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Overlapping Mechanisms of Peripheral Nerve Regeneration and Angiogenesis Following Sciatic Nerve Transection
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Peripheral nervous system owns the ability of self-regeneration, mainly in its regenerative microenvironment including vascular network reconstruction. More recently, more attentions have been given to the close relationship between tissue regeneration and angiogenesis. To explore the overlap of molecular mechanisms and key regulation molecules between peripheral nerve regeneration and angiogenesis post peripheral nerve injury, integrative and bioinformatic analysis was carried out for microarray data of proximal stumps after sciatic nerve transection in SD rats. Nerve regeneration and angiogenesis were activated at 1 day immediately after sciatic nerve transection simultaneously. The more obvious changes of transcription regulators and canonical pathways suggested a phase transition between 1 and 4 days of both nerve regeneration and angiogenesis after sciatic nerve transection. Furthermore, 16 differentially expressed genes participated in significant biological processes of both nerve regeneration and angiogenesis, a few of which were validated by qPCR and immunofluorescent staining. It was demonstrated that STAT3, EPHB3, and Cdc42 co-expressed in Schwann cells and vascular endothelial cells to play a key role in regulation of nerve regeneration and angiogenesis simultaneously response to sciatic nerve transection. We provide a framework for understanding biological processes and precise molecular correlations between peripheral nerve regeneration and angiogenesis after peripheral nerve transection. Our work serves as an experimental basis and a valuable resource to further understand molecular mechanisms that define nerve injury-induced micro-environmental variation for achieving desired peripheral nerve regeneration.
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INTRODUCTION

Peripheral nervous system (PNS) owns its ability to autonomously regenerate compared with central nervous system (CNS) with a limited regenerative potential for a few factors inhibiting nerve regeneration (Webber and Zochodne, 2010; Egawa et al., 2017). Peripheral nerve regeneration has many influencing factors including the type and extent of injury, the time and manner of injury repair and also the patient’s comprehensive situation and so on. So far, autologous nerve repair is still a gold standard for peripheral nerve injury (Stenberg et al., 2016), although more understanding of mechanisms of peripheral nerve regeneration help us to provide effective treatments for patients with peripheral nerve injury (Gu et al., 2014; Hu et al., 2016; Lindholm et al., 2017). People realize that there are other key factors not resolved, in which lack of blood supply is one of important constraint and bottleneck factors (Jain et al., 2005; Novosel et al., 2011), especially for long-distance peripheral nerve defects. More recently, it is reported that vascular endothelial cells guide the regeneration of peripheral nerve axons directly confirming the direct relationship between nerve regeneration and angiogenesis (Cattin et al., 2015). Through the blood vessel three-dimensional reconstructions, we indeed observed the lack of angiogenesis in the middle of tissue-engineered nerves and the difference of maturation of vascular network between tissue-engineered nerves and autologous nerves repairing sciatic nerve defects in rats (Wang et al., 2016).

So, a more efficient growth-permissive microenvironment especially enough blood supply should be constructed to achieve the desired effect of peripheral nerve regeneration by the control of effective and adverse conditions on the basis of a deep understanding of molecular mechanisms during peripheral nerve regeneration. Herein, our hypothesis is that the modulation of angiogenesis could be a key strategy for achieving better axonal regeneration post peripheral nerve injury. Intervention of the key molecules regulating both peripheral nerve regeneration and angiogenesis can be more effective to achieve the desired peripheral nerve regeneration effect. Mechanisms of molecular regulation of angiogenesis in the process of development and tumorigenesis have many studies (Song et al., 2017; Wild et al., 2017). Numerous molecules influencing and regulating angiogenesis were reported (Carmeliet and Jain, 2011; Potente et al., 2011). However, the basic researches on angiogenesis during regeneration of tissues and organs are still relatively small. The specific molecular regulations of angiogenesis following peripheral nerve injury have remained unknown, for instance, relationship of critical biological processes, interactions and collaboration of key molecules, common important regulators, and interconnections of signaling pathways.

