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Abstract: Objectives: To explore the possible mechanism of human umbilical cord mesenchymal stem cell (hUC-
MSC) transplantation in mice after spinal cord hemisection. Methods: Thoracic spinal cord hemisection injuries 
were performed on adult female Kunming mice. The mice with spinal cord injury (SCI) were injected with hUC-MSCs 
suspended in normal saline, while the control mice received an equal volume of normal saline. The histological HE 
staining and Nissl staining were performed 4 and 8 weeks after hUC-MSC transplantation in SCI mice. The Basso-
Beattie-Bresnahan (BBB) locomotor rating scale was used to assess functional recovery after SCI. Western blotting 
was performed to determine the protein expressions. Results: hUC-MSCs transplantation decreased cavitation and 
tissue loss and increased the number of Nissl bodies in the damaged areas of the spinal cord after 4 and 8 weeks. 
The BBB locomotor performance of the transplanted mice was significantly improved (P<0.01). The wet weight of 
the injured side of the gastrocnemius muscle was significantly higher in the transplant group than that in the control 
group. Western blotting showed that TUJ1 and Olig2 expressions were significantly higher in hUC-MSC-grafted mice 
than those in vehicle controls. Three days after hUC-MSC transplantation, the expressions of TNF-α and NF-κB were 
higher in MSC-grafted mice than those in vehicle controls. However, 4 weeks after stem cell transplantation, the ex-
pressions of these two factors decreased in hUC-MSC-grafted mice compared with those in the vehicle controls. At 8 
weeks after hUC-MSC transplantation, the expression of PTBP-1 was decreased in hUC-MSC-grafted mice compared 
with that in vehicle controls. Conclusions: hUC-MSC transplantation can protect neuron survival, promote myelin 
repair, and control glial scar formation in SCI mice.
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Introduction

Spinal cord injury (SCI) is a severe disease of 
the nervous system, with an annual worldwide 
incidence of approximately 22 in 100 million 
people [1]. Current treatments for SCI include 
surgical decompression and fixation, support-
ive medications and rehabilitation therapy. 
However, the therapeutic effect is not yet satis-
factory. Most patients with SCI have permanent 
disabilities, including loss of bowel and bladder 
faculties, intractable pain, and sensory and 
motor functions impairment [2].

In recent years, stem cells have received exten-
sive attention as seed cells for SCI treatment. 

Human umbilical cord mesenchymal stem cells 
(hUC-MSCs) are easy to isolate and culture, 
with strong proliferation capacity, low immuno-
genicity, multi-directional differentiation poten-
tial, and no tumorigenicity. Besides, these cells 
are safe and have no ethical and moral dis-
putes, making hUC-MSCs the best seed cells 
for the treatment of SCI. But stem cell therapy 
has not been approved for the clinical treat-
ment of SCI [3, 4].

Polypyrimidine tract-binding proteins (PTBPs) 
are RNA-binding proteins that regulate several 
post-transcriptional events. Human PTBP-1 
transitions between the nucleus and cytoplasm 
are believed to be able to regulate RNA pro-
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cesses [5]. The main functions of PTBP-1 
include splicing regulation, terminal process-
ing, and internal ribosome entry site mediated 
translation, localization, and mRNA stability. As 
a transcription factor, PTBP-1 plays an impor-
tant role in embryonic development, particular-
ly in neuronal differentiation [6, 7]. The PTBP-1 
knockout embryo sac could not establish a 
stem cell line, which completely prevented 
blastocyst implantation [8]. PTBP-1 depletion 
promotes the transdifferentiation of fibroblasts 
into neurons [9]. Astrocytes proliferate abnor-
mally after SCI. Glial scars are mainly formed by 
reactive astrocytes with high expression of the 
glial fibrillary acidic protein (GFAP) around the 
cavity of SCI. A study published in 2020 showed 
that astrocytes could transform into mature 
neurons by single PTBP-1 knockdown in mice 
and humans [10].

