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Purpose: Spinal cord injury (SCI) has a damaging impact on patients, amid being a worldwide problem with no effective treatment. Herein, we reported a method for functional therapy of SCI in rats, wherein we combined thermo-sensitive hydrogel with Sonic Hedgehog (SHH) expressed in rat bone-marrow derived mesenchymal stem cells (RMSCs).
Methods: Bone marrow-derived mesenchymal stem cells (BMSCs) were isolated from Sprague-Dawley (SD) female rats. The SHH was optimized and transferred into RMSCs via cationic liposomes, while thermo-sensitive hydrogel was reformed with hyaluronate (HA) and Pluronic F127. Then, a rat model with SCI was established accordingly by male SD rats and randomized into sham, model, RMSCs with hydrogel and SHH-RMSCs with hydrogel. The evaluation of SCI repair based on Basso, Beattie Bresnahanlocomotor rating scale (BBB scale) and inclined plate score. Immunofluorescence, immunohistochemistry and hematoxylin-eosin were utilized to explore the expression of protein (GFAP, GAP43, NF200 and MBP) and histopathology.
Results: It was demonstrated that transfection of SHH with cationic liposomes exhibited more effect in RMSCs than lipofectamine 2000. As shown in SEM, 3.5% HA-F127 demonstrated porous structure. In the MTT and dead/live assay, 3.5% HA-F127 showed good biocompatibility for RMSCs. Both RMSCs and SHH-RMSCs groups could significantly promote BBB and inclined plate scores (p < 0.01) compared with the model. Furthermore, the SHH-RMSC group was significantly improved than RMSC with the expression of related proteins, where NF200, MBP, and GAP43 were principally enhanced with the GFAP expression being virtually down-regulated.
Conclusion: All in all, the results suggested that transplantation of RMSCs with SHH could improve the function of SCI and promote nerve regeneration.
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1 INTRODUCTION
The pathological process of traumatic injuries such as spinal cord injury (SCI) is complicated coupled with high disability and mortality. SCI often leads to sensory and motor deficits, as well as acutely causing bradyarrhythmia, vasodilation and autonomic dysreflexia, ectopic beats, hypotension, and neurogenic shock (Hagen, 2015; Taweel and Seyam, 2015; Villanova Junior et al., 2020). Additionally, SCI could be continuously developed in different time stages, leading to expansion of the initial injured area (Wills and Ninness, 2012) and harsh treatment environment. After injury to the central nervous system (CNS), the lost axons cannot be regenerated due to intrinsic limitations. The failure of axonal regeneration is due to the lack of neurotrophic support (Widenfalk et al., 2001), growth-inhibitory molecules (Kerstetter and Miller, 2012) and the absence of the immune function (Schwartz, 2000). Meanwhile, glial cells could produce growth-inhibitors which prevent axon regeneration, namely Nogo (Schnell and Schwab, 1990), MAG (Reindl and Waters, 2019), tenascin (Becker et al., 2000), and proteoglycans of chondroitin sulfate (Lemons et al., 1999).
Current treatment options for SCI include the use of high-dose sodium succinate methylprednisolone and early surgery, which aim to prevent further injury. Because the poor neurologic recovery affecting the patients daily lives, it is very worthwhile to find a more effective treatment method for spinal cord injury (Chhabra and Arora, 2012). Therefore, effective therapeutic modalities are essential to protect neurons from secondary injury and promote neurologic recovery. Cell transplantation has become a promising therapy for SCI. It has been widely recognized that cell transplantation could survive adequately for a longer period to facilitate the regeneration of axons sufficiently and appropriately (Neuhuber et al., 2005).
As mesenchymal stem cells, marrow stromal cells (MSCs) have multiple abilities to differentiate into triploids, such as bone (Beresford et al., 1992), cartilage (Lennon et al., 1995), fat (Beresford et al., 1992) and muscle (Wakitani et al., 1995). Bone marrow-derived mesenchymal stem cells (RMSCs) also have the ability to differentiate along three essential mesenchymal lineages: osteoblasts, adipocytes, and chondroblasts (Pittenger et al., 1999; Rubio et al., 2005). Importantly, it had been reported that MSCs have potential to differentiate into nerve cells. Related studies reported that injection of MSCs into the SCI rat could improve motor function, while accelerating recovery of the rat motor during spinal transplantation with moderate SCI in the basso, as evidenced by the BBB score system (Lin et al., 2018). And there have also been reports showing that wound healing is achieved effectively with the application of BMSCs (Han et al., 2005; Falanga et al., 2007).
In recent years, genetic engineering technology has become more and more prosperous and has been applied in the treatment of clinical diseases. At present, vectors of gene therapy are mainly allocated into two classes, namely non-viral and viral vectors. In particular, viral vectors have the advantages of high transfection and transformation rates, but clinical applications have been limited owing to their small capacity, difficult preparation, high immunogenicity, and other potential safety issues. Comparably, the non-viral vectors have the advantages of natural degradation, simple preparation, low toxicity and repeatable transfection, especially low immunogenicity (Zdanov et al., 2000). Common non-viral vectors include cationic liposomes, naked DNA and cationic polymers, among which cationic liposomes are more applicable. Liposomes are composed of a phospholipid structure similar to that of a biological membrane and other lipids. The liposome forms single-layer or multilayer microcapsules dispersed in water. Cationic liposomes usually composed of positively charged amphoteric compounds and neutral lipid with dispersive properties of nanoparticles. The basic structure of cationic liposome is that the positively charged group is connected to the hydrophobic group. Because of the positive charge, cationic liposome can combine the negative charged target gene to form a stable complex, which can transfer a variety of substances into various types of cells, such as animals, plants, microorganisms, etc.
