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Neural Stem Cells Overexpressing Nerve Growth Factor Improve Functional Recovery in Rats Following Spinal Cord Injury via Modulating Microenvironment and Enhancing Endogenous Neurogenesis
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Spinal cord injury (SCI) is a devastating event characterized by severe motor, sensory, and autonomic dysfunction. Currently, there is no effective treatment. Previous studies showed neural growth factor (NGF) administration was a potential treatment for SCI. However, its targeted delivery is still challenging. In this study, neural stem cells (NSCs) were genetically modified to overexpress NGF, and we evaluated its therapeutic value following SCI. Four weeks after transplantation, we observed that NGF-NSCs significantly enhanced the motor function of hindlimbs after SCI and alleviated histopathological damage at the lesion epicenter. Notably, the survival NGF-NSCs at lesion core maintained high levels of NGF. Further immunochemical assays demonstrated the graft of NGF-NSCs modulated the microenvironment around lesion core via reduction of oligodendrocyte loss, attenuation of astrocytosis and demyelination, preservation of neurons, and increasing expression of multiple growth factors. More importantly, NGF-NSCs seemed to crosstalk with and activate resident NSCs, and high levels of NGF activated TrkA, upregulated cAMP-response element binding protein (CREB) and microRNA-132 around the lesion center. Taken together, the transplantation of NGF-NSCs in the subacute stage of traumatic SCI can facilitate functional recovery by modulating the microenvironment and enhancing endogenous neurogenesis in rats. And its neuroprotective effect may be mediated by activating TrkA, up-regulation of CREB, and microRNA-132.
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INTRODUCTION

Spinal cord injury (SCI) is a devastating trauma to the central nervous system (CNS), characterized by severe motor, sensory and autonomic dysfunction. In China, there were 10,074 cases of traumatic SCI in 2018 with a total estimated incidence of 66.5 cases per million in population, and the number is still rising (Hao et al., 2021). However, its treatment is still a major problem in this field, and there is no effective cure currently (Fan et al., 2018).

Following SCI, the immediate physical impact and secondary injury (e.g., robust neuroinflammation, neuronal death, axonal collapse, demyelination, and glial scar formation, etc.) result in an inhibitory environment, which hampers neurite regeneration, neural plasticity, and neurogenesis (Hayta and Elden, 2018). Thus, the key of SCI therapy is to modulate the microenvironment and restore the function of damaged axons and neurons (Anderson et al., 2018; Thakor et al., 2018).

The recent investigations suggest that neurotrophins can overcome the failure of axon regeneration in the complete SCI (Keefe et al., 2017; Anderson et al., 2018). Nerve growth factor (NGF) is a classic neurotrophin in the spinal cord, and it is known to exert a neuroprotective effect on the injured spinal cord (Sofroniew et al., 2001). Song et al. (2017) administrated NGF via ultrasound-mediated nanobubble destruction in acute spinal cord injury. They observed significant restoration of motor function, attenuated histological damage, less neuronal loss, and apoptosis after treatment in SCI rats. However, most NGF in the nanobubbles would be released in 48 h, and repeat injections were required to maintain high levels of NGF at the lesion site even the advanced nanotechnology was adopted (Song et al., 2017). Thus, the sustained delivery of NGF to CNS either across the blood-brain barrier or via intrathecal infusion is still challenging, which is a bottleneck for SCI treatment.

Herein, we overexpressed NGF in spinal cord-derived neural stem cells (NSCs) and transplanted NGF-NSCs in the lesion core of the contusive SCI rat. The NGF-NSCs was acted as cell deliverers to release NGF in the injured site consistently. This study aims to determine whether the transplanted NGF-NSCs can facilitate functional recovery after SCI and explore its underlying mechanism.



MATERIALS AND METHODS


Animals

Female Sprague-Dawley (SD) rats (220–250 g) and 14-day pregnant SD rats were obtained from the experimental animal center of Tongji medical college. The rats were housed in cages at 22°C and 55% humidity under a 12:12 h light-dark cycle with free access to food and water. All procedures involved in experimental animals were approved by the Committee of Experimental Animals of Union Hospital per the guidelines of China Council on Animal Care and Use.



Cell Culture and Transfection

Neural stem cells were obtained from the spinal cord tissues of day 14 embryonic SD rats, which were isolated and cultured per established protocol (Lei et al., 2009). Briefly, spinal cord tissues were separated and cut into small pieces, and then the pieces were digested with trypsin to collect cell suspension. After centrifuging at 1,500 rpm for 6 min, the supernatant was discarded. The acquired NSCs were plated on cell culture flasks with a complete medium (Procell, Wuhan, China) containing Dulbecco’s Modified Eagle Medium/F-12, 20 ng/mL epidermal growth factor, 20ng/mL basic fibroblast growth factor, 2% B-27 supplement, 1% Penicillin-Streptomycin and 4mmol/L L-glutamine. The NSCs were cultured in a chamber with 5% CO2 at 37°C and passaged 1–2 times 1 week. The lentiviral vectors overexpressing NGF (pLVX-IRES-ZsGreen-rat NGF) were synthesized by Biobuffer Biotech Service (Wuhan, China). They were used to transfect the NSCs at 3rd passage and exponential growth period.

For the differentiation in vitro, NGF-NSCs were seeded in the mediums composed of DMEM/F12 (Procell), 1% N2 supplement (Thermo Fisher Scientific, Waltham, WI, United States), 2mmol/L L-glutamine (Thermo Fisher Scientific), 1% Penicillin-Streptomycin (Aladdin, Shanghai, China) and 1% Fetal Bovine Serum (Excell Bio, Shanghai, China) for 7 days.



Immunocytochemistry and Immunohistochemistry of Cells

Immunocytochemistry of cell-specific markers (including Nestin, CNPase, GFAP, and β-tubulin3) was performed in NGF-NSCs neurospheres to identify NSCs after transfection. Briefly, the neurospheres were harvested and seeded on the coverslips pre-coated with poly-l-lysine and laminin in the 24-wells plates overnight. And then, the cells were fixed with 4% paraformaldehyde (PFA, Thermo Fisher Scientific) and permeabilized with 0.1% Triton (BD Biosciences). Following the blocking by normal goat serum, primary antibodies of Nestin (1:100, Proteintech, Wuhan, China), CNPase (1:200, Proteintech), GFAP (1:200, Cell Signaling Technology, Shanghai, China), and β-tubulin3 (1:100, Cell Signaling Technology) were added to the samples and incubated overnight at 4°C. After washing with PBS the next day, the cell samples were incubated with appropriate fluorescent secondary antibody (1:100, Boster), and then DAPI (Beyotime) was used to label the nucleus.

To verify the expression of NGF and investigate the differentiation of NGF-NSCs cells, we performed immunohistochemistry in the neurospheres and differentiated NSCs. Similar to the immunocytochemistry, the samples were first fixed with 4% PFA (Thermo Fisher Scientific) and permeabilized with 0.1% Triton (BD Biosciences). Subsequently, H2O2 solution and normal goat serum were applied to incubate the cells to block the samples. Primary antibodies to Nestin (1:300, Proteintech), CNPase (1:200, Proteintech), GFAP (1:400, Cell Signaling Technology), and β-tubulin3 (1:200, Cell Signaling Technology) were added to the samples, which were then incubated with the appropriate horseradish peroxidase-conjugated secondary antibody. Finally, the cells were stained with freshly prepared diaminobenzidine tetrahydrochloride (DAB, Proteintech) and counterstained with hematoxylin (Sigma-Aldrich).



Spinal Cord Injury Model and Neural Stem Cells Transplantation

After adaptive feeding for 7 days, a total of 45 rats were randomly divided into two groups, the control group (n = 5) and the SCI group (n = 40). Then the SCI rats were intraperitoneally injected with 1.5% pentobarbital solution (65 mg/kg) for anesthesia before surgery. The back skin and subcutaneous tissues of the surgery zone were cut longitudinally on the operating table. At the level of T10, the spinous process and lamina were removed to expose the spinal cord. According to Allen’s simple strike model, the SCI strike device (Calvin, Nanjing, China) was used to hit the cord (impact rod weight: 20g, drop height: 2.5 cm). If the rat had spinal cord congestion, spasmodic shaking of both lower limbs, and tail spasmodic swinging after striking, the model was considered successful. The muscles and skins of rats were sutured by layers. Intraperitoneal injection of penicillin was given for 3 days after surgery, and manual bladder evacuation was performed twice every day until the restoration of the bladder function. Seven days after SCI, the rats were then randomly divided into sham (n = 20) and NGF-NSCs transplantation groups (n = 20). In the transplantation group, NGF-modified NSCs were injected by using a microsyringe (Hamilton, Bonaduz, Switzerland). In brief, 5 ul cells suspension containing 5∗104of NGF modified NSCs were injected at the lesion epicenter after anesthesia. In the sham group, the 5 ul phosphate buffered saline (PBS, Sigma-Aldrich, St. Louis, MO, United States) was injected in the same site. Five rats per group were randomly selected and sacrificed for further protein and RNA analysis every week after transplantation. The locomotor function of hind limbs was evaluated weekly until sacrifice.