Regenerated axons sprout from the proximal nerve stump and extend to the distal stump post peripheral nerve injury. Cell body of neuron continues to synthesize new proteins and other substances transporting to axons to provide a material basis for axonal regeneration. The proximal nerve stump contains more regenerative informations than the distal nerve stump after peripheral nerve injury. To figure out the overlap of molecular mechanisms and key regulation molecules, our experiment focuses on the analysis and presentation of molecule correlations between peripheral nerve regeneration and angiogenesis post sciatic nerve transection. We carried out integrative approaches to analyze the microarray data of proximal nerve stumps, including gene expression profiling combined with multi-level bioinformatic analysis and also experimental validations. We compared the performance of differentially expressed genes and built protein–protein interaction (PPI) networks for peripheral nerve regeneration and angiogenesis. Furthermore, the key regulation molecules were validated by qPCR and immunofluorescent staining. Our work provide a framework for deep understanding the precise molecular networks and pathways, as well as an experimental basis for choice of key regulation molecules, involved in both peripheral axonal regeneration and angiogenesis after transecting the sciatic nerve.

MATERIALS AND METHODS

Animal and Surgery

Adult male Sprague-Dawley (SD) rats (200–220 g, provided by the Experimental Animal Center of Nantong University) were divided into 5 groups of 15 rats each randomly. The animals were deeply anesthetized by an intraperitoneal injection of a compound anesthetic (chloral hydrate 4.25 g, magnesium sulfate 2.12 g, sodium pentobarbital 886 mg, ethanol 14.25 mL, and propylene glycol 33.8 mL in 100 mL) at a dose of 0.2–0.3 mL/100 g. The sciatic nerve was identified and exposed through an incision on the lateral aspect of the mid-thigh of left hind limb. Then, the sciatic nerve was transected in the central position of femur followed by its retraction of two stumps without any repair. The animals recovered in warm cages after the surgery. All experimental protocols were approved by the Administration Committee of Experimental Animals, Jiangsu Province, China, in accordance with the US National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals published by the US National Academy of Sciences.

Sample Preparation and Microarray

The nerve samples were harvested according to the previous methods with some modifications (Li et al., 2013). Briefly, the proximal sciatic nerve stumps about 5 mm were collected at 1, 4, 7, and 14 days after the nerve transection surgery and normal sciatic nerve segments in the corresponding position, respectively. Total RNA was extracted using Trizol (Life technologies, Carlsbad, CA, United States) according to the manufacturer’s instructions. RNA quality of each tissue sample was determined using Agilent Bioanalyzer 2100 (Agilent technologies, Santa Clara, CA, United States) and Nanodrop ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States). Microarray analysis was conducted by an Agilent Microarray Scanner (Agilent Technologies) and the subsequent data compiled with Agilent feature extraction software. All steps from RNA amplification to the final scanner output were performed by National Engineering Center for Biochip at Shanghai (China). Three biological replicates were designed and performed for each time point to reduce experimental errors. Array normalizations and error detection were conducted using Silicon Genetics’ GeneSpring GX Version 10.0 (Agilent Technologies) via the enhanced Agilent feature extraction import preprocessor. All data is MIAME compliant and the raw data has been deposited in a MIAME compliant database (NCBI Accession number: Series GSE30165), as detailed on the website1.

Bioinformatic Analysis

The differential gene expression profile at different time points post nerve transection was provided in Supplementary Data S1. Only 10% of probes that showed highest variation across analyzed populations were collected for bioinformatic analysis (Mingueneau et al., 2013). Z-score (standard score) and hierarchical clustering were calculated on log2-transformed mean-centered datasets filtered for expression values greater than 128 in any subsets. Hierarchical clustering was performed with the multi-experiment viewer (MeV 4.92). Venn diagrams were performed with Venn-Diagrams online tool3. The molecular network, function prediction, transcription regulator, and pathway analysis of the expression data were conducted with QIAGEN’s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City4) (molecular network, function prediction, and pathway analysis: genes with FC ± 2.0; transcription regulator: genes with FC ± 1.5).