Inflammation is an important pathophysiologi-
cal process in SCI, and TNF-α and NF-κB are 
involved in this process. However, the role of 
TNF-α/NF-κB in the repair mechanisms of SCI 
and whether hUC-MSCs inhibit glial scar forma-
tion and promote neuronal regeneration by 
regulating the expression of PTBP-1 have not 
yet been determined. This study aimed to 
assess the safety and neurological effects of 
allogeneic hUC-MSC transplantation in mice 
after spinal cord hemisection at the First 
Affiliated Hospital of the Dalian Medical 
University in China. This preliminary study also 
explored the mechanisms of inflammation and 
astrocyte scar regulation during the hUC-MSC 
treatment for SCI mice. Our results demon- 
strated that direct injection of hUC-MSCs into 
thoracic SCI models is safe, well-tolerated, and 
of modest benefit neurologically. PTBP-1 and 
TNF-α/NF-κB are involved in the repair mecha-
nisms of hUC-MSC transplantation in SCI mice.

Materials and methods

Preparation of the hUC-MSCs and cell quality 
control

Before hUC-MSC collection, the identity and 
information of the donor were confirmed. The 
donor completed the “informed consent for col-
lection and preservation of samples” from the 
donor organization. Immediately after child-
birth, the umbilical cord was clamped and cut 
5-7 cm from the umbilicus. The tissue was cut 
into 2-3 cm segments under aseptic condi-

tions. hUC-MSCs were isolated and cultured in 
the laboratory following good manufacturing 
practice (GMP). Cultured cells were passaged 
when cell fusion reached 80-90%. After one to 
four passages, we tested the quality of the P1 
cells (both the cells and media) by flow cytom-
etry. Thereafter, all of the hUC-MSCs were 
stored in liquid nitrogen until use. The differen-
tiation of hUC-MSCs into osteoblasts, chondro-
cytes, and adipocytes was identified. Before 
releasing hUC-MSCs for transplantation, in- 
process quality testing of the cells at each pas-
sage was performed for cellular endotoxins, 
mycoplasmas, bacteria, fungi, and viruses. This 
study was conducted in accordance with the 
Declaration of Helsinki and was approved by 
the Ethics Committee of the First Affiliated 
Hospital of the Dalian Medical University (regis-
tration number: LCKY2016-58).

Establishment of SCI mouse model

Thoracic spinal cord hemisection injuries were 
performed on adult female Kunming mice. The 
mice were housed in groups of 4-5 under a 
12-h light/12-h dark cycle at 22°C, fed ad  
libitum, and maintained in a facility accredited 
by the Association for the Assessment and 
Accreditation of Laboratory Animal Care In- 
ternational. Spinal cord hemisection was per-
formed under 10% chloral hydrate (40 mg/kg) 
intraperitoneal injection anesthesia and pro-
phylactic administration of penicillin (40,000 
units per mouse). A dorsal laminectomy was 
performed on T10 to expose the spinal cord. 
Hemisection injury was induced using the No. 
11 surgical blade at the T10 level of the right 
half of the spinal cord with the mouse. After 
hemisection, the deep and superficial muscle 
layers were sutured. SCI mice received manual 
bladder expression twice daily and were 
inspected for weight loss, dehydration, and dis-
tress with veterinary care. This study was per-
formed under a protocol approved by the 
Institutional Animal Care and Use Committee of 
Medical University.

Transplantation of hUC-MSCs in the SCI mice 
and preparation of the samples

Cell or vehicle injection occurred simultaneous-
ly with the induction of SCI. A total of 30 µL of 
hUC-MSCs (1×104 cells/µL or 2×104 cells/µL, 
13 mice in each group) suspended in normal 
saline was injected subpially along the injured 
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spinal cord at the lesion epicenter using a 50 
µL microsyringe with injection speed of 5 μL/
min. Control animals (13 mice) received an 
equal volume of normal saline at the same 
injection rate. Animals were sacrificed, perfu-
sion fixed, and removed for spinal cord 3 days 
or 4 weeks after hUC-MSC transplantation to 
evaluate TNF-α and NF-κB expressions, or 8 
weeks after the operation to determine PTBP- 
1 expression and conduct other tests. Fixation 
was accomplished using 4% paraformalde- 
hyde (PFA; Sigma) in 0.1 M PIPES buffer, pH 
6.9, for 24 h, followed by immersion in PBS  
containing 30% sucrose. Spinal cords were cut 
into 5 µm thick frozen longitudinal sections, 
and then we performed histological HE staining 
and Nissl staining 4 and 8 weeks after hUC-
MSC transplantation in SCI mice.

