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Abstract
Recent studies have shown that the use of mesenchymal stem/stromal cells (MSCs) may be a promising strategy for treating 
spinal cord injury (SCI). This study aimed to explore the effectiveness of human umbilical cord-derived MSCs (hUC-MSCs) 
with different administration routes and dosages on SCI rats. Following T10-spinal cord contusion in Sprague-Dawley rats  
(N = 60), three different dosages of hUC-MSCs were intrathecally injected into rats (SCI-ITH) after 24 h. Intravenous 
injection of hUC-MSCs (SCI-i.v.) and methylprednisolone reagent (SCI-PC) were used as positive controls (N = 10/group). A 
SCI control group without treatment and a sham operation group were injected with Multiple Electrolyte Injection solution. 
The locomotor function was assessed by Basso Beattie Bresnahan (BBB) rating score, magnetic resonance imaging (MRI), 
histopathology, and immunofluorescence. ELISA was conducted to further analyze the nerve injury and inflammation in the 
rat SCI model. Following SCI, BBB scores were significantly lower in the SCI groups compared with the sham operation group, 
but all the treated groups showed the recovery of hind-limb motor function, and rats receiving the high-dose intrathecal 
injection of hUC-MSCs (SCI-ITH-H) showed improved outcomes compared with rats in hUC-MSCs i.v. and positive control 
groups. Magnetic resonance imaging revealed significant edema and spinal cord lesion in the SCI groups, and significant 
recovery was observed in the medium and high-dose hUC-MSCs ITH groups. Histopathological staining showed that the 
necrotic area in spinal cord tissue was significantly reduced in the hUC-MSCs ITH-H group, and the immunofluorescence 
staining confirmed the neuroprotection effect of hUC-MSCs infused on SCI rats. The increase of inflammatory cytokines 
was repressed in hUC-MSCs ITH-H group. Our results confirmed that hUC-MSC administered via intrathecal injection has 
dose-dependent neuroprotection effect in SCI rats.
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Introduction

Spinal cord injury (SCI) is one of the most common major 
injuries to the central nervous system, resulting in severe 
motor dysfunction or even lifelong paralysis, thus present-
ing an enormous public health problem1. More than one  
million patients suffer spine and spinal cord injuries, and 
SCI in China is reported to be growing at an annual rate  
of 120,0002. Treating SCI is still clinically difficult due to 
the low neuro-regenerative ability and microenvironment 
imbalance, including pro-inflammatory cytokines that 
increase following SCI, which further hinder neuron regen-
eration and functional recovery3,4.

Recent studies have demonstrated that mesenchymal stem 
cell (MSC) transplantation therapy provides an attractive 
treatment to promote neuro-regeneration, axonal growth, and 
neuron survival5–10. MSCs are adult stem cells with multi-
differentiation and self-renewal ability. They also have the 
potential for immunomodulatory and extensive tissue regen-
eration via secretion of various growth factors and anti-
inflammatory cytokines and by activating signal pathways 
through specific receptors on target cells11. A recent clinical 
study confirmed that intravenous administration of MSCs 
was safe and feasible for SCI patients, and the evaluation 
scores using neurological scales demonstrated improved 
function after MSC infusion, compared with the scores 
before MSC infusion in all patients12.

MSCs can be directly transplanted into the damaged  
spinal cord and can also be homed to the damaged tissue by 
intravenous injection13. Despite reports showing that vari-
ous delivery methods of MSCs transplantation, including 
intravenous, intraspinal, and intrathecal injection in the SCI 
treatments, are effective14, the optimal method for MSC 
administration to SCI patients has not yet been established. 
A previous study showed that intrathecal application pro-
vides a better accumulation of the effector cells than intra
venous injection15. However, those researches did not assess 
the behavioral, systematic, pathological mechanisms, or 
dose levels.

The present study aimed to determine the optimal deliv-
ery method and dosage of transplanted hUC-MSCs into the 
injured rat spinal cord. Fresh preparation of hUC-MSCs 
injection was intrathecally implanted, and the impact on 
functional motor recovery and spinal cord tissue repair in 
SCI rats was described. As intrathecal administration can 
eliminate the risk of direct surgical implantation while ensur-
ing the spread of cells through the subarachnoid space and 
around the lesion site, we selected intrathecal administration 
(ITH) as the main delivery method in our experiments and 
compared the effect of hUC-MSCs ITH with a different 
number of cells (2.5, 5, 10 million/kg body weight) in SCI 
rats, and used the intravenous (i.v.) administration (20 mil-
lion/kg body weight) as control. We also used methylpred-
nisolone, which is a clinical first-line medication for SCI, as 
the positive control to compare the effects of MSCs on SCI.

