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Abstract
BACKGROUND
Nerve diseases and injuries, which are usually accompanied by motor or sensory dysfunction and disorder, impose a heavy burden upon patients and greatly reduce their quality of life. Dental pulp stem cells (DPSCs), derived from the neural crest, have many characteristics that are similar to those of neural cells, indicating that they can be an ideal source for neural repair.

AIM
To explore the potential roles and molecular mechanisms of DPSCs in crushed nerve recovery.

METHODS
[bookmark: _Hlk24452618][bookmark: OLE_LINK1788][bookmark: OLE_LINK1786][bookmark: OLE_LINK1787]DPSCs were isolated, cultured, and identified by multilineage differentiation and flow cytometry. Western blot and immunofluorescent staining were applied to analyze the expression levels of neurotrophic proteins in DPSCs after neural induction. Then, we collected the secretions of DPSCs. We analyzed their effects on RSC96 cell proliferation and migration by CCK8 and transwell assays. Finally, we generated a sciatic nerve crush injury model in vivo and used the sciatic function index, walking track analysis, muscle weight, and hematoxylin & eosin (H&E) staining to further evaluate the nerve repair ability of DPSCs.

RESULTS
[bookmark: OLE_LINK1812][bookmark: OLE_LINK1813]DPSCs highly expressed several specific neural markers, including GFAP, S100, Nestin, P75, and NF200, and were inclined toward neural differentiation. Furthermore, neural-induced DPSCs (N-DPSCs) could express neurotrophic factors, including NGF, BDNF, and GDNF. The secretions of N-DPSCs could enhance the proliferation and migration of Schwann cells. In vivo, both DPSC and N-DPSC implants alleviated gastrocnemius muscle atrophy. However, in terms of anatomy and motor function, as shown by H&E staining, immunofluorescent staining, and walking track analyses, the repair effects of N-DPSCs were more sustained, potent, and effective than those of DPSCs and the controls. 

CONCLUSION
In summary, this study demonstrated that DPSCs are inclined to differentiate into neural cells. N-DPSCs express neurotrophic proteins that could enhance the proliferation and migration of SCs. Furthermore, our results suggested that N-DPSCs could help crushed nerves with functional recovery and anatomical repair in vivo. Thus, DPSCs or N-DPSCs could be a promising therapeutic cell source for peripheral nerve repair and regeneration.
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[bookmark: OLE_LINK1790][bookmark: OLE_LINK1791]Core tip: Dental pulp stem cells (DPSCs) might be an ideal cell source for nerve repair and regeneration for having an inclination to neural differentiation, expressing neurotrophic proteins after induction, and enhancing stem cell proliferation after neural induction. Furthermore, neural induced-DPSCs provided an effective and long-term treatment for crushed nerve with functional recovery and anatomical repair. Thus, DPSCs could be a promising therapeutic cell source for peripheral nerve repair and regeneration. Collectively, our study provided a novel theoretical basis and a promising cell-related therapeutic strategy for peripheral nerve repair and regeneration.

INTRODUCTION
[bookmark: OLE_LINK1792][bookmark: OLE_LINK1793][bookmark: OLE_LINK1794][bookmark: OLE_LINK1795]Inferior alveolar nerve (IAN) and lingual nerve (LN) injuries are complications of mandibular third molar extraction, which usually lead to numbness of the lips and taste disorder and eventually impose an extremely large burden on the patient’s life[1]. The IAN and LN can be stretched or crushed during surgical operation[2], ultimately leading to functional disorder. The incidence of LN injury after third molar surgery varies from 0.4% to 1.5%, while the incidence of IAN injury involvement is approximately 1% to 5%[1]. The repair time following IAN and LN injury is a controversial topic and can range from 2 wk to 2 years or more[2]. Currently, there are no effective or satisfactory treatments that can help crushed IANs/LNs completely recover. Traditional treatments, including drugs, end-to-end sutures, or autologous nerve grafting, usually cannot meet the requirements of recovery[3,4]. A brand-new and effective treatment is urgently needed.
[bookmark: OLE_LINK1796][bookmark: OLE_LINK1797][bookmark: OLE_LINK1847][bookmark: OLE_LINK1798][bookmark: OLE_LINK1799]Currently, as advancements and achievements in mesenchymal stem cell (MSC) research are developing rapidly, the use of MSCs to alleviate peripheral nerve injury has drawn researchers’ attention. Studies have reported that both adipose tissue-derived stem cells and bone marrow-derived stem cells are able to differentiate into neural-like cells and finally demonstrate a great inclination to nerve repair and regeneration in vivo[5-7].
[bookmark: OLE_LINK1802][bookmark: OLE_LINK1803]Among all kinds of MSCs, dental pulp stem cells (DPSCs), derived from the neural crest, have been shown to have several similarities to neural cells. DPSCs, isolated from dental pulp tissue, were first discovered by Gronthos et al[8] in 2000. DPSCs are positive for STRO-1, CD146, CD73, and CD90. Similar to other MSCs, DPSCs are capable of multilineage differentiation, including osteogenesis, chondrogenesis, adipogenesis, and myogenic lineages[9-15]. Regarding neural differentiation, DPSCs have a higher positive ratio for neural markers such as Nestin, GFAP, and s100-beta than other kinds of MSCs[16]. Moreover, some reports have shown that DPSCs can secrete neurotrophic factors that can help injured nerve recovery[17,18]. All these traits make DPSCs an ideal source for nerve repair and regeneration.
[bookmark: OLE_LINK1804][bookmark: OLE_LINK1805][bookmark: OLE_LINK1808][bookmark: OLE_LINK1809][bookmark: OLE_LINK1810][bookmark: OLE_LINK1811]Research on the use of DPSCs in neural disease treatments has developed rapidly and demonstrated great achievements sparked by numerous reports of applications of DPSCs in nerve tissue repair and regeneration. Wang et al[19] found that DPSCs could promote neural repair in an Alzheimer's disease model by secreting growth factors, promoting neural stem cell proliferation, increasing cell viability, and reducing cell apoptosis. Moreover, DPSCs can help locomotor functional recovery in spinal cord injury rats by inhibiting cell apoptosis, inducing axon outgrowth, and differentiating into and replacing neural cells[20]. Regarding peripheral nerve repair, studies have reported that DPSCs can promote peripheral nerve regrowth and remyelination after injury. Furthermore, DPSCs, combined with collagen scaffolds, silicone tubes, or polylactic glycolic acid tubes, could help axonal outgrowth and myelination and promote recovery of injured facial nerves[7,21-23]. All such evidence indicates that DPSCs will become a promising stem cell source for neural disease treatments in the near future.
Based on previous studies, we hypothesized that DPSCs themselves have the ability to heal crushed nerves. In this study, we investigated the neural differentiation potential of DPSCs, compared the neural repair ability between DPSCs and neural-induced DPSCs (N-DPSCs), and further evaluated their neurotrophic effects. In vivo, we observed the therapeutic effects of DPSCs and N-DPSCs in a sciatic nerve crush injury model. Collectively, our study will provide a novel theoretical basis and a promising cell-related therapeutic strategy for peripheral nerve repair and regeneration.

