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Use of a Combination Strategy to Improve Morphological and Functional Recovery in Rats With Chronic Spinal Cord Injury
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Immunization with neural derived peptides (INDP), as well as scar removal (SR) and the use of matrices with bone marrow-mesenchymal stem cells (MSCs), have been studied separately and proven to induce a functional and morphological improvement after spinal cord injury (SCI). Herein, we evaluated the therapeutic effects of INDP combined with SR and a fibrin glue matrix (FGM) with MSCs (FGM-MSCs), on motor recovery, axonal regeneration-associated molecules and cytokine expression, axonal regeneration (catecholaminergic and serotonergic fibers), and the induction of neurogenesis after a chronic SCI. For this purpose, female adult Sprague-Dawley rats were subjected to SCI, 60 days after lesion, rats were randomly distributed in four groups: (1) Rats immunized with complete Freund's adjuvant + PBS (vehicle; PBS-I); (2) Rats with SR+ FGM-MSCs; (3) Rats with SR+ INDP + FGM-MSCs; (4) Rats only with INDP. Afterwards, we evaluated motor recovery using the BBB locomotor test. Sixty days after the therapy, protein expression of TNFα, IL-4, IL-10, BDNF, and GAP-43 were evaluated using ELISA assay. The number of catecholaminergic and serotonergic fibers were also determined. Neurogenesis was evaluated through immunofluorescence. The results show that treatment with INDP alone significantly increased motor recovery, anti-inflammatory cytokines, regeneration-associated molecules, axonal regeneration, and neurogenesis when compared to the rest of the groups. Our findings suggest that the combination therapy (SR + INDP + FGM-MSCs) modifies the non-permissive microenvironment post SCI, but it is not capable of inducing an appropriate axonal regeneration or neurogenesis when compared to the treatment with INDP alone.
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INTRODUCTION

Spinal cord injury (SCI) leads to a series of anatomical and physiological changes resulting in permanent or temporary changes in spinal cord (SC) functionality (1, 2). Cell necrosis, glial reaction and especially inflammation induces the appearance of cavities, cysts and glial scars which interrupt the descending and ascending axonal tracts causing paraplegia or quadriplegia (3).

Infiltration of inflammatory cells has been correlated with the amount of tissue damaged after injury. However, it has been shown that the presence of inflammatory cells is essential for neuroprotection (4, 5) and regeneration (6, 7) of the SC, where its action depends on the effects exerted by autorreactive Central Nervous System (CNS) T-cells which are part of an autoimmune response developed after injury (4).

Protective autoimmunity (PA) is a new concept, which refers to the modulation of self-reactive mechanisms to promote neuroprotection and neural restoration (3, 4). PA is a physiological mechanism induced after SCI that could be boosted by immunizing with neural-derived peptides (INDP), a therapeutic strategy that requires the use of peptides such as A91 to induce PA. A91 is a peptide derived from the immunogenic sequence (87–99) of the myelin basic protein (MBP), the most immunogenic protein in the CNS. Activating T-cells by means of A9187−99 peptide, induces a Th2 response, which stimulates microglia to its differentiation to an M2 phenotype, resulting in a micro-environment with lower production of free radicals, improved motor recovery, among other neuroprotective mechanisms (5, 8, 9) as well as axonal regeneration (7, 10). This therapeutic strategy has rendered encouraging results both, in acute and chronic SCI, being the chronic one the most difficult stage of injury to carry out a therapeutic approach.

In the chronic phase of SCI there is scar tissue avoiding a correct reconnection of axons by forming a physical and chemical barrier made of sulfated proteoglucans and CD44 glycoprotein, thus inhibiting the formation of growth cones and axonal prolongation (11, 12). Additionally, chronic SC injury is considered a period of low activity with a progressive decline. Therefore, in order to achieve axonal regeneration a possible alternative could be scar removal (SR), with the goal of re-establishing electrical conduction and consequently the synapses, in addition to restoring the conditions of an acute injury, such as activation of PA as wells as cytokine release and neurotrophic factors (7, 13). On the other hand, biomaterials have been used such as scaffolds to facilitate regeneration of nerve fibers (12). Fibrin glue matrix (FGM) is a fibrinogen and thrombin derivative that has been used as a cavity repair adhesive material (14). This biomaterial has successfully been used in combination with bone marrow -mesenchymal stem cells (MSCs) to promote the secretion of neurotrophic factors, giving the opportunity for a neurogenic effect and axonal regeneration (10, 15). FGM is a biocompatible element with MSCs (16). As PA has proven to exert beneficial actions after a chronic SCI, we now intended to improve this effect by combining INDP therapy with other therapeutic strategies that also have shown beneficial effects and that could complement the actions provided by INDP. The present study evaluates the effect of combining INDP plus surgical removal and inhibition of glial scar, together with a FGM impregnated with MSCs. We expect that the renewed microenvironment induced by SR and, its inhibition, will allow INDP to promote neuroprotection (after SR) and induce the production of neurotrophic factors and thus axonal regeneration and neurogenesis (7, 11, 17). In the same way, MSCs could modulate SR (18), reduce proinflammatory cytokines (19) and collaborate to induce axonal regeneration (20). Finally, FGM will provide the matrix for MSCs and the scaffold for axonal growing (21). It is plausible to expect that, the combination of these strategies, could integrate different beneficial elements that may result in a better neurological recovery, especially in the chronic stage of injury (a hostile phase for regeneration).

A recent study in our research group proved that the combined therapy of SR + INDP + FGM-MSCs in a model of complete transection improved motor and electrophysiological recovery with an increase in genes associated with regeneration and an increment in the percentage of serotonergic fibers (5-HT) (10).

In this study, we evaluated the effect of this combination therapy on motor recovery, protein expression of cytokines and molecules associated with regeneration, axonal regeneration and neurogenesis in a model of chronic contusion of SCI.



MATERIALS AND METHODS


Experimental Design

Sample size for this experiment was calculated using an alpha of 0.05 and beta of 0.20. Experiments were performed 60 days after SCI, with subsequent analyses carried out over the two following months. The experiment consisted of 48 rats with chronic SCI randomly distributed into four groups (GraphPad QuickCalcs: http://www.graphpad.com/quickcalcs/): (1) rats immunized with complete Freuds adjuvant + PBS (control; PBS-I) (n = 12); (2) rats only with INDP (n = 12); (3); rats with SR + FGM-MSCs (n = 12) and (4) rats with SR + INDP + FGM-MSCs (n = 12).

Locomotor function was evaluated 60 days after SCI and thereafter weekly throughout 2 months. At the end of each experiment (120 days after SCI), rats were euthanized, and the SC was then analyzed. We determined the neurogenic effect of the therapy in all studied groups at the injured site of the SC, as well as the expression of proteins for brain-derived neurotrophic factor (BDNF), growth associated protein-43 (GAP-43), interleukin-4 (IL-4), interleukin-10 (IL-10), and tumor necrosis factor alpha (TNFα). We determined the number of 5-HT+ and TH+ fibers in the caudal stump of the four groups. Finally, neurogenesis by Immunofluorescence was also assessed.



Ethics Statement

All procedures were carried out in accordance with the National Institutes of Health Guide for the care and use of laboratory animals, and the Mexican Official Norm on Principles of Laboratory Animal Care (NOM 062-ZOO-1999). In addition, the Animal Bioethics and Welfare Committee approved all animal procedures (ID: 178544; CSNBTBIBAJ 090812960). All experiments were designed and reported according to the ARRIVE guidelines.