Real-time RT-PCR

Total RNA was extracted. Reverse-transcribed complementary DNA was synthesized with the Prime-Script RT Reagent Kit (TaKaRa, Dalian, China). qPCR was performed with SYBR Premix Ex Taq (TaKaRa, Dalian, China). The relative expression level of the selected gene was calculated using the comparative 2-ΔΔCt method. The sequences of primer pairs are as follows: Stat3 (5′-3′) forward, GTCTCAGAACCTTGTGTCG; reverse, TGGGAACCAAGCACATAGAAT. Csf1r (5′-3′) forward, TGATGTGTGGTCCTACGG; reverse, ATCCATCCTTCACCAGTTTG. Ephb3 (5′-3′) forward, AGACTGACTCAGAGAGCC; reverse, ACAACACACGCATACATACC. Myh10 (5′-3′) forward, AGTTCTGTGTTCATGTGGC; reverse, CCGAGACAGCGATCACTA. Ephb2 (5′-3′) forward, GCTTTAACACAGTGGATGAGT; reverse, CCATCATCATCTGAGATACGAC. Cdh2 (5′-3′) forward, ATTTGGACTTTGGATTCAGGT; reverse, ATTCTAACTACAGCTCAACGG. Gapdh (5′-3′) forward, GCGAGATCCCGCTAACATCA; reverse, CTCGTGGTTCACACCCATCA. The data obtained from three independent experiments.

Immunofluorescence Validation

The tissue samples about 5 mm of proximal sciatic nerve stumps at 1, 4, 7, and 14 days after surgery, also the normal sciatic nerves were harvested for longitudinal sections. The immunofluorescent triple-staining was performed using rabbit anti-STAT3 antibody (1:50 dilution, Proteintech), rabbit anti-EPHB3 antibody (1:100 dilution, Abcam), rabbit anti-Cdc42 antibody (1:100 dilution, Abcam), mouse anti-NF200 antibody (1:200 dilution, Sigma), mouse anti-S100 antibody (1:500 dilution, Sigma), mouse anti-RECA1 antibody (1:25 dilution, Abcam), and Hoechst 33342 (1:5000 dilution, Life Technologies), respectively. The nerve sections were incubated with the primary antibody at 4°C for 24 h, followed by further reaction with the secondary antibody (Goat anti-Mouse IgG-Alex-488, 1:500; Goat anti-Mouse IgG-Cy3, 1:100; Goat anti-Rabbit IgG-Cy3, 1: 100) at room temperature for 1 h. At last, the nerve sections were observed and photographed under a fluorescence microscopy (AxioImager M2, Zeiss).

Statistical Analysis

For statistical analysis, the data were replicated in at least three repeat experiments. The data are presented as means ± SEM. Multiple comparisons were carried out with one-way ANOVA plus Scheffe’s post hoc t-test using the Stata 7.0 software package (Stata Corp., College Station, TX, United States). Differences were considered significant at ∗p-value < 0.05, ∗∗p-value < 0.01, and ∗∗∗p-value < 0.001.

RESULTS

Trends of Biological Processes during Nerve Regeneration and Angiogenesis Post Sciatic Nerve Transection

The significant biological processes of nerve regeneration and angiogenesis were selected to present the overall changes in these two interested aspects at different time points post sciatic nerve transection. Z-scores calculated with the average expression profiles of differentially expressed genes (three duplicate data corresponding to three duplicate samples at different time points) involved in different biological processes reflect the trends of different functions. The Z-score curves showed the trends of peripheral nerve regeneration: outgrowth of axons at early stages followed by guidance of axons a litter later (Figure 1A). The major biological processes of angiogenesis were divided into three groups according to time sequence of angiogenesis. All biological processes of angiogenesis were activated at 1 day with different primary activation periods. Activation of vascular endothelial cells and cell proliferation of vascular endothelial cells were mainly at early stages, and the major process of migration of vascular endothelial cells was relatively late (Figure 1B). Activation of angiogenesis, sprouting of vascular endothelial cells, and tubulation of vascular endothelial cells were mainly at middle stages (Figure 1C). Remodeling of blood vessels was activated mainly at late stages (Figure 1D). Both nerve regeneration and angiogenesis were activated at 1 day immediately after sciatic nerve transection indicating the close correlation.
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FIGURE 1. Dynamic changes of biological processes of nerve regeneration and angiogenesis post sciatic nerve transection. The Z-scores calculated using the average expression profiles of differentially expressed genes represent the dynamic trends of major biological processes of nerve regeneration and angiogenesis at different time points post nerve transection. Outgrowth of axons was activated at early stages followed by guidance of axons later (A). All biological processes of angiogenesis were activated at 1 day with different primary activation periods. Vascular endothelial cells and cell proliferation of vascular endothelial cells were mainly at early stages, and migration of vascular endothelial cells was relatively late (B). Activation of angiogenesis, sprouting of vascular endothelial cells, and tubulation of vascular endothelial cells were mainly at middle stages (C). Remodeling of blood vessels was mainly at late stages (D).



