentage of transplanted neurons in GFP+ graft cells. 

To quantify neuronal subtypes in DV-SC grafts, neuronal subtype 
transcription factors (BRN3A, TLX3, LMX1B, HB9, ISL1, FOXP2, and 
SIM1) and GFP co-labeled sections from three rats and three monkeys 
were used. Images were taken from three randomly selected fields in the 
lesion site and boundary site between normal tissue and injury area in 
each slice on a confocal microscope (Zeiss, Observer.Z1). A total number 
of 6 images were used for quantification for each subject. GFP+/ 
BRN3A+, GFP+/TLX3+, GFP+/LMX1B+, GFP+/HB9+, GFP+/ISL1+, 
GFP+/FOXP2+, and GFP+/SIM1+ double-immunostained neurons and 
GFP+ cells were counted manually, and calculated for percentage of 
dorsal and ventral neurons in DV-SC grafts. 

2.13. Statistical analysis 

All experiments were repeated at least three times and statistical 
analysis were performed with GraphPad Prism 7. Randomization of 
animal studies was used in the data analysis. All data were presented as 
means ± standard deviation. Data points that were above (mean + 2 
standard deviation) and points below (mean - 2 standard deviations) 
were eliminated. Two-group comparisons were tested by a two-tailed 
unpaired Student’s t-test in which the data were subjected to normal 
distribution. One-way repeated-measures ANOVA was conducted to 
examine the differences between multiple groups in which the data were 
subject to normal distribution. P < 0.05 was considered statistically 
significant. * represents P-value <0.05, ** represents P-value <0.01, *** 
represents P-value <0.001. 

3. Results 

3.1. Phenotypic characterization of HscNPCs 

HscNPCs were isolated from gestational 7-week-old embryonic spi-
nal cord tissues. We first identified hscNPCs characteristics, which could 
be continuously passaged for at least ten generations in vitro. Immuno-
fluorescence staining and quantitative analysis revealed that 16.3% ±
4.2% of them expressed the proliferative marker Ki67 (Fig. 1A and B). 
Approximately 95.2% ± 10.3% of cells expressed Nestin, and 91.5% ±
5.4% expressed SOX2, both of which are NPCs markers, and 89.2% ±
8.1% expressed TUJ1, which is a marker for neural progenitors or early 
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neurons (Fig. 1A and B). However, MAP2 (mature neuron marker), 
GFAP (astrocyte marker), and OLIG2 (oligodendrocyte marker) were 
rarely expressed (Fig. 1A and B). Additionally, we noticed that 70.5% ±
7.7% of these cells expressed the cervical spinal cord gene marker 
HOXC5 [51] (Fig. 1D and F) and about 85.2% ± 10.1% of the cells 
expressed PAX3 (Fig. 1C and E), which is a marker of spinal cord neural 
progenitors [19]. In order to further characterize the hscNPCs, we per-
formed Q-PCR analysis (Supplementary Fig. 1A and Supplementary 
Fig. 1B) and immunostaining using dorsal and ventral regional marker 
antibodies, such as BRN3A, TLX3, FOXP2, and LHX3 (Supplementary 
Fig. 1D) [19]. Schematic diagram of expression of spinal cord neuronal 
progenitors markers was shown in Supplementary Fig. 1C. Microscopic 
photos of hscNPCs and immunofluorescence staining of GFP-transfected 
hscNPCs were shown in Supplementary Fig. 1E and Supplementary 
Fig. 1F. Together with these data, we propose hscNPCs are negative for 
ventral or dorsal regional markers of spinal cord before dorsal or ventral 
induction. These results show that these cells primarily consist of 
immature spinal cord-derived neural progenitors. After characterizing 
hscNPCs, we seeded hscNPCs on the collagen scaffold for dorsal or 
ventral induction before transplantation, and the schematic diagram of 
transplantation in spinal cord injured rats and rhesus monkeys were 
shown in Fig. 1G. 

3.2. Construction of engineered human spinal cord-like tissues with dorsal 
and ventral neuronal progenitors 

To construct pre-differentiated spinal cord-like tissues from hscNPCs, 
porous collagen scaffolds with similar cylindrical structure to spinal 
cords were fabricated in this study. The SEM images displayed that there 
were many tiny pores and longitudinally ordered structures inside the 
scaffold (Fig. 2A and B). In vitro, the collagen scaffolds could be totally 
degraded in collagenase I. The complete degradation time of the 
collagen scaffolds in 40 U/mL of collagenase I at 37 ◦C was within 120 h. 
The degradation rate of the collagen scaffold in collagenase was about 
0.686 ± 0.132 μg/h⋅IU. The elasticity modulus of the collagen scaffold 
was about 25.25 ± 1.951 kPa. HscNPCs cultured on a collagen scaffold 
showed that cells could extend long axons on the sacffold (Fig. 2C). Cell 
viability was measured by AO/PI staining. 106 hscNPCs cultured on a 
collagen scaffold were all alive after cultured for 2 weeks (Fig. 2D). 