Materials and Methods

Spinal Cord Injury Model

Eighty male Sprague-Dawley rats (about 220 g) were pur-
chased from SiBeiFu Biotechnology Co, Ltd (Beijing, 
China). All rats were housed in specific pathogen-free ani-
mal rooms at 20°C to 26°C with 40% to 70% humidity, with 
free access to water and food. All procedures performed on 
rats were approved using the IACUC of Tianjin Institute of 
Pharmaceutical Research (IACUC ID is 2020123002).

The construction of the rat spinal cord injury model was 
established according to the previous reports16. Briefly, the 
rats were anesthetized by intraperitoneal injection of 3% 
pentobarbital sodium at a dose of 60 mg/kg. They were fixed 
in a prone position on the operating table, after which their 
skin was preserved and disinfected. A longitudinal incision 
was made over the thoracic-lumbar region of the back. Skin 
and subcutaneous fascia were cut to display transverse pro-
cesses, laminae and spinous processes. The skin and muscle 
tissue covering the surface of vertebral body and articular 
process were slightly pulled and cut to fully present the joint, 
vertebral body, and lateral wall. T10 spinal cord was exposed 
and then contused using a 10-g weight falling 50 mm from 
the JK052 impactor device. The wound was then washed 
with 4U/ml penicillin saline and sutured. Those SCI rats had 
the characteristics of T10 segment congestion and edema, 
spastic tail swinging, hind-limb dysfunction, trunk tremor, etc. 
The Basso Beattie Bresnahan (BBB) score was performed on 
the second day after surgery, and the rats with BBB score of 
0 were selected for the SCI model group.

Preparation and Transplantation of hUC-MSCs 
Injection

The hUC-MSCs injection was manufactured according to 
our previous study17. Briefly, female hUC-MSCs (Karyotype, 
Fig. S1) were isolated and cultured, after which master cell 
banks (MCB, passage 2) and working cell banks (WCB, pas-
sage 5) were established and tested for sterility, mycoplasma, 
virus, viability, surface markers, biological efficacy, and dif-
ferentiation ability, etc, and only those that passed the quality 
criteria were used to prepare the hUC-MSCs injection. 
Before being used, an appropriate amount of hUC-MSCs in 
the WCB was thawed and cultured, after which the cells 
were harvested and resuspended in Multiple Electrolyte 
Injection solution (Shijiazhuang NO.4 Pharmaceutical, Lot 
No. 1707071404) for product formulation that was prepared 
and tested within 24 h.

Successfully modeled rats (N = 60) were divided into 6 
groups: (1) control group that received Multiple Electrolyte 
Injection solution (SCI-CON, N = 10) as negative control; 
(2) 2.5 × 106 cells/kg hUC-MSCs intrathecal injection group 
(SCI-ITH-L, N = 10); (3) 5 × 106 cells/kg hUC-MSCs intra-
thecal injection group (SCI-ITH-M, N = 10)15; (4) 10 × 106 
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cells/kg hUC-MSCs intrathecal injection group (SCI-ITH-H, 
N = 10); (5) 20 × 106 cells/kg hUC-MSCs intravenous 
injection group (SCI-i.v., N = 10); (6) control group that 
received methylprednisolone reagent i.v. as positive control 
(SCI-PC, N = 10). Methylprednisolone reagent was made 
by dissolving 1 g methylprednisolone into 250 ml 20% man-
nitol solution. The sham operation group received Multiple 
Electrolyte Injection solution (SO-CON, N = 10) as healthy 
control. Overall, 70 rats were used in our study. Treatment of 
hUC-MSCs or injection of methylprednisolone was given at 
24 h after the SCI. Sham-operated rats and SCI-CON rats 
were given 20 μl cell Multiple Electrolyte Injection solution. 
SCI-ITH groups were given 20 μl hUC-MSC injection intra-
thecal administration via a 25G needle by a lumbar puncture 
between L5-6 under short-time general anesthesia according 
to Urdzíková et al.18 Direct injection of hUC-MSCs at the 
injury site was not performed in order to avoid further injury 
and exacerbate the inflammatory environment at the injured 
cord, which would be unsuitable for cell transplantation 
according to previous reports15,19. SCI-i.v. group was given a 
tail vein injection of 400 μl hUC-MSCs. SCI-PC group was 
given 1.5 ml methylprednisolone reagent (6 mg methylpred-
nisolone included) via tail vein.

Neurobehavioral Evaluation Using the BBB Score

The recovery of hind limb locomotor function in rats was 
evaluated using the BBB scoring system, which uses a scale 
with 0–21 points20. The BBB motor scale was performed to 
analyze the behavior of the rats at −1, 1 (before hUC-MSCs 
injection), 4 (3 days after hUC-MSCs injection), 8, 15, and 
29 days after surgery. The BBB score of all rats with normal 
locomotor function was 21, while the rats with a complete 
lack of locomotor function had a BBB score of 0. The tests 
were performed three times to obtain an average value for 
each rat, and the relevant score was obtained by averaging 
the values of both limbs.