Hematoxylin-eosin (H&E) staining and Nissl 
staining

First, the slices were immersed in hematoxylin 
for 1 h, rinsed in distilled water for 2 min, sepa-
rated in 1% hydrochloric acid for 5 s, and 
returned to hematoxylin for 5 s in ammonia 
water. Next, the slices were immersed in eosin 
for 1 min and serially dehydrated in increasing 
concentrations of ethanol: 60%, 75%, 80%, 
95%, and 100% for 5 s each. This was follow- 
ed by clearing for 2×2 min in xylene. Finally, the 
samples were coverslipped using Permount 
(Fisher Scientific).

For Nissl staining, the slices were stained with 
1% toluidine blue in an oven at 60°C for 1 h  
and then rinsed in distilled water for 5 s. Then, 
the slices were separated in a special color 
separation solution (anhydrous ethanol: chloro-
form: ether =1:1:1) for 5 s and serially dehy- 
drated in increasing concentrations of ethanol: 
50%, 75%, 80%, 95%, and 100% for 5 s each. 
This was followed by clearing for 2×2 min in 
xylene. Finally, the samples were coverslipped 
using Permount (Fisher Scientific).

Behavioral test and wet weight of skeletal 
muscle that loses innervation

The Basso-Beattie-Bresnahan (BBB) locomotor 
rating scale was used to assess functional 
recovery after SCI. Each mouse was individually 
assessed for 2 min and scored by two indepen-
dent observers in an open field [11]. Testing 
was performed 1 day and 3 days after SCI and 

continued weekly for 8 weeks. The mean group 
scores for the hind limb ipsilateral to the T10 
hemisectioned SCI mice were assessed. The 
dissected spinal cords were sectioned into 
axial sections.

At 8 weeks post-injury, mice were anesthetized 
by intraperitoneal injection of 10% chloral 
hydrate. The skin and subcutaneous tissue of 
the right hind limb were cut, the gastrocne- 
mius muscles of each group were completely 
removed, and the connective tissue on the sur-
face was carefully removed. The wet weight of 
the muscles was weighed using an electronic 
analytical balance (index value 0.001 mg), and 
the average value of the skeletal muscle wet 
weight of each group of SCI mice was 
recorded.

Immunofluorescence analysis and western 
blot

Eight weeks after hUC-MSC intervention in  
SCI mice, we collected frozen sections of the 
spinal cord of SCI mice (see section 2.3). The 
slices were fixed in cold acetone at 4°C for 30 
min and then repaired in citrate buffer for 3 
min. Thereafter, the slices were incubated with 
0.5% Triton X100 (phosphate buffer) for 20  
min at 37°C to destroy the cell membrane and 
incubated for 30 min in goat serum or 5% BSA 
to block non-specific antibody binding. The  
sections were then incubated overnight at 4°C 
with primary antibodies against β-tubulin iso-
type III (TUJ1, mouse from Sigma-Aldrich, 
1:800) to label neurons, oligodendrocyte tran-
scription factor (OLIG2, rabbit from Protein- 
tech, 1:300) to label oligodendrocytes, GFAP 
(goat from Abcam, 1:1000) to label astrocytes, 
and polypyrimidine tract-binding protein 1 pro-
tein (PTBP-1, rabbit form Abcam, 1:2000). After 
the primary incubation, the sections were 
washed and incubated at 37°C for 2 h with 
Alexa 488 or 594 conjugated donkey se- 
condary antibodies (1:200). The slices were 
stained with nuclear stain DAPI (1:100) at room 
temperature. Thereafter, the sections were 
washed, mounted on slides, and covered with 
Fluoromount G (Solarbio).