In order to perform euthanasia, animals were previously anesthetized by an intramuscular injection of a mixture of ketamine (50 mg/kg) and xylazine (10 mg/kg).



Spinal Cord Injury

Adult female Sprague–Dawley rats (13–14 weeks old) weighing between 230 and 250 g were subjected to a moderate SC contusion. Animals were anesthetized by an intramuscular injection of a mixture of ketamine (77.5 mg/kg) (Probiomed, Mexico City, Mexico) and xylazine (12.5 mg/kg) (Fort Dodge Laboratories, Fort Dodge, Iowa, USA). One hour after induction of anesthesia, their skin was opened in layers and a laminectomy was performed at T9 vertebral level of the SC. Subsequently, a 10 g rod was dropped onto the SC from a height of 25 mm using the NYU impactor (NYU, New York, USA). Functional recovery of all groups was assessed using the BBB locomotor scale.



Postoperative Care

After SCI, animals were housed with food and water ad libitum, and received manual bladder voiding, three times a day for 2 weeks. Sterile bedding and filtered water were replaced daily. To avoid infection, Enrofloxacin (Marvel, Mexico City, Mexico) was diluted into their drinking water at an approximate dose of 64 mg/kg/day for 1 week. Animals were carefully monitored for signs of infection, dehydration, or auto mutilation with appropriate veterinary assistance as needed.



Antigen (A9187−99 Peptide)

A9187−99 peptide was derived from the encephalitogenic amino acid sequence 87–99 of the MBP. A non-encephalitogenic analog was obtained by replacing the lysine residue with alanine at position 91. The modified peptide was purchased from Invitrogen Life Technologies (San Diego, CA, USA). Reverse-Phase HPLC confirmed the purity of the A9187−99 peptide (>95%).



Isolation and Phenotyping of MSCs

MSCs were obtained from female Sprague Dawley healthy rats. Animals were euthanized with an overdose of pentobarbital sodium. Bone marrow was obtained from both femurs and tibias using a 200 μL micropipette and deposited in a 15 mL conical tube with culture medium [Dulbecco's Modified Eagle [DMEM], from GIBCO]. The sample was centrifuged at 1500 rpm for 7 min. Cells were then separated using a Ficoll (Sigma-Aldrich) (3 mL) gradient centrifuged at 2,000 rpm at 24°C for 30 min. The total number of nucleated cells obtained was quantified and 9 × 106 cells were seeded into a 75 cm2 culture flask (in 5 mL of DMEM with 20% fetal bovine serum (FBS), from GIBCO), 1 mL of L-Glutamine (GIBCO), 5 mL of HEPES (Sigma-Aldrich), and 1 mL of Penicillin-Streptomycin (GIBCO). Cells were then placed in a water-jacketed incubator at 37°C with 5% CO2 until they formed a fibroblast monolayer. Finally, MSCs were reseeded onto the fibroblast layer and maintained for 2 weeks until transplantation.


Phenotyping

MSCs expanded in culture from passage 4 were phenotypically characterized by flow cytometry. The cells were centrifuged at 1,500 rpm for 7 min and they were blocked for 30 min with normal serum, then the cells were centrifuged at 1,500 rpm for 7 min to wash. Afterwards the cells were incubated with primary antibodies Anti rat- CD13 Santa Cruz Biotechnology Inc; CD90.1 eflour 450 anti-rat (Biolegend); CD70 PE anti-rat (Biolegend); PE/Cy7 anti-mouse CD105 Biolegend; Anti rat-CD117 Millipore; CD34 (ICO 115) FITC (Santa Cruz Biotechnology Inc), all at a dilution of 1:1000 in darkness for 30 min at 4°C. They were washed twice with FACS Buffer before being centrifuged again at 1,500 rpm for 5 min finally being quantified and analyzed with flow cytometry using the Cell Quest-Pro (BD Bioscience) program.

Cell phenotype proportion: 99% of the cells were mature MSCs; 80.45% were positive for CD13 (marker for subpopulation of MSCs); 51% were double positive for CD105+CD90+ (marker for subpopulation of MSCs); 28.1% were positive for CD70 (marker for subpopulation of MSCs); 11.49% were positive for CD 117 (marker for subpopulation of MSCs) and 1.70% of cellular population was positive for CD34 (specific control marker for hematopoietic stem cells) (10). Therefore, the majority of cells transplanted were adult MSCs.




Intervention in the Chronic SCI (Combination Therapy)

Sixty days after SCI, animals were anesthetized again as previously described. Then after, using a surgical microscope, a longitudinal incision was performed and fibrosis was removed. A second longitudinal incision was carried out, the meninges were referenced to the bordering muscles and the necrotic tissue was eliminated. The scar from each stump was removed by performing a single incision with a double-bladed scalpel leaving a space of 2 mm in length. Surgery for this procedure is a reproducible technique. The surgeon was always blinded to the group of animals. This method is helpful to successfully remove the glial scar and it does not generate any additional neurological deficit. Importantly, it produces a mild lesion that allows a renewed production of growth factors and the consequent induction of a favorable microenvironment for neural regeneration. Once the scar was removed, its renewal was halted by adding α,α′- dipyridyl (DPY), an iron chelator that inhibits a key enzyme for collagen biosynthesis in the acute phase of SCI. Therefore, this iron chelator inhibits SR and promotes an extensive long-distance regeneration of injured axons. DPY was injected directly –six times– into each stump of the SC by using a Hamilton syringe. Each injection deposited 2 μL volume of DPY (16 nmol) diluted in PBS. Right after, a mixture of MSCs were pre-labeled with the membrane dye PKH26, (Sigma-Aldrich) then 2.5 × 106 MSCs in 5 μL and FGM (10 μL, with a final concentration of fibrinogen of 5 mg/mL) was grafted using a Hamilton syringe. Finally, the meninges were sutured with a 9-0 suture and the aponeurotic plane and skin were separately sutured with a nylon thread. Rats were then immunized subcutaneously at the base of the tail with 200 μg of A9187−99 peptide dissolved in phosphate buffered saline (PBS), emulsified in an equal volume of complete Freund's adjuvant (CFA) containing 0.5 mg/ml Mycobacterium tuberculosis (Sigma-Aldrich, St. Louis, MO, USA). In order to boost the protective and regenerative action of INDP, immunization with A9187−99 peptide was accompanied with CFA, an adjuvant that potentiates the immune response but does not influence the protection or restoration exerted by INDP (7, 10).



Assessment of Motor Recovery

Locomotor recovery was assessed using the Basso, Beattie & Bresnahan (BBB) open-field locomotor scale method. Animals were evaluated 60 days after SCI and thereafter weekly throughout 8 weeks. Three separate blinded observers evaluated all animals and the average of the three scores was used.