MATERIALS AND METHODS
Cell culture
[bookmark: OLE_LINK1814][bookmark: OLE_LINK1815][bookmark: OLE_LINK1816][bookmark: OLE_LINK1817][bookmark: OLE_LINK1828][bookmark: OLE_LINK1829][bookmark: OLE_LINK1514][bookmark: OLE_LINK1525][bookmark: OLE_LINK1587][bookmark: OLE_LINK1664][bookmark: OLE_LINK1903][bookmark: OLE_LINK1529][bookmark: OLE_LINK1934][bookmark: OLE_LINK1935][bookmark: OLE_LINK1941][bookmark: OLE_LINK1703]All experiments involving humans followed the guidelines of the Ethics Committee of West China College of Stomatology. Human DPSCs were obtained and isolated from the extracted third molars or orthodontic teeth with no caries from 15- to 25-year-old healthy individuals at the Department of Oral and Maxillofacial Surgery, West China Hospital of Stomatology Sichuan University. Collected teeth were soaked in antibiotics with phosphate-buffered saline (PBS) after tooth extraction. Dental pulp tissues were aseptically dissected and placed into PBS with antibiotics and then cut into small tissue pieces. The pulp tissues were digested with collagenase type 1 (Gibco, United States) at 37 °C for 30 min and shaken to homogenize the mixture every 10 min. Then, the digestion was ended with 10% α-MEM (HyClone, United States) supplemented with 10% fetal bovine serum (FBS, Gibco, United States), 1% penicillin/streptomycin (HyClone), and 1 × glutamine. After neutralization and centrifugation, the supernatant was removed, and the sediment was resuspended in10% α-MEM medium. Then, the tissues were placed into T-25 cell culture flasks and incubated in a standard culture environment (37 °C, 5% CO2). The cell culture medium was changed every 2 d, and cells from passages 3 to 5 were used for experiments. Rat cell line RSC96 was purchased from CAS (Chinese Academy of Sciences, China) and cultured in DMEM (HyClone/2% FBS (2% DMEM).

Multilineage differentiation
[bookmark: OLE_LINK1827]The multi-differentiation potential of DPSCs was assessed by osteogenic and neurogenic differentiation. For osteogenic differentiation, DPSCs were seeded in a 6-well culture plate for osteogenic induction at a density of 1 × 105 cells/well. When reaching 70% confluence, the culture medium was removed and replaced with 2 mL of osteogenic inducing medium [100 nmol/L dexamethasone (Sigma, United States), 50 mg/mL ascorbic acid (Sigma), 10% FBS, 5 mmol/L l-glycerophosphate (Sigma)]. The inducing medium was changed every 3 d. After 2 wk of differentiation, cells were fixed with 4% paraformaldehyde for 30 min and stained with alizarin red S.
[bookmark: OLE_LINK1833][bookmark: OLE_LINK1834]For neurogenic differentiation, DPSCs were seeded in 6-well culture plates for neural induction at a density of 105 cells/well. After adherence, the culture medium was changed to neural inducing medium, which consisted of Neurobasal A Media (Gibco), 1 × B27 supplement (Gibco), 20 ng/mL epidermal growth factor (EGF, Peprotech, United States), and 40 ng/mL basic fibroblast growth factor (FGF, Peprotech)[12]. After 2 wk of differentiation, cells were fixed with 4% paraformaldehyde for 30 min, and qPCR was used to analyze the extent of neural differentiation.

Flow cytometry
Cells were digested with trypsin, and 1 × 106 cells were collected. After resuspending cells in PBS, the cells were divided into aliquots. The following conjugated antibodies (BD Biosciences) were used at the concentrations recommended by the manufacturer: CD73-PE, CD90-FITC, CD106-PE, CD146-PE, CD31-FITC, and CD34-FITC. After two washes in PBS, the cells were resuspended and analyzed using the C6 system. Blue represented the control, and red represented the indicated markers.

Neuronally differentiated DPSC cell sheet culture
For further in vivo research, DPSCs were seeded in 6-well culture plates for neural induction at a density of 105 cells/well. After adherence, the culture medium was changed to neural inducing medium. The neural inducing medium was changed every 3 d, and cells were cultured for 2 wk for further use.