Samples were collected, and the tissue was 
lysed in a mixed extraction reagent containing 
protease and phosphatase inhibitors, and the 
lysate was centrifuged (12,000 rpm, 5 min, 
4°C). The supernatant was collected and pre-
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served at 80°C. Protein concentrations were 
determined using the Bradford assay. Sampl- 
es were electrophoresed on a 12% SDS-PAGE 
gel and transferred to nitrocellulose mem-
branes. After blocking with 5% skim milk in  
PBS containing 0.1% Tween20 (PBST), the 
membranes were incubated with the follow- 
ing antibodies overnight at 4°C: mouse anti-β 
tubulin III (TUJ1, Sigma-Aldrich, 1:1,000), rabbit 
anti-OLIG2 (Proteintech, 1:400), and goat anti-
GFAP (Abcam, 1:1000) 8 weeks after hUC- 
MSC transplantation in SCI mice. For the evalu-
ation of TNF-α and NF-κB expressions, we uti-
lized rabbit anti-TNF-α (Proteintech, 1:600) and 
rabbit anti-NF-κB (Abcam, 1:1000) antibodies 
for western blotting 3 days and 4 weeks after 
hUC-MSC transplantation in SCI mice, and  
the membrane was washed three times with 
PBST at room temperature for 10 min. 
Thereafter, the membranes were incubated 
with peroxidase-conjugated antibodies (Pro- 
teintech, 1:8000) at 37°C for 1 h, and then 
washed three times with PBST for 10 min each 
time. The membrane was washed once with 
PBS for 10 min. Electrochemiluminescence 
(ECL) was then developed, and GAPDH and 
β-actin were used as internal references. Image 
J software performed grayscale analysis using 
the gray value of the target protein and the cor-
responding GAPDH and β-actin band gray val-
ues as the relative expression of the protein 
after setting the control group to 1.

Statistical analyses

All data were analyzed using a one-way repeat-
ed measure analysis of variance. All differenc-
es were considered significant at P<0.05. 
Statistical comparisons were analyzed using 
the SPSS19.0 software (Chicago, IL, USA).

Results

Identification and quality control of hUC-MSCs

Before releasing hUC-MSCs for transplanta-
tion, in-process quality testing of the cells at 
each passage was performed for cellular endo-
toxins, mycoplasmas, bacteria, fungi or virus- 
es. All of the above were determined to be neg-
ative for preclinical use. For each passage, to 
analyze the cellular composition of the cells,  
we conducted flow cytometry. The results 
showed that the majority of cells (~99%) 
expressed CD13+, CD44+, CD73+, CD90+, and 

CD105+, with CD14-, CD34-, CD45-, and HLA-
DR-. These results indicate that the transplant-
ed cells consisted mostly of MSCs. After 14 
days of lipogenesis and 21 days of osteogene-
sis and chondrogenesis, hUC-MSCs of different 
generations (P3, P5, P7, P11) were differentiat-
ed into fat, osteogenesis, and chondrogenesis 
(Figure 1).

Establishment of hemisection SCI mouse 
model

The spinal cord of female mice was exposed to 
T10 (Figure 2A). The right half spinal cord of the 
mouse was transected, with obvious bleeding. 
After complete hemostasis (Figure 2B), the 
muscles and skin were sutured layer by layer, 
and the right lower limb of the mouse with 
hemisection of the spinal cord was completely 
paralyzed without joint activity (Figure 2C).

hUC-MSC transplantation promotes locomotor 
recovery, decreases motor neuron loss and 
increases wet weight of denervated skeletal 
muscle in SCI mice

To investigate whether hUC-MSC transplanta-
tion contributes to long-term locomotor recov-
ery in SCI mice, we assessed the BBB locomo-
tor rate scale 1 day, 3 days, 1 week, 2 weeks, 3 
weeks, 4 weeks, 5 weeks, 6 weeks, 7 weeks 
and 8 weeks after transplantation. Moreover, 
we found that BBB locomotor performance  
was significantly improved in 2×107 MSC-
grafted mice compared with that in vehicle  
controls and 1×107 MSC-grafted mice 7 weeks 
and 8 weeks after SCI (Figure 3). At 8 weeks 
post-transplantation (termination of the study), 
the average BBB scores were 1.625±2.722 in 
2×107 MSC-grafted mice (n=13), 1.750± 
2.375 in 1×107 MSC-grafted mice (n=13) and 
0.286±0.756 in vehicle-treated animals (n= 
13). These results suggest that hUC-MSC trans-
plantation significantly improves locomotor 
recovery in hemisectioned SCI mice.