Magnetic Resonance Imaging

The spinal cord structure and injury location of the SCI rats 
were observed with magnetic resonance imaging (MRI) 
through coronal scanning.

MRI is a non-invasive imaging technique that can pro-
duce three-dimensional detailed anatomical images. It has 
become the preferred examination for SCI patients to evalu-
ate the injury location and severity of the spinal cord and 
nerve roots by showing displaced fragments of damaged 
disks and ligaments in the spinal canal and edema and/or 
bleeding2,21,22. Evaluation of MRI was performed on day 4 
after surgery. MR imaging data acquisition was obtained at 
the Tianjin Medical University General Hospital using a 
Signa3.0T research MRI scanner (Signa, GE Healthcare, 
Milwaukee, WI, USA) and animal phased array coils, where 
the imaging took T10 center as the core and scanned four 

layers back and forth. Each layer was 1 mm in thickness, and 
a total of nine layers were scanned. The imaging range cov-
ered the spinal cord T9-11. Sagittal and horizontal spin-spin 
relaxation time T2-WI image scanning was also carried out. 
Sagittal spin-spin relaxation time T2-WI image scanning 
parameters: TR/TE = 3338/74 ms; FOV = 80 mm × 80 
mm; matrix = 256 × 256; NEX = 3; slice thickness = 1 
mm; slice gap = 0.5 mm. Horizontal spin-spin relaxation 
time T2-WI image scanning parameters: TR/TE =2967/83 
ms; FOV = 60 mm × 60 mm; matrix = 256 × 256; NEX = 
3; slice thickness = 1 mm; slice gap = 0.5 mm.

Evaluation criteria for spinal cord lesions were as follows: 
the high signal area on T2-WI that can be distinguished by 
the naked eye. Dcm2niigui and Mricron (ver.12122012) soft-
ware was used to determine the total lesion volume, spinal 
cord volume, and the percentage of total lesion volume to 
spinal cord volume.

Histology and Immunofluorescence

Hematoxylin and eosin (H&E) staining and immunohisto-
chemistry was used to observe the tissue damage and neuron 
regeneration of spinal cord tissue. Luminex multiplex immu-
noassay was used to evaluate the expression of serum inflam-
matory cytokines.

Four weeks after hUC-MSCs injection, all rats were anes-
thetized and then killed. Spinal cord tissues were dissected 
and fixed with 10% neutral formaldehyde solution over 24 h, 
embedded in paraffin, and sectioned for H&E staining to 
analyze the extent of spinal tissue degradation, glial scars, 
and hollow tissues after spinal cord injury. Assessment of 
white/gray matter tissue sparing after SCI in cross-section of 
spinal cord tissue was performed with ImageJ software 
according to the previous report18. Basically, H&E images 
were inverted and the regions of interest were manually 
selected and added to the Tool-ROI manager. The selected 
area and mean grayscale were then measured in the ROI 
manager. The mean area of each spinal section was com-
pared with the control group.

For immunofluorescence staining, the paraffin sections of 
spinal cord tissue were deparaffinized with xylene, rehy-
drated with gradient alcohol, antigen retrieval, and then 
blocked with 5% normal goat serum for 1 h at RT. Next, the 
sections were incubated with diluted primary antibodies 
(Table 1) overnight at 4 °C, after which they were incubated 
with corresponding fluorescent secondary antibodies at room 
temperature for 30 min. After washing in PBS, the sections 
were covered using the mounting medium with DAPI 
(Vectorlabs, Burlingame, CA, USA). Imaging was performed 
utilizing Synergy LX Multi-Mode Microplate Reader (Biotek 
Inc, Layton, UT, USA), and immunofluorescence digital 
analysis was evaluated with ImageJ software.

The information of primary antibodies includes 
Neurofilament-H antibody (NF-200, CST Inc, Boston, MA, 
USA), Synaptophysin (SYP, CST Inc), pan-Cadherin (CDH, 
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Abcam Inc, Cambridge, MA, USA), and intercellular adhe-
sion molecule-1 (ICAM-1, Abcam Inc). The corresponding 
secondary bodies are described in Table 1.

Cytokine Assay

The serum cytokines of rats were analyzed at 1, 3, and 7 days 
after hUC-MSCs injection. About 200 μl blood was collected 
through intraocular canthus from each rat, and then centri-
fuged at 7500 RPM (Thermo Scientific Legend Microro 
17R, Rotor.75003424) for 15 min to get serum. The serum 
was prepared with coagulant tubes centrifugation. All the 
serum was stored in −80°C and was performed with immu-
noassay to measure cytokine levels later. The serum multi-
plex immunoassays were performed to measure the 
pro-inflammatory factors (tumor necrosis factor alpha [TNF-
α], interferon gamma [IFN-γ], interleukin [IL]-1β, IL-6) in 
the serum of each group at 1, 3, and 7 days after UC-MSCs 
injection, using MILLIPLEX MAP Rat Cytokine/Chemokine 
Magnetic Bead Panel kit # RECYTMAG-65K-04 (Millipore, 
Saint Louis, MO, USA), based on the xMAP Luminex tech-
nology. ELISA assays were performed to measure the anti-
inflammatory factors (IL-10 and IL-13) using the rat IL-10 
(ab214566, Abcam, Inc) and IL-13 ELISA kit (ab269547, 
Abcam, Inc), according to the manufacturer’s instructions.