To obtain mature spinal cord dorsal or ventral INs, the half-cylinder 
scaffolds with hscNPCs were incubated with different cocktails for 
dorsal or ventral induction, respectively. The engineered human em-
bryonic spinal cord-like tissues with dorsal and ventral neuronal char-
acters were generated with this method (Fig. 2E and F). According to the 
morphogens during spinal cord development, BMP4 was added to the 

Fig. 1. Characterization of hscNPCs. (A) Immunofluorescence staining with various developmental markers. Scale bar = 100 μm. (B) Quantification of the per-
centage of various markers in (A). *p＜0.05, **p＜0.01, both compared with Nestin. Immunofluorescence staining with (C) spinal cord dorsal progenitor marker 
PAX3. Scale bar = 200 μm. and (D) cervical marker HOXC5. Scale bar = 100 μm. Quantification of (E) percentage of PAX3+ cells. and (F) percentage of HOXC5+

cells. (G) Schematic diagram of DV-SC transplantation in SCI rats and rhesus monkeys. 
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dorsal differentiation medium, and SAG and LDN-193189 were added to 
the ventral differentiation medium. Immunofluorescence staining 
(Fig. 2G, H, Fig. 2L, and Fig. 2N) and Q-PCR analysis (Supplementary 
Fig. 2A and Supplementary Fig. 2B) showed that spinal cord dorsal or 
ventral INs appeared after being differentiated for 30 d in vitro. There 
were 10.5% ± 1.5% and 3.9% ± 0.9% of MAP2+ cells co-labeled with 
BRN3A (a marker of spinal cord dorsal INs di1c – di3, diLB – di5) in the 
dorsal group and ventral group respectively (Fig. 2G, H and I) [19]. 
About 7.8% ± 0.9% and 4.8% ± 1.2% of MAP2+ cells were co-labeled 
with TLX3 (a marker of spinal cord dorsal INs di3, diLB – di5) in the 
dorsal group and ventral group respectively (Fig. 2G, H and J) [19]. 
Furthermore, 17.1% ± 3.9% and 6.8% ± 2.4% of MAP2+ cells were 
co-labeled with LMX1B (a marker of spinal cord dorsal INs diLB - di5) in 
the dorsal and ventral group separately (Fig. 2G, H and K) [19]. In 
addition, we found that in the ventral group approximately 22.5% ±
5.6% of cells expressed spinal cord ventral di6 - V1 INs marker LHX1, 

and 45.6% ± 10.1% of cells expressed spinal cord ventral V1 INs marker 
FOXP2 (Fig. 2L and M) [19]. Moreover, MNPs and MNs emerged in the 
ventral group after 30 d culture. Immunofluorescence staining and 
quantitative data showed that 9.1% ± 4.9% of cells expressed HB9 
(Fig. 2N and O), and 13.1% ± 6.2% expressed ISL 1 (Fig. 2N and P), 
which are both MNs markers, and 8.4% ± 5.8% of cells expressed OLIG2 
(also a marker of MNPs) (Fig. 2N and Q) [19]. 

We performed whole cell patch clamp recording to determine 
whether induced spinal cord dorsal and ventral INs were electrophysi-
ologically mature, as illustrated in Supplementary Fig. 2C [39,52]. To 
test the excitability of these neurons, we first investigated the sponta-
neous electrical discharge evoked by a series of voltage pulses. The re-
cordings showed that the amplitude of the electrical current of spinal 
cord ventral INs (about 700 pA) was larger than in spinal cord dorsal INs 
(about 250 pA). Then we tried to elicit action potential trains by 
injecting a series of currents into the soma of spinal cord dorsal or 