Behavioral Assessments

Basso-Beattie-Bresnahan (BBB) scale, inclined plate test, and grid walking test were used to evaluate the functional recovery of hind limbs’ locomotion. Evaluations were conducted 1 and 7 days after SCI and 7, 14, 21, and 28 days after NSCs transplantation by two well-trained observers blinded to grouping. According to the BBB scale, rats were allowed to move freely in an open field for 4 min, and the average locomotor scores were recorded. As for the inclined plate test, a 6 mm thick rubber pad was placed on the surface of an inclined plane, and rats were placed in a body axis direction perpendicular to the longitudinal axis of the inclined plate. The inclination angle was gradually increased, and the rats were required to stay on the inclined plate for at least 5 s to record the maximum angle. Each rat was measured three times, and the average angle was recorded. In the grid walking tests, the rats were placed on an elevated metal grid with each grid cell 2.5 × 2.5 cm2. The grid was 30 × 80 cm2 and enclosed by transparent plexiglass walls with two openings. The performance of experimental rats was scored by counting the number of placing hindlimbs not on the wireframe to hold their body weight while moving along the grid every 20 steps (10 steps per hind limb). If the rat’s hind limbs couldn’t support the body mass, the number of incorrect steps is 20.



RNA Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction

Total RNA of tissues was isolated with TRIzol reagent (Aidlab Biotechnologies, Beijing, China). After lysing for 5 min, chloroform (Thermo Fisher Scientific) was added to the mixed solution. Then the supernatant was mixed with isopropyl alcohol and centrifuged for 10 min at 12,000 rpm and 4°C. After washing with 75% alcohol twice, the precipitated RNA was dissolved by DEPC-water and stored at −4°C. Reverse-transcription was performed, and the synthesized cDNAs were amplified and quantified using the QuantStudio 6 PCR system (Thermo Fisher Scientific). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. All primer sequences are shown in Supplementary Table 1. The calculation and quantification of gene expression were based on the 2– ΔΔ Ct method.



Protein Extraction and Western Blotting Analysis

The proteins of primarily cultured NSCs or spinal cord tissues from SCI rats were isolated by RIPA lysis buffer (Beyotime, Shanghai, China), and the concentrations were determined by a BCA detection kit (Beyotime). About 20ug proteins were loaded and electrophoresed onto 12% SDS polyacrylamide gel (GE Healthcare Bioscience, Marlborough, MA, United States) and then transferred to polyvinylidene fluoride (PVDF) membrane (MilliporeSigma, Burlington, MA, United States). The membranes were blocked by 5% non-fat milk for 60 mins at 37°C and were then incubated with anti-NGF monoclonal antibody (1:1000, Abcam, Cambridge, MA, United States), anti-CREB (1:1000, Abcam), anti-GDNF (1:500, Abclonal, Wuhan, China), anti-BDNF (1:1000, Abcam), anti-VEGF (1:1000, Boster, Pleasanton, CA, United States) and anti-β-actin (1:5000, Boster) overnight at 4°C. The primary antibody incubation was followed by incubation with a secondary peroxidase-conjugated anti-rabbit (1:5000, Boster) or anti-mouse antibody (1:5000, Boster) at room temperature for 2 h. The detection of signal was conducted using Bryo ECL kit (Bytotime), and the measurement of proteins’ expression was done by Image J (Joonas “Regalis” Rikkonen, Version 1.8.0).



Immunofluorescence Staining of Spinal Cord

The injured spinal cords were harvested, and the sections were fixed with 4% paraformaldehyde (PFA) (Thermo Fisher Scientific) in PBS at room temperature for 3 h, followed by cryoprotection with 6% sucrose/PBS overnight and embedding in optimal cutting temperature compound to obtain 5 μm thick sections. Representative cross-sections of spinal cord were randomly picked up from SCI epicenter and peri-lesion segments (3 mm caudal to the epicenter), which contained similar morphology of the target regions without major tissue artifact. Standardized immunohistochemical (IHC) reactions were performed in a single-blinded method per established protocol. Briefly, the sections were blocked with 10% goat serum (Boster) diluted in PBS for 1 h, followed by incubation with primary antibodies overnight at 4°C. The following primary antibodies were used: anti-Nestin (1:100, Proteintech, Wuhan, China), anti-CNPase (1:200, Proteintech), anti-GFAP (1:200, Cell Signaling Technology, Shanghai, China), anti-β-tubulin3 (1:100, Cell Signaling Technology), anti-NGF (1:250, Abcam), anti-TrkA and p-TrKA (1:300, immunoway). Prior to being incubated with fluorescent secondary antibody (1:100, Boster), the sections were rinsed with PBST (Sigma-Aldrich) three times (3 min each time). Then DAPI (Beyotime) was used to label the nucleus on the specimen. In each visual field, targeted marker-positive areas were calculated under a fluorescence microscope at 200X magnification, and the Image J software was applied to count the positive areas.



Electron Microscopy of the Myelin Sheath

After the rats were anesthetized, 1-mm3 fresh tissue from the injury epicenter was harvested and fixed with 2.5% glutaraldehyde (Thermo Fisher Scientific) for 24 h at 4°C. Then samples were postfixed with 1% Osmium tetroxide (Tedpella, Redding, CA, United States) in 0.1M Phosphate buffer (pH 7.4) and dehydrated gradually in ethanol at room temperature. After embedding with EMBed 812 (Ted Pella), samples were kept at 37°C overnight and moved to 65°C to polymerize for at least 48 h before cutting into 60 to 80 nm sections with the ultramicrotome (Leica, Germany). Uranium acetate (SPI- Chem, Westchester, PA, United States) and lead citrate (SPI-Chem) were used to stain in sequence. Finally, samples were observed, and images were captured under a transmission electron microscope (Hitachi, Japan).



Statistical Analysis

All data in this study are presented as the mean ± standard derivation (SD) of at least three replicates for each experiment. The statistical analyses were conducted in Graphpad Prism (FreeImage, Version 8.4.2). One-way and two-way analysis of variance (ANOVA) test with post hoc were used to evaluate differences of measurement data in groups. The data of behavioral assessments, including BBB scores, inclined plane test, and grid waking test, were processed with two-way ANOVA with post hoc. p value < 0.05 was considered statistically significant.



RESULTS


Establishment of NGF-Modified NSCs and Quality Evaluation

Lentiviral vectors expressing NGF (pLVX-IRES-ZsGreen-rat NGF) were designed as Figure 1A and transfected into neural stem cells obtained from day 14 rat embryonic spinal cord. As the most important marker of stem cells, nestin was positive in NGF- NSCs, and they had no immunoactivity with GFAP, CNPase, and β-tubulin3 (Figure 1B). In comparison with the NSCs carrying blank lentiviral vectors and naïve NSCs, RT-PCR and western blot suggested the mRNA and protein levels of NGF in NGF-NSCs increased significantly (p < 0.01, Figures 1C,D). The representative immunocytochemical staining of NGF-NSCs neurospheres demonstrated high expression of NGF (Figure 1E). The differentiation assay in vitro indicated that NGF-NSCs could maintain the stemness and differentiate into β-tubulin3-positive neurons, GFAP-positive astrocytes, and CNPase-positive oligodendrocytes (Figure 1F).
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FIGURE 1. Establishment of NGF-modified NSCs and quality evaluation. (A) The design of lentiviral vectors expressing NGF (pLVX-IRES-ZsGreen-rat NGF). (B) NGF-modified NSCs highly expressed nestin and they had no immunoactivity with GFAP, CNPase, and β-tubulin3. (C) RT-PCR showed the mRNA level of NGF was significantly enhanced in NGF-NSCs. (D) Western blotting further confirmed the elevated protein concentration of NGF in NGF-NSCs. (E) Representative immunocytochemical images demonstrated high levels of NGF in NGF-NSCs neurospheres. (F) NGF-NSCs could differentiate into β-tubulin3-positive neurons, GFAP-positive astrocytes, and CNPase-positive oligodendrocytes. Scale bar = 20 μm. **p < 0.01 and ***p < 0.001.