Enzyme-Linked Immunosorbent Assay (ELISA)

Two months after therapeutic intervention, animals were euthanized with an overdose of pentobarbital sodium (80 mg/kg) and then, SC samples were rapidly excised. Reagents, samples, and standards were prepared according to the instructions provided by the manufacturer: IL-4 ELISA Kit (Cell Applications, San Diego, CA, USA), IL-10 ELISA kit (RayBiotech, Norcross, GA, USA), BDNF ELISA Kit (Ray Biotech, Norcross, GA, USA), neuromodulin (GAP-43) ELISA kit (CUSABIO, Houston, TX, USA) and TNFα ELISA kit (Origene, Rockville, MD, USA). Briefly, 100 μl standard or 30 μg total protein sample were added to each well and incubated for 2 h at 37°C. The liquid of each well was removed and not washed. Afterwards, 100 μl of Biotin-antibody (1x) was added to each well and incubated for 1 h at 37°C, followed by aspiration and washing for 3 times. One hundred μl HRP-avidin (1x) were added to each well and incubated for 1 h at 37°C. Subsequently, it was aspirated and washed 5 times and, 90 μl of TMB substrate were added to each well, incubated and protected from light for 15–30 min at 37°C. Finally, 50 μl Stop solution were added to each well and read at 450 nm within 5 min.



Immunohistochemistry for 5-HT+ and TH+ Fibers

Two months after the therapeutic intervention, animals were euthanized with an overdose of pentobarbital sodium (80 mg/kg) and an intracardiac perfusion with 4% paraformaldehyde was performed. The affected portions of the SC were fixed overnight and then transferred to 30% sucrose for cryoprotection. Samples were embedded in Tissue-Tek (Miles Elkhart, IN, USA), and longitudinal frozen sections (40 μm thick) were performed. Immunohistochemical staining was carried out in order to count the amount of TH+ and 5-TH+ fibers. Tissues were incubated in 0.03% hydrogen peroxide to quench endogenous peroxidase activity. Subsequently, the tissue was incubated overnight with the following primary antibodies: monoclonal goat antibody against TH (1:2000; Chemicon), or polyclonal rabbit antibody against 5-HT (1:2000; Sigma- Aldrich). Following rinsing with PBS, samples were incubated for at least 2 h with donkey IgG anti-goat IgG (1:500; Chemicon) and Sheep IgG anti rabbit IgG (1:500; Abcam) secondary biotinylated antibodies. To visualize positive fibers, samples were incubated 5 min with Vector DAB kit (Vector laboratories, CA, USA). Then, samples were evaluated and analyzed by a blinded observer that counted individual fibers using a 20X objective (Olympus DP72, Japan). The number of regenerating axons 1 mm caudal to the lesion was assessed.



Immunofluorescence for Evaluating Neurogenesis

Neurogenesis was evaluated by immunofluorescence using a double stain with anti-5-bromo-2'-deoxyuridine (BrdU) and doublecortin (Dcx) antibodies. BrdU is a synthetic nucleotide analog of thymidine incorporated during the S phase of the cell cycle, whereas Dcx is a marker for neural progenitor cells (NPCs). Therefore, BrdU+/Dcx+ cells are a result of neurogenesis. For this assay, the rats received one injection of BrdU (Abcam, Cambridge, UK; 50 mg/kg) intraperitoneally every 12 h for 5 days. The SC samples were then removed (1.0 cm caudal/rostral from the injury site) perfused and fixed with 4% paraformaldehyde. Tissues were cut transversally with the cryostat into sequential serial sections (at 0, 2, 4, and 6 mm caudal and rostral from the epicenter). Slices were 40 μm thick and a total of 48 sections per animal were counted and placed on slides using the free float method. Slides were washed twice for 10 min with PBS-Triton (PBT) and incubated with ImmunoRetriever (Bio SB, Santa Bárbara, CA, USA) for 60 min at 65°C. Afterwards, slides were washed three times for 5 min with PBS and incubated for 30 min with 1N HCl at 37°C. When completed, they were incubated for 10 min with sodium borate 0.1 M and washed three times with PBT. Unspecific binding sites were blocked with standard blocking solution with fetal bovine serum for 30 min. The primary antibodies against BrdU (Roche Diagnostics, Indianapolis, USA) (mouse IgG, 1:250) and Dcx (Santa Cruz Biotechnology, Dallas, TX, USA) (goat IgG, 1:250) were allowed to incubate for 20 h overnight. The next day, the slides were washed three times for 10 min with PBT and incubated with secondary antibodies (Invitrogen, Carlsbad, CA, USA) (BrdU: donkey IgG; Dcx: rabbit IgG; all at 1:500) for 2 h. The excess antibodies were removed by washing with PBT. Slides were counterstained with DAPI. All areas were quantified as total number of cells in all SC samples by a blinded evaluator using cell counting software ImageJ 1.52a. The total number of BrdU+/Dcx+ cells was obtained by averaging the total number of cells from 3 slides (3) and confocal images were acquired using a Zeiss LSM 800 microscope.



Statistical Analysis

Data is displayed as mean ± standard deviation (SD), and statistical significance was established when p ≤ 0.05. GraphPad Prism 8.0 (GraphPad Software, Inc. La Jolla, CA, USA) was employed in statistical analysis. Data from the assessment of functional recovery was analyzed using an ANOVA for repeated measures with Bonferroni's post hoc test (BBB test). Protein expression, the percentage of 5-HT+ and TH+ fibers and neurogenesis were analyzed by One-way ANOVA followed by Tukey–Kramer post hoc test.




RESULTS


INDP Alone Induces the Best Locomotor Recovery After Chronic SCI

In order to test the effect of the different therapeutic strategies on neurological recovery, the motor performance was evaluated comparing the four groups. Figure 1 shows that 60 days after injury the locomotor performance of all groups was very similar before the therapeutic intervention (6.45 ± 0.84, mean ± SD; p = 0.1020, One-way ANOVA followed by Tukey–Kramer post hoc test). Sixty days after the respective therapy, all treated groups presented an improvement in motor recovery when compared to the one observed in the PBS-I group. Rats submitted to SR + FGM-MSCs and the ones treated with only INDP showed the highest motor recovery compared to the rest of the groups (8.15 ± 1.56 and 9.0 ± 2.10 respectively; p < 0.05, ANOVA for repeated measures with Bonferroni's post hoc test). Rats treated with the combination strategy presented a lower motor recovery (7.55 ± 1.21) as compared to those treated with SR+FGM-MSCs or INDP alone; but the improvement was still significantly higher when compared to PBS-I rats (6.550 ± 0.49).


[image: Figure 1]
FIGURE 1. Motor recovery after therapeutic intervention. After treatment, a significantly better motor recovery was observed in SR+FGM-MSCs and INDP alone groups. Rats treated with INDP alone showed the highest motor recovery among all groups. *p = 0.0220, **p = 0.045, ANOVA for repeated measures with Bonferroni's post hoc test. Each point represents the mean ± SD of 12 rats.




INDP but Not the Combination Therapy Generates a Permissive Microenvironment Where Anti-inflammatory Cytokines and Regeneration-Associated Molecules Are Increased

It has been reported that INDP induces a permissive microenvironment for neural restoration in the chronic stages of injury (4, 5). Based on these findings, we explored the induction of this permissive microenvironment by analyzing the production of one pro-inflammatory (TNFα) and two anti-inflammatory cytokines (IL-4; IL-10). Additionally, the production of specific regeneration-associated proteins such as BDNF and GAP-43 were also assessed.