Morphometric analysis by HE staining indicat- 
ed that transplantation of hUC-MSCs 4 and 8 
weeks after SCI decreased cavitation and tis-
sue loss (Figure 4). The effect of hUC-MSC 
transplantation on the distribution of neurons 
in SCI by Nissl staining showed that neurons 
were significantly increased in the injured spi-
nal cord in 2×107 MSC-grafted mice compared 
to those in the vehicle control group after SCI 
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(Figure 5). These results strengthened the 
hypothesis that hUC-MSC transplantation has 
neuroprotective effects on motor neurons in 
SCI mice and contributes to long-term motor 
recovery in SCI mice.

The average value of the skeletal muscle wet 
weight of each animal group is an important 
assessment value. In the preclinical study, the 
wet weight of the right leg gastrocnemius mus-
cle 8 weeks after hUC-MSC transplantation 
was recorded. The results showed that the wet 
weight of the right leg gastrocnemius muscle  
in the 2×107 MSC-grafted mice was significant-
ly higher than that in the control group or in 
1×107 MSC-grafted mice (P<0.05, Figure 6). 
This suggests that hUC-MSC transplantation 
protects muscle tissue by protecting damaged 
spinal motor neurons and improves motor func-
tion in SCI mice.

hUC-MSC transplantation protects neurons 
survival, promotes myelin repairment, and 
controls glial scar formation in SCI mice

To investigate how the hemisectioned SCI envi-
ronment influenced the engrafted hUC-MSCs, 
we assessed SCI mice with different type of 
cells in the injured spinal cord area by immuno-
fluorescence and western blot analysis after 
coronal section. At 8 weeks post-transplanta-
tion, we observed TUJ1 positive, GFAP-posi- 
tive, Olig2 positive at the epicenter of the SCI 
area in the MSC-grafted mice (Figures 5-7). 
Western blot analysis showed that 8 weeks 
after hUC-MSC transplantation, TUJ1 and Olig2 
expressions were significantly higher in hUC-
MSC-grafted mice than those in vehicle and 
sham controls (Figures 7 and 8). GFAP expres-
sion was lower in hUC-MSC-grafted mice than 
that in vehicle and sham controls (Figure 9). 

Figure 1. Adipogenic, osteogenic, and chondrogenic differentiation of different passages of hUC-MSCs cultured in 
vitro. A. Adipogenic differentiation of different passages of hUC-MSCs cultured in vitro. After 14 days of lipogenesis, 
Oil Red O staining was performed on hUC-MSCs of different generations (P3, P5, P7, P11), showing reddish-orange 
lipid droplets. B. Osteogenic differentiation of different passages of hUC-MSCs cultured in vitro. After 21 days of os-
teogenesis, Alizarin red S staining was performed on hUC-MSCs of different generations (P3, P5, P7, P11), showing 
mineralized matrix in red staining. C. Chondrogenic differentiation of different passages of hUC-MSCs cultured in 
vitro. After 21 days of chondrogenesis, toluidine blue staining was performed on hUC-MSCs of different generations 
(P3, P5, P7, P11), showing metachromasy in cartilage matrix (black scale bars: 100 μm).
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These results indicate that hUC-MSC transplan-
tation could protect neuron survival, promote 

transplantation in SCI mice

PTBP-1 acts as an alternative splicing factor in 
the nucleus and shuttles between the nu- 
cleus and the cytoplasm. PTBP-1 is thought to 
be involved in post-transcriptional regulation 
that requires cap-independent translational 
control, RNA localization, or changes in mRNA 
stability [12, 13]. To determine the charac- 
teristics of PTBP-1 in the repair mechanism of 
hUC-MSC transplantation in SCI mice, we 
assessed PTBP-1 levels by immunofluores-
cence analysis, which showed that 8 weeks 
after hUC-MSC transplantation, the expres- 
sion of PTBP-1 was decreased in hUC-MSC-
grafted mice compared with that in SCI ve- 
hicle controls, and PTBP-1 was mainly distrib-
uted in the nucleus of astrocytes but not neu-
rons (Figure 12). The above results revealed 
that PTBP-1 may play an inhibitory role in trans-
forming astrocytes into neurons during SCI 
repair.