Transplantation of NGF-Modified NSCs Improves Functional Recovery of Hindlimbs and Alleviates Histopathological Damage After SCI

To investigate the protective effect of NGF- NSCs, we established the contusive SCI rat models. We monitored the hindlimbs’ motor function changes via a behavioral battery, including BBB score, inclined plane test, and grid walking test. Notably, we observed significant improvement of functional recovery in the SCI rats receiving NGF- NSCs transplantation over time (two-way ANOVA with post hoc, p < 0.01 for three tests, Figures 2A–C). Specifically, in the BBB scale, no rats exhibit deficits in locomotion before the injury, and the score decreased dramatically after SCI, which suggested the successful establishment of the SCI model. After cell transplantation, in comparison with the sham group, NGF-NSCs groups demonstrated significant higher BBB scores at post-injury day 14 (n = 20/group, p < 0.01), day 21 (n = 15/group, p < 0.01), day 28 (n = 10/group, p < 0.01) and day 35 (n = 5/group, p < 0.01, Figure 2A). Meanwhile, the inclined plane tests, another well-known measurement of hindlimb coordinated function, also showed that NGF-NSCs rats were able to maintain a stable body position on the tilted surface with a larger angle along in the subacute and early chronic stages after SCI (two-way ANOVA with post hoc, p < 0.01, Figure 2B). In the grid walking task, no rats could support their body weight seven days after SCI and the percentage of their incorrect steps at the time was 100% in both groups. One week after cell transplantation, NGF-NSCs rats started to exhibit more rapid progress in the proper placement of hindlimbs when climbing across the grid, and this leading lasted until the end of our observation (two-way ANOVA with post hoc, p < 0.01, Figure 2C).
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FIGURE 2. Transplantation of NGF-modified NSCs improved functional recovery of hindlimbs and alleviated histopathological damage after SCI. (A–C) After NGF-NSCs transplantation, NGF-NSCs rats exhibited steady and significantly better improvement of hindlimbs’ motor function along time in BBB score (A), inclined plane test (B), and grid walking test (C). (D) NGF-NSCs transplantation ameliorated the histopathological damage in the lesion epicenter 4 weeks after treatments. The area of injured tissue was circled by red dash lines in the representative transverse sections. The quantified analysis revealed that NGF-NSCs rats had a smaller area of damaged tissue and a larger size of spared tissue in the lesion site. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.


To investigate the tissue preservation effect of NGF-NSCs grafts, the representative transverse sections at the lesion epicenter from both groups were qualitatively and quantitatively analyzed for the morphological integrity of neural tissue. The injured tissue was defined as lesioned cord containing injury cavities and severely distorted neural tissue (Figure 2D). As demonstrated in the representative slices, the injured cavities and neural tissue of NGF-NSCs rats were mainly located in the dorsal funiculi and part of the dorsal horn in the gray matter, and the sham rats exhibited worse pathology with larger cavity and profound tissue distortion in the ventral cord (Figure 2D). More importantly, the quantitative analysis of the injured and spared tissues in the lesion epicenter indicated that the damaged tissue area in the NGF-NSCs group was significantly smaller than that in the sham group, and the spared tissue area exhibited the opposite change (one-way ANOVA, p < 0.05, Figure 2D).



Survival and Differentiation of NGF-Modified NSCs After Transplantation and Continuously Expressed High Levels of NGF at the Lesion Core

As showed in Figure 3A, after transplantation, we observed that clusters of NGF-NSCs cells marked by ZsGreen (green signals) aggregated in the epicenter of the injured spinal cord, and several of them were extended into the peri-lesion area. Additionally, NGF (red signal) was co-localized with ZsGreen (green signal) in these cells and they exhibited higher immunoactivity in the sample of the NGF-NSCs group (one-way ANOVA, p < 0.05, Figure 3A). In comparison, the positive signal of NGF was much weaker in the control and sham groups (one-way ANOVA, p < 0.05, Figure 3A). Notably, we observed that the transplanted NGF-NSCs marked by ZsGreen expressed β-tubulins3 and CNPase (the representative images were shown in Figure 3B), which suggested the NGF-NSCs could differentiate into neurons and oligodendrocytes. Further western blotting and RT-PCR exhibited that NGF’s protein and mRNA levels in both sham and NGF-NSCs groups were upregulated at day 7, 14, 21, and 28 after the graft (student t test, p < 0.05, Figures 3C–E). However, compared to the spontaneous NGF expression after SCI in sham rats, the elevation in NGF-NSCs rats was much more significant, and this effect still existed 4 weeks after transplantation (Figures 3C–E). Taken together, our findings suggested the NGF-NSCs could survive, differentiate, and continuously secret NGF at the lesion site after cell transplantation in the subacute and chronic stage of SCI.
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FIGURE 3. Survival and differentiation of NGF-modified NSCs after transplantation and high levels of NGF at the lesion core. (A) Four weeks after NGF-NSCs transplantation, we observed that NGF + /ZsGreen + cells aggregated in the epicenter of the injured spinal cord, and several of them migrated into the peri-lesion area. In comparison, the sham and control rats did not show a positive signal of ZsGreen, and their immunoactivity of NGF was much weaker. (B) The transplanted NGF-NSCs marked by ZsGreen expressed β-tubulins3 and CNPase, which indicated the NGF-NSCs could differentiate into neurons and oligodendrocytes. (C,D) The western blotting analysis demonstrated that NGF’s protein level was much higher in the NGF-NSCs groups at day 14, 21, 28, and 35 after injury. (E) Similarly, the mRNA level of NGF exhibited the same elevation in the three groups. Scale bar, white bar 5 μm; yellow bar 200 μm. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.




Reduction of Oligodendrocyte Loss and Attenuation of Astrocytosis and Demyelination in the Peri-Lesion Segments After NGF-Modified NSCs Transplantation

After SCI, the imbalance of microenvironment and progressive secondary injury cascade in the peri-lesion segments directly contribute to sustained and irreversible functional deficits (Oyinbo, 2011; Fan et al., 2018). Thus, we zoomed into the peri-lesion site to check the effect of NGF-NSCs transplantation. Five weeks after SCI, the sham rats exhibited significantly higher expression of GFAP (a cellular marker for the astrocytes) in the anterior horn and around the central canal 3 mm apart from lesion epicenter (one-way ANOVA, p < 0.05, Figure 4A). The graft of NGF-NSCs dramatically attenuated the abnormal GFAP expression in the peri-lesion segments, and the corresponding immunoactivity of GFAP in the anterior horn and around the central canal was similar to that in the control rat without SCI (one-way ANOVA, p < 0.05, Figure 4A). At the same time, NGF-NSCs treatment reversed the down-regulation of CNPase (a cellular marker for the oligodendrocytes) after injury at the same level, which suggested NGF-NSCs could reduce the loss of oligodendrocytes. As shown in Figure 4B, the healthy spinal cord demonstrated high expression of CNPase in the anterior horn and ventral funiculi, and its expression was significantly reduced in the early chronic stage of SCI (one-way ANOVA, p < 0.05). Four weeks after cell transplantation, we observed the restoration of the CNPase expression at the same level in the NGF-NSCs group (one-way ANOVA, p < 0.05, Figure 4B). Further electoral microscopy demonstrated that the integrity of the nerve sheath and corresponding axons could be better preserved in the white matter at the lesion epicenter of SCI rats receiving NGF-NSCs (the representative images were shown in Figure 4C).
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FIGURE 4. NGF-modified NSCs transplantation reduced the oligodendrocyte loss, attenuated astrocytosis, and demyelination in the peri-lesion segments post SCI. (A) Five weeks after SCI, the sham rats exhibited significantly higher expression of GFAP in the landscape, anterior horn, and around the central canal in the peri-lesion segments (3 mm caudal to the lesion epicenter). The graft of NGF-NSCs dramatically attenuated the abnormal GFAP expression in the same regions. (B) NGF-NSCs treatment reversed the down-regulation of CNPase in the peri-lesion segments (3 mm caudal to the lesion epicenter). after SCI. (C) The representative electoral microscopy of the white matter in the lesion epicenter showed that the integrity of the nerve sheath and corresponding axons were preserved after NGF-NSCs transplantation. Scale bar: white 200 μm; yellow 20 μm. *p < 0.05 and **p < 0.01.