Molecule Correlations between Nerve Regeneration and Angiogenesis Post Sciatic Nerve Transection

To figure out the molecules regulating nerve regeneration meanwhile controlling angiogenesis, which are more critical relative to the molecules regulating just a single biological process, the Venn diagrams were performed to analysis the molecule correlations (the same and different molecules) between outgrowth of axons and guidance of axons during nerve regeneration and the significant biological process during angiogenesis, respectively (Figure 2). Molecules in different biological processes of angiogenesis were intersected with molecules in outgrowth of axons and guidance of axons. Several different molecules participated in nerve regeneration and also the biological process of angiogenesis except sprouting of vascular endothelial cells. Altogether 16 genes were involved in both nerve regeneration and angiogenesis post sciatic nerve transection by the sum of common molecules in every panel (1 + 4 + 2 + 0 + 2 + 15 + 3 = 27) followed by removal of the duplicate items (Rac1∗2 + Runx3∗2 + Stat3∗2 + Ngfb∗1 + Ptk2∗1 + Ephb3∗1 + Ephb2∗1 + Nrp2∗1 = 11).


[image: image]

FIGURE 2. Correlations of differentially expressed genes between nerve regeneration and angiogenesis. The Venn diagrams showed comparisons of the number of differentially expressed genes involved in different biological processes in different colors between nerve regeneration and angiogenesis. Molecules in different biological processes of angiogenesis (green) were intersected with molecules in outgrowth of axons (blue) and guidance of axons (red) (A–G). Molecules participating in biological processes were displayed in numbers. The figure in overlap of different color circles indicated the number of molecules involved in all these biological processes. A few different molecules participated in nerve regeneration and also the biological process of angiogenesis except sprouting of vascular endothelial cells. Altogether 16 genes were involved in both nerve regeneration and angiogenesis post sciatic nerve transection.



Analysis of Genes Involved in Both Nerve Regeneration and Angiogenesis Post Sciatic Nerve Transection

The 16 differentially expressed genes in both nerve regeneration and angiogenesis were selected for further analysis. The dynamic expression levels of these 16 genes including two transcription regulators Runx3 and Stat3 were showed in the clustered heatmap with three different patterns: up-regulation in the early, in the middle, and in the late (Figure 3A). To investigate the relationships between these proteins encoded by these 16 genes and also relationships between these proteins and functions, PPI network was constructed by IPA, which also clearly revealed their molecular types including enzyme, growth factor, kinase, transcription regulator, transmembrane receptor, transporter, and other types of molecules (Figure 3B). PPI network demonstrated that the selected molecules point to both biological processes of nerve regeneration and angiogenesis, and connect with each other by direct or indirect relationships. Gene expression changes including up-regulation and down-regulation affect biological functions ultimately. The major biological processes of nerve regeneration and angiogenesis were predicted with 16 genes by IPA to demonstrate the changes of activation and inhibition at different time points post sciatic nerve transection (Figure 3C) (no prediction outcomes of activation of vascular endothelial cells due to too little genes involved). The prediction by IPA also demonstrated that the nerve regeneration and angiogenesis were activated at 1 day immediately after sciatic nerve transection simultaneously.
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FIGURE 3. Analysis of differentially expressed genes involved in both nerve regeneration and angiogenesis. (A) Heatmap of dynamic gene expressions for both nerve regeneration and angiogenesis. Red represented varying degrees of up-regulation. Blue represented varying degrees of down-regulation. (B) Protein–protein interaction (PPI) network for differentially expressed genes of nerve regeneration and angiogenesis including correlations between genes and biological processes. Molecules (green) connected with each other by direct (solid line) or indirect (dotted line) relationships, and participated in biological processes of both nerve regeneration (yellow) and angiogenesis (red). (C) Functional predictions (with 16 differentially expressed genes) of the biological processes of nerve regeneration and angiogenesis at different time points post nerve transection. The nerve regeneration and angiogenesis were activated at 1 day immediately after sciatic nerve transection simultaneously. Orange represented predicted activation. Blue represented predicted inhibition. White represented predicted neither activation nor inhibition.