Figure 2A shows that INDP alone and SR + INDP + FGM-MSCs groups elicited a significant reduction of TNFα (53.91 ± 3.35 and 53.54 ± 0.66, respectively; mean ± SD) when compared to the rest of the groups (SR + FGM-MSCs: 76.02 ± 12.82 and PBS-I: 77.96 ± 1.33). When evaluating anti-inflammatory cytokines, a significant increase in IL-10 protein levels was observed in both INDP alone and SR + FGM-MSCs groups (Figure 2B; 4.84 ± 0.67 and 5.28 ± 0.99, p < 0.05, One-way ANOVA followed by Tukey–Kramer test) when compared to the SR + INDP + FGM-MSCs and PBS-I groups (4.22 ± 0.02 and 2.37 ± 0.36, respectively). Similarly, IL-4 protein levels significantly increased in the groups treated with INDP alone and SR + FGM-MSCs (15.85 ± 1.39 and 17.99 ± 3.63, respectively), when compared to the rest of the groups (Figure 2C; SR + INDP + FGM-MSCs: 0.56 ± 0.05 and PBS-I: 0.51 ± 0.36, p < 0.05, One-way ANOVA followed by Tukey–Kramer test).


[image: Figure 2]
FIGURE 2. Cytokines concentration in the site of injury. TNFα (A) protein concentration was significantly reduced only in the INDP and SR + INDP + FGM-MSCs groups. Both IL-4 (B) and IL-10 (C) showed significantly increased levels of protein concentration in both INDP and SR + FGM-MSCs groups. *p < 0.05; **p < 0.01; ****p < 0.0001. One-way ANOVA followed by Tukey–Kramer post hoc analysis. Bars represent the mean ± SD of 4 rats. This is one representative graph of three experiments.


In regard to BDNF and GAP-43, which indicate regeneration at the site of injury, a significant increase in the protein concentration of these molecules was observed in the group treated with INDP alone (Figures 3A,B; BDNF:7144 ± 5.312; GAP-43:1347 ± 155.5). The rest of the groups presented lower values of BDNF (SR + INDP + FGM-MSCs: 5961 ± 46.57; SR + FGM-MSCs: 6006 ± 68.53; PBS-I: 5804 ± 3.87) and GAP-43 (SR + INDP + FGM-MSCs: 0.0001 ± 0.009; SR + FGM-MSCs: 91.52 ± 1.22; PBS-I: 0.13 ± 0.27).


[image: Figure 3]
FIGURE 3. Regeneration-associated proteins concentration in the site of injury. BDNF (A) and GAP-43 (B) protein concentration was significantly increased only in the INDP group. ***p < 0.001;****p < 0.0001. One-way ANOVA followed by Tukey–Kramer post hoc analysis. Bars represent the mean ± SD of 4 rats. This is one representative graph of three experiments.




INDP Alone but Not the Combination Strategy Promotes Axonal Regeneration

To determine whether the microenvironment created by the different therapeutic strategies had any positive effects on axonal regeneration, we assessed the percentage of axons observed at the caudal stump of the SCI after therapeutic intervention. The percentage was obtained from the total number of fibers observed in sham-operated rats.

Figure 4 shows the percentage of TH+ (Figure 4A) and 5-HT+ (Figure 4B) fibers in all groups. The group treated with INDP alone showed a significant increase in both TH+ and 5-HT+ fibers when compared to the rest of the groups (TH+ 33.17 ± 6.58; 5-HT: 50.67 ± 3.26; p < 0.05, One-way ANOVA followed by Tukey–Kramer test). Interestingly, groups treated with SR + FGM-MSCs or SR + INDP + FGM-MSCs presented no significant differences in the percentages of TH+ (SR + INDP+ FGM-MSCs: 12.33 ± 6.53; SR+FMG-MSCs: 19.67 ± 5.95) and 5-HT+ fibers (SR + INDP + FGM-MSCs: 26.17 ± 9.78; SR + FMG-MSCs: 23.50 ± 10.80) when compared to the PBS-I group (TH: 14.50 ± 6.18; 5-HT: 31.33 ± 3.93; p > 0.05).


[image: Figure 4]
FIGURE 4. Percentage of axons observed at the caudal stump of SCI rats after therapeutic intervention. The percentage was obtained from the total number of axons found at the same level in sham-operated rats. INDP treatment induced a significant increase of both TH+ (A) and 5-HT+ (B) fibers (*p < 0.01; **p < 0.001; ***p < 0.0001, One-way ANOVA followed by Tukey–Kramer post hoc analysis). Animals treated either with SR + FGM-MSCs or SR + INDP + FGM-MSCs presented no significant differences in the percentage of TH+ or 5-HT+ fibers when compared to PBS-I rats. Bars represent the mean ± SD of 4 rats. This is one representative graph of three experiments.




Neurogenesis Is Increased by INDP but Not by the Combination Therapy in Rats With Chronic SCI

In order to assess the number of NPCs at the injury site, we labeled BrdU+/DCX+ cells (neuroblasts) at the epicenter, rostral, and caudal stumps of the SC. Neither the rats treated with SR + FGM-MSCs nor SR + INDP + FGM-MSCs showed significant differences in the total number of neuroblasts when compared to the PBS-I group. However, the rats treated with INDP alone presented a significant increase in the total number of neuroblasts at 2, 4, and 6 mm caudal to the epicenter of the injury (Figures 5, 6); p < 0.05; One-way ANOVA followed by Tukey's test).


[image: Figure 5]
FIGURE 5. Number of BrdU+/DCX+ cells at caudal stumps of the SC. Rats treated with SR + FGM-MSCs or SR + INDP + FGM-MSCs showed no significant differences in the total number of BrdU/DCX labeled cells (neuroblasts) compared to the PBS-I group. Animals treated with INDP alone presented a significant increase in the total number of neuroblasts at the caudal stump of the SC. Bars represent the mean ± SD of 4 rats. This is one representative graph of three experiments. *p < 0.05; **p < 0.01; one-way ANOVA followed by Tukey's test.



[image: Figure 6]
FIGURE 6. Representative microphotographs of BrdU+/DCX+ cells at ventral horns of SCI rats after therapeutic intervention. In the first section, pkH26 positive cells (red), BrdU+ cells (green), Dcx+ cells (blue). Double-label (BrdU+/Dcx+; cyan), triple-labeling (BrdU+/Dcx+/pkH26+; yellow) show merged final section. (A) PBS-I, (B) SR + FGM-MSCs, (C) SR + INDP + FGM-MSCs, and (D) INDP. An asterisk (*) indicates neuroblasts with triple labeling. Arrows depict BrdU+/DCX+ cells. A higher number of neuroblasts was observed in the group with INDP. This is one representative photograph of three experiments. Scale bar 20 μm.





DISCUSSION

Previous studies in SCI models have shown that INDP is a promising therapeutic strategy to promote neuroprotection and neural restauration. These beneficial effects have been observed when INDP is administered in both acute and chronic phases of SCI (5, 10). Therefore, our purpose is to improve its protective and restorative benefits by combining INDP whit other successful therapeutic strategies. Previous investigations have shown that SR (22), the use of inhibitors of scar formation (17, 18, 22) or FGM-MSCs separately, promote a significant tissue restoration and motor recovery after SCI. Based on these results, combining INDP with these alternative strategies would be promising.