Preservation of Motor Neurons and Enhancement of Endogenous Neurogenesis in the Peri-Lesion Segments After NGF-Modified NSCs Transplantation

As reported previously, the re-establishment of local neural circuits is pivotal to the functional recovery after SCI (Han Q. et al., 2019). Thus, we used β-tubulin3, which is constitutively expressed in mature neurons and participated in the timely axon regeneration, to explore the neuroprotective effects of the NGF-NSCs. As shown in Figure 5A, compared to the sham group, the positive area of β-tubulin3 was significantly higher in the anterior horn of the NGF-NSCs group (3 mm caudal to the lesion epicenter) 4 weeks after the transplantation (one-way ANOVA, p < 0.05, Figures 5A,B). Additionally, the motor neurons degenerated morphologically after SCI, and the transplantation of NGF-NSCs helped to maintain the neuronal integrity (Figure 5A).
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FIGURE 5. NGF-modified NSCs transplantation protected motor neurons and enhanced endogenous neurogenesis in the peri-lesion segments. (A,B) Four weeks after NGF-NSCs transplantation, compared to the sham group, the percentage of β-tubulin3 positive area in the anterior horn was significantly higher, and the neurons maintained physiological morphology. (C) Around the central canal in the peri-lesion segments (3 mm caudal to the lesion epicenter), there were no positive signals of ZsGreen and the immunoactivity of nestin was higher in the rat receiving NGF-NSCs along the time. (D) In the control rats, the expression of nestin was weak around central canal and there were no ZsGreen + cells. (E) The semi-quantification of the percentage of nestin + area demonstrated that high expression of nestin in the peri-lesion segments of NGF-NSCs rats. Scale bar = 20 μm. *p < 0.05 and **p < 0.01.


Next, we investigated endogenous neurogenesis in the peri-lesion segments. The analysis was performed on spinal sections 3 mm caudal to the epicenter from NGF-NSCs treated, sham and control animals. Two weeks after SCI, the immunoactivity of nestin was spontaneously enhanced around the central canal, and its level decreased gradually at 2nd, 3rd, 4th, and 5th week after injury. In comparison, NGF-NSCs rats exhibited much higher and sustainable elevation of nestin expression without positive signals at the same anatomical site, which suggested NGF-NSCs transplantation could enhance the endogenous neurogenesis in the peri-lesion segments (two-way ANOVA, p < 0.05, Figures 5C–E).



NGF-Modified NSCs Transplantation Simulated the Expression of Multiple Growth Factors Around Lesion Core

After SCI, growth factors [e.g., vascular endothelial-derived growth factor (VEGF), glial cell-derived neurotrophic factor (GDNF), and brain-derived neurotrophic factor (BDNF), etc] were reported to have pro-repair impact on the microenvironment for supporting spontaneous neurofunctional recovery (Richard and Sackey, 2021). Thus, we further evaluated the expression of multiple growth factors around the lesion core. Interestingly, both western blotting and RT-PCR analysis demonstrated that NGF-NSCs transplantation further enhanced the expression of VEGF (two-way ANOVA, p < 0.05, Figures 6A,B,E), GDNF (two-way ANOVA, p < 0.05, Figures 6A,C,F), and BDNF (two-way ANOVA, p < 0.05, Figures 6A,D,G) around lesion core at 2nd and 4th week after the treatment.
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FIGURE 6. NGF-modified NSCs transplantation simulated the protein and mRNA levels of VEGF, GDNF, and BDNF around the lesion core. (A–D) At day 21 and day 35 post-injury, representative western blotting images demonstrated increased protein levels of VEGF (B), GDNF (C), and BDNF (D) in the NGF-NSCs group around the lesion core. (E–G) At the same time, the outcomes of RT-PCR exhibited elevated levels of VEGF mRNA (E), GDNF mRNA (F), and BDNF mRNA (G), which validated our findings in western blotting. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.




NGF-Modified NSCs Transplantation Activated TrkA, Upregulated CREB and miR-132 in the Peri-Lesion Segments

To elucidate the underlying mechanism of the neuroprotective effect of NGF-NSCs on SCI, spinal cord tissue samples at different time points from all three groups were selected for molecular analysis. Per previous knowledge, tropomyosin receptor kinase A (TrkA), cAMP-response element binding protein (CREB) and microRNA-132 (miR-132) were thought to be key mediators of the biological effect of NGF (Finkbeiner et al., 1997; Numakawa et al., 2011). In the peri-lesion segments (3 mm caudal to the lesion epicenter), the expression levels of TrkA were significantly increased at 4 weeks after NGF-NSCs transplants compared to the sham rats (2.0-fold, one-way ANOVA, p < 0.05, Figure 7A). The same increased expression pattern was observed for phospho-TrkA (p-TrkA) in the NGF-NSCs rats (1.8-fold, one-way ANOVA, p < 0.05, Figure 7A). Next, we evaluated the CREB expression via western blotting. Compared to the control rats, there was markedly up-regulation of CREB in both sham and NGF-NSCs groups (Figures 7B,C). Moreover, within the time of the experiments, the protein level of CREB was higher in the NGF-NSCs group (two-way ANOVA, p < 0.05, Figures 7B,C). Further RT-PCR examinations of CREB mRNA exhibited the same difference among the three groups along the time (two-way ANOVA, p < 0.05, Figure 7D). Then we examined the level of miR-132 at the same level along time. Similar to the CREB, we observed dramatic up-regulation of miR-132 in the SCI rats receiving NGF-NSCs (two-way ANOVA, p < 0.05, Figure 7E). Overall, the transplantation of NGF-NSCs could activated TrkA, upregulated CREB and miR-132 in the peri-lesion segments.


[image: image]

FIGURE 7. NGF-modified NSCs transplantation activated TrkA, upregulated CREB/miR132 in the peri-lesion segments. (A) In the NGF-NSCs group, the protein levels of TrkA and p-TrkA were significantly increased around central canal in the segment 3 mm caudal to the lesion site. (B,C) Compared to the control and sham rats, the protein level of CREB was significantly elevated in the NGF-NSCs group at day 21, 28, and 35 after injury. (D) Further RT-PCR examinations of CREB mRNA exhibited the same difference among the three groups along the time. (E) The levels of miR-132 in NGF-NSCs rats were significantly higher than that in the other two groups at day 21, 28, and 35 after injury. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.




DISCUSSION

In this study, we genetically manipulated NSCs to overexpress NGF and evaluated its therapeutic value in contusive SCI. Our data indicate that (i) spinal cord-derived NSCs can be genetically modified to overexpress NGF while maintaining their stemness; (ii) in a rat SCI model, the transplantation of NGF-NSCs in the subacute stage can facilitate functional recovery; (iii) NGF-NSCs can survive and differentiate in the lesion core after the transplantation while sustainably expressing NGF; (iv) the graft of NGF-NSCs modulates the post-SCI microenvironment via reducing oligodendrocyte loss, attenuating astrocytosis and demyelination, preserving neurons, enhancing endogenous neurogenesis, and increasing the expression of various growth factors in peri-lesion segments; (v) the neuroprotective effect of NGF-NSCs may be mediated by the upregulation of CREB and miR-132.

As the first discovered member of neurotrophins, NGF plays a critical role in guiding axons, promoting axonal sprouting, and myelination of newborn axons after nerve injury (Yu et al., 2010; Tang et al., 2013). After neurotrauma in the spinal cord, endogenous NGF in the peri-lesion site is transiently upregulated within the first few weeks and contributes to the tissue repairment and local synaptic plasticity (Baldassarro et al., 2021). Therefore, an extra supplement of NGF may be a potential therapeutic strategy toward SCI. Initially, researchers tried to continuously infuse NGF directly into the lesion center by osmotic pumps, but the outcomes were inconsistent (Kobayashi et al., 1997; Bowes et al., 2000; Namiki et al., 2000). The problems of osmotic pumps were a potential failure of catheter insertion, limited time of use, and accidental secondary injury during the procedure, which introduced confounding factors into the experiments (Oladosu et al., 2016). Recently, Zhang et al. (2014) demonstrated in a rat SCI model that intravenous injection of NGF at a dose of 20 μg/kg/day could inhibit endoplasmic reticulum stress-induced apoptosis and improve the recovery after SCI. Via a nanocapsule-based delivery system, Xu et al. (2019) efficiently delivered the NGF into the CNS via intravenous administration, which subsequently slowed the lesion expansion and promoted tissue repair release in an acute SCI mice model. However, to sustainably elevate NGF at the lesion site, the animals had to receive a large dose of NGF and repeat injections, which might lead to systematic responses, inevitably subjected them to significant stress and messed up the behavioral assessment.