Statistical Analysis

Experiments were blinded to the group identity of specimens 
for all quantification procedures, including BBB, MRI, cyto-
kine assay, immunofluorescence, and pathological quantita-
tive analysis. The software Graphpad prism 9.0 was used  
for statistical analysis and making graphs. The data were 
expressed as mean ± standard error of the mean (SEM). The 
Shapiro–Wilk test was used to check the normal distribution 
of data (P > 0.05 was considered as conforming a normal 
distribution). MRI, histopathological quantitation, and 
immunofluorescence data were analyzed by one-way analy-
sis of variance (ANOVA) with post hoc Dunnett’s test  
(P < 0.05 was considered a significant difference) in which 
Brown-Forsythe test was used to check variance homogene-
ity. BBB score was analyzed by two-way ANOVA (P < 0.05 
was considered a significant difference). Dunnett’s test was 

performed to compare treatment difference. Cytokine levels 
were analyzed by mixed-effects model with post hoc 
Dunnett’s test (P < 0.05 was considered a significant 
difference).

Results

Infusion of hUC-MSCs Improved Locomotor 
Function

The hind limb locomotor function was assessed using the 
BBB behavioral score immediately prior to and 1, 3, 7, 14, 
and 28 days following MSCs or vehicle infusion for confir-
mation of injury equivalency in SCI rats and to determine 
whether infused MSCs influenced overall locomotor ability. 
Normal locomotor function in rats of the sham operation 
group had a BBB score of 21, while the rats after SCI surgery 
had a complete lack of motor function with a BBB score of 
0, which indicated that the model was successful. Among 
three doses of hUC-MSC through intrathecal injection, only 
the high-dose hUC-MSC (10×106 cells/Kg) could signifi-
cantly improve the BBB score on days 3, 7, 14, and 28, com-
pared with negative control (P < 0.05–0.01) (Fig. 1A, D, 
Table S1). The high dose of hUC-MSCs delivered through 
ITH increased BBB scores beyond methylprednisolone 
reagent or hUC-MSC (20 × 106 cells/kg) delivered through 
intravenous injection (P > 0.05) (Fig. 1B, C, Table S1). The 
exact mean ± SEM at all timepoints is shown in Table 2.

Infusion of hUC-MSCs Reduced the Extent of 
Spinal Cord Lesions

MR imaging showed obvious spinal cord injury in the SCI 
rats 4 days after surgery (3 days after UC-MSC infusion). 
After ITH delivery of 5 × 106 cells/kg or 10 × 106 cells/kg 
hUC-MSCs for 3 days, the extent of spinal cord lesions was 
significantly reduced, and the improvement rates were 38.3% 
(P < 0.01) and 42.1% (P < 0.01), respectively (Fig. 2H, 
Tables 3 and S2). A total of 20 × 106cells/kg hUC-MSCs 
through i.v. delivery reduced the extent of spinal cord lesions, 
achieving an improvement rate of 23.6% (Table 3). The posi-
tive control (methylprednisolone reagent) also significantly 
reduced the extent of spinal cord lesions by 34.3% (P < 0.05)  

Table 1.  Primary and Secondary Antibody Information for Immunofluorescence.

Primary ab. Supplier S.N. Source Dil. Secondary ab. Supplier S.N. Dil.

Anti-NF-200 CST 55453s Rabbit 1:100 Goat anti-rabbit IgG (Alexa Fluor® 488) CST 4412s 1:2000
Anti-SYP (7H12) CST 9020s Mouse 1:200 Goat anti-mouse IgG (Alexa Fluor® 594) CST 8890s 1:2000
Anti-CDH Abcam ab16505 Rabbit 1:500 Goat anti-rabbit IgG (Alexa Fluor® 488) CST 4412s 1:2000
Anti-ICAM1 Abcam ab171123 Mouse 1:500 Goat anti-mouse IgG (Alexa Fluor® 594) CST 8890s 1:2000

