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Abstract. STAT3 is expressed in neural stem cells (NSCs), 
where a number of studies have previously shown that STAT3 
is involved in regulating NSC differentiation. However, the 
possible molecular mechanism and role of STAT3 in spinal 
cord injury (SCI) remain unclear. In the present study, the 
potential effect of STAT3 in NSCs was first investigated by 
using short hairpin RNA (shRNA)‑mediated STAT3 knock‑
down in rat NSCs in vitro. Immunofluorescence of β3‑tubulin 
and glial fibrillary acidic protein staining and western blotting 
showed that knocking down STAT3 expression promoted NSC 
neuronal differentiation, where the activity of mTOR was 
upregulated. Subsequently, rats underwent laminectomy and 
complete spinal cord transection followed by transplantation 
of NSCs transfected with control‑shRNA or STAT3‑shRNA 
at the injured site in vivo. Spinal cord‑evoked potentials and 
the Basso‑Beattie‑Bresnahan scores were used to examine 
functional recovery. In addition, axonal regeneration and 
tissue repair were assessed using retrograde tracing with 
FluoroGold, hematoxylin and eosin, Nissl and immunofluo‑
rescence staining of β3‑tubulin, glial fibrillary acidic protein 
and microtubule‑associated protein  2 following SCI. The 
results showed that transplantation with NSCs transfected with 
STAT3‑RNA enhanced functional recovery following SCI 

and promoted tissue repair in rats, in addition to improving 
neuronal differentiation of the transplanted NSCs in the injury 
site. Taken together, in vitro and in vivo evidence that inhib‑
iting STAT3 could promote NSC neuronal differentiation was 
demonstrated in the present study. Therefore, transplantation 
with NSCs with STAT3 expression knocked down appears 
to hold promising potential for enhancing the benefit of 
NSC‑mediated regenerative cell therapy for SCI.

Introduction

Spinal cord injury (SCI) frequently causes persistent functional 
deficits due to the absence of spontaneous axon regeneration, 
formation of large cavities and glial scars that interrupt the 
ascending and descending neural pathways (1,2). In rodent 
models of SCI, levels of pro‑inflammatory interleukins (ILs), 
such as IL‑6, peak acutely in the injured areas and lead to the 
activation of the Janus kinase 1‑signal transducer and STAT3 
signaling pathway (3). STAT3 signaling is also upregulated 
in a number of neurodegenerative diseases. For instance, in 
patients with amyotrophic lateral sclerosis, the spinal cord 
microglia, reactive astrocytes and motor neuron nuclei were 
all shown to exhibit increased levels of phosphorylated (p‑) 
STAT3 (p‑STAT3) (4). Another study previously reported that 
STAT3 is an important signaling component during reactive 
astrogliosis through the Notch 1‑STAT3‑endothelin receptor 
type B signaling axis (5). A growing body of evidence suggests 
that STAT3 is an injury‑induced signaling mechanism that 
is critical for various aspects of nerve regeneration (6‑8). In 
addition, in vitro suppression of STAT3 (9) or its conditional 
deletion in vivo (10) have been demonstrated to induce neuro‑
genesis and inhibit astrogliosis. Therefore, STAT3 appears to 
be the key to enhancing neurogenesis following SCI.

Neural stem cell (NSC) transplantation has been demon‑
strated to be a promising treatment method for improving 
tissue repair and functional recovery following SCI  (11). 
Mechanistically, NSCs may differentiate into neurons and 
glial cells to bridge the damaged area, re‑establish conduction 
pathway, form functional synapses by expressing genes associ‑
ated with axonal regeneration and by secreting neurotrophic 
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growth factors in the injured spinal cord  (12). However, 
accumulating evidence has suggested that NSC‑based therapy 
cannot achieve optimal results, mainly due to the limited 
differentiation potential of neurons and excessive differen‑
tiation of astrocytes, which contributes to glial scarring (13). 
Natarajan  et  al  (14) demonstrated that treatment with an 
inhibitor of STAT3 promoted NSC differentiation into neurons 
and suppressed glial differentiation in vitro, a finding that was 
also subsequently confirmed by White et al (15). However, 
few studies have assessed the effects of STAT3 silencing on 
NSCs transplantation and its functional outcomes downstream 
in vivo.

In the present study, the effects of STAT3 RNA interfer‑
ence (RNAi) on NSC survival and differentiation in vitro and 
the potential mechanisms underlying these effects were first 
explored. NSCs with STAT3 expression were the knocked 
down before being injected into the injury site of a rat SCI 
model to investigate its effects on neurodegeneration in vivo. 
The focus was placed on exploring the effect of transplanting 
STAT3‑silenced NSCs on spinal cord injury to provide novel 
targets for the treatment and rehabilitation of SCI in the future.