Recent advances indicate that genetically modified stem cells are ideal carriers to deliver specific molecules in the lesion site after spinal cord injury (Cui et al., 2013; Wei et al., 2018; Teng, 2019). Sasaki et al. (2009) genetically modified human mesenchymal stem cells to secret BDNF, and its transplantation restored the structural damage of the brain and spinal cord and contributed to improved functional outcomes in acute SCI. In comparison with other stem cells, NSCs exhibited their unique therapeutic values after neurotrauma, and the combination of neurotrophins and NSCs may have a synergistic effect on the recovery of SCI (Ruzicka et al., 2017; Han I. B. et al., 2019; Katoh et al., 2019). First of all, NSCs transplantation and neurotrophins administration have independent neuroprotective effects in the injured spinal cord (Zhao et al., 2019). Secondly, neurotrophins can influence the differentiation, enhance cell survival and proliferation of NSCs (Han and Kim, 2016; Langhnoja et al., 2021). Thirdly, the survival NSCs in the lesion site constitutively express neurotrophins, which ensure sustainable and high levels of neurotrophins in the microenvironment. For example, Khazaei et al. (2020) over-expressed GDNF in the human-induced pluripotent stem cell-derived NSCs. They observed that GDNF-expression biased the NSCs differentiation toward a neuronal fate via attenuating Notch signals in vitro and in vivo. And when transplanted into a rat model of cervical SCI, GDNF modified NSCs enhanced endogenous tissue repair, improved electrical integration of transplanted cells, and resulted in neurobehavioral recovery (Khazaei et al., 2020). Meanwhile, another research group tried to elevate the expression of BDNF in human NSCs, and their findings suggested that BDNF modified NSCs were able to attenuate neuroinflammatory response and glia activation following SCI (Sasaki et al., 2009). In our study, we successfully transplanted NGF-NSCs in the lesion area following SCI, and the treatment could maintain high levels of NGF in the injured spinal cord, which improves the post-injury recovery (Figures 1–3).

The inhibitive pathological microenvironment post-SCI is the key adverse factor affecting neurofunctional recovery after injury (Zhao et al., 2017; Cox et al., 2021). Following SCI, death of oligodendrocytes and profound demyelination results in the release of myelin-associated inhibitors, including myelin-associated glycoprotein, Nogo, and oligodendrocyte myelin glycoprotein, etc., which suppress axon regeneration (Boghdadi et al., 2018; Wang et al., 2020). Meanwhile, the activated microglias and infiltrating immune cells secrets high levels of proinflammatory cytokines while decreasing the expression of growth factors at the lesion center. In addition, the recruited and activated astrocytes within and around the lesion core deposit extracellular matrix proteins and form a dense fibrotic scar, which is another barrier to endogenous repair (Orr and Gensel, 2018). Thus, we further examined the related molecular markers in our study to determine whether NGF-NSCs can dampen the inhibitory microenvironment and facilitate the maturation of a pro-repair microenvironment. Notably, the graft of NGF-NSCs preserved the myelin sheath, reduced oligodendrocyte loss, attenuated astrocytosis, and maintained the physiological morphology of motor neurons in our study (Figures 4, 5). We also observed that multiple growth factors, such as GDNF, BDNF, and VEGF, were elevated after cell transplantation, suggesting that NGF-NSCs could modulate the microenvironment to exert a protective effect (Figure 6).

Additionally, NGF-NCSs also showed the ability to enhance endogenous neurogenesis around the central canal in our study (Figure 5). Recent evidence indicates that a population of ependymal cells lining the central canal of the spinal cord, namely the endogenous NSCs, restores its multipotency and starts dividing after SCI (Stenudd et al., 2015). However, in the pathologic status, endogenous NSCs generated more than half of the astrocytes and small amounts of oligodendrocytes, which mainly contributed to scar formation and manifested limited effect to functional recovery (Barnabé-Heider et al., 2010; Mao et al., 2016). Via integrating multimodal single-cell analysis, Llorens-Bobadilla et al. (2020) noticed that these endogenous NSCs were in a permissive chromatin state that could unfold latent gene expression and ectopic expression of the transcription factor OLIG2 promoted robust oligodendrogenesis, which suggested that modulation of resident NSCs might serve as an alternative treatment after SCI. Similarly, in our study, NGF-NSCs seemed to crosstalk with resident NSCs, and we thought this crosstalk was associated with continuously high levels of NGF and secondary up-regulation of various growth factors (e.g., GDNF, VEGF, and BDNF, etc.) via a paracrine method.

The transcription factor CREB is a critical downstream mediator of NGF-dependent gene expression in CNS, and its activation contributes to the neuroprotective effect of NGF (Riccio et al., 1999). It is known that NGF can bind to TrkA receptors on the cell surface, and this binding activates the Raf-MEK-ERK-RSK pathway, which subsequently activates CREB (Reichardt, 2006). Additionally, NGF-TrkA can also phosphorylate SH2Bβ and further activate ERK 1/2 and RSK, which participate in the activation of CREB (Maures et al., 2009). miR-132 expresses specifically in neural tissue, and CREB regulates its locus in response to neurotrophins (Wanet et al., 2012). Recently, miR-132 was reported to have a modulation effect on neuronal and immune function, which was designated as a “NeurimmiR” and suggested to act as crosstalk between both systems (Soreq and Wolf, 2011). Thus, we further evaluated the functional status of TrkA and the levels of CREB and miR-132 after cell transplantation. Notably, NGF- NSCs transplantation significantly activated TrkA, upregulated CREB and miR-132 in the peri-lesion segments, which suggests the protective effect of NGF-NSCs might be associated with their elevated expression.

Admittedly, there are several limitations in this study. First, the sensory tests, such as spinal sensory reflexes, von Frey filament tests, hot plane tests, etc., are not included in the behavior battery. Previously, the nociceptive sprouting induced by NGF and associated pain like behavior in the animal models limited the application of the neurotrophins in SCI treatment (Shu and Mendell, 1999). However, Tuszynski et al. (1996) observed that NGF delivery via fibroblasts elicited sprouting of local motor neurons, which was critical for the post-SCI recovery. Consistent with our findings, there are also emerging data demonstrating that NGF administration modulates the microenvironment, alleviates neuroinflammation, and facilitates the neural regeneration after SCI, which casts new light in the field of NGF (Cirillo et al., 2010; Xu et al., 2019). In addition, several researchers tried NSCs transplants to manage neuropathic pain treatment, and it significantly inhibited pain-like behavior after SCI (Yousefifard et al., 2016; Du et al., 2019). Thus, NGF and NSCs may have a synergic effect on post-SCI functional recovery without leading to chronic pain. It would be interesting for the future to explore the effect of NGF-NSCs on neuropathic pain after SCI. Second, as we did not include a group of LV-null NSCs in the animal study, there was no sufficient data showing that the NGF-NSCs could enhance the therapeutic efficacy of NSCs in SCI treatment. Third, in the molecular investigation, only three critical nodes (TrkA, CREB, and miR-132) in NGF-TrkA signaling were chosen for further analysis, and we did not use selective inhibitors and activators to elucidate the exact signaling pathway underlying the protective effect of NGF-NSCs. Fourth, the animals were sacrificed 4 weeks after cell transplantation in this study. Longer observation and evaluation of sensory and motor function should be performed to demonstrate the neuroprotective effect of NGF-NSCs in the chronic stage of SCI.