Chronic phase of SCI is a period of stability and low activity at the site of injury (11). In order to achieve a successful treatment, we proposed a surgical SR to break the latent chronic phase as this procedure reactivates the inflammation response (7) mimicking the initial injury process (19). This microenvironment, allows INDP to stimulate protective autoimmunity and thus, activate its neuroprotective (lipid peroxidation, inflammation and apoptosis inhibition) and restorative (IGF-1, BDNF, and GAP-43 induction) actions by modulating the gene expression of pro and anti-inflammatory cytokines as well as growth factors (7). Additionally, SR diminishes the existing physical barrier of collagen fibers and reactive glial cells. On the other hand, MSCs possess high immunomodulatory properties and they are capable of restoring injured CNS due to the anti-inflammatory molecules and trophic factors they produce to promote angiogenesis, remyelination, axonal regrowth, neural cell death inhibition, amongst others (20).

We predict that the conditions created by each of these therapies in the injury site and the synergy that they could generate together, should enhance the restoration conditions causing a better functional regeneration and thus, a better neurological recovery in the groups receiving the combined therapy. This therapeutic strategy has rendered optimistic results in SCI models involving acute contusion (5) or chronic complete transection (10). The objective of this study was to explore now the effects this combination could exert after a chronic SC contusion.

Our results show that INDP alone, SR + FGM-MSCs and the combination therapy (SR + INDP + FGM-MSCs) all increase motor recovery, but to different extents. Interestingly, the effect is reduced when the combination therapy is applied compared to the other treatment options. With the purpose of understanding this effect, the production of pro-inflammatory (TNFα) and anti-inflammatory cytokines (IL-4 and Il-10) were analyzed. We observed that there is a clear reduction of TNFα when INDP alone and the combination therapy were used, which prove how these therapies could modulate the inflammatory response, a phenomenon strongly involved in tissue destruction and restoration inhibition. On the other hand, we also found in both cases an increase in IL-10, an anti-inflammatory molecule that could help even more in the restoration process. Nevertheless, combination strategy did not promote the production of regeneration associated molecules neither improved the formation of regenerating fibers or neurogenesis. The lack of GAP-43 and BDNF—molecules favoring neural restoration- in the combination group could be -at least in part- the cause of the failure observed in these animals. It is difficult to understand why in this case, the microenvironment was not enriched with these molecules. SR for instance, has shown to improve the gene expression of BDNF and GAP-43 when combined with INDP. In the same way, this combination (SR + INDP) increased TH+ and 5-HT+ fibers and improved motor recovery (7). On the other hand, there is no evidence on any modulatory effect that could be exerted by FGM on the production of GAP-43 or BDNF. Therefore, the only option causing the lack of these molecules could be the counteraction induced by the modulating mechanisms exerted by MSCs. It is known that MSCs might inhibit the expansion of T cells not allowing the necessary response to promote the beneficial effects (21, 23). This is an issue that should be deeply studied in future investigations.

On the other hand, INDP alone was capable of providing a permissive microenvironment after a chronic SCI. This finding supports our previous reports and strengthens the idea that INDP is a promising therapy for acute and chronic SCI as now we show that INDP also promotes neurogenesis.

In the present study, INDP increased IL-10 concentrations. Regarding this, previous reports have stated that INDP alone produces an increase of this cytokine in chronic SCI (7) and stroke rat models (6). IL-10 is an anti-inflammatory cytokine that works together with CD4+ cells in glial maintenance (24) and as an apoptotic cascade blocker by increasing the levels of certain anti-apoptotic proteins such as Bcl-2 and Bcl-x leading to the decrease of Caspase-3 in motor neurons. This release of IL-10 in SCI models induces the recovery of motor function, decreases pain and tissue damage (25). In a recent study, IL-10 also proved to have NPCs homeostasis in the neurogenic niches by modulating the proliferative pathways of ERK and STAT 3 (26). Regarding IL-4, increased levels of this cytokine were found only in the group that received INDP alone and in the group treated with SR + FGM-MSCs. The fact that the combined therapy reduced IL-4 production is really interesting and could be, at least in part, the cause of its reduced morphological and functional effects. IL-4 can exert neuroprotective effects by regulating the acute and chronic response of the macrophages and promotes growth, phagocytic activity, and proliferation of microglial cells (27). IL-4 reduces also the production of nitric oxide and inflammatory cytokines such as, TNFα and INFγ (28–30). Another beneficial effect of IL-4 is neural restoration, this is induced by increasing the branching and maturation of oligodendrocytes through the interaction with the microglia (28). In addition, a study by Walsh et al. proves how this cytokine induces axonal growth in ex vivo models. Neurons incubated with IL-4 increased their axonal elongation as well as restoring injured neurons through the activation of neuronal receptors of IL-4 and so amplifying neurotrophin signaling via AKT and MAPK (31). Our current study indicates that INDP induces a favorable microenvironment of IL-4, thus suggesting its favorable actions at the injury site. This finding partially explains the motor recovery observed in this group, which could be due to the production of these cytokine, inducing maybe the production of neurotrophins such as BDNF (7, 32).

BDNF has an important function in neural tissue repair and CNS plasticity, especially in neurogenesis, axonal growth, myelination and sympathetic plasticity (33, 34). In fact, BDNF grants immediate actions together with direct effects on synaptic transmission (35). BDNF is also associated with GAP-43 induction, which is a common mediator of the regenerative effect of BDNF (36, 37). Notoriously, GAP-43 plays an essential role in the neurotrophic functions of BDNF (36) in cervical axotomy models where it was proven that the injection with BDNF stimulates expression of GAP-43, consequently inducing axogenesis and neural repair (38). These findings can explain the increase levels of GAP-43 observed in the group treated with INDP. GAP-43 is also strongly related in the transduction signaling for axonal growth and axons direction guidance (39). Several studies mention the possible role that GAP-43 has in the regulation of neurotransmitter release (36, 40). In summary, GAP-43 helps as a useful marker for neural regeneration and has an important role in neurites formation, regeneration and neuroplasticity (37).

All of these results, support the idea that BDNF together with GAP-43 contribute to neural restoration. However, to demonstrate whether the permissive anti-inflammatory microenvironment created by the combined therapy offered in our work had positive effects on axon regeneration, we evaluated the percentage of 5-HT and TH immunoreactivity fibers at the caudal portion where the lesion occurred prior to treatment. Axons which are positive to 5-HT and TH along the SC derive from regions near the brain stem and are distributed throughout the whole SC, these axon fibers descend from neurons located in the Raphe nucleus (41) and Locus Coeruleus (42), respectively. After SCI, the distal portions of the axons are isolated from the neural nuclei, causing degeneration due to the lack of neurotrophic factors. For this reason, both 5-HT and TH markers are useful for assessing the effects that these treatments have on axonal regeneration. These fibers modulate in some way locomotor network (43–45).

The results of our study show that the microenvironment created in rats treated with INDP alone is associated with a significant increase in the number of 5-HT+ and TH+ fibers located in the caudal segment of the SC and so improving locomotor activity. Differently, in the group receiving the combination therapy there was no difference in the number of these fibers. It is important to mention that the minimal motor recovery observed could be due to other tracts such as corticospinal tracts, which are not evaluated in this study. It is known that an injury inflicted by contusion originates a stronger reaction and, thereby, a greater tissue destruction compared to an injury inflicted by transection (46). This could provide more opportunities in axonal regeneration for the latter and less for the first one. In addition, the resulting different microenvironment could likely affect the capacity to induce axonal regeneration-specially for certain tracts- and probably supporting the regenerative process of other different fibers (47). This could partially explain the contrasting results observed -in axonal regeneration- between the present study and those previously reported in rats with SC transection (10). On the other hand, the lack of regeneration of 5-HT+ and TH+ fibers also contrasts with previous findings reported in the acute phase of injury after SC contusion. The acute phase of injury is characterized by an intense inflammatory response and a great release of neural constituents (48). These factors can better activate the protective and restorative effects of the combination therapy to induce the regeneration of the tracts mentioned above. In contrast, the chronic phase is a period of generalized stability in which many of the elements that were activated as protective means or promoters of the restoration observed during the acute phase of the injury are missing (49, 50). Although in our model the SR inflicted a slight injury, it was not enough to support the beneficial effects of the combination therapy and, thereby, the regeneration of the evaluated tracts.