Figure 2. Spinal cord of a female mouse was exposed at T10 level (A). The 
right side of spinal cord was transected, and bleeding was obvious (B). After 
the T10 hemisection operation, the right lower limb of the spinal cord injury 
mouse was completely paralyzed without joint movement (C).

myelin repair, and control glial 
scar formation in SCI mice.

hUC-MSC transplantation 
regulates TNF-α expression 
by NF-κB signaling pathway in 
SCI mice

To explore the expression of 
inflammatory factors and sig-
naling pathway proteins in 
hUC-MSC transplantation af- 
ter SCI, we assessed TNF-α 
and NF-κB levels by western 
blotting. Three days after 
hUC-MSC transplantation, the 
expressions of TNF-α and 
NF-κB were increased in 
2×107 hMSC-grafted mice 
compared with those in ve- 
hicle controls. However, 4 
weeks after hUC-MSC trans-
plantation, the two expres-
sions were decreased in hM- 
SC-grafted mice compared 
with those of vehicle controls 
(Figures 10 and 11). Thus, 
hUC-MSCs may play a protec-
tive role in SCI mice by regu-
lating the NF-κB pathway and 
TNF-α expressions.

PTBP-1 involves in repair 
mechanisms of hUC-MSC 

Figure 3. Basso-Beattie-Bresnahan (BBB) score of 
hemisectioned spinal cord injury (SCI) mice with or 
without hUC-MSC transplantation (P<0.01).
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Discussion

SCI treatment faces three major dilemmas: 
first, injury and loss of local nerve tissue in the 
injured spinal cord, vacuolization, and lack of 
growth-enhancing ability of injured neurons; 
second, physical scars formed by astrocytes 
inhibiting spinal cord regeneration; third, 
reduced secretion of neurotrophic factors and 
persistent inflammatory response in the injured 

spinal cord [14]. In recent years, with the devel-
opment of stem cell biology research, stem cell 
transplantation has provided new perspective 
for nerve repair and regeneration after SCI. 
Moreover, the use of hUC-MSCs [15] has 
become a research hotspot. At present, the 
efficacy of hUC-MSCs appears to be particular-
ly related to their paracrine activity, not to the 
mechanism of cell replacement [16]. Under cul-
ture conditions, hUC-MSCs release extracellu-

Figure 4. Spinal cord HE staining at the injury site 4 weeks and 8 weeks after hUC-MSC transplantation of spinal 
cord injury (SCI) mice (10×, enlarged image: 40×, black scale bars: 50 μm).

Figure 5. Distribution of Nissl bodies 4 and 8 weeks after hUC-MSC transplantation of spinal cord injury (SCI) mice 
(10×, enlarged image: 40×, black scale bars: 50 μm).
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lar vesicles (MSC-EVs) containing proteins, tro-
phic factors, cytokines [17, 18], mRNA [17,  
19], and microRNA [17, 20, 21]. These factors 
exert immunomodulatory, anti-inflammatory, 
neurotrophic, neuroprotective and angiogenic 
effects, which are extremely important for SCI 
repair [22-24].

Different experimental SCI mouse models have 
different advantages and disadvantages. SCI 
from contusion has a faster recovery of motor 
function after injury, but with poor consistency 
and many interference factors affecting the 
successful rate. Surgical spinal cord transec-
tion is simple, and the hind limbs of mice are 
completely paralyzed immediately after the 
operation. However, these mice have a high 
postoperative mortality because of surgical 
trauma, and the bleeding after surgery is also 
more severe. In the mouse model of spinal cord 
hemi-transection, the immediate recovery of 
cerebrospinal fluid circulation after surgery can 
ensure the supply of nutrients, with faster 
recovery of fecal function and higher survival 
rate than other SCI models. Additionally, the 
histological cell morphology of the injured and 
control sides of the spinal cord can be com-
pared at the same time after hemisection. 
More importantly, these SCI mice were more 
consistent with clinical SCI cases. Therefore, 
we selected spinal cord hemi-transection mice 
as the objects of our study.