Hydrogels can form polymer chains that cross physically or chemically the forming 3D-porous structure (3D)-porous structure (Liu et al., 2018). In view of their high biocompatibility, abundant aquatic content, and mechanical properties, hydrogels can act as an ideal scaffold candidate for tissue engineering and other important biological functions such as nerve cell adhesion, exchange of metabolic substances, and loading of bioactive compounds for SCI regeneration (Zhou et al., 2018; Zhang et al., 2021). We hypothesized that combination of hydrogels and other delivery systems like liposomes may enhance SCI treatment.
Sonic hedgehog (SHH) is an essential signal in the formation of the neuronal pattern, regulation of cell fate, axonal guidance, proliferation, survival and differentiation during the development of the central nervous system (CNS). Gli is the downstream signal molecule of SHH, which has been shown to promote the protective effect of SCI recovery, amid the potential to maintain biological activity at the injury site for the short term. Presently, available literature suggests that signal of SHH/Gli1 in activated astrocytes plays a crucial role in blood-SC barrier permeability and recovery of locomotor function after SCI (Yue et al., 2020). Furthermore, SHH chitosan microspheres (SHH/CS) embedded in fibrin scaffolds could provide protection and regeneration for complete transection of SCI in rats (Liu et al., 2018), thus achieving better therapeutic effects than without microsphere scaffold (Yang et al., 2020).
In this study, cationic liposomes were formed by the thin film dispersion method, while RMSCs were transfected with SHH gene that was delivered by cationic liposomes. The expression of SHH gene in RMSCs was optimized and combined with thermo-sensitive hydrogel scaffold, which may provide suitable scaffold materials for repairing SCI in rats, wherein the repair effect was investigated.
2 MATERIALS AND METHODS
2.1 Materials
Merck KGaA (Darmstadt, Germany) supplied 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), while SinoPharm Chemical Reagent Co., Ltd. Provide chloroform and ethanol. Chromatographically grade methanol was supplied by Hanbon Sci. And Tech. (Jiangsu, China). Production of double distilled (DD) water was accomplished with a Millipore Water Purifying System (Millipore Corp., Bedford, MA, United States). Other analytically grade chemicals were obtained commercially. We bought MSCgo™ Rapid Osteogenic Differentiation Medium, fetal bovine serum (FBS), DMEM medium and D-hanks solution from Biological Industries (Israel). Anti-NF200 (#55453,1:200 dilution for Immunofluorescence), anti-GAP43 (#8945, 1:200 dilution for Immunofluorescence), anti-GFAP (#80788, 1:200 dilution for Immunofluorescence), anti-MBP (#78896, 1:200 dilution for Immunofluorescence), anti-CD44-APC-conjugate (#80813), mAb IgG2b Isotype Control (APC Conjugate) (#34828) and alexa Fluor 488 goat anti-rabbit IgG (#4412,1:500 dilution) were purchased from Cell Signaling Technology Co., Ltd. Anti-CD29-APC-conjugate (17-0291-82), anti-vimentin-APC-conjugate (MA5-28601), TGF-beta1, oil red O, HA and F127 were obtained from Sigma Co., Ltd. All the antibodies were obtained from Cell Signaling Technology, Inc. The DsDNA fluorimetry test kits were obtained by Jiaxing Yakangbo Medical Examination Co., Ltd.
2.2 Animals
The Center for Laboratory Animal Research at Jiangsu University (Zhenjiang, China) supplied the male SD rats (200–250 g, 14–16 weeks) for establishment of SCI model and the female SD rats (180–230 g, 6–8 weeks) for isolating RMSCs. We maintained the rats for 3 days at room temperature, 40%–70% relative humidity and 12/12 cycle of ligh/dark with free water and food access. The animal study was reviewed and approved by the board of institutional review at the Institute of Jiangsu University.
2.3 Isolation and purification of RMSCs
RMSCs were harvested from adult male SD rats (6–8 weeks). In brief, SD rats were applied for intraperitoneal anaesthesia (1% pentobarbital sodium, 50 mg/kg). And femurs and tibias were cut off aseptically, removed the skin and muscles. A hole was then created in the knee joint end of each bone with a 26-gauge needle, and marrow was flushed with D-hanks solution containing 2% FBS. The solution was centrifuged for 5 min at 800 rpm. The supernatant was aspirated gently, and pallet was resuspended in DMEM comprising streptomycin (100 μg/mL) penicillin (100 U/mL), and 10% FBS. Cells were seeded in tissue culture flask and cultured in incubator with 5% CO2, and 37°C. After 24 h, the non-adherent cells were discarded after medium refreshing. Then, the culture medium was refreshed every 3 days. After RMSCs had achieved 80% confluence, we digested and passaged the cells at a density of 2.0 × 105 cells per ml for subculturing. The cells morphology and growth were observed under a microscope.