We also evaluated neurogenesis and observed that only the group treated with INDP alone shows a significant increase in the number of early formed neurons. The results found in this study suggest that the combination strategy did not act in synergy with INDP and more than improving, it inhibits its beneficial effects after a chronic SC contusion. This unexpected result, is the opposite of what has been observed in models of chronic SC transection where a more favorable result was obtained (10). These contrasting results demonstrate again that the microenvironment generated after a SC transection or contusion are different and therapeutic strategies should be individualized.

Some limitations of the present study, in the failure of the combination therapy, might be the ideal timing. Previous studies in our group have shown that INDP requires T cells activation and their interaction with other immune cells (51). In addition, when anti-inflammatory or immunosuppressive treatments, such as Methylprednisolone or Cyclosporin A are administrated at the same time with A91 peptide, INDP effect is not observed. The combination therapy used in this investigation uses simultaneously INDP and MSCs. Therefore, MSCs could interfere with INDP action due to their anti-inflammatory effects, which would show a similar result as the ones with methylprednisolone or Cyclosporin A. This is a topic that should be addressed in further studies. Future investigations must be carried out and focused in the assessment of whether the INDP could have a better effect when applied a few days before the MSCs transplant instead of being used simultaneously. Additionally, some complementary evaluations as electrophysiological studies should be included in order to improve the functional analysis.



CONCLUSION

The findings observed in this study, suggest that the combination therapy (SR + INDP + FGM-MSCs) modifies the non-permissive microenvironment post spinal cord injury, but it is not capable of inducing an appropriate axonal regeneration or neurogenesis when compared to the treatment with INDP alone. Therefore, indicating that the best therapy in a chronic SC contusion rat model is purely with INDP.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



ETHICS STATEMENT

The animal study was reviewed and approved by Mexican Official Norm on Principles of Laboratory Animal Care (NOM 062-ZOO-1999). In addition, the Animal Bioethics and Welfare Committee approved all animal procedures (ID: 178544; CSNBTBIBAJ 090812960).



AUTHOR CONTRIBUTIONS

RR-B contributed to the concept, design of experiments, as well, substantially contributed to the acquisition, analysis, interpretation of data, and drafting of the manuscript. AF-R contributed to acquisition and interpretation of data, surgical procedures and postoperative care of the experimental animals. VB-A contributed to the acquisition, analysis, interpretation of data. EG contributed to the surgical procedures. KS-Z was contributed to surgical procedures and postoperative care of the experimental animals. DI-A was involved to the acquisition and contributed in the drafting of the manuscript and postoperative care of the experimental animals. MG-L was involved to the acquisition and postoperative care of the experimental animals. JJ-VW was substantially involved in the drafting of the manuscript and postoperative care of the experimental animals. AI contributed to the conception and design of this project, general supervision of the research group and gave final approval of this manuscript. All authors read and approved the final manuscript.



FUNDING

AI has been partially funded by the National Council of Science and Technology of Mexico (CONACyT), Grant No. 178544, Camina Research Center and Universidad Anáhuac México Campus Norte.



ACKNOWLEDGMENTS

This work was supported by the National Council of Science and Technology of Mexico (CONACYT), Grant No. 178544. Universidad Anáhuac México provided funds and infrastructure.



ABBREVIATIONS

CICSA, Centro de Investigación en Ciencias de la Salud; CMN Siglo XXI, Centro Médico Nacional Siglo XXI; INDP, Immunization with neural derived peptides; SR, Scar removal; MSCs, Mesenchymal stem cells; SCI, Spinal cord injury; FGM, Fibrin glue matrix; FGM-MSCs, Fibrin glue matrix with MSCs; CONACyT, National Council of Science and Technology of Mexico; SC, Spinal cord; CNS, Central Nervous System; PA, Protective autoimmunity; MBP, Myelin basic protein; 5-HT, Serotonin; BDNF, Brain derived neurotrophic factor; GAP-43, Growth associated protein-43; IL-4, Interleukin 4; IL-10, Interleukin 10; TNFα, Tumor necrosis factor alpha; INFγ, Interferon gamma; TGFβ, Transforming growth factor beta; IGF-1, Insulin-like growth factor 1; TH, Tyrosine hydroxylase; NOM 062-ZOO-1999, Mexican Official Norm on Principles of Laboratory Animal Care; DMEM, Dulbecco's Modified Eagle; FBS, Fetal bovine serum; DPY, α,α′- dipyridyl; PBS, Phosphate buffered saline; CFA, Complete Freund's adjuvant; BBB, Basso, Beattie & Bresnahan; ELISA, Enzyme-linked immunosorbent assay; BrdU, 5-bromo-2′-deoxyuridine; Dcx, Doublecortin; NPCs, Neural progenitor cells; PBT, PBS-Triton; DAPI, 4′,6-diamidino-2-phenylindole; SD, Standard deviation; BBB test, Bonferroni's post hoc test; ERK, Extracellular Signal-regulated Kinase; STAT 3, Signal transducer and activator of transcription 3; Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma extra-large; CD4+, Cluster of differentiation 4; AKT, Protein kinase B; MAPK, Mitogen-activated protein kinase; INFγ, Interferon gamma; TGFβ, Transforming growth factor beta; ANOVA, Analysis of variance.



REFERENCES

 1. Ahuja CS, Wilson JR, Nori S, Kotter MRN, Druschel C, Curt A, et al. Traumatic spinal cord injury. Nat Rev Dis Primers. (2017) 3:17018. doi: 10.1038/nrdp.2017.18

 2. Lemke M, Demediuk P, McIntosh TK, Vink R, Faden AI. Alterations in tissue Mg++, Na+ and spinal cord edema following impact trauma in rats. Biochem Biophys Res Commun. (1987) 147:1170–5. doi: 10.1016/S0006-291X(87)80192-4

 3. Schwartz M, Baruch K. The resolution of neuroinflammation in neurodegeneration: leukocyte recruitment via the choroid plexus. EMBO J. (2014) 33:7–22. doi: 10.1002/embj.201386609

 4. Ibarra A, Garcia E, Flores N, Martinon S, Reyes R, Campos MG, et al. Immunization with neural-derived antigens inhibits lipid peroxidation after spinal cord injury. Neurosci Lett. (2010) 476:62–5. doi: 10.1016/j.neulet.2010.04.003

 5. Garcia E, Rodriguez-Barrera R, Buzoianu-Anguiano V, Flores-Romero A, Malagon-Axotla E, Guerrero-Godinez M, et al. Use of a combination strategy to improve neuroprotection and neuroregeneration in a rat model of acute spinal cord injury. Neural Regen Res. (2019) 14:1060–8. doi: 10.4103/1673-5374.250627