Ab.: antibody; S.N.: serial number; Dil.: dilution; NF-200: neurofilament-H; IgG: Immunoglobulin G; SYP: synaptophysin; CDH: pan-Cadherin; ICAM-1: 
intercellular adhesion molecule-1.
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Figure 1.  BBB scoring of rats in each SCI group. Comparison of BBB scoring of rats in each SCI group, including UC-MSCs 
treatment, methylprednisolone treatment, or non-treatment (n = 10, mean ± SEM) through two-way analysis of variance.  
P < 0.05 was considered significantly different. (A) BBB comparison of SCI treatment and non-treatment. Dunnett’s post hoc 
comparison. *P < 0.05, MSC-ITH-H vs SCI-CON. **P < 0.01, MSC-ITH-H vs SCI-CON. (B) BBB comparison of MSCs treatment and 
methylprednisolone. Dunnett’s post hoc comparison. *P < 0.05, MSC-ITH-H vs SCI-PC. (C) BBB comparison of MSC ITH and MSC 
i.v. Dunnett’s post hoc comparison. *P < 0.05, MSC-ITH-H vs SCI-i.v. (D) BBB comparison of different-dose MSC ITH. Dunnett’s 
post hoc comparison. *P < 0.05, MSC-ITH-H vs MSC-ITH-L. BBB: Basso Beattie Bresnahan; SCI: spinal cord injury; UC-MSCs: human 
umbilical cord-derived mesenchymal stem/stromal cells; SEM: standard error of the mean; MSC: mesenchymal stem/stromal cell; 
SCI-CON: spinal cord injury rat without treatment; SCI-PC: spinal cord injury rat with methylprednisolone treatment; MSC-i.v. or 
SCI-i.v.: spinal cord injury rat with UC-MSCs intravenous injection; MSC-ITH-L/M/H or SCI-ITH-L/M/H: spinal cord injury rat with 
low, medium, or high dose of UC-MSCs intrathecal injection.

Table 2.  Influence of hUC-MSCs Treatments on BBB Scoring (M ± SD, n = 10).

Groups
−1 day  

(prior to SCI)
1 day  

(prior to MSC)
4 days  

(3 days after MSC)
8 days  

(7 days after MSC)
15 days  

(14 days after MSC)
29 days  

(28 days after MSC)

SO-CON 20.8 ± 0.1 20.8 ± 0.1 20.7 ± 0.2 20.9 ± 0.1 21.0 ± 0.0 21.0 ± 0.0
SCI-CON 20.9 ± 0.1 0.0 ± 0.0 1.1 ± 0.5 4.7 ± 1.1 5.9 ± 1.1 6.4 ± 1.0
SCI-ITH-L 21.0 ± 0.0 0.0 ± 0.0 3 ± 0.9 7.7 ± 1.5 9.2 ± 1.4 9.4 ± 1.4
SCI-ITH-M 21.0 ± 0.0 0.0 ± 0.0 3.9 ± 1.2 8.3 ± 1.2 9.3 ± 1.7 9.8 ± 1.6
SCI-ITH-H 21.0 ± 0.0 0.0 ± 0.0 7.0 ± 1.3 10.5 ± 1.2 11.2 ± 1.3 11.1 ± 1.2
SCI-i.v. 20.9 ± 0.1 0.0 ± 0.0 2.2 ± 0.9 6.5 ± 1.4 7.9 ± 1.8 9.7 ± 1.6
SCI-PC 21.0 ± 0.0 0.0 ± 0.0 2.4 ± 0.9 6.4 ± 1.1 7.7 ± 1.4 8.2 ± 1.4

hUC-MSCs: human umbilical cord-derived mesenchymal stem/stromal cells; BBB: Basso Beattie Bresnahan; SCI: spinal cord injury; MSC: mesenchymal 
stem/stromal cell; SO-CON: sham operation control; SCI-CON: spinal cord injury rat without treatment; SCI-ITH-L/M/H: spinal cord injury rat with low, 
medium, or high dose of UC-MSCs intrathecal injection; SCI-i.v.: spinal cord injury rat with UC-MSCs intravenous injection; SCI-PC: spinal cord injury rat 
with methylprednisolone treatment.
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Figure 2.  MRI of rats in each SCI group. Comparison of spinal cord lesions by MRI in each SCI group, including hUC-MSCs treatment, 
methylprednisolone treatment, or non-treatment (n = 10, mean ± SEM). All the lesions were imaged at T10. The red circle represents 
the lesion. (A) Sham operation control group (SO-CON). (B) Spinal cord injury rat without treatment (SCI-CON). (C-E) Spinal cord 
injury rat with a low, medium, or high dose of hUC-MSCs intrathecal injection (SCI-ITH-L/M/H). (F) Spinal cord injury rat with hUC-
MSCs intravenous injection (SCI-i.v.). (G) Spinal cord injury rat with methylprednisolone treatment (SCI-PC). (H) Comparison of MRI 
between the treatment groups and the control group through one-way analysis of variance and post hoc Dunnett’s test. *P < 0.05, vs 
SCI-CON. **P < 0.01, vs SCI-CON. MRI: magnetic resonance imaging; SCI: spinal cord injury; hUC-MSCs: human umbilical cord-derived 
mesenchymal stem/stromal cells; SEM: standard error of the mean.

Table 3.  Influence of hUC-MSCs Infused on the Spinal Cord Lesions (M ± SD, n = 10).