Immunofluorescent staining
Immunofluorescent staining was performed to compare the neurotrophic effects between DPSCs and N-DPSCs. DPSCs and N-DPSCs were seeded in glass bottom cell culture dishes at a density of 4000 cells per dish. After adherence, the cells were fixed in 4% paraformaldehyde for 30 min. The cells were permeabilized with 0.3% Triton-100 for 15 min at room temperature. Then, the cells were rinsed 3 times with PBS and blocked with 1% BSA for 30 min. After that, the cells were incubated with primary antibodies overnight at 4 °C or for 2 h at 37 °C. Nuclei were stained with 100 ng/mL DAPI for 2 min.
[bookmark: OLE_LINK1835][bookmark: OLE_LINK1836]Primary antibodies used were Nestin (mouse IgG, 1:200, Abcam, United Kingdom), GFAP (rabbit IgG, 1:200, Abcam), S100 (rabbit IgG, 1:200, Abcam), NF200 (mouse IgG, 1:200, Abcam), P75 (rabbit IgG, 1:200, Millipore, United States), brain-derived neurotrophic factor (BDNF, rabbit IgG, 1:200, ZENBIO, China), glial cell line-derived neurotrophic factor (GDNF, rabbit IgG, 1:200, ZENBIO), and nerve growth factor (NGF, rabbit IgG, 1:200, ZENBIO). The secondary antibodies used were Alexa FluoR 488 goat anti-mouse IgG (1:200, Invitrogen, United States) and Alexa FluoR 488 goat anti-rabbit IgG (1:200, Invitrogen).

Western blot analysis
The protein levels of BDNF, GDNF, and NGF in both DPSCs and N-DPSCs were analyzed by Western blot assay, with GAPDH as an internal control. DPSCs and N-DPSCs were cultured in 10% α-MEM medium and neural differentiation medium, respectively, for 2 wk in 6-well culture plates. Protein extraction was conducted using a total protein extraction kit (KEYGEN). Protein samples were treated with loading buffer, incubated at 98 °C for 10 min, added to 10% SDS-PAGE gels, and then transferred onto PVDF membranes. The membranes were blocked with 5% milk at room temperature for 1 h and incubated with the following primary antibodies at 4 °C overnight: BDNF (rabbit IgG, 1:1000, ZENBIO), GDNF (rabbit IgG, 1:1000, ZENBIO), and NGF (rabbit IgG, 1:1000, ZENBIO). Then, the secondary antibodies were added for another hour at room temperature before exposure.

CCK-8 assay
To investigate whether DPSCs or N-DPSCs could improve the repair of injured peripheral nerves, we further analyzed the effects of conditioned media on RSC96 cells. After 2 wk of culture of DPSCs and N-DPSCs, the culture medium was changed to α-MEM without FBS. Two days later, the supernatants were collected for further research and named DPSCs-CM and N-DSPCS-CM. RSC96 cells were seeded on 96-well plates (2500 cells/well) and cultured with DMEM medium + 2% FBS (control), DPSCs-CM, and N-DSPCS-CM for the indicated time lengths. A Cell Counting Kit-8 (Sigma) was applied. The OD values were measured at 450 nm with a microplate reader (Thermo Scientific) every day for a week.

Transwell migration assay
[bookmark: OLE_LINK1830]Transwell migration assays were performed according to the manufacturer’s instructions (Corning). RSC96 cells (4 × 104) were plated in the upper chamber. DMEM medium + 2% FBS (control), DPSCs-CM, and N-DSPCS-CM were separately added to the lower chamber. Cells were incubated for 24 h. Then, the cells in the upper chamber were cleared with cotton applicators. Cells that migrated across the membrane were then fixed with 4% paraformaldehyde for 5 min. Crystal violet was used to stain the cells. Pictures were taken with an Olympus IX71. Quantification was performed with ImageJ.

Animal model of sciatic nerve crush injury
A total of 32 adult male SD rats (200-230 g) were used in this experiment. The rats were divided into four groups: Normal (rats without nerve crush treatment, n = 8), control (rats had nerve crush injury but without cure treatments, n = 8), DPSC (rats had nerve crush injury and were treated with DPSC cell sheet, n = 8), and N-DPSC (rats had nerve crush injury and were treated with N-DPSC cell sheet, n = 8). Prior to the start of the in vivo experiments, the rats were raised for 5 d to adapt to the laboratory environment. The rats were then anesthetized with pentobarbital. After incision of the skin and separation of the gluteal musculature, the right sciatic nerve was exposed. A vascular clip was placed on the nerve 6 mm from the sciatic notch, subjecting it to a 30 g crushing force for 2 min. The control group received no treatment after crushing. The DPSC and N-DPSC groups were implanted with DPSC cell sheets and N-DPSC cell sheets, respectively. Thirty days after treatment application, the rats were sacrificed. The crushed nerves and gastrocnemius muscles were harvested for assessment.

Walking track analysis
[bookmark: OLE_LINK1837][bookmark: OLE_LINK1838][bookmark: OLE_LINK1839][bookmark: OLE_LINK1840]After undergoing the nerve crush procedure, the rats were tested on a limited walkway with a dark box at the end. The feet of the rats were soaked in red ink, after which the rats walked on a piece of white paper placed on the walkway to acquire the rats’ footprints. Three measurements were obtained in this experiment: PL (distance from the heel to the third toe), TS (distance from the first to the fifth toe), and IT (distance from the second to the fourth toe). The SFI (sciatic function index) was calculated by the following formula: SFI = -38.3 × (EPL - NPL)/NPL + 109.5 × (ETS - NTS)/NTS + 13.3 × (EIT - NIT)/NIT - 8.8. (N: Normal side; E: Experimental side). SFI values closer to -100 corresponded to increasingly worse impairment, whereas SFI values closer to 0 indicated increasingly normal function.