2.4 Characterization of RMSCs
2.4.1 Alizarin Red staining of RMSCs
Seeding of RMSCs (4.5 × 104 cells per mL) in a 6-well plate with MSCgo™ Rapid Osteogenic Differentiation Medium was accomplished before incubation under 5% CO2 at 37°C, while medium renewal was carried out once in 3 days. Later, we fixed the cells after 10 days with ethanol (95%) for 10 min, before addition of Alizarin Red staining solution and 30 min of incubation at 37°C. After twice washing, the stained cells were detected under optical microscope.
2.4.2 Oil red O staining of RMSCs
Seeding of RMSCs (4.5 × 104 cells per mL) in a 6-well plate was carried out for 10 days with DMEM, which contained 3-isobutyl-1-methyl-xanthine (IBMX, 0.5 mmol/L), insulin (5 μg/mL), and dexamethasone (1 µM) for inducing adipogenic differentiation, while the medium was renewed once in 3 days. The cells were then stained with oil red O for 15 min, rinsed with 85% propylene glycol for 3 min, before washing in DD water for 3 times and recording with optical microscope.
2.4.3 Type II collagen-FITC and makers staining
Seeding of RMSCs (4.5 × 104 cells per mL) in a 6-well plate was carried out for 2 weeks in DMEM medium that contained insulin (6.25 mmol/L), transforming growth factor β1 (TGF-β1, 10 μg/L), and 10% FBS (v/v), as well as subsequent cell inducement and assays with Type II collagen-FITC. Meanwhile.
2.4.4 Flow cytometry analysis
Detection of cell surface markers (CD29 and CD44) and intracellular markers (vimentin) was performed by flow cytometry antibody staining as following procedure. RMSCs were incubated with APC-conjugated mAb, including anti-CD29, anti-CD44, anti-vimentin. Data were acquired and analyzed on a BD Accuri TM C6 Plus with FlowJo V10 software.
2.4.5 Growth curve of RMSCs
RMSCs were digested into single-cell suspension and 5 min of centrifugation at 1000 rpm. The precipitated cells was resuspended and counted, while the adjusted cells (1 × 104 cells per mL) were inoculated in a 24-well plate. Meanwhile, the cells were counted every day for a week in triplicate, before we plotted growth curve with abscissa representing culture time and ordinate denoting the average number of cells.
2.5 Cationic liposomal preparation and characterization
2.5.1 Preparation of cationic liposome
The preparation of cationic liposomes was carried out using the thin film dispersion method (Zhong et al., 2007) (28). The brief method was described as follows: DOTAP (350 mg) and DOPC (370 mg) were dissolved in chloroform (10 ml) prior to 10 min of vortexing. Evaporation of solvent was performed at 50°C with a rotary evaporator to form a thin-film of DOTAP and DOPC on tube wall. Later, we dried the film for 1 h to remove residual solvent. We bruised the lipid film into powder before it was dissolved in DD water (4 ml) under vigorous stirring to form cationic liposomes.
2.5.2 Cationic liposomal characterization
Analysis of particle size and zeta potential was carried out via laser light scattering Zetasizer (Brook-haven Instruments Corporation, Holtsville, NY, United States) at temperature of 25°C and angle of 90° by diluting with DD water (1:8, v/v) as previously described (Bao et al., 2020)(29). Morphological visualization of diluted cationic liposomes with DD water (1:100, v/v) was accomplished under transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan). Briefly, we added phosphotungstate solution (2%) to stain the cationic liposomes after placement on copper mesh. Later, the liposomes were observed by the TEM after they have been dried.
2.6 Transfer SHH gene into RMSCs via cationic liposome
2.6.1 Cell culture and transfection
Plasmids carrying the SHH gene were constructed by Sangon Biotech, shanghai, China. The third generation RMSCs was transfected with SHH plasmids in vitro. The experiment was randomized into three groups, viz., experimental (cationic liposome transfected SHH), control (cationic liposome) and positive control groups (Lipofectamine 2,000 transfected SHH). In experimental group, different concentrations of SHH plasmid were mixed with cationic liposome solution (without FBS) at room temperature (RT) and incubated for 20 min. This mixture was added to RMSCs and cultured in the incubator. After 4 h, we replaced the culture medium with fresh DMEM. Afterwards, cultivation of the cells was carried out for 8 days prior to testing.
2.6.2 Optimal transfection efficiency of cationic liposomes
Different concentrations of SHH plasmids (20, 40, 80, and 160 ng) were mixed with cationic liposomes, while different RMSCs numbers (1 × 104, 2 × 104, 4 × 104 and 8 × 104 cells per well) were explored. The procedure was in accordance with the above method (Section 2.6.1). The SHH was detected by ELISA and Western blot (WB) to optimize the transfection condition, namely, the concentration of plasmids and the number of cells.
2.6.3 Transfected RMSCs
RMSCs (transfected with an optimal ratio of SHH-liposome) were seeded in a 24 well plate (500 µl per well) at 2 × 104 cells per mL density. Next, the cells were cultivated for 8 days, before detection in triplicate (every day) of the growth curve.
2.7 Establishment of temperature sensitive gel
2.7.1 Preparation of temperature sensitive gel
Amounts of Pluronic F127 (0.6 g) and sodium hyaluronate (0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, and 0.2 g, HA-F127 solution with mass fractions of 12% for F-127 and 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5%, and 4.0% for hyaluronate) were weighed and mixed at 4°C. Next, the mixed HA-F127 solution was placed under a 37°C water bath to gelatinize, while the transaction time was recorded, respectively.