Groups
Extent of spinal cord lesions

(%) Recovery rat (%)

SO-CON 0.00 ± 0.00 —
SCI-CON 12.57 ± 1.40 —
SCI-ITH-L 9.89 ± 1.00 21.3
SCI-ITH-M 7.76 ± 0.90 38.3
SCI-ITH-H 7.28 ± 0.80 42.1
SCI-i.v. 9.60 ± 1.00 23.6
SCI-PC 8.26 ± 1.50 34.3

hUC-MSCs: human umbilical cord-derived mesenchymal stem/stromal cells; SO-CON: sham operation control; SCI-CON: spinal cord injury rat without 
treatment; SCI-ITH-L/M/H: spinal cord injury rat with low, medium or high dose of hUC-MSCs intrathecal injection; SCI-i.v.: spinal cord injury rat with 
hUC-MSCs intravenous injection; SCI-PC: spinal cord injury rat with methylprednisolone treatment.
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[Fig. 2H, Tables 3 and S2). These results are consistent with 
the observed BBB scores.

Histopathological Changes After SCI

Histopathological staining of spinal cord tissues revealed 
irregular spinal cord tissue, destruction of dorsal white mat-
ter and central gray matter tissue, more necrosis, and obvious 
hyperplasia of collagen scars in the SCI group after 29 days 
of surgery (Figs. 3 and 4). Compared with the SCI group, 
hUC-MSCs ITH-M and ITH-H group showed a protective 
effect with significantly increased gray matter area of the 

spinal cord (P < 0.0001), and reduced cavity area at the main 
lesion site, with less necrosis and fewer infiltrated polymor-
phonuclear leukocytes (Figs. 3A and 4, Table S3).

To confirm the neuroregeneration and neuroprotective 
effect of hUC-MSCs infused in SCI rats, the immunofluores-
cence staining of mature neuron marker NF-200, the syn-
apse markers, synaptophysin (SYP), and pan-Cadherin in 
the spinal cord were also detected after treatment. The results 
revealed that compared with the SO group, the expression 
level of the NF-200, SYP, and cadherin in the spinal gray 
matter of the SCI rats were significantly reduced (P < 0.01) 
(Figs. 3B–D and 4, Table S4). hUC-MSCs ITH-M, 

Figure 3.  Histopathological and immunofluorescence analyses of the spinal cord in each group. The histopathological and 
immunofluorescence quantitative analysis of spinal cord tissues with ImageJ software in each group, including SO-CON, SCI control, 
hUC-MSCs treatment, and methylprednisolone treatment. The arithmetical mean of each spinal section and mean of quantified 
immunofluorescence were compared with the SCI control group through one-way analysis of variance and post hoc Dunnett’s test 
(100%). (N = 5, mean ± SEM). (A) Morphometry measurement of the spinal cord lesion of spared white and gray matter in the lesion 
center by H&E staining. (B-E) Expression of NF-200 (B), the synapse markers SYP (C), pan-Cadherin (D), and ICAM-1 (E) in spinal cord 
tissue by immunofluorescence staining. *P < 0.05, vs SCI-CON; ***P < 0.001, vs SCI-CON; ****P < 0.0001, vs SCI-CON. SO: sham 
operation; SO-CON: sham operation control; SCI: spinal cord injury; hUC-MSCs: human umbilical cord-derived mesenchymal stem/
stromal cells; H&E: hematoxylin and eosin; NF-200: neurofilament-H; SYP: synaptophysin; ICAM-1: intercellular adhesion molecule-1; 
SEM: standard error of the mean; SCI-CON: spinal cord injury rat without treatment; SCI-ITH-L/M/H: spinal cord injury rat with low, 
medium or high dose of hUC-MSCs intrathecal injection; SCI-i.v.: spinal cord injury rat with UC-MSCs intravenous injection; SCI-PC: 
spinal cord injury rat with methylprednisolone treatment.
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hUC-MSCs ITH-H, and hUC-MSCs i.v. treatments promoted 
these protein levels in SCI rats (Figs. 3B–D and 4, Table S4). 
ICAM-1 expression was upregulated in SCI models. A down-
regulation of ICAM-1 was observed after MSCs treatments 
or methylprednisolone treatment, but there was no significant 
difference (Figs. 3E and 4, Table S4).

Effect of hUC-MSCs on Serum Cytokines in  
SCI Rats

Microglia and macrophages are recruited and release pro-
inflammatory cytokines in the early stage of SCI, which, in 
turn, cause cell death and tissue degeneration following 
injury. The results of multiplex immunoassays showed that 

after surgery, the serum levels of the inflammatory cytokines 
IFN-γ, TNF-α, IL-6, and IL-1β increased over time, whereas 
administration of hUC-MSCs or methylprednisolone 
repressed the increasing, although there was no significant 
difference (Fig. 5A–D, Table S5). Before and after surgery, 
IL-10 and IL-13 levels were not affected. Neither of them 
was influenced by the administration of hUC-MSCs or meth-
ylprednisolone (P > 0.05, Fig. S4, Table S2).