Histological assessment of nerve and muscle
[bookmark: OLE_LINK1789][bookmark: OLE_LINK1841][bookmark: OLE_LINK1842]Bilateral gastrocnemius muscles were harvested, and their wet weights were measured. The wet weight ratio (%) was calculated as the wet weight of the injury side/the weight of the normal side × 100%. Muscle morphology was observed by hematoxylin & eosin (H&E) staining and Masson staining. The atrophy ratio of the muscle was calculated as (gastrocnemius muscle fiber area/total image area × 100%). The harvested nerve samples were stained with H&E. Recovery of the myelin sheath was assessed by transmission electron microscopy (TEM).

Immunofluorescence evaluation
Immunofluorescence was applied to evaluate the levels of recovery and regeneration of the crushed nerve. The immunohistochemistry protocol was described previously; the primary antibodies used in nerve sample sections were MBP (myelin marker, mouse IgG, 1:200, Abcam) and NF200 (nerve fiber axons, mouse IgG, 1:200, Abcam).

Statistical analysis
All numerical data are presented as the mean ± SD. Student’s t test was used for comparisons between two groups, and one-way ANOVA was used for comparisons among three or more groups. P < 0.05 was considered statistically significant.

RESULTS
Culture and identification of DPSCs
DPSCs emerged from the dental pulp tissue pieces approximately 5 to 7 d after isolation. The DPSCs presented a spindle-like shape, which is the typical morphology of MSCs (Figure 1A). The DPSCs possessed the ability to differentiate into osteoblasts after 14 d of osteogenic induction (Figure 1D). Calcium nodules could be observed under a microscope and positively stained for alizarin red S. Meanwhile, we detected the expression of neural-related genes after neural induction. The results showed that, at the mRNA level, the expression of Nestin and Tubulin-3 was significantly enhanced after neural induction (Figure 1E). Moreover, the results of flow cytometry indicated that the DPSCs expressed canonical MSC surface markers, including CD73, CD90, and CD146, but negatively expressed CD106, CD31, and CD34 (hematopoietic cell surface markers) (Figure 1F). These results implied that the cells that emerged from the dental pulp tissues had a similar morphology to MSCs, possessed the potential of multilineage differentiation, and were positive for the typical surface markers of MSCs. Thus, the cells that we isolated and cultured from dental pulp tissue could be defined as DPSCs.

DPSCs possess the potential for neural differentiation and express neurotrophic factors after neural induction
We found some neural-like cells with multipolar and stellate appearances consistent with those of sensory and motor neurons under the microscope when the DPSCs had been cultured for 3-5 passages. The presence of neural-like cells implied that DPSCs could differentiate into neural cells without neural induction (Figure 1B). The results of immunofluorescent staining also showed that the DPSCs were strongly positive for Nestin, S100, GFAP, p75, and NF200, which are typical markers for neural cells (Figure 1C).
After induction for 2 wk, the morphology of the DPSCs began to change into a neuron-like shape that was similar to that of a motor or sensory neuron (Figure 2A). We then detected the expression of neurotrophic proteins in DPSCs after 2 wk of neural induction. The results showed that after being induced for 2 wk, the transcription and expression levels of BDNF, GDNF, and NGF in DPSCs were enhanced (Figure 2B). The results of immunofluorescent staining were consistent with those of the Western blot, which implied that the expression of neurotrophic proteins was quite enhanced after neural induction (Figure 2C). Collectively, these results suggested that the DPSCs had acquired a phenotype similar to that of neurons and had begun to express neurotrophic factors after neural induction. DPSCs could be a potential and ideal cell source for neural disease treatment.

N-DPSCs improve the proliferation and migration of rat Schwann cells via neurotrophic effects
To investigate whether the secretions of DPSCs or N-DPSCs could enhance the proliferation of neural cells and finally induce nerve repair, we collected the conditioned media of both the DPSCs and N-DPSCs. We treated RSC96 cells with DPSCs-CM, N-DPSCs-CM, and basic media and compared their effects. The results of the transwell assays implied that the conditioned media of both the DPSCs and N-DPSCs could improve RSC96 cell migration compared with basic culture media (Figure 3A and B). Furthermore, according to the results of the CCK-8 assay, we found that RSC96 cells could proliferate under the cultures of both the DPSCs-CM and N-DPSCs-CM. However, N-DPSCs-CM-treated RSC96 cells possessed a higher proliferation rate than DPSCs-CM-treated RSC96 cells, which may be due to the stronger neurotrophic effects of N-DPSC secretions (Figure 3C). Collectively, the secretion of DPSCs could maintain the growth of neural cells. However, the secretions of N-DPSCs, especially the neurotrophic factors, better promoted the proliferation and migration of neural cells. These facts imply that N-DPSCs could help nerve repair due to their neurotrophic effects.