2.7.2 Observing the morphology by SEM
The HA-F127 hydrogel was lyophilized by the freeze dryer. The lyophilized material was then placed on conductive tape and metal sprayed for 60 s to observe the morphology via a Philips XL-30E scanning electron microscope.
2.7.3 Mechanical properties
For competition swelling, we placed the HA-F127 hydrogel in PBS (pH 7.4) for 24 h at room temperature. Using a universal material testing machine, we subjected the gel to a mechanical compression test at room temperature, wherein the compression speed was 2 mm/min. Each experimental group was repeated in triplicate and the average value was recorded.
2.7.4 Swelling performance
The HA-F127 hydrogel was immersed in PBS (pH7.4) and placed in a 37°C thermostat air bath to completely expand. After 24 h, the samples were taken out, before we used filter paper to absorb water on the surface. Later, we accurately weighed the swelled hydrogels as W1, while the samples were lyophilized totally and weighed as W2. The calculation of the swelling ratio (SR) of the HA-F127 hydrogel was performed using formula (Villanova Junior et al., 2020), while the samples were measured in triplicate.
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2.7.5 In vitro degradation test
The HA-F127 hydrogel was added to PBS (pH7.4) before swelling in a constant temperature shaking box at 37°C for 24 h. Afterwards, the hydrogel was taken out, wiped with filter paper to remove residual surface moisture, before weighing the hydrogel mass as Wa. The hydrogel was placed in a 0.02% (w/v) sodium azide solution in PBS before shaking at 37°C, while the hydrogel was weighed and recorded as Wb at different times. The remaining mass (RM %) of the hydrogel degradation over time was calculated by the following formula (Taweel and Seyam, 2015). All samples were measured in triplicate before statistical comparison and analysis.
[image: image]
2.7.6 Release test
The HA-F127 hydrogel containing SHH plasmid was collected in a tube comprising PBS (2 ml, pH = 7.4) before placement in a shaker operating at constant temperature of 37°C. Aliquot (300 μl) of release solution was withdrawn at 1, 2, 3, 4, 5, 6, 7, and 8 days, prior to supplementation with equal amount of fresh PBS (pH = 7.4) in the tube. Ds-DNA kit was used to determine the concentration of SHH gene, while the cumulative release rate was calculated.
2.7.7 In vitro proliferation experiment
The preparation of a solution of 3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyl-tetrazolium bromide (MTT) was carried out as follows: 250 mg of MTT were dissolved in 50 mL of PBS in dark conditions and filtered with a 0.22 μm filter before storage at 4°C. Next, HA-F127 solution was prepared at 3.5% (w/v) with DMEM as stock solution. All the RMSCs were divided into 6 groups and cultivated with different concentrations of HA-F127 solution, including culture and diluted stock solution of HA-F127 (80%, 40%, 20%, and 10%), while each group was examined in quintuple. Then, the proliferation of different groups was calculated with MTT method. Briefly, 50 µl MTT solution were added into each well prior to 4 h incubation. Next, we discarded the supernatant, before addition of DMSO (150 µl). The samples were mixed, prior to measuring the absorbance value of each group at 490 nm with the enzyme-linked immunosorbent monitor.
2.7.8 Dead/live assay
RMSCs were cultured in 3.5% HA-F127 and detected with Live/dead kit (Invitrogen, L3224) at different times, viz., 24, 72, and 120 h according to the protocol. We washed the cells with PBS (pH 7.4) prior to observation and recording under florescent microscope. The number of living and dead cells was recorded, and the ratio of dead to live cells was calculated with ImageJ.
2.8 Repair of SCI in rats
2.8.1 Establishment of rat SCI model
Rat SCI models were constructed as an existing study (Yu et al., 2021) (30). Briefly, anesthesia of male SD rats (200–250 g, 14–16 weeks old) was carried out via intraperitoneal injection of 10% (w/v) chloral hydrate (3.2 mL/kg, i.p.), and tying to an animal stereotaxic instrument, before hair trimming and disinfection of the skin. Later, laminectomy at the level of the T9−T11 vertebral column was performed to expose the spinal cord. Complete spinal cord transection at the T10 level was performed using a microscopic scissor after lifting the spinal cord with a self-made hook. The hook was passed through the gap to ensure that there were no residual fibers on the bottom and lateral sides of the canal. After the hemostasis, cells were added dropwise in situ. Finally, the skin and other tissues were sutured, while the gentamicin was injected for 4 days.
2.8.2 Experiment design
Male SD rats (200–250 g) were randomized into four groups, namely sham operation (n = 10), model (n = 10), RMSC treated (n = 10) and SHH-RMSC treated groups (n = 40).
2.8.3 Behavioral assessment
All experimented rats were scored through combination of inclined plate and BBB tests for 8 weeks. The scores were assigned into three grades of SCI repairing, as previously described by Basso et al. (1995), wherein rats that could move only its hind limbs minus support for its weight (0–8), rat that could support its weight without coordination (Lemons et al., 1999; Becker et al., 2000; Neuhuber et al., 2005; Chhabra and Arora, 2012; Reindl and Waters, 2019), and rat that could stabilize its trunk to coordinate its movement (Beresford et al., 1992; Lennon et al., 1995; Wakitani et al., 1995; Pittenger et al., 1999; Han et al., 2005; Rubio et al., 2005; Falanga et al., 2007; Lin et al., 2018). Through objective standards, we strictly evaluated the motor function of the hind limb. Later, the score were given by two independent researchers that had no idea about the experiment. Using the inclined plane test established by Rivlin and Tator (Rivlin and Tator, 1977), we placed the rats on an inclined board with their heads turned to the left with gradual increase in the angle from the horizontal position (0°). The score was calculated at the maximum angle at which the animal could stay on the board for 5 s without falling. All calculations were performed in triplicate.