Materials and methods

Lentiviral vector construction. Green fluorescent protein 
(GFP) was also encoded by the lentiviral vector with a sequence 
that specifically silenced the STAT3 gene [STAT3‑short 
hairpin RNA (shRNA); Shanghai GeneChem Co., Ltd.]. The 
oligonucleotides were synthesized and ligated into the GV248 
plasmid‑Hu6‑MCS‑Ubiquitin‑IRES‑puromycin plasmid 
(cat. no. PC0NGC248028254; Shanghai GeneChem Co., Ltd.) 
and had the following STAT3‑shRNA sequence: 5'‑CAG​CAG​
ATG​CTG​GAA​CAG​CAT​‑3'. A nontargeting sequence (5'‑TTC​
TCC​GAA​CGT​GTC​ACG​T‑3') was also carried by a control 
lentivirus (LV) vector. The LV particles were generated as 
previously described (16) to a final titer of 1x108 TU/ml.

NSC isolation and culture. 3‑month old pregnant 
Sprague‑Dawley rats (Laboratory Animal Center of Sun 
Yat‑sen University; n=3) were sacrificed and NSCs were 
extracted from the brain tissues of the fetuses (n=14) on 
embryonic day 14 as previously described (17). The animals 
were housed three to a cage with free access to food/water 
and kept under standardized atmosphere (temperature, 22˚C; 
humidity, 55%; 12/12 h light/dark cycle). Rats were anesthetized 
with 1% pentobarbital sodium (40‑45 mg/kg) to minimize pain 
and sacrificed by CO2 with the displacement rate at 20%/min). 
Fetal brain tissue was mechanically cut and removed in 
Hanks' balanced salt solution (Beijing Solarbio Science & 
Technology Co., Ltd.), following which the cell suspension 
was centrifuged at 300 x g and 4˚C for 5 min. The supernatant 
was discarded and the cell pellet was diluted into DMEM/F‑12 
(Thermo Fisher Scientific, Inc.) as a single‑cell suspension. 
NSCs were then plated in a T25 culture flask (Corning, Inc.) 
containing DMEM/F‑12 (Thermo  Fisher Scientific, Inc.) 
nutrient mixture, 1% L‑glutamine (Thermo Fisher Scientific, 
Inc.), 2% B27, 1% penicillin/streptomycin, 20 ng/ml fibro‑
blast growth factor‑2 (FGF2; PeproTech, Inc.) and 20 ng/ml 
epidermal growth factor (EGF; PeproTech, Inc.). NSCs were 
cultured in 5% CO2 at 37˚C and passaged weekly by digesting 

with Accutase (EMD  Millipore) in the aforementioned 
medium. NSCs at passages 2‑4 were used for subsequent 
experiments (15,16).

NSC transfection and differentiation. In the DMEM/F12 
nutrient mixture, NSCs form neurospheres spontaneously. For 
cell transfection, 2nd passage neurospheres were dissociated 
into a single‑cell suspension at a density of 1x105 cells/ml 
and plated onto coverslips coated with 0.01% poly‑L‑lysine 
(Merck KGaA) in 12‑well plates (Corning, Inc.). The afore‑
mentioned culture medium was then added to the 12‑well 
plate to rejuvenate the cells. Cells were subsequently divided 
into the following three groups: No transfected NSCs group 
(CL,  n=5), Lv‑control shRNA transfected NSCs  group 
(LV‑CL, n=5), Lv‑STST3 shRNA transfected NSCs group 
(LV‑STAT3, n=5). The medium was then changed to fresh 
medium after 24 h. After 72 h transfection, GFP expression 
was visualized by fluorescence microscopy (x40 magnifica‑
tion; AG Axio  Observer  Z1; Zeiss  AG). To quantify the 
suppressive effects of RNAi on STAT3 expression, STAT3 
expression in each group was examined by reverse tran‑
scription‑quantitative PCR (RT‑qPCR) and western blotting. 
To assess the differentiation capacity of NSCs, the culture 
medium was changed to the differentiation medium (culture 
medium without growth factors EGF and FGF2) for 1 week 
after transfection.

Western blotting. Protein lysates (RIPA Lysis and Extraction 
Buffer; cat. no. 89901; Thermo Fisher Scientific, Inc.) were 
extracted from the cells used in the in vitro study (n=5 per group, 
harvested 3  days after transfection). Bicinchoninic acid 
assay (Beyotime Institute of Biotechnology) was used to 
measure protein concentration, which was equilibrated prior 
to loading. Protein samples in each group were separated 
by SDS‑PAGE (10% Bis‑Tris gel), transferred onto PVDF 
membranes (EMD  Millipore) and blocked with 5%  BSA 
(Merck KGaA) for 1 h at 24˚C, followed by incubation with 
primary antibodies at  4˚C overnight. Primary antibodies 
targeting STAT3 (cat.  no.  ab68153; Abcam), p‑STAT3 
(cat.  no.  9145; Cell Signaling Technology, Inc.), mTOR 
(cat.  no.  2983; Cell Signaling Technology, Inc.), p‑mTOR 
(cat. no. 2971; Cell Signaling Technology, Inc.) and GAPDH 
(cat. no. 5174; Cell Signaling Technology, Inc.) were used at 
a 1:1,000 dilution. After washing the membranes in Tris‑HCl 
buffer containing 0.2% Tween‑20 (TBST; pH 7.5) twice, the 
membranes were incubated with a filtered and horseradish 
peroxidase‑conjugated goat anti‑rabbit IgG antibody (1:5,000; 
cat. no. ab6721; Abcam) for 1 h at room temperature and then 
washed three times in TBST. Finally, the bands were visual‑
ized using enhanced chemiluminescence development system 
(EMD Millipore). For analysis of the Western blot images 
ImageJ 1.50 (National Institutes of Health) was used.