N-DPSCs and DPSCs improve motor function recovery in rats after nerve crush injury
To evaluate whether the implanted DPSCs or N-DPSCs have the ability to help recover the locomotor activity of rats after nerve injury, the walking tracks of rats were collected and evaluated at the indicated time points. The footprint results showed that the hind footprint at the injury side became thinner and longer than that at the contralateral side. Four weeks post-operation, the footprints of the DPSC group and the N-DPSC group were normal compared to those of the control group (Figure 4). The SFI values displayed no difference among all three groups 3 d after the crush injury. Two weeks after the crush injury, both the DPSC group and the N-DPSC group showed signs of recovery. However, the SFI of the control group had worsened. Three weeks after the operation, the SFI indicated that the motor function of the rats in the N-DPSC group had a continuous recovery compared with that of the rats in the DPSC group and the control group, which tended to be stable 2 wk after surgery but showed no inclination toward recovery (Figure 4C; control group: -68.53 ± 11.61 vs N-hDPSC group: -38.73 ± 14.22, P = 0.0012). The differences between these three groups were obvious 4 wk after operation (Figure 4C; control group: -67.23 ± 19.91 vs N-hDPSC group: -40.08 ± 13.73, P = 0.0085). Taken together, the SFIs of these three groups implied that the implanted DPSCs and N-DPSCs cell sheet could help locomotor recovery after nerve crush injury. The repair effects of the implanted DPSCs were only obvious in the first week and showed almost no effects in the later period. However, the implanted N-DPSCs presented sustained and stable effects of motor function recovery until the fourth week. The secretion of neurotrophic factors may contribute to recovery. Among all groups, the N-DPSC rats showed the greatest recovery effect, which indicates that N-DPSCs possess great potential for nerve repair.

N-DPSCs and DPSCs alleviate gastrocnemius muscle atrophy after nerve crush injury
Four weeks after the nerve crush surgery, the rats were sacrificed for investigation. We separated the gastrocnemius muscles of the rats from all four groups and measured their wet weights. Moreover, the atrophy level of the muscles was also analyzed. In terms of appearance, the gastrocnemius muscles in both hind legs of the normal rats were almost the same size, while those of the operative side in the control group showed a greater degree of atrophy and a significant reduction in muscle volume (Figure 4F). The degree of gastrocnemius atrophy on the operative side was smaller and the volume was significantly greater in the DPSC group than in the control group. The degree of gastrocnemius atrophy on the operative side of the rats in the N-DPSC group was significantly alleviated compared with that of the control group. Furthermore, compared with the normal side gastrocnemius muscle, there was only slight atrophy, and the volume was almost the same. In general, N-DPSCs have good potential for nerve function repair, thus promoting the recovery of motor function and preventing muscle atrophy. Furthermore, the results of H&E and Masson staining showed that the total area of the isolated muscle fibers on the injured side was obviously smaller than that on the contralateral side in the control, DPSC, and N-DPSC groups. The results implied that the crushed nerve could lead to atrophy of the muscle that it controlled. However, among all the groups, the muscle atrophy degree in the N-DPSC group was significantly alleviated, as shown by the larger area ratio of muscle tissue and well-organized muscle fibers compared to those of the control and DPSC groups (Figure 5A; control group: 48.94% ± 5.357% vs DPSC group: 68.19% ± 0.7635%, P = 0.002; control group: 48.94% ± 5.357% vs N-DPSC group: 73.03% ± 2.596%, P < 0.0001; DPSC group: 68.19% ± 0.7635% vs N-DPSC group: 73.03% ± 2.596%, P = 0.2741). Meanwhile, the wet weight ratio of the gastrocnemius muscles in the N-DPSC group was obviously higher than those of the control and DPSC groups, which was consistent with previous results (Figure 4F and E; control group: 33.47% ± 7.217% vs DPSC group: 38.88% ± 10.34%, P = 0.7174; control group: 33.47% ± 7.217% vs N-DPSC group: 57.45% ± 15.01%, P = 0.0004; DPSC group: 38.88% ± 10.34% vs N-DPSC group: 57.45% ± 15.01%, P = 0.0057). In conclusion, these statistics suggested that N-DPSCs can prevent muscle atrophy after sciatic nerve crush injury, which means that N-DPSCs rather than DPSCs showed an advantage in nerve repair.

N-DPSCs and DPSCs improve nerve repair and remyelination
H&E staining was used to evaluate the levels of impairment and regeneration in the crushed nerves after 4 wk of recovery. The results showed that the arrangement of nerve fibers in the normal group was dense and regulated. However, the nerve fibers in the control group were disorganized, discontinuous, and scarce. In contrast, the number of nerve fibers in the DPSC and N-DPSC groups was larger than that in the control group. Moreover, the nerve fibers of these two groups presented clearer outlines and were well organized (Figure 6A).
TEM was used to determine the level of regeneration of the myelin sheath. The results were consistent with those of H&E staining. In the control group, the structure of the myelin sheath had nearly disappeared; the thickness of the sheath was far too thin to be observed. In the DPSC group, the sheath was thicker than that of the control group, but it also had vacuolar-like defects, which were indicative of demyelination. In the N-DPSC group, however, little to no demyelination could be observed. The thickness of the sheath was greater than that of the control and DPSC groups. The structure of the myelin sheath was nearly identical to that of the normal group. However, there were still some demyelinated regions in the N-DPSC group (Figure 6B).
The potential ability of implanted DPSCs and N-DPSCs to regenerate nerves was further investigated. We used immunofluorescence to detect the level of nerve regeneration by staining with antibodies against Myelin basic protein (MBP) (a marker of remyelination) and Neurofilament 200 (NF200, a neurofilament marker). The staining results showed that the MBP- and NF200-positive areas were dense and regularly arranged in the normal group. In the control group, however, the MBP- and NF200-positive regions were scarce and irregularly arranged. Compared to the control group, the distribution of MBP- and NF200-positive nerve fibers was dense and better regulated in both the DPSC and N-DPSC groups. Moreover, the expression of DAPI, a marker of the cell nucleus, was much higher in the N-DPSC group than in the other three groups, which indicated high cell proliferation and increased active nerve repair in the N-DPSC group, thus leading to nerve regeneration (Figure 7). In conclusion, both DPSCs and N-DPSCs could help injured nerves reduce the degree of demyelination and improve anatomical recovery to a certain extent. N-DPSCs had more obvious effects on nerve remyelination, repair, and regeneration.