 6. Cruz Y, Garcia EE, Galvez JV, Arias-Santiago SV, Carvajal HG, Silva-Garcia R, et al. Release of interleukin-10 and neurotrophic factors in the choroid plexus: possible inductors of neurogenesis following copolymer-1 immunization after cerebral ischemia. Neural Regen Res. (2018) 13:1743–52. doi: 10.4103/1673-5374.238615

 7. Rodriguez-Barrera R, Flores-Romero A, Fernandez-Presas AM, Garcia-Vences E, Silva-Garcia R, Konigsberg M, et al. Immunization with neural derived peptides plus scar removal induces a permissive microenvironment, and improves locomotor recovery after chronic spinal cord injury. BMC Neurosci. (2017) 18:7. doi: 10.1186/s12868-016-0331-2

 8. Gaur A, Boehme SA, Chalmers D, Crowe PD, Pahuja A, Ling N, et al. Amelioration of relapsing experimental autoimmune encephalomyelitis with altered myelin basic protein peptides involves different cellular mechanisms. J Neuroimmunol. (1997) 74:149–58. doi: 10.1016/S0165-5728(96)00220-2

 9. Martinon S, Garcia E, Flores N, Gonzalez I, Ortega T, Buenrostro M, et al. Vaccination with a neural-derived peptide plus administration of glutathione improves the performance of paraplegic rats. Eur J Neurosci. (2007) 26:403–12. doi: 10.1111/j.1460-9568.2007.05650.x

 10. Ibarra A, Mendieta-Arbesu E, Suarez-Meade P, Garcia-Vences E, Martinon S, Rodriguez-Barrera R, et al. Motor recovery after chronic spinal cord transection in rats: a proof-of-concept study evaluating a combined strategy. CNS Neurol Disord Drug Targets. (2019) 18:52–62. doi: 10.2174/1871527317666181105101756

 11. Bravo G, Ibarra A, Guizar-Sahagun G, Rojas G, Hong E. Indorenate improves motor function in rats with chronic spinal cord injury. Basic Clin Pharmacol Toxicol. (2007) 100:67–70. doi: 10.1111/j.1742-7843.2007.00004.x

 12. Estrada-Mondaca S, Carreon-Rodriguez A, del Parra-Cid MC, Leon CI, Velasquillo-Martinez C, Vacanti CA, et al. [Spinal cord injury and regenerative medicine]. Salud Publica Mex. (2007) 49:437–44. doi: 10.1590/S0036-36342007000600011

 13. Ziv Y, Schwartz M. Orchestrating brain-cell renewal: the role of immune cells in adult neurogenesis in health and disease. Trends Mol Med. (2008) 14:471–8. doi: 10.1016/j.molmed.2008.09.004

 14. Yu L, Gu T, Song L, Shi E, Fang Q, Wang C, et al. Fibrin sealant provides superior hemostasis for sternotomy compared with bone wax. Ann Thorac Surg. (2012) 93:641–4. doi: 10.1016/j.athoracsur.2011.08.087

 15. Fang H, Peng S, Chen A, Li F, Ren K, Hu N. Biocompatibility studies on fibrin glue cultured with bone marrow mesenchymal stem cells in vitro. J Huazhong Univ Sci Technolog Med Sci. (2004) 24:272–4. doi: 10.1007/bf02832010

 16. Lin L, Lin H, Bai S, Zheng L, Zhang X. Bone marrow mesenchymal stem cells (BMSCs) improved functional recovery of spinal cord injury partly by promoting axonal regeneration. Neurochem Int. (2018) 115:80–4. doi: 10.1016/j.neuint.2018.02.007

 17. Ikeda H, Wu GY, Wu CH. Evidence that an iron chelator regulates collagen synthesis by decreasing the stability of procollagen mRNA. Hepatology. (1992) 15:282–7. doi: 10.1002/hep.1840150218

 18. Kawano H, Li HP, Sango K, Kawamura K, Raisman G. Inhibition of collagen synthesis overrides the age-related failure of regeneration of nigrostriatal dopaminergic axons. J Neurosci Res. (2005) 80:191–202. doi: 10.1002/jnr.20441

 19. Rasouli A, Bhatia N, Dinh P, Cahill K, Suryadevara S, Gupta R. Resection of glial scar following spinal cord injury. J Orthop Res. (2009) 27:931–6. doi: 10.1002/jor.20793

 20. Quertainmont R, Cantinieaux D, Botman O, Sid S, Schoenen J, Franzen R. Mesenchymal stem cell graft improves recovery after spinal cord injury in adult rats through neurotrophic and pro-angiogenic actions. PLoS ONE. (2012) 7:e39500. doi: 10.1371/journal.pone.0039500

 21. Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC. Suppression of allogeneic T-cell proliferation by human marrow stromal cells: implications in transplantation. Transplantation. (2003) 75:389–97. doi: 10.1097/01.TP.0000045055.63901.A9

 22. Lu P, Jones LL, Tuszynski MH. Axon regeneration through scars and into sites of chronic spinal cord injury. Exp Neurol. (2007) 203:8–21. doi: 10.1016/j.expneurol.2006.07.030

 23. Chiossone L, Conte R, Spaggiari GM, Serra M, Romei C, Bellora F, et al. Mesenchymal stromal cells induce peculiar alternatively activated macrophages capable of dampening both innate and adaptive immune responses. Stem Cells. (2016) 34:1909–21. doi: 10.1002/stem.2369

 24. Xin J, Wainwright DA, Mesnard NA, Serpe CJ, Sanders VM, Jones KJ. IL-10 within the CNS is necessary for CD4+ T cells to mediate neuroprotection. Brain Behav Immun. (2011) 25:820–9. doi: 10.1016/j.bbi.2010.08.004

 25. Shechter R, Miller O, Yovel G, Rosenzweig N, London A, Ruckh J, et al. Recruitment of beneficial M2 macrophages to injured spinal cord is orchestrated by remote brain choroid plexus. Immunity. (2013) 38:555–69. doi: 10.1016/j.immuni.2013.02.012

 26. Pereira L, Font-Nieves M, van den Haute C, Baekelandt V, Planas AM, Pozas E. IL-10 regulates adult neurogenesis by modulating ERK and STAT3 activity. Front Cell Neurosci. (2015) 9:57. doi: 10.3389/fncel.2015.00057

 27. Villa A, Klein B, Janssen B, Pedragosa J, Pepe G, Zinnhardt B, et al. Identification of new molecular targets for PET imaging of the microglial anti-inflammatory activation state. Theranostics. (2018) 8:5400–18. doi: 10.7150/thno.25572

 28. Butovsky O, Talpalar AE, Ben-Yaakov K, Schwartz M. Activation of microglia by aggregated beta-amyloid or lipopolysaccharide impairs MHC-II expression and renders them cytotoxic whereas IFN-gamma and IL-4 render them protective. Mol Cell Neurosci. (2005) 29:381–93. doi: 10.1016/j.mcn.2005.03.005

 29. Opal SM, depalo VA. Anti-inflammatory cytokines. Chest. (2000) 117:1162–72. doi: 10.1378/chest.117.4.1162

 30. Vidal PM, Lemmens E, Dooley D, Hendrix S. The role of “anti-inflammatory” cytokines in axon regeneration. Cytokine Growth Factor Rev. (2013) 24:1–12. doi: 10.1016/j.cytogfr.2012.08.008

 31. Walsh JT, Hendrix S, Boato F, Smirnov I, Zheng J, Lukens JR, et al. MHCII-independent CD4+ T cells protect injured CNS neurons via IL-4. J Clin Invest. (2015) 125:699–714. doi: 10.1172/JCI82458