Discussion

Mesenchymal stem cell transplantation strategies offer great 
promise for functional recovery after spinal cord injury23–25. 
Existing studies have shown that the efficacy of MSCs is 

Figure 4.  Histopathologic and immunofluorescence staining of the spinal cord in each group. H&E and immunofluorescence staining 
of spinal cord tissues in each group, including SO-CON, SCI control, hUC-MSCs treatment, and methylprednisolone treatment. For 
immunofluorescence staining, the paraffin sections of spinal cord tissue were labeled with Neurofilament-H antibody (NF-200, green), 
Synaptophysin antibody (SYP, red), pan-Cadherin antibody (CDH, green), and intercellular adhesion molecule-1antibody (ICAM-1 red). 
H&E: hematoxylin and eosin; SO-CON: sham operation control; SCI: spinal cord injury; hUC-MSCs: human umbilical cord-derived 
mesenchymal stem/stromal cells; NF-200: neurofilament-H; SYP: synaptophysin; CDH: pan-Cadherin; ICAM-1: intercellular adhesion 
molecule-1; SCI-CON: spinal cord injury rat without treatment; SCI-ITH-L/M/H: spinal cord injury rat with low, medium, or high dose of 
hUC-MSCs intrathecal injection; SCI-i.v.: spinal cord injury rat with UC-MSCs intravenous injection; SCI-PC: spinal cord injury rat with 
methylprednisolone treatment.
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mainly based on anti-inflammatory and neuroprotective 
paracrine secretion functions in the absence of significant 
side effects, such as secreting immunomodulation factors, 
neurotropic growth, and neuroprotective factors, which sup-
port neuron survival, neuroregeneration, axonal regenera-
tion, and reduction of glial scarring, rather than differentiation 
into specialized neuronal and glial cell lineages13,26–28. The 
clinical translation strategies of MSCs in SCI treatment 
require a safe and efficient means of cellular delivery and 
optimal dosage. While systemic and local administration 
have been investigated as the routes of MSC delivery, intra-
thecal delivery of MSCs was identified as an alternative to 
direct injection and led to accumulation of stem cells15,29. 
The optimal route of delivery and dosage have not yet been 
determined. This study aimed to estimate the dose of the 
applied hUC-MSCs (intrathecal injection, ITH groups) and 
compare the intravenous (i.v.) and intrathecal (ITH) adminis-
tration on functional recovery and tissue repair in SCI rats.

The hind-limb locomotor function was assessed using the 
behavioral BBB, the evaluation method most commonly 
used to assess the recovery of hind-limb motor function  
after SCI, and the average score of the hind limbs was 

calculated30,31. Before SCI modeling, all rats had a BBB 
score of 21, while all the spinal injured rats lost their motor 
function immediately after SCI modeling (BBB score = 0) 
and displayed dosage-dependent neuronal functional restora-
tion following UC-MSC treatment. Interestingly, compared 
with positive drugs and hUC-MSC i.v., the SCI rats with a 
high dose of MSC treatment through ITH delivery revealed a 
more significant improvement.

The MRI of spinal cord lesions showed similar results. 
MRI is a commonly used method for the diagnosis of SCI 
and relevant disease32. The necrotic spinal cavity shows an 
abnormally increased signal, which can be seen in both 
acquisition planes with cell destruction and necrosis33. MR 
imaging showed obvious spinal cord injury in the SCI rats 4 
days after surgery (3 days after hUC-MSC infusion) and also 
displayed dosage-dependent spinal cord lesions reduction 
after ITH delivery hUC-MSCs, with the improvement rates 
of 42.1% in the high-dose group. In contrast, the intravenous 
infusion group did not show a significant therapeutic effect.

Analyses of histopathologic staining and immunofluores-
cence showed that ITH transplantation of hUC-MSCs was 
beneficial in promoting nerve tissue repair, especially at high 