2.8.4 Immunohistochemical staining
Exploration of glial fibrillary acid protein (GFAP), growth-associated protein 43 (GAP43), myelin basic protein (MBP), and neurofilament 200 (NF200) expressions at protein level in the experimental group was accomplished by immunohistochemical staining. Paraffin-embedded tissue sections were firstly deparaffinized with 100% xylene, followed by rehydration using gradient ethanol and soaked in the boiled citric acid repair solution. Then, the sections were blocked with 5% BSA. The samples were stained with primary antibodies at 4°C overnight followed by incubation with secondary antibodies and SABC reagents. After that, staining of the slices were done with DAB, lightly counterstained with hematoxylin for 0.5–2 min before recording image with microscope.
2.8.5 Histopathological study
After dewaxing the paraffin sections, the slices from all the groups were stained with hematoxylin eosin for 5 min before 10 min of washing with DD water. The slices were then treated with a 1% hydrochloric acid-ethanol solution for 30 before 30 s of washing with DD water. Subsequently, the slices were stained with 0.5% eosin for 1–3 min and washed with DD water for 30 s, before subsequent washing with 80 and 95% ethanol, absolute ethanol, and xylene for 1–3 min. After sealing with neutral gum, the slices were observed and imaged under microscope.
2.8.6 Immunofluorescence
Paraffin sections were deparaffinized before we soaked (lasted 5–10 min) all the slices in 3% hydrogen peroxide, and thricely washed with PBS. Next, the slices were boiled in the citric acid repair solution and washed twice with PBS. And the sections were incubated in blocking solution of 5% BSA. The samples were stained with primary antibodies at 4°C overnight followed by incubation with fluorescently labeled secondary antibodies. Washing of the slices with PBS was performed before staining with DAPI for 15 min. Finally, antifluorescence quencher was dropwise added in the dark, prior to observation under a fluorescence microscope.
2.9 Statistical analysis
Presentation of data derived from the experiments was accomplished with mean and standard deviation (SD). Statistically, we evaluated differences within varied groups through ANOVA and least significant difference (LSD) test. Significance level was statistically accepted at p < 0.05. SPSS software (version 19.0, SPSS Inc., Chicago, United States) was used for calculations, while. Plotting of graphs was done with Origin Software® (Origin-Lab Corporation).
3 RESULTS
3.1 Identification of RMSCs
The fresh separated RMSCs were deposited on the beneath of culturing flask, which was a round shape and bright cytoplasm with good refraction. After 24 h, the RMSCs began to attach to the bottom, while the cytoplasm extended outward. The adherent cells appeared to be spindle, triangular, fan-shaped and round with fibroblasts like morphology after 48 h (as shown in Figure 1A). Agglomeration of lipid droplets could be seen in RMSCs after adipose induction, which proved adipogenesis of RMSCs (Figure 1B). In osteoblast inducted differentiation, calcium nodules could be detected in RMSCs which verified osteogenesis of RMSCs (Figure 1C). Then, the positive expression of collagen II displayed in Figure 1D illustrated the chondrogenesis of RMSCs. As shown in Figures 1E, F, H, RMSCs were highly positive for the surface markers CD29, CD44 and the intracellular markers vimentin. Meanwhile, the expression of phalloidin (Figure 1G) clearly shown the distribution of microfilament skeleton in RMSCs. The growth bar graph of MTT depicted that the cells proliferated rapidly with stable growth status (Figure 1I). In all, the results showed high purity, fast proliferation and stable biological characteristics of RMSCs.
[image: Figure 1]FIGURE 1 | Identification of RMSC (scar = 50 μm). (A) Bright field image of RMSCs; (B) Adipogenic RMSCs were stained with Oil Red O; (C) Alizarin Red staining of osteogenic RMSCs; (D) collagen II immunofluorescence of chondrogenic RMSC; (E) Immunofluorescence staining of vimentin; (F) Immunofluorescence staining of CD29; (G) Immunofluorescence staining of phalloidin; (H) The flow-cytometry analysis of CD44, CD29, and vimentin; (I) The growth bar graph curve of RMSCs.
3.2 Cationic liposomal preparation and characterization
The average size of cationic liposomal particles was 85.76 ± 3.48 nm, whereas zeta potential was 15.76 ± 2.1 mV (Figures 2B,C). Also, TEM (Figure 2A) of cationic liposome displayed the same result as DLS with the liposomal particles being smaller (˂100 nm), which exhibited uniform globular shape. The SHH plasmid and cationic liposomal solution (without FBS) were mixed thoroughly at room temperature to prepare SHH-loaded liposomes, while its zeta potential was observed to be 10.37 ± 0.80 mV (Figure 2C).