 32. Martinon S, Garcia-Vences E, Toscano-Tejeida D, Flores-Romero A, Rodriguez-Barrera R, Ferrusquia M, et al. Long-term production of BDNF and NT-3 induced by A91-immunization after spinal cord injury. BMC Neurosci. (2016) 17:42. doi: 10.1186/s12868-016-0267-6

 33. Weishaupt N, Blesch A, Fouad K. BDNF: the career of a multifaceted neurotrophin in spinal cord injury. Exp Neurol. (2012) 238:254–64. doi: 10.1016/j.expneurol.2012.09.001

 34. Harvey AR, Lovett SJ, Majda BT, Yoon JH, Wheeler LP, Hodgetts SI. Neurotrophic factors for spinal cord repair: which, where, how and when to apply, and for what period of time? Brain Res. (2015) 1619:36–71. doi: 10.1016/j.brainres.2014.10.049

 35. Kovalchuk Y, Holthoff K, Konnerth A. Neurotrophin action on a rapid timescale. Curr Opin Neurobiol. (2004) 14:558–63. doi: 10.1016/j.conb.2004.08.014

 36. Gupta SK, Mishra R, Kusum S, Spedding M, Meiri KF, Gressens P, et al. GAP-43 is essential for the neurotrophic effects of BDNF and positive AMPA receptor modulator S18986. Cell Death Differ. (2009) 16:624–37. doi: 10.1038/cdd.2008.188

 37. Wei HF, Zeng BF, Chen YF, Chen L, Gu YD. BDNF and GAP43 contribute to dynamic transhemispheric functional reorganization in rat brain after contralateral C7 root transfer following brachial plexus avulsion injuries. Neurosci Lett. (2011) 500:187–91. doi: 10.1016/j.neulet.2011.06.029

 38. Kobayashi NR, Fan DP, Giehl KM, Bedard AM, Wiegand SJ, Tetzlaff W. 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. (1997) 17:9583–95. doi: 10.1523/JNEUROSCI.17-24-09583.1997

 39. Frey D, Laux T, Xu L, Schneider C, Caroni P. Shared and unique roles of CAP23 and GAP43 in actin regulation, neurite outgrowth, and anatomical plasticity. J Cell Biol. (2000) 149:1443–54. doi: 10.1083/jcb.149.7.1443

 40. Donovan SL, Mamounas LA, Andrews AM, Blue ME, McCasland JS. GAP-43 is critical for normal development of the serotonergic innervation in forebrain. J Neurosci. (2002) 22:3543–52. doi: 10.1523/JNEUROSCI.22-09-03543.2002

 41. Abrams JK, Johnson PL, Hollis JH, Lowry CA. Anatomic and functional topography of the dorsal raphe nucleus. Ann N Y Acad Sci. (2004) 1018:46–57. doi: 10.1196/annals.1296.005

 42. Jordan LM. Initiation of locomotion in mammals. Ann N Y Acad Sci. (1998) 860:83–93. doi: 10.1111/j.1749-6632.1998.tb09040.x

 43. Ghosh M, Pearse DD. The role of the serotonergic system in locomotor recovery after spinal cord injury. Front Neural Circuits. (2014) 8:151. doi: 10.3389/fncir.2014.00151

 44. Nakajima K, Obata H, Iriuchijima N, Saito S. An increase in spinal cord noradrenaline is a major contributor to the antihyperalgesic effect of antidepressants after peripheral nerve injury in the rat. Pain. (2012) 153:990–7. doi: 10.1016/j.pain.2012.01.029

 45. Reimer MM, Norris A, Ohnmacht J, Patani R, Zhong Z, Dias TB, et al. Dopamine from the brain promotes spinal motor neuron generation during development and adult regeneration. Dev Cell. (2013) 25:478–91. doi: 10.1016/j.devcel.2013.04.012

 46. Siegenthaler MM, Tu MK, Keirstead HS. The extent of myelin pathology differs following contusion and transection spinal cord injury. J Neurotrauma. (2007) 24:1631–46. doi: 10.1089/neu.2007.0302

 47. Stichel-Gunkel CC. The role of microenvironment in axonal regeneration. Influences of lesion-induced changes and glial implants on the regeneration of the postcommissural fornix. Adv Anat Embryol Cell Biol. (1997) 137:1–81.

 48. Sharif-Alhoseini M, Khormali M, Rezaei M, Safdarian M, Hajighadery A, Khalatbari MM, et al. Animal models of spinal cord injury: a systematic review. Spinal Cord. (2017) 55:714–21. doi: 10.1038/sc.2016.187

 49. Beck KD, Nguyen HX, Galvan MD, Salazar DL, Woodruff TM, Anderson AJ. Quantitative analysis of cellular inflammation after traumatic spinal cord injury: evidence for a multiphasic inflammatory response in the acute to chronic environment. Brain. (2010) 133:433–47. doi: 10.1093/brain/awp322

 50. Guizar-Sahagun G, Grijalva I, Madrazo I, Franco-Bourland R, Salgado H, Ibarra A, et al. Development of post-traumatic cysts in the spinal cord of rats-subjected to severe spinal cord contusion. Surg Neurol. (1994) 41:241–9. doi: 10.1016/0090-3019(94)90131-7

 51. Ibarra A, Hauben E, Butovsky O, Schwartz M. The therapeutic window after spinal cord injury can accommodate T cell-based vaccination and methylprednisolone in rats. Eur J Neurosci. (2004) 19:2984–90. doi: 10.1111/j.0953-816X.2004.03402.x

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.

Copyright © 2020 Rodríguez-Barrera, Flores-Romero, Buzoianu-Anguiano, Garcia, Soria-Zavala, Incontri-Abraham, Garibay-López, Juárez-Vignon Whaley and Ibarra. 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/fneur-11-00189-g005.gif
= s
oo






OPS/images/fneur-11-00189-g006.gif





OPS/images/fneur-11-00189-g003.gif





OPS/images/fneur-11-00189-g004.gif
A






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Use of a Combination Strategy to Improve Morphological and Functional Recovery in Rats With Chronic Spinal Cord Injury



		Introduction



		Materials and Methods



		Experimental Design



		Ethics Statement



		Spinal Cord Injury



		Postoperative Care



		Antigen (A9187−99 Peptide)



		Isolation and Phenotyping of MSCs



		Phenotyping









		Intervention in the Chronic SCI (Combination Therapy)



		Assessment of Motor Recovery



		Enzyme-Linked Immunosorbent Assay (ELISA)



		Immunohistochemistry for 5-HT+ and TH+ Fibers



		Immunofluorescence for Evaluating Neurogenesis



		Statistical Analysis







		Results



		INDP Alone Induces the Best Locomotor Recovery After Chronic SCI



		INDP but Not the Combination Therapy Generates a Permissive Microenvironment Where Anti-inflammatory Cytokines and Regeneration-Associated Molecules Are Increased



		INDP Alone but Not the Combination Strategy Promotes Axonal Regeneration



		Neurogenesis Is Increased by INDP but Not by the Combination Therapy in Rats With Chronic SCI







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Use of a Combination Strategy to
Improve Morphological and
Functional Recovery in Rats With
Chronic Spinal Cord Injury





OPS/images/fneur-11-00189-g001.gif





OPS/images/fneur-11-00189-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