DISCUSSION
Nerve diseases and injuries, which are usually accompanied by motor or sensory dysfunction and disorder, impose a heavy burden upon patients and greatly reduce their quality of life. Trigeminal nerve injury is one of the most severe complications of dental surgery[1]. Common stomatological operations, such as local anesthetic block injection and third molar, tumor, facial trauma, and tooth implant surgeries, have a risk of trigeminal nerve injury, especially IAN/LN injury[2]. However, because of the particular anatomical position of the IAN/LN[24], traditional surgical methods, such as end-end sutures to fix nerve injury, are too difficult to perform and carry a risk of secondary injury. The common treatments are physiotherapeutics and medical treatments, for which the recovery effects and duration are unstable and unpredictable[25-27].
DPSCs, originating from the neural crest, have many similarities to neural cells, including a high positive ratio for neural markers, high expression of neural proteins and neurotrophic factors, and inclination to differentiate into neural-like cells without induction[12,20,28,29]. Furthermore, reports have revealed that DPSCs have vascularization and immunomodulatory properties that can speed up blood flow and improve neural repair[30,31]. Thus, the use of DPSCs to repair damaged nerves is a promising research direction.
In our work, DPSCs emerged from dental pulp tissue pieces after approximately 5 d of isolation. DPSCs presented as fibroblastic and spindle-like shapes, which are typical morphologies of MSCs. After osteogenic induction for 14 d, DPSCs positively stained for alizarin red and formed calcium nodules, which could be observed under a microscope. After neural induction for 2 wk, the relative expression of Nestin and tubulin-3 was higher than that prior to induction. Furthermore, flow cytometry indicated that the hDPSCs expressed canonical MSC surface markers, including CD73, CD90, and CD146. The above results indicated that DPSCs possessed properties of MSCs and were capable of multilineage differentiation. Moreover, we not only found that DPSCs were strongly positive for Nestin, S100, GFAP, p75, and NF200 (typical markers for neural cells) when cultured without neural induction but also observed some neural-like cells among the hDPSCs under a microscope when the DPSCs were simply cultured in basic media. This phenomenon indicated that DPSCs have a strong inclination toward neural differentiation. After neural induction for 2 wk, the DPSC morphology began to change into a neuron-like shape, which was bipolar and stellate and consistent with that of motor or sensory neurons. This evidence supports the fact that DPSCs have great potential to differentiate into neural cells, which makes them an ideal source for nerve disease treatments and nerve defect repair and regeneration.
Neurotrophic factors, including BDNF, GDNF and NGF, play significant roles in promoting axon regeneration. As the expression of neurotrophic factors declines, the capacities of neurons to regenerate and of Schwann cells to support regenerating neurons also decline[32]. These facts prove that neurotrophic factors are indispensable for nerve repair and regeneration. Moreover, the intimate relationship between Schwann cells and axons makes Schwann cells a focus in nerve regeneration research. Schwann cells promote peripheral nerve regeneration by elaborating the basement membrane and producing neurotrophic factors[33]. As SCs proliferate, they contact regenerative axons and form myelin. Therefore, promoting SC proliferation is a critical point for nerve repair[34,35]. In our research, the results of the Western blot and immunofluorescent staining showed that the expression of BDNF, GDNF, and NGF was higher in N-DPSCs than in DPSCs. Moreover, N-DPSC-CM promoted RSC96 proliferation and migration better than DPSC-CM. These results imply that N-DPSCs may have a stronger neural repair and regeneration ability than DPSCs owing to their neurotrophic effects. N-DPSCs can be a potent candidate cell source for nerve regeneration.
To investigate whether DPSCs and N-DPSCs were indeed capable of nerve functional and anatomical recovery, we designed four experimental rat groups to be observed for 4 wk. Our results showed that both N-DPSCs and DPSCs could improve motor functional recovery in rats after a nerve crush injury. However, the recovery effect of DPSCs on motor function only lasted for the first week, while N-DPSCs demonstrated long-term recovery effects. Furthermore, N-DPSCs and DPSCs alleviated gastrocnemius muscle atrophy levels after crush injury. Moreover, the results of H&E, immunofluorescence, and TEM showed that N-DPSCs and DPSCs improved nerve repair and remyelination. The results of our in vivo experiments provide evidence that DPSCs and N-DPSCs possess the potential for nerve repair, while N-DPSCs possess a stronger repair effect owing to their secretion of neurotrophic factors.
Although our research provided basic evidence for the use of N-DPSCs in nerve tissue repair and regeneration, this study was accompanied by several limitations. Cell death after implantation, the low activity status of implanted cells, and degradation of proteins might limit the effectiveness of nerve repair in vivo. Moreover, photobiomodulation therapy (PBMT) has an intimate relationship with tissue recovery especially for peripheral nerve damage[36]. The combination of N-DPSCs and PBMT might have more effective effects on nerve repair. What’s more, the mechanism that underlying the neurotrophic effects of DPSC and N-DPSC is unknown. Our next aim is to investigate the underlying mechanism. 
The application of DPSCs has several advantages, including ready accessibility, damage-free extraction from the donor’s body, few ethics issues, and low injection rates. The immune rejection problem and the source problem are two major obstacles to stem cell transplantation in disease treatment. The use of autologous dental pulp cells for repairing nerve injury after tooth extraction can greatly reduce immune rejection and solve the cell source problem. We are able to isolate and culture dental pulp cells from extracted teeth and store them as seed cells for nerve repair, which can turn discarded clinical waste into a potential therapeutic resource. Our research has provided DPSCs as another possibility for nerve repair and regeneration.