Cascade Regulations of Transcription Regulators of Nerve Regeneration and Angiogenesis Post Sciatic Nerve Transection

Transcription regulators, commonly initiating lots of biological processes or signaling pathways in early phase, play important roles in regulation of gene expressions. The transcription regulators (FC ± 1.5) regulating nerve regeneration and angiogenesis were connected with functions to demonstrate the cascade changes of transcription regulation at different time points post sciatic nerve transection (Figure 4). In addition to RUNX3 and STAT3 (FC ± 2.0), there are also NFATC2 and JUN (FC ± 1.5) regulating both nerve regeneration and angiogenesis with smaller expression changes. NFATC2 regulated outgrowth of axons and migration of vascular endothelial cells with the down-regulation expression at 1 day. JUN regulated regeneration of axons and angiogenesis with the up-regulation expressions at 4, 7, and 14 days. The numbers of transcription regulators were 30, 35, 38, and 36 at 1, 4, 7, and 14 days, respectively. The number of transcription regulators had a sustained increase at 4 and 7 days, however, a slightly reduction at 14 days post sciatic nerve transection. The transcription factors were mainly up-regulated at each time point except more 10 down-regulated transcription factors at 1 day post surgery. The more obvious dynamic changes of transcription factors including the number and expression suggested that there was a phase transition of nerve regeneration and angiogenesis between 1 and 4 days after nerve transection.
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FIGURE 4. Cascade network of differentially expressed transcription regulators of nerve regeneration and angiogenesis post sciatic nerve transection. The interaction networks for differentially expressed transcription regulators (FC ± 1.5) of nerve regeneration and angiogenesis at different time points post nerve transection. In addition to RUNX3 and STAT3 (FC ± 2.0), there are also NFATC2 and JUN regulating both nerve regeneration and angiogenesis with smaller expression changes. The number of transcription regulators had a sustained increase at 4 and 7 days, however, a slightly reduction at 14 days post sciatic nerve transection. The transcription factors were mainly up-regulated at each time point except more down-regulated transcription factors at 1 day post surgery. Red represented varying degrees of up-regulation. Green represented varying degrees of down-regulation. Gene identifiers marked with an asterisk indicated that multiple identifiers in the dataset file map to a single gene in the global molecular network.



Canonical Pathways Enrichment Analysis of Nervous and Cardiovascular System Post Sciatic Nerve Transection

Molecules interact with each other including the upstream and downstream in signaling pathways to influence biological functions. Canonical pathways enrichment analysis was carried out by IPA at a pathway level of coordinate expression changes rather than focusing on a single gene. The number of canonical pathways exceeding the threshold of nervous system had a big increase at 4 days post nerve transection. Agrin interactions at neuromuscular junction (NMJ) and Ephrin B signaling were successively activated (z-score ≥ 2), while synaptic long term depression and CDK5 signaling were successively inhibited (z-score ≤-2) post surgery (Figure 5A). As a signaling factor deposited at the nerve stump, agrin could be transported to the nerve endings with axon regeneration to increase the formation of NMJ. The number of canonical pathways exceeding the threshold of cardiovascular system had a slight increase at 4 days, followed by a slight decrease at 7 and 14 days post nerve transection. Inhibition of angiogenesis by TSP1 was successively activated (z-score ≥ 2). Endothelin-1 signaling was activated (z-score ≥ 2) at 1, 4, and 7 days, but inhibited at 14 days post surgery (Figure 5B).
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FIGURE 5. Dynamic changes of canonical pathways of nervous and cardiovascular system post sciatic nerve transection. (A) The changes of major canonical pathways of nervous system signaling at different time points post nerve transection. (B) The changes of major canonical pathways of cardiovascular signaling at different time points post nerve transection. Agrin interactions at neuromuscular junction (NMJ) and Ephrin B signaling were successively activated (z-score ≥ 2), while synaptic long term depression and CDK5 signaling were successively inhibited (z-score ≤ –2) (A). Inhibition of angiogenesis by TSP1 was successively activated (z-score ≥ 2). Endothelin-1 signaling was activated (z-score ≥ 2) at 1, 4, and 7 days, but inhibited at 14 days (B). Each bar represented a pathway with significance of enrichment determined using –log (p) value. Orange, a positive z-score ≥ 2, represented the activation of canonical pathway. Blue, a negative z-score ≤ –2, represented the inhibition of canonical pathway.



qPCR and Histochemical Validation of Selected Genes of Both Nerve Regeneration and Angiogenesis Post Sciatic Nerve Transection