CONCLUSION

In summary, our study demonstrates for the first time that NGF-NSCs can effectively reduce oligodendrocyte loss, attenuate astrocytosis and demyelination, preserve motor neurons, and activate endogenous neurogenesis in peri-lesion segments, and therefore improve the functional recovery after SCI. In addition, we found that the therapeutic effects of NGF-NSCs may be mediated by modulation of the microenvironment via activating TrkA, upregulation of CREB and miR-132 around the lesion core. Taken together, our findings may shed new light on the application of NGF and cell transplantation therapy in SCI.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Experimental Animal Care and Use Committee at Union Hospital, Tongji Medical College, Huazhong University of Science and Technology.



AUTHOR CONTRIBUTIONS

LW and DL: conceptualization, resources, and data curation. SG, JG, and YT: methodology and investigation. LW, SG, JG, and YT: formal analysis. LW, SG, and DL: writing—original draft preparation. LW, FZ, HZ, and DL: writing—review and editing. LW and SG: visualization. DL, FZ, and HZ: supervision. DL: project administration and funding acquisition. All authors have read and agreed to the published version of the manuscript.



FUNDING

This research was funded by National Natural Science Foundation of China (Grant No. 81771334) and Natural Science Foundation of Hubei Province of China (Grant No. 2017CFB706).



ACKNOWLEDGMENTS

We thank for Yanling Zhang for writing review and editing of this manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2021.773375/full#supplementary-material


ABBREVIATIONS

ANOVA, analysis of variance; BBB, Basso-Beattie-Bresnahan; CNS, central nervous system; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GDNF, glial cell-derived neurotrophic factor; miR-132, microRNA-132; NGF, nerve growth factor; NSCs, neural stem cells; PBS, phosphate buffered saline; SCI, spinal cord injury; SD, Sprague-Dawley; TrkA, tropomyosin receptor kinase A; VEGF, vascular endothelial-derived growth factor; BDNF, brain-derived neurotrophic factor.


REFERENCES

Anderson, M. A., O’Shea, T. M., Burda, J. E., Ao, Y., Barlatey, S. L., Bernstein, A. M., et al. (2018). Required growth facilitators propel axon regeneration across complete spinal cord injury. Nature 561, 396–400. doi: 10.1038/s41586-018-0467-6

Baldassarro, V. A., Sanna, M., Bighinati, A., Sannia, M., Gusciglio, M., Giardino, L., et al. (2021). A Time-Course Study of the Expression Level of Synaptic Plasticity-Associated Genes in Un-Lesioned Spinal Cord and Brain Areas in a Rat Model of Spinal Cord Injury: A Bioinformatic Approach. Internat. J. Mole. Sci. 22:16. doi: 10.3390/ijms22168606

Barnabé-Heider, F., Göritz, C., Sabelström, H., Takebayashi, H., Pfrieger, F. W., Meletis, K., et al. (2010). Origin of new glial cells in intact and injured adult spinal cord. Cell Stem Cell 7, 470–482. doi: 10.1016/j.stem.2010.07.014

Boghdadi, A. G., Teo, L., and Bourne, J. A. (2018). The Involvement of the Myelin-Associated Inhibitors and Their Receptors in CNS Plasticity and Injury. Mol. Neurobiol. 55, 1831–1846. doi: 10.1007/s12035-017-0433-6

Bowes, M., Tuszynski, M. H., Conner, J., and Zivin, J. A. (2000). Continuous intrathecal fluid infusions elevate nerve growth factor levels and prevent functional deficits after spinal cord ischemia. Brain Res. 883, 178–183. doi: 10.1016/s0006-8993(00)02779-7

Cirillo, G., Cavaliere, C., Bianco, M. R., De Simone, A., Colangelo, A. M., Sellitti, S., et al. (2010). Intrathecal NGF administration reduces reactive astrocytosis and changes neurotrophin receptors expression pattern in a rat model of neuropathic pain. Cell Mol. Neurobiol. 30, 51–62. doi: 10.1007/s10571-009-9430-2

Cox, A., Capone, M., Matzelle, D., Vertegel, A., Bredikhin, M., Varma, A., et al. (2021). Nanoparticle-Based Estrogen Delivery to Spinal Cord Injury Site Reduces Local Parenchymal Destruction and Improves Functional Recovery. J. Neurotrauma 38, 342–352. doi: 10.1089/neu.2020.7047

Cui, X., Chen, L., Ren, Y., Ji, Y., Liu, W., Liu, J., et al. (2013). Genetic modification of mesenchymal stem cells in spinal cord injury repair strategies. Biosci. Trends 7, 202–208.s

Du, X. J., Chen, Y. X., Zheng, Z. C., Wang, N., Wang, X. Y., and Kong, F. E. (2019). Neural stem cell transplantation inhibits glial cell proliferation and P2X receptor-mediated neuropathic pain in spinal cord injury rats. Neural. Regen Res. 14, 876–885. doi: 10.4103/1673-5374.249236

Fan, B., Wei, Z., Yao, X., Shi, G., Cheng, X., Zhou, X., et al. (2018). Microenvironment Imbalance of Spinal Cord Injury. Cell Transplant 27, 853–866. doi: 10.1177/0963689718755778

Finkbeiner, S., Tavazoie, S. F., Maloratsky, A., Jacobs, K. M., Harris, K. M., and Greenberg, M. E. (1997). CREB: A Major Mediator of Neuronal Neurotrophin Responses. Neuron 19, 1031–1047. doi: 10.1016/S0896-6273(00)80395-5

Han, I. B., Thakor, D. K., Ropper, A. E., Yu, D., Wang, L., Kabatas, S., et al. (2019). Physical impacts of PLGA scaffolding on hMSCs: Recovery neurobiology insight for implant design to treat spinal cord injury. Exp. Neurol. 320:112980. doi: 10.1016/j.expneurol.2019.112980

Han, Q., Ordaz, J. D., Liu, N. K., Richardson, Z., Wu, W., Xia, Y., et al. (2019). Descending motor circuitry required for NT-3 mediated locomotor recovery after spinal cord injury in mice. Nat. Commun. 10:5815. doi: 10.1038/s41467-019-13854-3

Han, Y., and Kim, K. T. (2016). Neural Growth Factor Stimulates Proliferation of Spinal Cord Derived-Neural Precursor/Stem Cells. J. Korean Neurosurg. Soc. 59, 437–441. doi: 10.3340/jkns.2016.59.5.437

Hao, D., Du, J., Yan, L., He, B., Qi, X., Yu, S., et al. (2021). Trends of epidemiological characteristics of traumatic spinal cord injury in China, 2009-2018. Eur. Spine J. 2021:3. doi: 10.1007/s00586-021-06957-3

Hayta, E., and Elden, H. (2018). Acute spinal cord injury: A review of pathophysiology and potential of non-steroidal anti-inflammatory drugs for pharmacological intervention. J. Chem. Neuroanat. 87, 25–31. doi: 10.1016/j.jchemneu.2017.08.001

Katoh, H., Yokota, K., and Fehlings, M. G. (2019). Regeneration of Spinal Cord Connectivity Through Stem Cell Transplantation and Biomaterial Scaffolds. Front. Cell. Neurosci. 13:248. doi: 10.3389/fncel.2019.00248

Keefe, K. M., Sheikh, I. S., and Smith, G. M. (2017). Targeting Neurotrophins to Specific Populations of Neurons: NGF, BDNF, and NT-3 and Their Relevance for Treatment of Spinal Cord Injury. Int. J. Mol. Sci. 18:3. doi: 10.3390/ijms18030548

Khazaei, M., Ahuja, C. S., Nakashima, H., Nagoshi, N., Li, L., Wang, J., et al. (2020). GDNF rescues the fate of neural progenitor grafts by attenuating Notch signals in the injured spinal cord in rodents. Sci. Transl. Med. 12:525. doi: 10.1126/scitranslmed.aau3538

Kobayashi, N. R., Fan, D. P., Giehl, K. M., Bedard, A. M., Wiegand, S. J., and Tetzlaff, W. (1997). BDNF and NT-4/5 prevent atrophy of rat rubrospinal neurons after cervical axotomy, stimulate GAP-43 and Talpha1-tubulin mRNA expression, and promote axonal regeneration. J. Neurosci. 17, 9583–9595. doi: 10.1523/jneurosci.17-24-09583.1997

Langhnoja, J., Buch, L., and Pillai, P. (2021). Potential role of NGF, BDNF, and their receptors in oligodendrocytes differentiation from neural stem cell: An in vitro study. Cell Biol. Int. 45, 432–446. doi: 10.1002/cbin.11500