Fig. 2. Construction of engineered human spinal cord-like tissues with dorsal and ventral neuronal progenitors. SEM images showing (A) cross-sectional 
morphology of the collagen scaffold. Scale bar = 30 μm, and (B) longitudinal sectional morphology of the collagen scaffold. Scale bar = 60 μm, and (C) hscNPCs 
cultured on the collagen scaffold for 2 w. Scale bar = 20 μm. (D) Confocal image of AO/PI staining of hscNPCs cultured on collagen scaffold for 2 w. Scale bar = 100 
μm. (E) Macroscopic image of collagen scaffolds loaded with hscNPCs. Scale bar = 4 mm. (F) A schematic diagram of the assembling pattern of pre-differentiated 
dorsal and ventral hscNPCs in vitro. HscNPCs were seeded onto each piece of collagen scaffold and separately pre-differentiated into dorsal or ventral hscNPCs. Cells 
on the dorsal or ventral piece of collagen scaffold were individually labeled with Dil at a dilution ratio of 1:1000 and PKH67 at a dilution ratio of 1:500. The diameter 
of collagen scaffold used for rhesus monkey SCI transplantation was approximately 6 mm. Immunofluorescence staining of spinal cord dorsal INs markers of hscNPCs 
cultured in (G) dorsal medium or (H) ventral medium for 30 d in vitro, scale bar = 100 μm. Quantification of percentage of (I) BRN3A+ cells, (J) TLX3+ cells, (K) 
LMX1B+ cells in DAPI+ cells. *p＜0.05. Immunofluorescence staining of spinal cord (L) ventral INs markers, scale bar = 50 μm, and (N) MNs and MNPs markers of 
hscNPCs cultured in ventral medium for 30 d in vitro, scale bar = 100 μm. Quantification of percentage of (M) LHX1+ and FOXP2+ cells, (O) HB9+ cells, (P) ISL 1+

cells, and (Q) OLIG2+ cells in DAPI+ cells. 

B. Xu et al.                                                                                                                                                                                                                                       



Bioactive Materials 27 (2023) 125–137

131

ventral INs. As a result, we only detected sodium and potassium currents 
instead of action potentials in two groups. This is likely because the 
currents were too weak in immature neurons to produce action poten-
tials. However, the sodium and potassium currents in the spinal cord 
ventral INs group were more volatile than in the dorsal INs group. These 
results demonstrate that hscNPCs could differentiate into spinal cord 
dorsal or ventral INs in vitro, although they were not fully electrophys-
iologically mature. 

3.3. DV-SC survived and gradually matured in the lesion site of rats 

To detect the function of DV-SC in SCI, we transplanted DV-SC into 
rat T8-9 complete spinal cord transection model. Scaffolds loaded with 
undifferentiated hscNPCs (scaffold + NPCs) were also implanted as a 

control (Fig. 3A). Rats in each group were sacrificed at 2 wpi and 2 mpi 
to detect the survival and differentiation of grafted cells. The results 
showed that at 2 wpi, 491,011 ± 212 grafted GFP + cells and 580,102 ±
309 grafted GFP + cells survived in the scaffold + NPCs group and 
scaffold + DV-SC group respectively. At 2 mpi, 205,422 ± 379 grafted 
GFP + cells and 245,532 ± 224 grafted GFP + cells survived in the 
scaffold + NPCs group and scaffold + DV-SC group respectively. At 2 
wpi, >40% of grafted GFP+ cells were immunostained for TUJ1 and ＜ 
15% of GFP+ cells were immunostained for NeuN in both groups (Sup-
plementary Fig. 3). Two months post surgery, about 43.3% ± 5.4% and 
39.1% ± 3.9% of GFP+ grafted cells were co-labeled with TUJ1 in 
scaffold + NPCs group and in scaffold + DV-SC group respectively 
(Fig. 3B and C). Moreover, 12.1% ± 3.7% of grafted GFP+ cells in 
scaffold + NPCs group and 16.9% ± 4.1% in scaffold + DV-SC group 

Fig. 3. Transplantation of scaffold þ NPCs and scaffold þ DV-SC in SCI rats. (A) Schematic diagram of the in vitro and in vivo experimental processes. 
Immunofluorescence staining of (B) TUJ1+ immature neurons and (D) NeuN+ mature neurons in the lesion site at 2 mpi. Scale bar = 50 μm. Quantification of 
percentage of (C) GFP+/TUJ1+ cells, and (E) GFP+/NeuN+ cells in GFP+ cells. Immunofluorescence staining of (F) GFP+/CGRP+/PSD95+ cells in the lesion site at 2 
mpi. Scale bar = 10 μm. (G) Quantification of the percentage of GFP+/CGRP+/PSD95+ cells in GFP+ cells. **p＜0.01. Immunofluorescence staining of grafted cells 
differentiated into spinal cord dorsal INs (H) BRN3A+ cells, (J) TLX3+ cells, (L) LMX1B+ cells, and (N) HB9+ MNs and (P) ISL 1+ MNs in the lesion site at 2 mpi. Scale 
bar = 25 μm. Quantification of (I) GFP+/BRN3A+ cells, (K) GFP+/TLX3+ cells, (M) GFP+/LMX1B+ cells, (O) GFP+/HB9+ cells and (Q) GFP+/ISL 1+ cells in GFP+

cells in the lesion site. *p＜0.05, **p＜0.01. 
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differentiated into mature neurons labeled for NeuN (Fig. 3D and E). 
We further investigated whether these mature neurons maintained 