CONCLUSION
In summary, DPSCs might be an ideal cell source for nerve repair and regeneration, as they are inclined to undergo neural differentiation, express neurotrophic proteins after induction, and enhance SC proliferation after neural induction. Furthermore, N-DPSCs provide an effective and long-term treatment for crushed nerves with functional recovery and anatomical repair. Thus, DPSCs could be a promising therapeutic cell source for peripheral nerve repair and regeneration.

ARTICLE HIGHLIGHTS
Research background
[bookmark: OLE_LINK1845][bookmark: OLE_LINK1846]Inferior alveolar nerve (IAN) and lingual nerve (LN) injuries are complications of mandibular third molar extraction, which usually lead to numbness of the lips and taste disorder and eventually impose an extremely large burden on the patient’s life. Among all kinds of mesenchymal stem cells, dental pulp stem cells (DPSCs), derived from the neural crest, have been shown to have several similarities to neural cells. DPSCs may have a great potential for nerve repair.

Research motivation
A brand-new and effective stem cell based treatment for nerve repair and regeneration is urgently needed.

Research objectives
Nerve diseases and injuries, which are usually accompanied by motor or sensory dysfunction and disorder, impose a heavy burden upon patients and greatly reduce their quality of life. DPSCs, derived from the neural crest, have many characteristics that are similar to those of neural cells, indicating that they can be an ideal source for neural repair. In this study, we aimed to explore the potential roles and molecular mechanisms of DPSCs in crushed nerve recovery.

Research methods
DPSCs were isolated, cultured, and identified by multilineage differentiation and flow cytometry. Western blot and immunofluorescent staining were applied to analyze the expression levels of neurotrophic proteins in DPSCs after neural induction. Then, we collected the secretions of DPSCs. We analyzed their effects on RSC96 cell proliferation and migration by CCK8 and transwell assays. Finally, we generated a sciatic nerve crush injury model in vivo and used the sciatic function index, walking track analysis, muscle weight, and hematoxylin & eosin (H&E) staining to further evaluate the nerve repair ability of DPSCs.

Research results
DPSCs highly expressed several specific neural markers, including GFAP, S100, Nestin, P75, and NF200, and were inclined toward neural differentiation. Furthermore, we also found that neural-induced DPSCs (N-DPSCs) could express neurotrophic factors, including NGF, BDNF, and GDNF. The secretions of N-DPSCs could enhance the proliferation and migration of Schwann cells. In vivo, both DPSC and N-DPSC implants alleviated gastrocnemius muscle atrophy. However, in terms of anatomy and motor function, as shown by H&E staining, immunofluorescent staining, and walking track analyses, the repair effects of N-DPSCs were more sustained, potent, and effective than those of DPSCs and the controls. 

Research conclusions
In summary, DPSCs might be an ideal cell source for nerve repair and regeneration, as they are inclined to undergo neural differentiation, express neurotrophic proteins after induction, and enhance SC proliferation after neural induction. Furthermore, N-DPSCs provide an effective and long-term treatment for crushed nerves with functional recovery and anatomical repair. Thus, DPSCs could be a promising therapeutic cell source for peripheral nerve repair and regeneration.