RNA extraction and RT‑qPCR. Total cell RNA (n=5  per 
group, harvested 3 days after transfection) was extracted using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
RNA was reverse transcribed into cDNA using a reverse tran‑
scription system (GoScript™ Reverse Transcription System; 
cat. no. A5000; Promega Corporation). The process used was as 
follows: Combine RNA and cDNA primers at 70˚C for 5 min, 
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followed by adding reverse transcription mix into primer/RNA 
mix at 25˚C for 5 min, 42˚C for 60 min and 70˚C for 15 min. 
qPCR was performed on an ABI 7900 PCR detection system 
(Thermo Fisher Scientific, Inc.) using SYBR™ Green PCR 
Master Mix (cat. no. 4309155, Thermo Fisher Scientific, Inc.). 
The process used was as follows: 95˚C for 5 min, followed 
by 40 cycles (95˚C for 10 sec and 60˚C for 30 sec). Parallel 
amplification of the GAPDH housekeeping gene was used to 
normalize gene expression. PCR primer sequences are listed 
below: STAT3 forward, 5'‑AAT​ATA​GCC​GAT​TCC​TGC​AAG​
AG‑3' and reverse, 5'‑TGG​CTT​CTC​AAG​ATA​CCT​GCT​C‑3' 
and GAPDH forward, 5'‑TGA​CGC​TGG​GGC​TGG​CAT​TG‑3' 
and reverse, 5'‑GGC​TGG​TGG​TCC​AGG​GGT​CT‑3'. The rela‑
tive expression level of target mRNA was calculated using the 
2‑∆∆Cq method (18).

Surgical procedures and cell transplantation. All 
experimental animal procedures were approved by the 
Care and Use Committee of Sun Yat‑Sen University 
(approval  no.  SYXX2012‑0081; November 9,  2016) and 
performed following the Guide for the Care and Use of 
Experimental Animals provided by the National Research 
Council (1996, USA) (19). All the animals were housed three 
to a cage with free access to food and water, where they were 
kept under a standardized atmosphere (temperature, 22˚C; 
humidity, 55%; 12‑h light/dark cycle).

Spinal cord surgery was performed on 60 adult female SD 
rats (weight range 200‑250 g laboratory Animal Center of Sun 
Yat‑sen University). All rats were healthy and did not undergo 
any previous procedures. The rats were randomly divided 
into the following four groups: i) Sham (spinal cord exposure 
only, n=10); ii) SCI (n=15); iii) STAT3‑shRNA‑transfected 
NSC (LS group, n=20); and iv) Control‑shRNA‑transfected 
NSC (LC group, n=15). In the Sham group, the rats underwent 
laminectomy without transection of the spinal cord. In the 
SCI group, rats underwent surgery with complete transec‑
tion of the spinal cord. In the LC group, NSCs transfected 
with control LV were injected immediately into the rats 
following complete transection of the spinal cord. In the 
LS group, NSCs transfected with STAT3 LV were injected 
immediately into the rat's complete transection of the spinal 
cord. Briefly, animals were intraperitoneally injected with 
1%  sodium pentobarbital (40‑45  mg/kg) for anesthesia. 
Laminectomy was then performed at the level of the 10th 
thoracic vertebra (T10). Next, the spinal cord was cut twice 
using scissors (once caudal to T10 and once rostral to T10) 
to achieve complete transection, following which a 2‑mm 
block of the spinal cord was removed. Following hemostasis, 
the rats were injected with 5 µl control‑shRNA‑transfected 
NSCs or STAT3‑shRNA‑transfected NSCs at a density of 
1x105 cells/µl. Two injections were performed at the depth 
of 1 mm rostral, as well as 1 mm caudal to the injured site 
using a microsyringe at a rate of 0.5 µl/min. Finally, following 
hemostasis, 5‑0 sutures were used to suture the muscle and 
skin. To prevent infection and dehydration, 1  ml saline 
containing 1x105 units of penicillin was intraperitoneally 
injected daily for 1 week (20). The postsurgical care of SCI 
rats included massaging the urinary bladder twice a day for 
urination until bladder function was restored. Surgery was 
performed in a blinded manner. At the 7th week after surgery, 

5 rats were randomly selected from each group for retrograde 
tracking experiments [injection of Fluorogold (FG)]. After 
the experiment was completed, the rats were not sacrificed 
and continued to be raised for 1 week. On the 8th week, 
5 rats were randomly selected from each group for the SCEP 
recording experiment. After the SCEP recording experi‑
ment, rats were anesthetized with 1% pentobarbital sodium 
(40‑45 mg/kg) and then sacrificed by CO2 inhalation, using 
a displacement rate of 20%/min, for H&E staining (n=5 per 
group), fluorescent immunohistochemistry (n=5 per group) 
and neuron retrograde tracing staining (n=5 per group).