spinal cord dorsal or ventral INs identities in vivo. We found that a few 
spinal cord dorsal INs or MNs could be detected in the lesion area in the 
scaffold + DV-SC group at 2 mpi. Immunofluorescence staining and 
quantitative data illustrated that there were 9.1% ± 2.8% of GFP+/ 
BRN3A+ cells (spinal cord dorsal di1c – di3, diLB – di5 INs) (Fig. 3H and 
I), 6.7% ± 1.1% of GFP+/TLX3+ cells (spinal cord dorsal di3, diLB – di5 
INs) (Fig. 3J and K), 11.3% ± 3.5% of GFP+/LMX1B+ cells (spinal cord 
dorsal diLB – di5 INs) (Fig. 3L and M), 7.1% ± 2.5% of GFP+/HB9+ cells 
(MNs) (Fig. 3N and O), and 2.8% ± 1.3% of GFP+/ISL 1+ cells (MNs) 
(Fig. 3P and Q) in GFP+ grafted cells identified in the lesion area in the 
scaffold + DV-SC group. It was significantly higher than that in the 
scaffold + NPCs group. 

We also tested the number of CGRP+ and 5-HT+ nerve fibers, and 
synapse formation in the lesion area in both groups. Immunofluores-
cence staining results revealed that several GFP+ grafted cells formed 
contacts with host CGRP+/GFP− axons in the scaffold + DV-SC group, 
and some of these cells were PSD95+ (18.3% ± 3.9%), suggesting syn-
aptic connections between the DV-SC and host axons, however, there 
were no GFP+/CGRP+/PSD95+ axons in the scaffold + NPCs group 
(Fig. 3F and G, p＜0.01). Additionally, we found that 5-HT+ nerve fibers 
rarely extended into the lesion site in both groups. These data indicate 
that grafted DV-SC can survive and differentiate into mature neurons 
with spinal cord dorsal and ventral INs identities in rat lesion region at 2 
mpi. 

3.4. DV-SC graft promoted electrophysiological and motor function 
recovery in SCI rats 

Fig. 4A was the schematic diagram of electrophysiological test. The 
CMEPs results demonstrated that responsive waves already emerged in 
rats with only collagen scaffold implantation after SCI (Fig. 4B, blue 
line).The latent period of scaffold + DV-SC group (6.38 ± 0.13 m s) was 
longer than that in the scaffold + NPCs group (5.28 ± 0.05 m) (Fig. 4C). 
However, the amplitude of the hindleg in the scaffold + DV-SC group 
(0.38 ± 0.2 mV) (Fig. 4D) was statistically larger than in the scaffold +
NPCs group (0.14 ± 0.02 mV) (p＜0.001) or the scaffold group (0.03 ±
0.01 mV) (p＜0.001). 

Recovery of hindlimb motor function was evaluated by BBB score. 

We observed that at 2 mpi in the scaffold + DV-SC group, the BBB score 
(6.7 ± 0.9) (Fig. 4E, Supplementary Video S1) was significantly higher 
than in the scaffold + NPCs group (5.3 ± 0.5) (p＜0.05). This means that 
rats with DV-SC implantation could almost move all three large hin-
dlimb joints (hip, knee, and ankle), while rats with undifferentiated 
NPCs implantation could move only one large joint. 

Supplementary data related to this article can be found at https://doi 
.org/10.1016/j.bioactmat.2023.03.015. 

3.5. DV-SC survived, matured, and formed synapses with host motor and 
sensory axons in injured spinal cord of rhesus monkeys 

Considering monkeys are more similar to humans than rats, we also 
transplanted DV-SC or undifferentiated hscNPCs into T8-9 spinal cord 
transection model of rhesus monkeys. The schematic diagram of trans-
plantation was demonstrated in Fig. 5A. Rhesus monkeys in the scaffold 
+ DV-SC group were sacrificed at 7 dpi, 20 dpi, 2 mpi, 4 mpi, and 6 mpi 
to detect the survival and differentiation of grafted cells. To enhance the 
survival and neuronal differentiation of grafted cells in monkeys, we 
increased the number of transplanted cells and applied triple-drug 
immunosuppression. The results showed that at 2 mpi, 5123,208 ±
2519 grafted GFP + cells and 6061,300 ± 1317 grafted GFP + cells 
survived in the scaffold + NPCs group and scaffold + DV-SC group 
respectively. At 6 mpi, 2319,500 ± 2137 grafted GFP + cells and 
2632,625 ± 1510 grafted GFP + cells survived in the scaffold + NPCs 
group and scaffold + DV-SC group respectively. Immunofluorescence 
staining analysis and quantitative analysis demonstrated that at 2 mpi, 
there were 40.1% ± 9.8% and 30.5% ± 5.5% of grafted GFP+ cells still 
expressed TUJ1 in the damage zone in scaffold + NPCs group and 
scaffold + DV-SC group, respectively (Supplementary Fig. 4A and Sup-
plementary Fig. 4B). However, the percentage of TUJ1+ neurons in 
grafted GFP+ cells decreased in both groups at 6 mpi, and the percentage 
of transplanted TUJ1+ cells in GFP+ cells was 28.1% ± 4.9% and 12.8% 
± 3.5% in the scaffold + NPCs and scaffold + DV-SC groups, respectively 
(Fig. 5B and C, p＜0.05). Similarly, the percentage of transplanted 
NeuN+ mature neurons in GFP+ cells increased from 2 mpi to 6 mpi in 
both groups. At 2 mpi, 9.1% ± 3.2% and 15.1% ± 2.9% of grafted GFP+