Previous studies have shown that the route of 
stem cell transplantation has certain effects on 
SCI molecular repair. At present, the most com-
monly used cell transplantation route for SCI is 
the local injection of stem cells into the injured 

spinal cord. Although this method can effec-
tively deliver cells to the spinal cord parenchy-
ma, the invasiveness of this method limits the 
frequency of injections, and this transplanta-
tion route cannot achieve widespread interven-
tions across the spinal cord. In this study, hUC-
MSCs were directly injected under the soft 
membrane of the semi-transected spinal cord 
right after SCI modeling. It is a single-dose, suf-
ficient, non-invasive, and safe method of stem 
cell transplantation. Marsala et al. [25] also 
proposed the use of human neural stem cells 
under the soft spinal membrane of the spinal 
cord (between the protective layer surrounding 
the spine (the soft membrane layer) and the 
surface layer of the spinal cord) in immunodefi-
cient rats. It has been demonstrated that this 
injection route allows a single injection to deliv-
er a large number of cells, which then migrate 
into the spinal cord parenchyma and accumu-
late in multiple spinal segments and the brain-
stem over time. Stem cells transplanted into 
the white and gray matters were mainly differ-
entiated into astrocytes and oligodendrocytes. 
This is consistent with our research on cell 
transplantation routes.

Inflammation is the most important pathologi-
cal process after SCI, and it plays a vital role in 
the prognosis of SCI, leading to progressive 
deterioration of spinal anterior horn motor neu-
rons [26]. After SCI, some cytotoxic cytokines, 
such as TNF-α, IL-1β, and IL-6, are produced. 
Therefore, these cytokines may be potential 
targets for SCI treatment [27-29]. NF-κB is 
essential for the survival of neurons against 
oxidative stress and ischemic degeneration, 
but it also contributes to inflammation and 
apoptosis after central nervous system injury 
[30]. TNF-α increases immediately after CNS-
related trauma (such as SCI) [31, 32]. TNF-α is 
synthesized by various cell types, including 
neurons, glial cells, T cells, astrocytes, activat-
ed macrophages and Schwann cells [33].  
TNF-α is considered a biomarker for monitoring 
and predicting pro-inflammatory states and 
plays an important role in the occurrence and 
development of chronic inflammatory diseases 
[34, 35]. Chi et al. argued that TNF-α might play 
a dual role in SCI, and its role might depend on 
when TNF-α is produced after SCI [36]. In this 
study, NF-κB and TNF-α were upregulated in the 
hUC-MSC transplantation group 3 days after 
SCI compared with those in vehicle controls. 

Figure 6. Comparison of wet weight of gastrocnemius 
muscle of right leg after 8 weeks of hUC-MSC trans-
plantation for spinal cord injury (SCI) mice (P<0.05).
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However, NF-κB and TNF-α were downregulated 
in the hUC-MSC transplantation group 4 weeks 
after SCI compared with those in the control 
group. These results indicate that the NF-κB 
pathway is related to the potential anti-inflam-
matory mechanism of hUC-MSCs in SCI repair. 
It is speculated that up-regulation of TNF-α and 
its upstream pathway protein NF-κB in the 
transplantation group in the acute phase after 
SCI is a protective factor for SCI mice, which 
protects neurons in the damaged area, and 
promotes the removal of damaged tissue cell 
debris. However, in the chronic phase of SCI, 
the over-activated inflammatory response can 

aggravate SCI tissue damage. Subsequently, 
the expressions of TNF-α and NF-κB were down-
regulated in the hUC-MSC transplantation 
group, indicating that hUC-MSCs could inhibit 
the over-activated inflammatory response in 
the chronic phase of SCI.

PTBP-1 is a 57 kDa protein comprising four RNA 
recognition motifs (RRMs) with a bipartite 
nuclear localization domain and a nuclear 
export signal at the N-terminus of the protein 
[37-39]. PTBP-1 mRNAs have been found to 
affect the levels of many additional alternative 
splicing events, possibly modulating the timing 

Figure 7. Immunofluorescence of neurons and expression of TUJ1 8 weeks after hUC-MSC transplantation in SCI 
mice. A. Immunofluorescence of TUJ1 8 weeks after hUC-MSC transplantation in SCI mice. Magnification: 100×. B. 
Western blot and quantitative analysis of TUJ1 protein in injured spinal cord 8 weeks after hUC-MSC transplantation.