Lei, D., Zhao, H., Deng, X., Liu, R., Zhang, F., and Yao, D. (2009). Superparamagnetic iron oxide labeling of spinal cord neural stem cells genetically modified by nerve growth factor-beta. J. Huazhong Univ. Sci. Technolog. Med. Sci. 29, 235–238. doi: 10.1007/s11596-009-0220-3

Llorens-Bobadilla, E., Chell, J. M., Le Merre, P., Wu, Y., Zamboni, M., Bergenstråhle, J., et al. (2020). A latent lineage potential in resident neural stem cells enables spinal cord repair. Science 370:6512. doi: 10.1126/science.abb8795

Mao, Y., Mathews, K., and Gorrie, C. A. (2016). Temporal Response of Endogenous Neural Progenitor Cells Following Injury to the Adult Rat Spinal Cord. Front. Cell. Neurosci. 10:58. doi: 10.3389/fncel.2016.00058

Maures, T. J., Chen, L., and Carter-Su, C. (2009). Nucleocytoplasmic shuttling of the adapter protein SH2B1beta (SH2-Bbeta) is required for nerve growth factor (NGF)-dependent neurite outgrowth and enhancement of expression of a subset of NGF-responsive genes. Mol. Endocrinol. 23, 1077–1091. doi: 10.1210/me.2009-0011

Namiki, J., Kojima, A., and Tator, C. H. (2000). Effect of brain-derived neurotrophic factor, nerve growth factor, and neurotrophin-3 on functional recovery and regeneration after spinal cord injury in adult rats. J. Neurotrauma 17, 1219–1231. doi: 10.1089/neu.2000.17.1219

Numakawa, T., Yamamoto, N., Chiba, S., Richards, M., Ooshima, Y., Kishi, S., et al. (2011). Growth factors stimulate expression of neuronal and glial miR-132. Neuroscience Letters 505, 242–247. doi: 10.1016/j.neulet.2011.10.025

Oladosu, F. A., Ciszek, B. P., O’Buckley, S. C., and Nackley, A. G. (2016). Novel intrathecal and subcutaneous catheter delivery systems in the mouse. J. Neurosci. Methods 264, 119–128. doi: 10.1016/j.jneumeth.2016.03.006

Orr, M. B., and Gensel, J. C. (2018). Spinal Cord Injury Scarring and Inflammation: Therapies Targeting Glial and Inflammatory Responses. Neurotherapeutics 15, 541–553. doi: 10.1007/s13311-018-0631-6

Oyinbo, C. A. (2011). Secondary injury mechanisms in traumatic spinal cord injury: a nugget of this multiply cascade. Acta Neurobiol. Exp. 71, 281–299.

Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philos Trans. R. Soc. Lond. B Biol. Sci. 361, 1545–1564. doi: 10.1098/rstb.2006.1894

Riccio, A., Ahn, S., Davenport, C. M., Blendy, J. A., and Ginty, D. D. (1999). Mediation by a CREB Family Transcription Factor of NGF-Dependent Survival of Sympathetic Neurons. Science 286:2358. doi: 10.1126/science.286.5448.2358

Richard, S. A., and Sackey, M. (2021). Elucidating the Pivotal Neuroimmunomodulation of Stem Cells in Spinal Cord Injury Repair. Stem Cells Int. 2021:9230866. doi: 10.1155/2021/9230866

Ruzicka, J., Machova-Urdzikova, L., Gillick, J., Amemori, T., Romanyuk, N., Karova, K., et al. (2017). A Comparative Study of Three Different Types of Stem Cells for Treatment of Rat Spinal Cord Injury. Cell Transplantation 26, 585–603. doi: 10.3727/096368916X693671

Sasaki, M., Radtke, C., Tan, A. M., Zhao, P., Hamada, H., Houkin, K., et al. (2009). BDNF-hypersecreting human mesenchymal stem cells promote functional recovery, axonal sprouting, and protection of corticospinal neurons after spinal cord injury. J. Neurosci. 29, 14932–14941. doi: 10.1523/jneurosci.2769-09.2009

Shu, X. Q., and Mendell, L. M. (1999). Neurotrophins and hyperalgesia. Proc. Natl. Acad. Sci. U S A 96, 7693–7696. doi: 10.1073/pnas.96.14.7693

Sofroniew, M. V., Howe, C. L., and Mobley, W. C. (2001). Nerve growth factor signaling, neuroprotection, and neural repair. Annu. Rev. Neurosci. 24, 1217–1281. doi: 10.1146/annurev.neuro.24.1.1217

Song, Z., Wang, Z., Shen, J., Xu, S., and Hu, Z. (2017). Nerve growth factor delivery by ultrasound-mediated nanobubble destruction as a treatment for acute spinal cord injury in rats. Int. J. Nanomed. 12, 1717–1729. doi: 10.2147/ijn.S128848

Soreq, H., and Wolf, Y. (2011). NeurimmiRs: microRNAs in the neuroimmune interface. Trends Mol. Med. 17, 548–555. doi: 10.1016/j.molmed.2011.06.009

Stenudd, M., Sabelström, H., and Frisén, J. (2015). Role of endogenous neural stem cells in spinal cord injury and repair. JAMA Neurol. 72, 235–237. doi: 10.1001/jamaneurol.2014.2927

Tang, S., Zhu, J., Xu, Y., Xiang, A. P., Jiang, M. H., and Quan, D. (2013). The effects of gradients of nerve growth factor immobilized PCLA scaffolds on neurite outgrowth in vitro and peripheral nerve regeneration in rats. Biomaterials 34, 7086–7096. doi: 10.1016/j.biomaterials.2013.05.080

Teng, Y. D. (2019). Functional Multipotency of Stem Cells and Recovery Neurobiology of Injured Spinal Cords. Cell Transplant 28, 451–459. doi: 10.1177/0963689719850088

Thakor, D. K., Wang, L., Benedict, D., Kabatas, S., Zafonte, R. D., and Teng, Y. D. (2018). Establishing an Organotypic System for Investigating Multimodal Neural Repair Effects of Human Mesenchymal Stromal Stem Cells. Curr. Protoc. Stem Cell Biol. 47, e58. doi: 10.1002/cpsc.58

Tuszynski, M. H., Gabriel, K., Gage, F. H., Suhr, S., Meyer, S., and Rosetti, A. (1996). Nerve growth factor delivery by gene transfer induces differential outgrowth of sensory, motor, and noradrenergic neurites after adult spinal cord injury. Exp. Neurol. 137, 157–173. doi: 10.1006/exnr.1996.0016

Wanet, A., Tacheny, A., Arnould, T., and Renard, P. (2012). miR-212/132 expression and functions: within and beyond the neuronal compartment. Nucleic Acids Res. 40, 4742–4753. doi: 10.1093/nar/gks151

Wang, X., Zhou, T., Maynard, G. D., Terse, P. S., Cafferty, W. B., Kocsis, J. D., et al. (2020). Nogo receptor decoy promotes recovery and corticospinal growth in non-human primate spinal cord injury. Brain 143, 1697–1713. doi: 10.1093/brain/awaa116

Wei, W., Huang, Y., Li, D., Gou, H.-F., and Wang, W. (2018). Improved therapeutic potential of MSCs by genetic modification. Gene Therapy 25, 538–547. doi: 10.1038/s41434-018-0041-8

Xu, D., Wu, D., Qin, M., Nih, L. R., Liu, C., Cao, Z., et al. (2019). Efficient Delivery of Nerve Growth Factors to the Central Nervous System for Neural Regeneration. Adv. Mater. 31:e1900727. doi: 10.1002/adma.201900727

Yousefifard, M., Rahimi-Movaghar, V., Nasirinezhad, F., Baikpour, M., Safari, S., Saadat, S., et al. (2016). Neural stem/progenitor cell transplantation for spinal cord injury treatment; A systematic review and meta-analysis. Neuroscience 322, 377–397. doi: 10.1016/j.neuroscience.2016.02.034

Yu, L. M., Miller, F. D., and Shoichet, M. S. (2010). The use of immobilized neurotrophins to support neuron survival and guide nerve fiber growth in compartmentalized chambers. Biomaterials 31, 6987–6999. doi: 10.1016/j.biomaterials.2010.05.070