cells were positively immunostained for NeuN in the damage zone in the 
scaffold + NPCs and scaffold + DV-SC groups, respectively (Supple-
mentary Fig. 4C and Supplementary Fig. 4D). With the continued 

Fig. 4. Transplantation of scaffold þ DV-SC promoted electrophysiological and motor function recovery in SCI rats. (A) Schematic diagram of rat CMEPs 
evaluation. (B) Waves of CMEPs of rats in each group after 2 mpi. (C) Latent periods and (D) amplitude of waves in each group at 2 mpi. *p < 0.05, **p < 0.01, ***p 
< 0.001. (E) BBB score of rats in each group at 2 mpi. #p < 0.05 compared with the scaffold group, *p < 0.05 compared with the scaffold + NPCs group, **p < 0.01 
compared with the scaffold + NPCs group. 
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maturation of grafted GFP+ cells, the cell percentage increased to 48.2% 
± 3.5% and 65.2% ± 5.1% in the scaffold + NPCs group and scaffold +
DV-SC group at 6 mpi, respectively (Fig. 5D and E, p＜0.05). Remark-
ably, a larger proportion of grafted GFP+ cells in the scaffold + DV-SC 
group differentiated into mature NeuN+ neurons at the damage site 
compared with the scaffold + NPCs group. 

We supplemented with the immunostaining of macrophage/micro-
glia marker CD68 of grafted GFP+ cells in both groups at 6 mpi to show 
phagocytosis (Supplementary Fig. 5).We observed that only a small 
number of GFP+ and CD68+ double immunostained cells were in the 
lesion site in two groups. 

Subsequently, we confirmed that mature neurons derived from 
grafted cells could still keep spinal cord dorsal or ventral INs charac-
teristics in the damage site. Compared with the scaffold + NPCs groups, 

a larger number of mature postmitotic spinal cord dorsal and ventral INs 
were observed in the damage zone at 6 mpi in the scaffold + DV-SC 
group (Fig. 5J–U). In the scaffold + NPCs group, we found no spinal cord 
dorsal INs GFP+/BRN3A+ cells or GFP+/TLX3+ cells, whereas a 
remarkable increase of GFP+/BRN3A+ cells (Fig. 5J and K, 13.3% ±
4.1%, p＜0.01) and GFP+/TLX3+ cells (Fig. 5L and M, 16.7% ± 3.9%, p 
＜0.01) were observed at the damage site in the scaffold + DV-SC group. 
Similarly, MNs and spinal cord ventral INs showed a similar trend. 
Compared with the scaffold + NPCs group, which had no HB9+ or ISL 1+

MNs, 13.6% ± 1.9% of GFP+/HB9+ and 3.6% ± 1.2% of GFP+/ISL 1+

MNs in GFP+ grafted cells were observed in the scaffold + DV-SC group 
(Fig. 5P and Q, p＜0.01. Fig. 5R and S, p＜0.01). In the scaffold + DV-SC 
group, 11.1% ± 2.8% of spinal cord ventral neurons GFP+/FOXP2+ V1 
INs and 2.3% ± 0.7% of GFP+/SIM1+ V3 INs in GFP+ grafted cells were 