Figure 5.  Serum cytokines in each SCI group. The serum cytokines including (A) IL-1β, (B) IFN-γ, (C) IL-6, (D) TNF-α, in each SCI 
group including hUC-MSCs treatment, methylprednisolone treatment, or non-treatment (n = 10, mean ± SEM). As for missing 
values, data were analyzed through a mixed-effects model, instead of two-way analysis of variance, with a post hoc Dunnett’s test. 
*P < 0.05, vs SCI-CON. SCI: spinal cord injury; IL: interleukin; IFN-γ: interferon gamma; TNF-α: tumor necrosis factor alpha; hUC-
MSCs: human umbilical cord-derived mesenchymal stem/stromal cells; SEM: standard error of the mean; SCI-CON: spinal cord injury 
rat without treatment; SO-CON: sham operation control; SCI-ITH-L/M/H: spinal cord injury rat with low, medium, or high dose of 
UC-MSCs intrathecal injection; SCI-i.v.: spinal cord injury rat with UC-MSCs intravenous injection; SCI-PC: spinal cord injury rat with 
methylprednisolone treatment.
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dose, facilitating axonal sprouting, supporting the increased 
gray matter area, and decreasing the cavity area of the main 
lesion and necrosis. All these findings were consistent with 
behavioral and MRI analysis. A significant effect of dorsal 
white matter and central gray matter was observed in animals 
treated by ITH delivery of medium and high dosages of hUC-
MSCs, which revealed a strong neuroprotective effect in spi-
nal cord tissues. At the end of the experiment, we dissected 
rats and found the spinal cord in rats with hUC-MSCs ITH-H 
treatment looked healthier than SCI, low dosage of ITH and 
i.v. treatment (Fig. S3). The same trend was observed in 
NF-200 and SYP expression. The immunofluorescence stain-
ing of NF-200 and SYP represented the presence of neurons 
in the original site of trauma. Compared with the SCI-CON 
group, the NF-200 and SYP in the hUC-MSCs ITH delivery 
groups revealed a dosage-dependent increase, suggesting 
more neuronal activities happening and consistent with the 
previous studies9,34. The effect of hUC-MSCs is partially due 
to increased cadherin expression and a decrease of ICAM-1 
in the injured spinal cord tissue. As a calcium-dependent cell 
adhesion molecule, cadherin has an important role in cell 
growth and development by controlling tissue architecture 
and maintaining tissue integrity. Also, cadherin activity is 
essential for axon-dendritic spine contact, synaptic plasticity, 
and rearrangement35,36. Neuronal cells in the gray matter of 
the spinal cord exhibited significant positive results of pan-
cadherin in the medium and high dosage of hUC-MSCs (ITH 
delivered) treated rats, which was consistent with quantitation 
results. Mechanical contusion of the spinal cord causes the 
endothelial upregulation of ICAM-1 that facilitates adhesion 
and extravasation of leukocytes37, which is consistent with 
our findings.

Neuroinflammation, which is considered a therapeutic 
target of SCI, occurs almost immediately after spinal cord 
injury. It is the major pathogenesis of the SCI secondary 
injury phase that causes cell death and tissue degeneration38. 
Mesenchymal stem cells exert immunomodulatory and anti-
apoptotic effects and secrete anti-inflammatory factors and 
growth factors to inhibit the inflammatory reaction and 
improve self-repair of lesion microenvironment after SCI39. 
Our results displayed that the pro-inflammatory cytokines 
IL-1β, IFN-γ, IL-6, and TNF-α in serum increased after SCI 
surgery (Fig. 5). After MSC-ITH-H treatment for 3 and 7 
days, increase of IFN-γ, IL-6, and TNF-α tended to decrease 
(P > 0.05), but only methylprednisolone showed significant 
repression of IFN-γ after 3 days of treatment, compared with 
SCI-CON (P < 0.05).

The presence of injury and dose of cells affect cell migra-
tion. When we intrathecally injected cells, we could see cell 
signals in the lesion of the SCI group, instead of the SO 
group, suggesting injury-induced cell homing. Furthermore, 
the homing was dosage-dependent, because migration could 
only be seen in high dose of cell injection (Fig. S4). The 
method of injection also affected homing efficiency. When 
we intravenously injected cells in SCI rats, although more 

cells were injected (20 × 106 cells/kg vs 10 × 106 cells/kg, 
i.v. vs ITH-H), no cell signal was found in the lesion (Fig. S3). 
Quantitative polymerase chain reaction was done to measure 
if any human COX-1 gene in rat liver, spleen, lung, and 
thymus after killing, yet no signal could be detected in all 
groups, suggesting no integration or survival of hUC-MSCs 
(data not shown).

The method of cell administration showed differences in 
treatment efficiency. Compared with i.v., the ITH-H group 
obtained better performance in BBB rating, MRI, H&E 
staining, and spinal cord dissection, suggesting improved 
recovery. The autocrine and paracrine effects of MSCs for 
inflammation regulation might not be influenced by ITH or 
i.v. Yet, given that ITH-H was more effective at mitigating 
injury than i.v., this could be because ITH-delivered hUC-
MSCs migrated to SCI and relieved local inflammation or 
regulated nerve cells near the injury. More research should 
be performed to compare hUC-MSCs migration after differ-
ent infusion methods. Based on our observation, we think 
that ITH infusion of cells would be a more suitable means to 
treat central nervous system diseases that require control of 
inflammatory cytokines or tissue repair. ITH infusion also 
reduced the amount of cells required for transplantation. Of 
course, the effect of distance between infusion site and locus 
of injury requires further exploration.

Conclusion

These results demonstrate that hUC-MSC can mitigate SCI 
in rats, and the therapeutic effect was dose-dependent for 
hUC-MSCs intrathecal treatment.
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