Research perspectives
The application of DPSCs has several advantages, including ready accessibility, damage-free extraction from the donor’s body, few ethics issues, and low injection rates. We are able to isolate and culture dental pulp cells from extracted teeth and store them as seed cells for nerve repair, which can turn discarded clinical waste into a potential therapeutic resource. Our research has provided DPSCs as another possibility for nerve repair and regeneration.
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[bookmark: OLE_LINK1870][bookmark: OLE_LINK1871][bookmark: OLE_LINK1872][bookmark: OLE_LINK1873][bookmark: OLE_LINK1874]Figure 1 Isolation, culture, and multilineage differentiation of dental pulp stem cells. A: Morphology of dental pulp stem cells (DPSCs); B: Neural-like cells differentiated from DPSCs; C: Immunofluorescent staining for Nestin, S100, GFAP, p75, and NF200; D: Osteogenic induction; E: Neural induction assessed by real-time PCR; F: Flow cytometry for CD73, CD90, CD146, CD106, CD31, and CD34. Student’s t test was used to identify statistical significance. a𝑃 < 0.05, b𝑃 < 0.01.
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[bookmark: OLE_LINK1875][bookmark: OLE_LINK1876][bookmark: OLE_LINK1877][bookmark: OLE_LINK1897][bookmark: OLE_LINK1898][bookmark: OLE_LINK1901][bookmark: OLE_LINK1902]Figure 2 Dental pulp stem cells can differentiate into neural-like cells, and neural-induced dental pulp stem cells are highly positive for neurotrophic factors. A: Morphology of neural-induced dental pulp stem cells; B: The expression of BDNF, GDNF, and NGF was assessed by Western blot; C: The expression of BDNF, GDNF, and NGF was assessed by immunofluorescent staining. b𝑃 < 0.01. DPSC: Dental pulp stem cells; hDPSCs: Human dental pulp stem cells.
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[bookmark: OLE_LINK1899][bookmark: OLE_LINK1900][bookmark: OLE_LINK1878][bookmark: OLE_LINK1879][bookmark: OLE_LINK1880][bookmark: OLE_LINK1881][bookmark: OLE_LINK1906][bookmark: OLE_LINK1907]Figure 3 The secretions of neural-induced dental pulp stem cells enhance the proliferation and migration of RSC96 cells. A: Migration ability assessed by transwell assays; B: Analysis of RSC96 cell migration; C: CCK-8 assays. Student’s t test was used to identify statistical significance. a𝑃 < 0.05, b𝑃 < 0.01, and c𝑃 < 0.001. N-DPSCs: Neural-induced dental pulp stem cells; DPSC: Dental pulp stem cells; hDPSCs: Human dental pulp stem cells.
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[bookmark: OLE_LINK1904][bookmark: OLE_LINK1905][bookmark: OLE_LINK1884][bookmark: OLE_LINK1885][bookmark: OLE_LINK1896]Figure 4 Neural-induced dental pulp stem cells enhance rat functional recovery after nerve crush injury. A: Nerve crush model of peripheral nerve injury and cell sheet implantation; B: Footprints of the four groups; C and D: Analysis of sciatic function index; E: Wet weight ratio of the gastrocnemius muscles; F: Appearance of the gastrocnemius muscle of four groups. Bar = 1 cm. All data represent the mean ± SD. n = 8 in each group. b𝑃 < 0.01. SFI: Sciatic function index; N-DPSCs: Neural-induced dental pulp stem cells; hDPSCs: Human dental pulp stem cells.
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[bookmark: OLE_LINK1890][bookmark: OLE_LINK1891][bookmark: OLE_LINK1908][bookmark: OLE_LINK1882][bookmark: OLE_LINK1883][bookmark: OLE_LINK1888][bookmark: OLE_LINK1889][bookmark: OLE_LINK1909][bookmark: OLE_LINK1910][bookmark: OLE_LINK1915][bookmark: OLE_LINK1916][bookmark: OLE_LINK1911][bookmark: OLE_LINK1912]Figure 5 Hematoxylin & eosin staining and Masson staining of cross-sections of muscle fibers showed that neural-induced dental pulp stem cells could alleviate muscle atrophy. A: The degree of muscle atrophy in the neural-induced dental pulp stem cells (N-DPSC) group was significantly improved, as shown by the larger area ratio of well-organized muscle fibers compared with those of the control and DPSC groups; B: Histograms presenting the percentage of area of muscle fiber. b𝑃 < 0.01. H&E: Hematoxylin & eosin staining; DPSC: Dental pulp stem cells.
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[bookmark: OLE_LINK1886][bookmark: OLE_LINK1887][bookmark: OLE_LINK1894][bookmark: OLE_LINK1895][bookmark: OLE_LINK1913][bookmark: OLE_LINK1914]Figure 6 Histological and transmission electron microscopic evaluation showed that neural-induced dental pulp stem cells could help nerve reorganization and regeneration. A: Hematoxylin & eosin staining of longitudinal sections of crushed nerves; B: Transmission electron microscopy of the nerve myelin sheath. n = 8. Bar = 50 μm. hDPSC: Dental pulp stem cells; N-hDPSCs: Neural-induced human dental pulp stem cells.
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[bookmark: OLE_LINK1892][bookmark: OLE_LINK1893][bookmark: OLE_LINK1917][bookmark: OLE_LINK1918]Figure 7 Immunofluorescence staining of crushed nerves for Myelin basic protein and NF-200 implied that neural-induced dental pulp stem cells help nerve regeneration. A: Myelin basic protein (MBP) and NF200 staining; B and C: Percentage of positive area of MBP and NF200 staining. n = 8. Bar = 50 μm. b𝑃 < 0.01. MBP: Myelin basic protein; hDPSC: Dental pulp stem cells; N-hDPSCs: Neural-induced human dental pulp stem cells.

Table 1 The percentage of area of muscle fibers and the wet weight ratio of the gastrocnemius muscles
	
	Control
	
	Normal
	DPSC
	n-DPSC

	Percentage of area of muscle fiber (%)
	48.94 ± 5.357
	
	77.85 ± 0.5146
	68.19 ± 0.7635
	73.03 ± 2.596

	Wet weight ratio of the gastrocnemius muscles (%)
	33.47 ± 7.217
	
	97.33 ± 5.781
	[bookmark: OLE_LINK11]38.88 ± 10.34
	57.45 ± 15.01


DPSC: Dental pulp stem cells; N-DPSC: Neural-induced dental pulp stem cells. 
image2.png
B Neuralinducod DPSC.
opsc

3
5
H

Control hDPSCs

Neural induced DPSCs




image3.png
—_—
60 a
T e |
'E b
g 40
e
2
§ 20
2
3
3
o
> &
,g\g‘o \0«\‘3 $°°
& &
& P 5B
& &
N &
o X

B dmem+2%fbs

## hDPSCs conditioned
media

B n-DPSCs conditioned
media

25

e N-DPSCs conditioned
20 __&  -= DPSC conditioned
1.5 &7

2 —=- dmem+2%fbs





image4.png
relative wet weight of gastrocnemius muscles (%)

s

srl

- o

- Cont
nopscs

- sopscs





image5.png
Normal Control

Masson





image6.png




image7.png
NF200

Y,
%
e,
“,
v
g% 8 3 R °
eaue aAysod jo sbejusaieg
. .- C
o
&
. .. . M

g 8 8 § R °

ease aaisod Jo oBelsasg

MBP
MBP/DAPI

NF200
NF200/DAPI




image1.png
NF200

_|
_‘

001 biank 001 biank
A

CcD73 CD90 CD106

001 biank 001 biank 001 biank
A A A

F CD146 CD31 CD34