Fig. 5. Transplantation of scaffold þ NPCs and scaffold þ DV-SC in rhesus monkeys. (A) The experimental schematic diagram of the in vitro and in vivo 
processes. Immunofluorescence staining of grafted cells differentiated into (B) TUJ1+ immature neurons and (D) NeuN+ mature neurons in the lesion site at 6 mpi. 
Scale bar = 100 μm. Quantification of (C) percentage of GFP+/TUJ1+ cells in GFP+ cells. *p＜0.05. and (E) percentage of GFP+/NeuN+ cells in GFP+ cells. *p＜0.05. 
Immunofluorescence staining of (F) GFP+/CGRP+/PSD95+ cells, scale bar = 50 μm, and (H) GFP+/5-HT+/SYP+ cells in the lesion site at 6 mpi. Scale bar = 10 μm. 
Quantification of the percentage of (G) GFP+/CGRP+/PSD95+ cells and (I) GFP+/5-HT+/SYP+ cells in GFP+ cells. **p＜0.01. Immunofluorescence staining of grafted 
cells differentiated into spinal cord dorsal INs (J) GFP+/BRN3A+ cells, (L) GFP+/TLX3+ cells, or spinal cord ventral INs (N) GFP+/FOXP2+ cells, (T) GFP+/ 
SIM1+cells, or MNs (P) GFP+/HB9+ cells, (R) GFP+/ISL 1+ cells in the lesion site at 6 mpi. Scale bar = 25 μm. Quantification of percentage of (K) GFP+/BRN3A+

cells, (M) GFP+/TLX3+ cells, (O) GFP+/FOXP2+ cells, (U) GFP+/SIM1+cells, (Q) GFP+/HB9+ cells, and (S) GFP+/ISL 1+ cells in GFP+ cells. *p＜0.05, **p＜0.01. 
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found. This was higher than that in the scaffold + NPCs group, which 
had no GFP+/FOXP2+ or GFP+/SIM1+ cells at the lesion site (Fig. 5N 
and O, p＜0.01. Fig. 5T and U, p＜0.01). Supplementary Fig. 6 were 
single channel images of Fig. 5J, L, N, P, R, and T with arrows pointing to 
the co-staining cells to visualize the marker expression more clearly. 

5-HT+ efferents, CGRP+ afferents, and synapse formation in the 
lesion region were also examined. At 6 mpi, in the scaffold + DV-SC 
group, 35.3% ± 4.1% of GFP+ donor cells formed PSD95+ synapses with 
host CGRP+/GFP− axons, significantly higher than that in the scaffold +
NPCs group (Fig. 5F and G, p＜0.01). Furthermore, in the scaffold + DV- 
SC group, we observed there were some 5-HT+ nerve fibers at the lesion 
site, and some SYP+ synapses formed between them and the GFP+ donor 
cells (18.5% ± 2.5%) (Fig. 5H and I), however, in the scaffold + NPCs 
group, a few 5-HT+ nerve fibers extended into the injury center (Fig. 5H 
and I, 2.5% ± 1.1%, p＜0.01). In addition, we found that a small number 
of BRN3A+ neurons derived from grafted GFP+ cells contacted with host 
GFP− /CGRP+ axons in the lesion site in the scaffold + DV-SC group at 6 
mpi (Supplementary Fig. 7). 

To further demonstrate tissue remodeling and collagen scaffold 
degradation, we have supplemented with histological analysis for H&E 
and Picrosirus Red for collagen in the scaffold + DV-SC group in mon-
keys at different time point after implantation (Supplementary Fig. 8A 
and Supplementary Fig. 8B). The results demonstrated that the collagen 
was progressively degraded. For detecting the exogenous GFP+ cells, we 
used Nissl staining to confirm the existence of neurons in lesion sites 
(Supplementary Fig. 8C). The results showed that there were more 
neurons in the lesion site in the scaffold + DV-SC group than in scaffold 
+ NPCs group at 2 mpi, 4 mpi, and 6 mpi (Supplementary Fig. 8D, 
Supplementary Fig. 8E and Supplementary Fig. 8F). Together with these 
data, we propose the neural regeneration is accompanied by matrix 
degradation, which is a typical phenomenon for tissue repair. 

These results demonstrated that grafted DV-SC could survive and 
differentiate into mature neurons that still possessed spinal cord dorsal 
and ventral INs characteristics in SCI lesions of rhesus monkeys at 6 mpi. 
DV-SC could also form synapses with host motor and sensory axons in 
injured spinal cord of rhesus monkeys. 

3.6. DV-SC graft prominently improved electrophysiological and motor 
function recovery in SCI rhesus monkeys 

We also assessed SCMEPs and hindlimb motor function recovery in 
rhesus monkeys. The amplitude of a normal SCMEPs wave was 
approximately 78 μV (Fig. 6B). Until the end of the observation period, 
SCMEPs responses were discovered in two rhesus monkeys. One was in 

the subject F7 rhesus monkey, with an amplitude similar to the normal 
wave; the other was in the subject F11 rhesus monkey, with an ampli-
tude that was approximately 41 μV in the scaffold + DV-SC group at 6 
mpi (Fig. 6B). These responses were not observed in the scaffold + NPCs 
group (Fig. 6B). 