Basso‑Beattie‑Bresnahan (BBB) test. The BBB locomotor 
rating scale is considered to be a reliable tool for evaluating 
impairment and recovery of motor abilities in hindlimbs 
following spinal cord injury (21) A total score of 21 points 
indicate that the locomotor ability had not been affected, while 
0 points represents a severe deficit. The rats were placed in an 
open experimental field and allowed to move freely for 5 min. 
During this period, the lower limb movement ability of the 
rats was observed and the movement of each rat was scored 
based on the BBB score scale. Hindlimb motor behavior was 
evaluated weekly for 8 weeks, with tests performed at the 
same time each day and grading performed by two investiga‑
tors (XZ and JD) blinded to grouping.

Spinal cord‑evoked potential (SCEP) recording. At 8 weeks 
post‑injury, 20  rats (n=5 in each group) were anesthetized 
with 1% pentobarbital sodium (40‑45 mg/kg) and stereo‑
taxically fixed. The T5‑L1 vertebrae were then completely 
exposed. Finally, a stimulation electrode was inserted into the 
T5‑T6 interspinous ligaments, following which a pair of needle 
electrodes were inserted into the interspinous ligaments of 
T12‑L1 for SCEP recording. The electrodes were connected 
to a BL‑420N series biological signal acquisition and analysis 
system (Chengdu Thai UNITA Co., Ltd.). The parameters of 
the SCEP signals were set as follows: i) Gain, 2,000; ii) Time 
constant, 0.01 sec; and iii) Filtering, 300 Hz. To elicit a SCEP, 
a single‑pulse stimulation (50 msec in duration at a frequency 
of 5.1 Hz and a voltage increase of 1 mV) was transmitted 
through the electrodes until a mild twitch of the vertebral 
body of the animal was observed. To obtain high‑quality 
waveforms for the SCEP signals, 100 SCEP responses per rat 
were averaged.

Retrograde axonal tract tracing. Animals (n=5 per group) 
were submitted for neuron retrograde tracing using 4% FG 
(cat. no. sc‑358883; dilution, 1:25; Santa Cruz Biotechnology, 
Inc.) 7 weeks after SCI. Briefly, a dorsal laminectomy was 
performed under anesthesia (40‑45 mg/kg pentobarbital) at 
T12 before 0.5 µl FG was injected into the spinal cord using 
a microsyringe. A week after injection, the animals were 
perfused after CO2 euthanasia and the T7  segment of the 
spinal cord was collected to detect FG‑labelled neurons (22).

Perfusion and cryosection. Rats were subjected to anesthesia 
with 1% pentobarbital sodium (40‑45 mg/kg) 8 weeks after 
spinal cord surgery and sacrificed by CO2 using a displace‑
ment rate of 20%/min. Rats were then perfused transcardially 
with 0.9% normal saline and 400 ml 4% paraformaldehyde 
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(PFA). T8‑L1 segments of the spinal cord were removed from 
rats without Fluorogold (FG) labelling and T7‑L1 segments 
were removed from Fluorogold labelled rats. These segments 
were then fixed with 4% PFA at room temperature overnight 
and transferred to 30% sucrose for cryoprotection for 2‑3 days 
at  4˚C following collection. Tissue were embedded into 
OCT Tissue‑Tek (cat. no. 4583; Sakura Finetek USA, Inc.). 
Embedded tissues were then sliced transversely or longitudi‑
nally at a thickness of 10 µm, mounted onto polylysine‑coated 
glass slides and stored at ‑20˚C to be used in subsequent 
experiments.

Histopathological analysis. To assess the cavity area in the 
spinal cord, rats were sacrificed for H&E staining 8 weeks 
after SCI. OCT Component (Tissue‑Tek Frozen Embedding 
Agent; cat. no. 4583; Sakura)‑embedded T8‑T11 longitudinal 
spinal cord sections from each group were fixed in 4% para‑
formaldehyde for 30 min at room temperature, rehydrated in 
a graded series of ethanol (100% twice, 95% twice, 90% and 
85%  for 5  min at room temperature), then the tissue was 
treated with hematoxylin solution for 5 min and eosin solu‑
tion (cat. no. C0105S; Beyotime Institute of Biotechnology) 
for 1 min for H&E staining at room temperature or treated 
with Nissl solution (cat.  no.  C0117; Beyotime Institute of 
Biotechnology) for 5 min for Nissl staining at room tempera‑
ture, rehydrated in the graded series of ethanol and xylene 
(50%, 100%  twice for 1  min) at room temperature and 
observed using a light microscope at x20 magnification. The 
cavity area of these images was evaluated using NIH ImageJ 
software (1.50; National Institutes of Health).