Zhang, H., Wu, F., Kong, X., Yang, J., Chen, H., Deng, L., et al. (2014). Nerve growth factor improves functional recovery by inhibiting endoplasmic reticulum stress-induced neuronal apoptosis in rats with spinal cord injury. J. Translat. Med. 12:130. doi: 10.1186/1479-5876-12-130

Zhao, X. M., He, X. Y., Liu, J., Xu, Y., Xu, F. F., Tan, Y. X., et al. (2019). Neural Stem Cell Transplantation Improves Locomotor Function in Spinal Cord Transection Rats Associated with Nerve Regeneration and IGF-1 R Expression. Cell Transplant 28, 1197–1211. doi: 10.1177/0963689719860128

Zhao, Y., Xiao, Z., Chen, B., and Dai, J. (2017). The neuronal differentiation microenvironment is essential for spinal cord injury repair. Organogenesis 13, 63–70. doi: 10.1080/15476278.2017.1329789


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wang, Gu, Gan, Tian, Zhang, Zhao and Lei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fncel-15-773375-g006.jpg
21d  35d 21d 35d

* 0 7o)
¥ (] ™
£ <
2% z
n ¥ - -
m M N _._m. N
. 2 ]
-
o
\ ] § & H—] 3
&
2] | I [ | I |
- s o Te} o < ™ N - o
H - = = uoissaldxa aAlejal YNNW 4Nag
m O unoe-g/ANQag 0
o d
&
S -
I ;
5 3
14
S
- L
N 2
o
o G c
H—] 3 —] s
’ T I 4 ST & T
% — o o uoissalidxa aAnejal YNYW ANAD
=z O unoe-g/INao L
O
N -—
o
b <
(/5] s
LL oY "
Q* | S E X
c > 5 *
o c W c
O H—] 38 > H ] 8
L uw c [ | I ¥ | I | |
<z 2Z = © <t N o v ¥ ® N = ©o
Q Ao g o o = = uoissaidxa aAeal YNyW 493A
© m ugoe-g/493A





OPS/images/fncel-15-773375-g007.jpg
A NGF-NSCs Control

-y
g

% of TrkA+ Area
G

5

o

©
g NSCs Sham Con
(&)
©
- sk ksk
& |
@ Kk ok
(&) 510_

< g

+

S 6

=

& 4

5 o

X

NSCs Sham Con

B C

14d 21d 28d 35d 14d 21d 28d 35d 1.0-

[-ACHIN e e s - — o -

%k
kK
Con Sham Il NGF-NSCs 0.5- ’_‘
0.0 ﬁ I . i-

CREB1/B-actin

Con 14 21 28 35 p.i.
D E Days after injury
Aok c
'g 4— = .g 4~ *k
B o
0 ko ol
S 3- ¥k X 37 -
o @
@ >
£ £
<
(1 - o
) 1 E | I I [
m ™
W o
S 0 | E 0 ,
Con 14 21 28 35 p.i. Con 35 p.l.

Days after injury Days after injury





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neural Stem Cells Overexpressing Nerve Growth Factor Improve Functional Recovery in Rats Following Spinal Cord Injury via Modulating Microenvironment and Enhancing Endogenous Neurogenesis



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Cell Culture and Transfection



		Immunocytochemistry and Immunohistochemistry of Cells



		Spinal Cord Injury Model and Neural Stem Cells Transplantation



		Behavioral Assessments



		RNA Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction



		Protein Extraction and Western Blotting Analysis



		Immunofluorescence Staining of Spinal Cord



		Electron Microscopy of the Myelin Sheath



		Statistical Analysis







		RESULTS



		Establishment of NGF-Modified NSCs and Quality Evaluation



		Transplantation of NGF-Modified NSCs Improves Functional Recovery of Hindlimbs and Alleviates Histopathological Damage After SCI



		Survival and Differentiation of NGF-Modified NSCs After Transplantation and Continuously Expressed High Levels of NGF at the Lesion Core



		Reduction of Oligodendrocyte Loss and Attenuation of Astrocytosis and Demyelination in the Peri-Lesion Segments After NGF-Modified NSCs Transplantation



		Preservation of Motor Neurons and Enhancement of Endogenous Neurogenesis in the Peri-Lesion Segments After NGF-Modified NSCs Transplantation



		NGF-Modified NSCs Transplantation Simulated the Expression of Multiple Growth Factors Around Lesion Core



		NGF-Modified NSCs Transplantation Activated TrkA, Upregulated CREB and miR-132 in the Peri-Lesion Segments







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
frontiers |
in Cellular Neuroscience

Neural Stem Cells
Overexpressing Nerve Growth
Factor Improve Functional
Recovery in Rats Following
Spinal Cord Injury via
Modulating Microenvironment
and Enhancing Endogenous
Neurogenesis









OPS/images/fncel-15-773375-g001.jpg
A —
(S’LTR RRE )—( CMV )—.—( IRES )—(ZsGreen)—( 3’LTR)
A |
C

LV-nuli

Relative mRNA expression

D NGF

e
kok _
8- B-actin e e —
oKk
Xk
6- 0.8 %k
=
e 3
Y
@ 0.4-
2+ &
v B e B 0 O W =
0 . I 0.0 : :
Con LV-null Con LV-null LV-NGF
F GFAP CNPase B-tubulin3
‘ : —g - .ﬂ'ﬂ ‘ Y p ':,
A ' . . gy f ] i
- . . » * M = _': ‘
¢ % 2 - < ;i ’ : : , . 3
o o >, ",'\;%* “"v:& i‘-‘;‘ & ""‘
TR ‘? ,t;;f’} «B « g & L
. . T % &
h}_ 1‘; " e g %: p ,i‘
e 7 ‘.: %’2 - ‘30;? ,3} y A,






OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





OPS/images/fncel-15-773375-g004.jpg
NGF-NSCs

>

Landscape

Central canal

c
-
O
£ =
| .
O
=
()
e
=
<

&%
& o
=8
F o
4 ':\.‘f

% of CNPase+ Area

Control

o

N
o

-
o

o

NSCs Sham Con

% of GFAP+ Area % of GFAP+ Area

% of GFAP+ Area

(@

NSCs Sham Con

*

NSCs Sham Con

&%k

NSCs Sham Con





OPS/images/fncel-15-773375-g005.jpg
o O o
M N x

eaJe +gsuingnl-g Jo %,

o

NSCs Sham Con

ZsGreen/

LLl

NSCs

m SCI+NGF

= Control

o - o
3 2 .1

ealy +

unIseN Jo %

Days after injury

ZsGreen/





OPS/images/fncel-15-773375-g002.jpg
Score

—— SCI+NGF-NSCs

C

Bl SCI+NGF-NSCs

% of incorrect steps

100 —

75 -

50 -

25 -

Con

| | |
7 14 21 28 35 p..

Days after injury

—— Sham -+ Control

Grid walking test
eskok
I_l i ok
[ =
14 21 28 35 p.i.
Days after injury
Bl Sham ] Con

D

Inclined plane test

60- T 4\{/1
x I
KKk by
KKk

40+ J

KKk
20

c 1 1 1 |
14 21 28 35 p.i.

v SCI modeling

NGF-NSCs

Sham

Con

Days after injury
v NGF-NSCs transplant

Injured tissue
2-0_ **

Injured tissue mm?2
o o - -
© o o o»
| ] ] ]

NSCs Sham Con

Spared tissue
%
[ |
i 1

. |

»
|

Spared tissue mm?
W
]

o
|

|
NSCs Sham Con





OPS/images/fncel-15-773375-g003.jpg
NGF-NSCs transplants Sham Control

*kk ok
I skeoksk [

N
(=
|
w
=
|

10— 15—

% of NGF+ Area

0.5

% of ZsGreen+ Area

T

0
NSCs Shlalm C(l)n NSCs Sham Con

o
(=)

ZsGreen /IDAPI

C 14d 21d 28d 35d 14d 21d 28d 35d p.i.
NGF -._“-——-"--—G
f-actin —— GRS S G S R G G S
Con Sham NGF-NSCs B SCI+NGE-NSCs Sham 1 Control
D % E c 67 skok
] * 2 [ Kok
1.0 r—— 7
* o * ]
S
5 - * 3 4- ]
g I .g *
Q ©
‘LZB 0.5+ E’
= 27
(14
=
L
)
0.0 <0 i . I
Con 14 21 28 35 p.i Con 14 21 28 35 P.i.

Days after injury Days after injury