[image: Figure 2]FIGURE 2 | Characterization of cationic liposomes and screening for optimal SHH transfection conditions. (A) TEM of cationic liposomes; (B) The particle size distribution of cationic liposomes. (C) Zeta potential of plasmids, cationic liposomes, and SHH-cationic liposomes. (D) and (F) The SHH with different concentration of plasmids by ELISA and Western blotting (WB). The SHH expression of 80 ng per well was significantly higher than other groups and obtained better expression than lipofectamine 2000 (*, p < 0.05). (E) and (G) The SHH expression with different cell density by ELISA and WB. The best expression is in the condition of 80,000 cells (**, p < 0.01), and both 2000 cells and 4,000 cells were higher than 10,000 (**, p < 0.01). (H) The proliferation rate of RMSCs after transfection of the SHH gene from 1 to 8 days.
Screening for the best transfection ratio and studying of growth curve
Different concentrations of SHH plasmids (20, 40, 80, and 160 ng/well) and varied cell numbers (1 × 104, 2 × 104, 4 × 104, 8 × 104 cells per well) were examined with cationic liposomes to optimize the transfection condition. Through detection of SHH expression at protein level with ELISA and WB technique, we observed (Figures 2D–G) that compared with lipofactime 2000, the transfection efficiency of cationic liposomes was higher, whereas the optimal transfection concentration was reached when the plasmid concentration was 80 ng per well (p < 0.05) and 80,000 cells per well (p < 0.01). The growth curve (Figure 2H) was calculated through the MTT method, which displayed faster cell proliferation rate in the SHH transfected group compared to control group, thus indicating good growth status and low toxicity in the former group.
3.3 Preparation and characterization of thermo-sensitive gel
HA-F127 containing 0.5%, 1.0%, 1.5%, and 2.0% sodium hyaluronate did not remain coagulative. It can intuitively be found in Figure 3A that 0.5%, 1.0%, 1.5%, 2.0% sodium hyaluronate flowed to the bottom of the containers, while those composing of 2.5%, 3.0%, 3.5%, 4.0% gelatinized at the top of containers. The gelation times of 2.5%, 3.0%, 3.5%, 4.0% HA-F127 were 12, 6, 3, 2 min, respectively (Figure 3B). Therefore, the initial selected ratio of HA-F127 contained 2.5%, 3.0%, 3.5%, and 4.0%. The SEM results (Figure 3C) showed that the HA-F127 morphology of 3.0% and 3.5% had a more uniform porous structure. A more uniform porous structure provided more space for RMSC growth. The results of the mechanical compression test showed that the mechanical strength of the hydrogel was improved by the increased ratio of HA (Figure 3D). The results of the swelling degree test also demonstrated that the swelling degree of the hydrogel increased with increasing concentration of HA (Figure 3E). During combination of gel release finding (Figure 3F) and result of in vitro degradation tests (Figure 3G), we observed that when the ratio of HA was 4.0%, the cumulative release of the hydrogel scaffold was the smallest with the remaining in vitro being the highest. These could result in lower release of SHH and poor efficacy in SCI model after transplantation of SHH-transfected RMSCs combined with HA-F127. However, the higher cumulative release and the lower remaining ratio showed the poor stability of the HA-F127 structure, such as 2.5%, 3%. The cumulative release and degradation of 3.5% HA-F127 could provide a better microenvironment for the growth of RMSCs. Thus, 3.5% HA-F127 were selected to apply to the cell viability experiment. The stock solution was prepared by soaking 3.5% HA-F127 in DMEM solution. Then the RMSC viability was detected by MTT with different concentration of the stock solution, including 10%, 20%, 40%, 80%, and 100%. As shown in Figure 3H, the viability result showed that a low concentration of the stock solution demonstrated high cell proliferation, and that no stock solution (Blank) led to the highest viability. Though the viability was lower following the increasing stock concentration, the viability was also as high as 95.60% when the stock concentration was 100%, that showed that 3.5% HA-F127 was no significant suppression for RMSCs.
[image: Figure 3]FIGURE 3 | Characterization of HA-F127. (A) The appearance of 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5%, 4.0% HA-F127. It was obvious that 0.5%, 1.0%, 1.5%, 2.0% HA-F127 did not solidified; (B) The gelation times of 2.5%, 3.0%, 3.5%, 4.0% HA-F127; (C) The TEM of 2.5%, 3.0%, 3.5%, 4.0% HA-F127; (D), (E), (F), and (G) The elastic modulus, swelling ratio, remaining ratio and release of 2.5%, 3.0%, 3.5%, 4.0% HA-F127, respectively. (H) The RMSCs proliferation in under different concentration of HA-F127.
3.4 Live/dead assay
The RMSCs embedded in 3.5% HA-F127 were cultivated and stained for live/death assays at 24, 72, and 120 h, accordingly. As indicated in Figure 4, calcein AM (green) stained the live cells, while the PI (red) labeled the dead cells. It was found that the cell viability of 3.5% HA-F127 in 120 h was higher than 24 and 72 h (p < 0.01), while the viability in 72 h was higher than 24 h. Live/dead results indicated that the RMSCs survived and proliferated well in the 3.5% HA-F127.
[image: Figure 4]FIGURE 4 | RMSC PI/Calinein AM assay in 3.5% HA-F127 at 24, 72, 120 h. 3.5% HA-F127 for 120 h showed that the ratio of the red fluorescence (dead)/green fluorescence (live) was significantly lower than 24 and 72 h (**, p < 0.01), indicating that the RMSCs obtained more better medium to survive and proliferate well in the hydrogel.