Fluorescence immunohistochemistry. Frozen sections of spinal 
cord tissue sections or cells were fixed in 4% PFA for 30 min 
and permeabilised with 0.3% Triton X‑100 for 30 min, both 
at 4˚C. Blocking was performed with 5% normal goat serum 
(cat. no. C0265; Beyotime Institute of Biotechnology) for 1 h 
at 4˚C and tissue sections were incubated with primary anti‑
bodies targeting the following proteins at 4˚C overnight: Nestin 
(dilution, 1:200; cat. no. 33475; Cell Signaling Technology, 
Inc.), β3‑tubulin (dilution, 1:200; cat. no. 5568; Cell Signaling 
Technology, Inc.), GFAP (dilution, 1:300; cat.  no.  80788; 
Cell Signaling Technology, Inc.) and microtubule‑associated 
protein 2 (MAP2; dilution, 1:200; cat. no. 8707; Cell Signaling 
Technology, Inc.). Goat anti‑rabbit IgG (H+L) Cross‑Adsorbed 
Secondary Antibody, Alexa  Fluor  555 (cat.  no.  A‑21428; 
Thermo Fisher Scientific, Inc.), was used at a concentration 
of 2 µg/ml in PBS containing 0.2% BSA for 45 min at room 
temperature. ProLong Gold antifade reagent containing DAPI 
(dilution: 1:5000; cat. no. D1306; Thermo Fisher Scientific, Inc.) 
was used for nuclear staining at room temperature in spinal 
cord tissue sections. The total area of target marker‑positive 
cells was then evaluated in each visual field under fluores‑
cence (x40 magnification; Carl Zeiss Axio Observer Z1; Carl 
Zeiss AG) using ImageJ software (1.50, National Institutes 
of Health). A total of five random fields per section and five 
sections per group were examined independently by two 
observers (XZ and JD) blinded to grouping. The percent of 
β3‑tubulin or GFAP‑positive cells was calculated by dividing 
the number of β3‑tubulin or GFAP‑positive cells by the total 
number of cells.

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism 6 software (GraphPad Software, Inc.). 
Shapiro‑Wilk test was first used to evaluate the normality 
of all data in the present study. Experiments were repeated 
5 times in vitro study, All data are expressed as the mean ± SD 
and analyzed using one‑way analysis of variance followed by 
Bonferroni post hoc tests for multiple comparisons or Student 
t‑test for pairwise comparisons. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Knockdown of STAT3 promotes neuronal differentiation 
in NSCs. NSCs were passaged and allowed to grow for an 
additional 3‑5 days to form a 100‑µm‑diameter neurosphere 
from single cells. Immunostaining of the neurospheres showed 
that nestin, a surface marker of neural stem and precursor 
cells (23), was strongly expressed in the neurosphere (Fig. 1A). 
To achieve a specific knockdown of the STAT3 gene in NSCs, 
NSCs were transfected with STAT3 shRNA‑expressing LV. 
GFP expression was observed by fluorescence microscopy 
72 h after LV infection. Western blotting showed that STAT3 
expression was significantly lower in the LV‑STAT3 group 
compared with that in the LV‑CL group (Fig. 1B and C). 
This observation was also confirmed by RT‑qPCR analysis 
(Fig. 1D). Immunofluorescence staining analysis showed that 
the targeted inhibition of STAT3 induced the differentiation of 
NSCs into neurons, as the neuronal marker β3‑tubulin (24) was 
found to be expressed more frequently in the LV‑STAT3 group 
compared with that in the CL and LV‑CL groups. However, 
GFAP, a specific marker of astrocytes (23), was expressed at 
significantly lower levels in the LV‑STAT3 group compared 
with those in the other two groups (Fig. 1E‑G). These results 
suggest that a specific knockdown of STAT3 gene expression 
was achieved in NSCs, which supports the hypothesis that 
targeted inhibition of STAT3 promotes neuronal differentia‑
tion in NSCs, consistent with data from a previous study.

Targeted inhibition of STAT3 promotes mTOR activation. mTOR 
signaling is important for the maintenance and differentiation 
of NSC development, where the activation of mTOR promotes 
the involvement of NSCs in neurogenesis (25). To explore the 
relationship between the mTOR and STAT3 signaling path‑
ways in NSC differentiation, the STAT3 signaling pathway 
was inhibited by treating NSCs that were transfected with 
shRNA‑expressing LV. NSCs were cultured in a differentiation 
medium following transfection. On day 7, western blotting was 
performed to examine the expression of STAT3 and mTOR. 
The expression of STAT3 itself and STAT3 phosphorylation 
was significantly lower in the LV‑STAT3 group compared with 
that in the LV‑CL group. Of note, although no difference in 
total mTOR expression was observed among the three groups, 
the levels of the activated form of mTOR (p‑mTOR) was 
significantly higher in the LV‑STAT3 group, compared with 
that in the LV‑CL groups (Fig. 2A and B). These results suggest 
that STAT3 inhibition activated the mTOR signaling pathway, 
which may promote neuronal differentiation of NSCs.