Figure 8. Immunofluorescence of oligodendrocytes and the expression of OLIG2 8 weeks after hUC-MSC transplan-
tation in spinal cord injury (SCI) mice. A. Immunofluorescence of OLIG2 8 weeks after hUC-MSC transplantation in 
SCI mice. Magnification: 100×. B. Western blot and quantitative analysis of OLIG2 protein in injured spinal cord 8 
weeks after hUC-MSC transplantation.
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of transitions in the production of neural pro-
genitors and mature neurons to affect brain 
morphology and complexity [40]. A study pub-
lished in 2020 showed that astrocytes could be 
transformed into neurons by PTBP-1 knockout 
alone in mice and humans [10]. It was revealed 
that PTBP-1 plays an important role in regulat-
ing the transformation of astrocytes into mature 
neurons. However, in the process of SCI repair, 
the most important thing is to break through 
the physical barrier of the glial scar and pro-

mote the regeneration of neurons. The main 
component of the glial scar is reactive astro-
cytes proliferating around the SCI lesion. This 
study showed that PTBP-1 was upregulated and 
co-localized with GFAP positive astrocytes after 
SCI. After hUC-MSC intervention, PTBP-1 was 
downregulated. At the same time, Western blot-
ting showed that 8 weeks after hUC-MSC  
transplantation, TUJ1 expression were signifi-
cantly higher in hUC-MSC-grafted mice com-
pared with that in vehicle and sham controls. 

Figure 9. Immunofluorescence of astrocytes and expression of astrocyte marker GFAP protein 8 weeks after hUC-
MSC transplantation in spinal cord injury (SCI) mice. A. Immunofluorescence of GFAP 8 weeks after hUC-MSC trans-
plantation in SCI mice. Magnification: 100×. B. Western blot and quantitative analysis of GFAP protein in injured 
spinal cord 8 weeks after hUC-MSC transplantation.

Figure 10. Inflammatory factor TNF-α and inflammatory pathway protein NF-κB expression in injured spinal cord 3 
days after hUC-MSC transplantation in spinal cord injury (SCI) mice. A. Western blot and quantitative analysis of 
TNF-α protein in injured spinal cord 3 days after hUC-MSC transplantation. B. Western blot and quantitative analysis 
of NF-κB protein in injured spinal cord 3 days after hUC-MSC transplantation.
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However, the expression of GFAP was lower in 
hUC-MSC-grafted mice compared with that in 
vehicle and sham controls. These results indi-
cate that PTBP-1 promotes inhibition of the 
transformation of astrocytes into neurons after 
SCI. The mechanism of hUC-MSC transplanta-
tion in repairing SCI may involve downregula-
tion of the expression of PTBP-1 in GFAP-
positive astrocytes and relieving its inhibitory 
effect on neuronal transformation, thus playing 
a vital role in the repair mechanism after SCI.

Conclusion

The possible mechanisms of hUC-MSC trans-
plantation in repairing SCI in our study were: 1. 
through promoting the survival of neurons and 
oligodendrocytes in the damaged area of SCI to 
protect the material basis of nerve conduction 
pathways and myelin sheaths; 2. through reduc-
ing the formation of scar tissue and spinal cav-
ity in the injured spinal cord and increasing the 
integrity of the spinal cord parenchyma; 3. 

Figure 11. Inflammatory factor TNF-α and inflammatory pathway protein NF-κB expression in injured spinal cord 4 
weeks after hUC-MSC transplantation in spinal cord injury (SCI) mice. A. Western blot and quantitative analysis of 
TNF-α protein in injured spinal cord 4 weeks after hUC-MSC transplantation. B. Western blot and quantitative analy-
sis of NF-κB protein in injured spinal cord 4 weeks after hUC-MSC transplantation.

Figure 12. Immunofluorescence of PTBP-1 expression in injured spinal cord 8 weeks after hUC-MSC transplanta-
tion in spinal cord injury (SCI) mice. PTBP-1 may be upregulated in the periphery of spinal cord injury area and co-
localized with astrocytes, except neurons after SCI, and downregulated after hUC-MSC intervention.
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through regulating the secondary immune-
inflammatory response and PTBP-1 expression 
in the injured spinal cord to regulate scar for-
mation and neuron regeneration, promoting 
functional recovery in SCI mice (Figure 13).

Prospects

Further studies are needed to explore the spe-
cific pathway of PTBP-1 after SCI and hUC-MSC 
transplantation. How can the repair effect of 
hUC-MSCs be enhanced by exogenous PTBP-1 
intervention? What other mechanisms are 
involved in SCI repair? There is still a long way 
to go to improve the repair and treatment of 
SCI.
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