The hindlimb movement abilities in DV–SC–implanted rhesus mon-
keys were continuously observed during the experimental period. At 6 
mpi, the muscle strength of the hindlimb was partially restored, and one 
rhesus monkey (F11) in the scaffold + DV-SC group (Fig. 6C and Sup-
plementary Video S2) could alternately lift left and right knee joint 
several times, though its hindlimb joint movements could not be 
observed at 3 mpi (Supplementary Video S3). The rhesus monkeys in the 
control group (Fig. 6C and Supplementary Video S4) and the scaffold +
NPCs group (Fig. 6C and Supplementary Video S5) were unable to move 
their hindlimb joints during the entire observation period. These find-
ings reveal that DV-SC transplantation could promote electrophysio-
logical and hindlimb motor function recovery in rhesus monkeys 
following SCI. 

4. Discussion 

NPCs-based therapy has been regarded as a promising and potential 
therapeutic method for treating SCI. However, in SCI animal models, 
grafted NPCs within the injured area are seldom differentiated into 
distinct types of functional spinal cord neurons in a short therapeutic 
window period. In our study, we attempted to pre-differentiate human 
NPCs in vitro to obtain dorsal and ventral spinal cord neuronal pro-
genitors on collagen scaffold before transplantation in vivo. The im-
plantation of DV-SC in SCI animals could survive and mature to produce 
dorsal and ventral functional neurons to promote SCI repair. 

We isolated and cultured human spinal cord NPCs from a gestational 
7-week-old human embryo spinal cord. This was performed based on 
one of our published works assessing high-throughput single-cell RNA 
sequencing for developing the human spinal cord. Seven weeks of 
gestation is a key time point for transforming neuronal differentiation to 
astrocytic differentiation [20]. At this time, almost all spinal cord cells 
are lineage-restricted neuronal progenitors. Astrocyte markers (GFAP 
and ALDH1L1) do not emerge until after 8 weeks of gestation. These 
high-purity neuronal progenitors could benefit our subsequent research 
by producing many spinal cord dorsal and ventral neurons. We propose 
the plasticity of NPCs isolated from embryo spinal cord before 7 weeks of 
gestation is appropriate to induce differentiation into distinct sub-
populations of neurons. 

In 2018, Dulin et al. demonstrated that injured rat host CGRP+

Fig. 6. Transplantation of scaffold þ DV-SC improved electrophysiological and motor function recovery in rhesus monkeys. (A) Schematic diagram of 
rhesus monkey SCMEPs evaluation. (B) Waves of SCMEPs of rhesus monkeys in each group after 6 mpi. (C) Images of hindlimb joint movements of rhesus monkeys in 
each group at 6 mpi. Subject F11 rhesus monkey in scaffold + DV-SC group could lift left and right knee joints several times. 
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sensory axons can selectively innervate graft domains populated with 
particular dorsal neuronal subtypes and avoid domains filled with 
inappropriate targets. In their work, grafted NPCs formed a dorsal horn- 
like structure that contained spinal cord dI4-dI6 neurons identified by 
LBX1 expression [21,53]. In our work, pre-differentiated dorsal and 
ventral hscNPCs can generate dorsal and ventral neurons, including 
BRN3A+ neurons representing spinal cord dorsal di1c - di3, diLB - di5 
INs, TLX3+ neurons representing spinal cord dorsal di3, diLB - di5 INs, 
HB9+ and ISL 1+ MNs, and FOXP2+ neurons representing ventral V1 INs 
and SIM1+ neurons representing ventral V3 INs. Similarly, we found 
that host efferents and afferents could target corresponding 
graft-derived axons; for example, CGRP+ afferents could innervate 
graft-derived sensory neurons and form synapses. Additionally, host 
5-HT+ efferents could innervate graft-derived MNs and form synapses. 
We thought that the enhancement of electrophysiological results and 
hindlimb motor functions could be associated with graft integrating into 
the inherent host spinal cord neural network, which could partially 
resume interrupted spinal cord neural circuitry in the damaged area. 

Similar with many studies for NPCs transplantation [54], the grafted 
cells tended to disperse into the surrounding normal spinal tissue and 
rarely retain at injured sites because of the flow of cerebrospinal fluid. It 
might be also related to the adequate nutrition of spared tissues mobilize 
the implanted cells towards the spared tissues. We propose the GFP cells 
in the spared tissue also contribute to the recovery of SCI animals, 
because SCI often leads to the degenerative microenvironment in the 
distal sites of spinal cords. 