3.5 Repair of SCI in rats
3.5.1 The improvement of behavior in spinal cord injury
The BBB scores (Figure 5A) of all rats in each group were evaluated prior to surgery for SCI and were found to be in the range of 20–21. The BBB scores in the operated group dropped to 2 points after modeling, while the sham operated group only dropped to around 18–19 points coupled with rapid recovery. The BBB score of the model group remained at 2–3 in 1–8 weeks after surgery, indicating no significant recovery, while those of the RMSC and SHH-RMSC groups increased gradually. In the SHH-RMSCs group, the BBB score of the best recovered rats was 11, which increased substantially compared to other groups (p < 0.01).
[image: Figure 5]FIGURE 5 | (A) and (B) The BBB scores and inclined plate angles of SCI for 8 weeks. The results of the SHH-RMSC group were significantly higher than those of the model, sham, and RMSC, and the difference was statistically significant (**, p < 0.01, compared with model; ##, p < 0.01, compared with MSCs; Δ, p < 0.01, compared with sham). (C) H&E staining of SCI. SHH-RMSCs group improved significantly, while the tissue arrangement tended to be normal, and the extracellular space was significantly reduced.
As shown in inclined plate test (Figure 5B), angle of oblique plate test in normal rats in each group was 58–60°. The test angle of operated rats reduced to 17–20°, while the test angle of sham operated group remained basically unchanged. The test angle of the operated rats in the model group was basically unchanged around 18–20° in 1–8 weeks after surgery, while the rats in the RMSC and SHH-RMSC groups gradually increased. Furthermore, the maximum test angle of rats in the SHH-RMSC group was recovered to approximately 36°, which increased markedly compared to other groups (p < 0.01).
3.5.2 Pathological observation of spinal cord tissue
As shown in Figure 5C, the SC tissue of the rats in the model group was still damaged after 8 weeks, i.e., the chromatin of neurons became sparse, some neurons appeared nuclear fragmented, cell bodies shrank, extracellular space increased and some nuclei dissociated. However, the SCI tissue of the RMSC and SHH-RMSC groups was improved. Among the different groups, we found that rats in the SHH-RMSCs group improved significantly as their tissue arrangement tended to be normal, while the extracellular space was reduced substantially.
3.5.3 Immunohistochemistry and immunofluorescence
Levels of GAP43, NF200, MBP, and GFAP in the four groups were detected by immunofluorescence and immunohistochemistry (Figure 6 and Figure 7A). GAP43, NF200, and MBP expression levels in the model group were the lowest, suggesting that the structure of the SC tissue was significantly damaged. In contrast, we observed a substantial increase in expression of GAP43, NF200 and MBP in the RMSCs and SHH-RMSCs groups, while the SHH-RMSCs group exhibited a significant improvement in the SCI tissue. Meanwhile, we observed highest GFAP expression in the model group, whereas a decreased expression of these genes was found in the RMSCs and SHH-RMSCs groups. Also, the GFAP expression in SHH-RMSCs group was the lowest, thereby verifying that the SC tissue of rats in this group improved markedly.
[image: Figure 6]FIGURE 6 | Immunohistochemistry of Sham, Model, RMSCs and SHH-RMSCs, including GAP43, NF200, MBP, and GFAP. SHH-RMSCs could significantly improve the expression of NF200, MBP, and GAP43, as well as inhibit GFAP expression.
[image: Figure 7]FIGURE 7 | (A) The immunofluorescence of Sham, Model, RMSCs and SHH-RMSCs, including GAP43, NF200, MBP, and GFAP. SHH-RMSCs could significantly improve the expression of NF200, MBP, and GAP43, but inhibit the expression of GFAP. (B) The protein expression of GAP43, NF200, MBP, and GFAP in the Sham, Model, RMSCs, and SHH-RMSC groups. (**,##, p < 0.01, compared with model).
3.5.4 The protein expression of GAP43, NF200, MBP, and GFAP
GAP43, NF200, MBP, and GFAP protein levels in the four groups were detected by Western blotting (Figure 7B). In the RMSCs and SHH-RMSCs groups, we observed a significant up-regulation in expression of GAP43, NF200 and MBP (p < 0.01), and a down-regulated expression of GFAP (p < 0.01).
4 DISCUSSION
In recent years, the study of RMSCs has been of great interest in the fields of regenerative medicine and animal biotechnology alike. In our study, we combined the thermo-sensitive hydrogel (3.5% HA-F127) with SHH expressed RMSCs as Figure 8A, then transplanted the mixture (SHH-RMSCs-loaded HA-F127) into the injured section in SCI rats as Figure 8B. This treatment could significantly improve behaviors and enhanced nerve regeneration in SCI rats.
[image: Figure 8]FIGURE 8 | The schematic diagrams. (A) The composition of graft; (B) The graft site in spinal cord injury models.