Transplantation of STAT3‑RNAi‑transfected NSCs enhances 
functional recovery following SCI. To investigate if 
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transplantation with NSCs with STAT3 expression knocked 
down promotes the recovery of motor function following SCI 
in rats, the rats were divided into four groups. On week 8 

after surgery, hindlimb weight‑bearing experiments were 
performed in the four groups of rats. The rats in the sham 
group were able to use their hindlimbs to walk normally, 
whilst rats in the LC and SCI groups exhibited poor hindlimb 
strength during walking. By contrast, rats in the LS group 
could sometimes stand on their hind legs to support their 
weight and walk slowly (Fig. 3A). Results from BBB func‑
tional score curve also showed that the score in the LS group 
was significantly higher compared with that in the LC group 
from week 5 onwards after SCI (Fig. 3B). The electrophysi‑
ological restoration of SCEP responses was also subsequently 
explored. The SCEP waveforms in the LC and SCI group 
were significantly different from the SCEP waveform of the 
sham group, exhibiting a significantly prolonged latency and 
decreased amplitude. However, compared with that in the 
LC and SCI group, the LS group had a significantly shorter 
SCEP latency and significantly greater amplitude (Fig. 3C‑E). 
Taken together, these results suggest that transplantation 
with STAT3‑knockdown NSCs promoted functional and 
neurological recovery in rats following SCI.

Transplantation of STAT3‑RNAi‑transfected NSCs enhances 
tissue repair following SCI. To further clarify if the transplan‑
tation of NSCs transfected with STAT3 shRNA promotes the 
regeneration of damaged tissues and nerves following SCI, 
H&E staining was performed to investigate the degree of tissue 
repair in each group. The size of the lesions was calculated 

Figure 1. STAT3 knockdown promotes neuronal differentiation in NSCs. (A) Immunofluorescence indicated that the NSC‑specific marker nestin was highly 
expressed in cells. (B and C) Western blotting was performed to measure STAT3 protein levels in each group. (D) Effect of STAT3 gene silencing on STAT3 
mRNA expression measured using reverse transcription‑quantitative PCR. (E) Immunostaining for β3‑tubulin and GFAP (red), GFP (green) in each group. 
Quantification of the percentage of (F) β3‑tubulin‑ and (G) GFAP‑positive cells in each group. Scale bar, 50 µm. *P<0.05 and **P<0.01 vs. LV‑CL. NSCs, neural 
stem cells; GFP, Green fluorescent protein; GFAP, fibrillary acidic protein; LV, lentivirus; CL, control. 

Figure 2. Targeted inhibition of STAT3 promotes mTOR activation. 
(A) Western blotting of STAT3, mTOR, p‑STAT3 and p‑mTOR in each 
group. (B) Quantification of western blotting for STAT3 and mTOR expres‑
sion, in addition to STAT3 and mTOR phosphorylation. (C) Quantification of 
p‑mTOR/total mTOR ratio in each group. *P<0.05 vs. LV‑CL. p‑, phosphory‑
lated; LV, lentivirus; CL, control. 
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in H&E‑stained sections 8 weeks after injury. In the sagittal 
plane, the LS group exhibited a significantly smaller lesion 
area compared with that the LC group (Fig. 4A and B). To 
further observe the survival of neurons around the SCI area, 
Nissl staining was performed on the spinal cord tissue of each 
group. At 3 mm from the center of the SCI area, extensive 
loss of neurons was observed in the LC group. By contrast, the 
LS group had significantly more neurons compared with that in 
the LC group (Fig. 4A and C). To explore the interconnection 
of nerves in the injured area, a retrograde tracking experiment 
with FG was performed. Tissues from the LS group exhib‑
ited more neurons labeled by FG compared with those in the 
LC group (Fig. 4A and D). Furthermore, at the T7 spinal cord 
segment, FG‑labeled neurons were more frequently observed 
in the LS group compared with those in the LC group, indi‑
cating that the LS group had more nerve connections on both 
ends of the lesion site (Fig. 4A and D).

Targeted inhibition of STAT3 enhances the neuronal differen‑
tiation of transplanted NSCs in spinal cord lesions. The degree 
of differentiation in the grafted cells was analyzed in the lesion 
site by immunofluorescence 8 weeks after transplantation. In 
the LC and SCI group, the majority of cells expressed astrocytic 
maker GFAP in the injured area, whilst only a small number 
of cells expressed neuronal markers β3‑tubulin and MAP2 
(Fig. 5A and B). However, in the LS group, the percentage of 
β3‑tubulin positive and MAP2 positive cells was significantly 
higher compared with that in the LC and SCI groups, whereas 
the percentage of GFAP positive cells was significantly lower 
compared with that in the LC and SCI groups (Fig. 5A and B).