We found that grafted cells within an injured area in rats or rhesus 
monkeys differentiated into fewer neurons in vivo than in vitro. When 
differentiated in vitro for 30 d, about 50% of hscNPCs could become 
mature MAP2+ spinal cord dorsal INs, and 70% of hscNPCs could 
become MAP2+ ventral INs. However, when transplanted in vivo, the 
percentage of graft-derived mature spinal cord dorsal and ventral INs 
was lower. Less than 20% of grafted pre-differentiated dorsal and 
ventral hscNPCs differentiated into mature NeuN + neurons in rats or 
monkeys at 2 mpi. Compared with an in vitro environment, injured 
myelin-forming oligodendrocytes in the lesion area release a mass of 
myelin-associated proteins, such as Nogo, myelin-associated glycopro-
tein, and oligodendrocyte myelin glycoprotein [55,56]. Nogo, 
myelin-associated glycoprotein, and oligodendrocyte myelin glycopro-
tein reportedly play crucial roles in inhibiting axon regeneration and the 
neuronal differentiation of NSPCs by activating the epidermal growth 
factor receptor signaling pathway [13,15,57,58]. In addition, ischemia 
and oxidative stress after SCI contribute to a cascade of inflammation, 
excitotoxicity, and enzyme inactivation during the secondary injury 
phase, which can lead to neuronal death [59]. For this reason, providing 
exogenous delivery of chemotrophic neurotrophic protein factors could 
be important in future work for improving the neuronal differentiation 
of grafted cells. 

Compared with transplantation into SCI rats, more grafted cells 
differentiated towards mature neurons in SCI rhesus monkeys. We 
attributed this to two reasons. First, this could be associated with more 
grafted hscNPCs (107 cells) being grafted in rhesus monkeys than (106) 
in rats. Lu et al. demonstrated that engrafted NSPCs could naturally 
secrete significant quantities of several neurotrophic factors, including 
nerve growth factor (NGF), BDNF, and GDNF [60]. NGF combined with 
BDNF can remarkably improve NSPC neuronal differentiation [61–65], 
and GDNF has also been reported to have a positive effect on neuronal 
differentiation of NSPCs [66–68]. Therefore, more grafted hscNPCs can 
secrete more neurotrophic factors, which helps generate more mature 
neurons in rhesus monkeys than in rats. Second, to increase the graft 
survival rate, we increased the size of the collagen scaffold to 7 mm × 8 
mm × 4 mm to seed more hscNPCs and applied more immunosuppres-
sion. Using these methods, more grafted neuronal-restricted progenitors 
can survive in the injured spinal cord. 

Synapse formation is very important for the function of DV-SC. First, 
the diverse types of neurons in DV-SC might be crucial for forming 

functional synapse. It might be related to the more neuronal circuit 
formation by different INs and MNs in DV-SC compared to undifferen-
tiated NPCs. Second, DV-SC might produce more neurotrophic factors 
than undifferentiated NPCs due to they differentiate into mature neu-
rons. Neurotrophic factors also potentiate synapse formation between 
grafted DV-SC donors and host 5-HT+ or CGRP+ axons, such as BDNF 
[69], NGF [70] and GDNF [71]. As a result, DV-SC could establish more 
synaptic contacts with host nerve axons than undifferentiated NPCs. 

In conclusion, our work demonstrated that after transplanting pre- 
differentiated dorsal and ventral hscNPCs into rat or rhesus monkey 
T8-9 spinal cord transected injury models, grafts could differentiate into 
mature neurons and maintain their spinal cord dorsal and ventral neu-
rons identities. Several 5-HT+ motor axonal efferents and CGRP+ sen-
sory axonal afferents were observed in the injured area of rhesus 
monkeys. Host 5-HT+ axons and CGRP+ axons separately came into 
contact with graft-derived motor axons and sensory axons and formed 
synapses with them. Grafts integrated into host nerve fibers could 
contribute to partially recovering interrupted neuronal circuits, thus 
promoting SCI animals’ electrophysiological signaling and hindlimb 
motor function recovery. Our findings suggest that transplantation of 
pre-differentiated dorsal and ventral hscNPCs could provide a reference 
for supporting the better assembly of new neuronal circuits and gaining 
greater functional recovery in future work on SCI translation. 

5. Conclusions 

In conclusion, our work demonstrated that after transplanting DV-SC 
into rat or rhesus monkey T8-9 spinal cord transected injury models, 
grafts could differentiate into mature neurons and maintain their spinal 
cord dorsal and ventral neurons identities. Several 5-HT + motor axonal 
efferents and CGRP + sensory axonal afferents were observed in injured 
areas of rhesus monkeys. Host 5-HT+ axons and CGRP+ axons came into 
contact with graft-derived motor axons and sensory axons separately 
and formed synapses. Grafts integrated into host nerve fibers could 
contribute to partially recovering interrupted neuronal circuits, thus 
promoting SCI electrophysiological signaling and hindlimb motor 
function recovery in certain animals. 
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