Similar to Jaromír Vašíček’s work (Vašíček et al., 2020), we also successfully isolated RMSCs from rats, these cells have presented positive expression of CD29, CD44 and vimentin (Figure 1). Then we prepared cationic liposomes as carriers to transfer the SHH into RMSCs, amidst the effect of transfection being higher than lipofectamine 2000 (Figure 2D). As a common non-viral vector, cationic liposomes have a lot of advantages, such as safety, simple preparation and high transfection efficiency. Also, a stabilized complex was formed when cationic liposomes interacted with negative charge of the target gene, which can transfer various substances into different types of cells (Zdanov et al., 2000). Several studies have found that cationic liposomes to be a carrier, exhibited much better transfection efficiency in the HEK293 cell lines (Wu et al., 2022), a mouse neuroblastoma cell line (Yang et al., 2019), HeLa cells (Paecharoenchai et al., 2012) and dendritic cells (Markov et al., 2012). Interestingly, we chose RMSCs that transfected SHH DNA via cationic liposomes and expect RMSCs to improve neurology recovery in our study. The SHH plays a crucial role in nervous development by stimulating production of neuron and oligodendrocyte from ventral cord progenitor cells, enhancement of synaptic plasticity, inhibition of astrocyte formation and guidance of axon guidance growth (Charron et al., 2003; Gulino and Gulisano, 2013; Ogura et al., 2018). Here, SHH-loaded cationic liposomes maintained a higher transfection rate under 80 ng/well and 8 × 104 cells/well conditions compared to lipofectamine 2000. Under this condition, it is possible that the liposome may have borne an overall positive charge, thereby enabling it to fully bind with negatively charged components of cell membrane to obtain higher transfection efficiency (Felgner et al., 1997; Dodds et al., 1998).
Meanwhile, we prepared HA-F127, a thermo-sensitive hydrogel scaffold, which created an environment for the cells to attach because of its three-dimensional network structure. When the HA concentration was 3.5%, HA-F127 could obtain a porous structure with a uniform pore size in a shorter time. The cumulative release, degradation and mechanical compression were also better than other ratios. Importantly, RMSCs in HA-F127 could live normally for a long time according to the results of the dead/living assay. As a kind of natural macromolecular glycosaminoglycan with good biocompatibility and biodegradability, HA is easily decomposed by HA enzyme in vivo (How et al., 2020). Pluronic F127 is a temperature-sensitive non-ionic triblock copolymer composed of a hydrophobic polyoxypropylene (PPO) chain in the middle and a hydrophilic polyoxyethylene at both ends (PEO) (Charron et al., 2003). Combining F127 with HA did not only protect effectively HA from degradation due to hydrophilic PEO segment of F-127, but also encapsulate hydrophobic drugs as a result of hydrophobic PPO segment of F-127 (Bae et al., 2006; Bae et al., 2007; Zhang et al., 2010). At present, SCI treatment is still complex and challenging. Conventional hydrogels including chitosan, gelation, poloxamer 407 and hydroxyethyl methacrylate could not provide a good environment, which leading to inhibition of nerve repair (Zhao et al., 2016). We suspected that the combination of SHH-transfected cationic liposomes with HA-F127 may promote more effective repair in the SCI.
The SD rat SCI model was then established, while grafts (SHH-transfected liposomes and HA-F127, as Figure 8A) were applied at the site of the injury as in Figure 8B. From in vivo study, the behavior of rats in the treated group improved significantly by improvement of BBB test and inclined plate test. Also, these results need to be interpreted with more methods, such as the open-field test and the record of fore and hind paws. It was obvious that GAP43, NF200, and MBP were significantly expressed at the site of injury, whereas GFAP was inhibited in the SHH-RMSCs group as indicated in the results of immunohistochemistry and immunofluorescence. GAP43 and NF200 are specific proteins in the nervous system, which are closely related to nerve growth (Al-Chalabi and Miller, 2003; Shen et al., 2008; Harauz and Boggs, 2013). GFAP is the marker of astrocytes that proliferate rapidly during nerve injury. Astrocytes can induce and support nerve fiber regeneration of nerve fiber in the early stage of injury, and they have a negative effect on SCI repair in the later stage of damage, due to mechanical obstruction of the glial scars and inhibition of secreted chemicals (Shih et al., 2003). The inhibition of GFAP coupled with upgrade of GAP43, NF200 and MBP indicated that the injured site received a better restoration. In addition, we cannot exclude a potential effect of transplanted RMSCs, the fate of transplanted RMSCs in the host tissue should be tracked. From pathological observation, the SHH-RMSCs improved significantly and tended to be normal, while the extracellular space was substantially reduced. SCI results in a series of primary and secondary injuries, including inhibition of neuronal function due to loss of neural tissues, suppression of nerve cell growth due to glial scar formation, and restriction of SCI recovery due to up-regulation of inhibitory molecules (Block et al., 2007). It was obvious that the potential of SHH-RMSCs-loaded HA-F127 on nerve regeneration for SCI could be realized under in situ administration.
5 CONCLUSION
We have prepared cationic liposomes as nonviral gene carriers to transfect SHH into RMSCs. Meanwhile, HA-F127, as a suitable temperature sensitive hydrogel, is safe and suitable for cell growth due to its high biocompatibility. We embedded SHH transfected RMSCs in HA-F127 (3.5%) gel for the treatment of SCI. Assays showed that the SHH treated RMSC group had a better effect on SCI repair, including improvement of BBB and angle scores, higher expression of GAP43, NF200, and MBP and reduced expression of GFAP. These findings demonstrated that cationic liposomes could provide a safe and efficient platform for gene delivery, while RMSC transfected with SHH could promote SCI repair and enhance nerve regeneration in SCI.
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