Discussion

It was shown in the present study that inhibiting STAT3 not 
only promoted NSC differentiation into neurons, but also 

Figure 3. Transplantation of STAT3‑RNAi‑transfected NSCs enhances functional recovery following SCI. (A) Images showing hindlimb movements in the 
sham, SCI, LC and LS groups. Red arrows indicate weight‑supported stepping. (B) BBB scores in the sham, SCI, LC and LS groups. (C) Electrophysiological 
outcomes of the SCEP recordings at 8th week after SCI. Amplitude: The magnitude of the voltage from each group of peaks to each group of baselines. 
Latency: The period of time from the start of the stimulation to the appearance of the peak. Quantification of the (D) latency and (E) amplitude of the SCEP. 
*P<0.05 vs. SHAM; #P<0.05 vs. LC. RNAi, RNA interference; NSCs, neural stem cells; SCI, spinal cord injury; BBB, Basso, Beattie, Bresnahan; SCEP, 
spinal cord‑evoked potential; SHAM, rats without transfection of the spinal cord; SCI, rats with complete transection of the spinal cord; LC, LV‑control 
shRNA‑transfected NSCs were injected into rats with SCI; LS, LV‑STAT3 shRNA‑transfected NSCs were injected into rats with SCI. 
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Figure 4. Transplantation of STAT3‑RNAi‑transfected NSCs enhance tissue repair following SCI. (A) Representative H&E staining micrographs showing 
cavity formation in the sham, SCI, LC and LS groups 8 weeks after injury (n=5). Images of surviving neurons 3 mm rostral to the injured epicenter, as shown 
by Nissl staining. Red arrows point to surviving neurons. FG‑labeled neurons in the ventricolumna of the T7 segment spinal cord. (B) Comparison of cavity 
area from part (A) in each group. (C) Relative number of FG‑labeled neurons in each group, which was normalized to that in the sham group. (D) Quantification 
analysis of the number of FG‑labeled cells in each group, which was normalized to that in the sham group. *P<0.05 vs. sham, #P<0.05 vs. LC. Scale bar, 100 µm. 
RNAi, RNA interference; NSCs, neural stem cells; SCI, spinal cord injury; H&E, hematoxylin and eosin; FG, FluoroGold; SHAM, rats without transfection 
of the spinal cord; SCI, rats with complete transection of the spinal cord; LC, LV‑control shRNA‑transfected NSCs were injected into rats with SCI; LS, 
LV‑STAT3 shRNA‑transfected NSCs were injected into rats with SCI. 
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inhibited their differentiation into astrocytes, potentially 
through mTOR activation. In addition, it was found that 
the transplantation of STAT3‑RNAi‑transfeced NSCs into 
rats following SCI improved functional recovery, promoted 
axonal regeneration and inhibited astrocyte differentiation 
after SCI.

Following SCI, the limited regenerative capacity of the 
adult mammalian spinal cord has been attributed to the forma‑
tion of cavities and glial scars that interrupt the ascending 
and descending pathways (26‑28). NSC transplantation is now 
considered to be a promising method for treating SCI (29). 
However, compared with NSCs in the brain, most NSCs in the 

Figure 5. Targeted inhibition of STAT3 enhances neuronal differentiation of transplanted NSCs in the spinal cord lesions. (A) Immunostaining for 
β3‑tubulin, MAP2 and GFAP (red), GFP (green) and DAPI (blue) showing the differentiation of the transplanted NSCs in the spinal cord lesions of 
each group. (B) Quantification analysis of the number of β3‑tubulin‑, MAP2‑ and GFAP‑positive cells in each group, which was normalized to that in 
the SHAM group. *P<0.05 vs. SHAM, #P<0.05 vs. LC. Scale bar, 100 µm. NSCs, neural stem cells; MAP2, microtubule‑associated protein 2; GFAP, 
fibrillary acidic protein; GFP, green fluorescent protein; SHAM, rats without transfection of the spinal cord; SCI, rats with complete transection of the 
spinal cord; LC, LV‑control shRNA‑transfected NSCs were injected into rats with SCI; LS, LV‑STAT3 shRNA‑transfected NSCs were injected into 
rats with SCI. 
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spinal cord differentiate into astrocytes, where no neurogenesis 
has been observed following SCI (30). STAT3 is a member of 
the JAK‑STAT signaling family (31), which transduces signals 
for a number of cytokines and growth factors, including IL‑6, 
ciliary neurotrophic factor, leukemia inhibitory factor, EGF 
and transforming growth factor α, which have been implicated 
as triggers of reactive astrogliosis (32). STAT3 has also been 
found to be expressed in NSCs, such that STAT3 is activated 
to promote NSC proliferation but inhibit neurogenesis (33,34). 
The binding of STAT3 to the GFAP promoter is essential 
for astrocyte differentiation  (35,36). Blocking STAT3 has 
been reported to favor motor neurons whilst inhibiting 
GFAP‑positive astrocyte differentiation in NSCs in vitro (14). 
In the present study, STAT3 expression was inhibited in NSCs 
in vitro, which led to increased neuronal differentiation and 
reduced astrocyte differentiation at the same time. This result 
was consistent with previous reports  (14,33,34) and once 
again demonstrated that inhibiting the expression of STAT3 
promoted the differentiation of NSCs into neurons whilst 
simultaneously inhibiting their differentiation into astrocytes. 
Of note, increased activation of mTOR was observed when the 
STAT3 expression was suppressed. mTOR is a serine/threo‑
nine kinase of the PI3K signaling pathway with two divergent 
complexes, mTOR complex 1 (mTORC1) and mTORC2 (37). 
mTOR serves a relevant role in the control of homeostasis 
of different compartments containing stem cells, including 
NSCs (38). A number of studies have reported that activation 
of the JAK/PI3K/Akt/mTOR signaling pathway promotes 
neuronal differentiation in NSCs (39). However, one study 
also showed that activating STAT3 and mTOR at the same 
time can promote differentiation of NSC into glial cells (40). 
Easley et al (41) revealed that cells with high mTORC1 activity 
can severely alter dendrite formation and synaptic integration. 
Although the downstream consequences of higher mTORC2 
levels remain unclear, it is thought to be associated with 
cytoskeletal remodeling (37). In addition, the serine‑threonine 
kinase FK506‑binding protein/mTOR/STAT3 pathway also 
serves a crucial role in glial differentiation (42). Therefore, the 
correlation between STAT3 and the mTOR signaling pathway 
during NSC differentiation requires further investigation.

STAT3 is activated following SCI and plays a vital role 
in the differentiation and organization of astrocytes  (43), 
which contribute to glial scar formation  (22,38,39). In 
addition, according to previous studies, the microenviron‑
ment surrounding the spinal cord lesion site following SCI 
result in the differentiation of exogenous NSCs into astro‑
cytes (28,44,45). This leads to the formation of glial scars in 
the lesion site that are widely regarded to inhibit axon regen‑
eration and functional recovery during the chronic phase of 
SCI (17,46,47). Dai et al (24) reported that STAT3‑knockout 
mice exhibit less scar formation following SCI. By contrast, 
STAT3 inhibitors have also been shown to reverse the inhibi‑
tory effects of STAT3 on neuronal recovery (14). According to 
the present study, less astrocytic differentiation was observed 
in STAT3‑RNAi‑transfected NSCs, suggestive of reduced 
glial scar formation. In addition, compared with that in 
control‑RNAi‑transfected NSCs, STAT3‑RNAi‑ transfected 
NSCs were more likely to differentiate into neurons and exhib‑
ited more dendrite outgrowth. Neurons in the SCI area of the 
LS group formed more connections with the upstream and 

downstream neurons of the SCI area, which was demonstrated 
by the existence of an increased number of FG‑labeled neurons. 
Increased neuronal connectivity is considered to be one of the 
conditions that promote functional recovery following SCI (48). 
These results suggested that the STAT3‑RNAi‑transfected 
NSCs produced highly developed neurons that served a poten‑
tially useful role in neurogenesis, consistent with the results of 
previous studies (14,23). Wu et al (49) used microRNA‑15a to 
downregulate STAT3 in mice following SCI, following which a 
superior functional recovery was observed. In the present study, 
a more significant increase in the BBB scores of rats transplanted 
with STAT3‑RNAi‑ transfected NSCs was observed, with an 
~50% increase in the BBB scores in that group, compared with 
the scores in the LC group 5 weeks following SCI. This result 
is superior compared with that reported by previous studies 
that only transplanted NSC  (45,50,51). Furthermore, rats 
transplanted with STAT3‑RNAi‑transfected NSCs tended to 
have higher SCEP amplitudes compared with rats in the LC 
and SCI groups, suggesting that motor and sensory axonal 
conduction was reinforced following transplantation with 
STAT3‑RNAi‑ transfected NSCs  (52). H&E staining also 
confirmed that transplanting STAT3‑RNAi‑transfected NSCs 
significantly reduced the lesion volume, potentially contributing 
to functional recovery following SCI (53). However, although 
these results indicated a potentially superior recovery following 
the transplantation of STAT3‑RNAi‑transfected NSCs in SCI 
rats, the specific mechanism underlying these phenomena 
require further investigation. There are possible risks to this 
methodology, including the low survival rate of transplanted 
cells (54) and the risk of the transplanted undifferentiated stem 
cells developing into teratomas  (55). Therefore, additional 
experiments are required to further confirm and clarify the 
safety aspects before it can be translated into other species.

In conclusion, in the present study, in vivo and in vitro 
evidence of the role of STAT3 as a negative regulator of 
neuronal differentiation in NSCs was provided. The transplan‑
tation of STAT3‑inhibited NSCs appears to be a promising 
strategy for enhancing the benefit of NSC‑mediated regenera‑
tive cell therapy for SCI, where discovery of a prominent role 
of STAT3 in NSC biology can enhance the understanding of 
NSC differentiation.
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