Several genes were selected for qPCR validation including Stat3, Csf1r, Ephb3, Myh10, Ephb2, and Cdh2 (∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.0001 versus the normal control) (Figure 6A). The data are demonstrated as means ± SEM (Supplementary Data S2). The expression levels of genes selected had different trends of changes post sciatic nerve transection. Stat3 increased after surgery immediately followed a decrease gradually. Csf1r increased from 4 to 14 days after surgery. Cdh2 decreased followed by an increase and slightly declined again after surgery. Ephb3, Myh10, and Ephb2 had another trend of changes with an increase gradually following a decrease after surgery. To validate the expression and tissue localization of proteins encoded by genes, the immunofluorescent triple-staining was performed for STAT3, EPHB3, and Cdc42 with the greater differential expressions and different trends of changes. The regenerated axons extended from the proximal nerve stump to distal nerve stump gradually over time (Supplementary Figure S1). STAT3 and Cdc42 showed visible positive signals of expressions in tissue and cell level at 1 day post nerve transection. EPHB3 showed visible positive signals of expressions in tissue and cell level at 7 days and especially at 14 days post nerve transection (Figure 6B). STAT3 was expressed in a small amount in axons (NF200) (Figure 6B), and expressed mainly in Schwann cells (S100) and vascular endothelial cells (RECA1) (Figure 6C). EPHB3 was expressed mainly in vascular endothelial cells, however, had a small expression in Schwann cells (Figure 6C). Cdc42 was expressed in both Schwann cells and vascular endothelial cells (Figure 6C).
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FIGURE 6. qPCR and histochemical validations of selected genes post sciatic nerve transection. (A) Histograms showed the qPCR of relative mRNA expressions of Stat3, Csf1r, Ephb3, Myh10, Ephb2, and Cdh2, which were normalized to Gapdh. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.0001 versus the normal control. (B) Immunofluorescent staining of anti-STAT3, anti-EPHB3, and anti-Cdc42 (red) merged with anti-NF-200 (green) and Hoechst 33342 (blue) at 1, 4, 7, and 14 days post nerve transection and normal sciatic nerve of the longitudinal sections, respectively. STAT3 was expressed in a small amount in axons. Scale bar, 100 μm (low magnification) and 20 μm (high magnification). (C) Immunofluorescent staining of anti-STAT3, anti-EPHB3, and anti-Cdc42 (red) merged with anti-S100 and anti-RECA1 (green), respectively. STAT3 was expressed mainly in Schwann cells and vascular endothelial cells. EPHB3 was expressed mainly in vascular endothelial cells, however, had a small expression in Schwann cells. Cdc42 was expressed in both Schwann cells and vascular endothelial cells. Scale bar, 100 μm (low magnification) and 20 μm (high magnification).



DISCUSSION

Peripheral nerve regeneration (PNS) maintains its ability to regenerate, which consists of a series of complicated cellular events and molecular pathways, driven by differential expressions of a tremendous number of genes post peripheral nerve injury (Abe and Cavalli, 2008). Blood vessel is an important support system for human bodies. Rapid and adequate vascular network reconstruction is a prerequisite and guarantee for tissue regeneration and physiological function restoration (Makarevich et al., 2015; Rouwkema and Khademhosseini, 2016; Li et al., 2017). After peripheral nerve injury, axons of proximal stump regenerate and distal stump experience Wallerian degeneration because of loss of cell body nutrition. We previously profiled global mRNA expression changes, and demonstrated the dynamic changes of important biological processes and time-dependent expressions of key genes of proximal stump post sciatic nerve transection (Li et al., 2013). Here we further focused on the close correlations of molecular regulations between peripheral nerve regeneration and angiogenesis to provide a precise understanding of molecular mechanism of peripheral nerve regeneration and to achieve better effects of peripheral nerve regeneration.

The dynamic trends of the main biological processes of peripheral nerve regeneration and angiogenesis displayed by the Z-score showed their mutual cooperation during whole process of nerve regeneration. By the analysis of Venn diagrams, there were 16 differentially expressed genes involved in both peripheral nerve regeneration and angiogenesis. These key molecules include enzymes (Rac1 and Cdc42) regulating the growth of cell pseudopodia (Potente et al., 2011; Yamao et al., 2015; Schulz et al., 2016) and guidance signals (Ephb3, Ephb2, and Sema5a) (Carmeliet and Jain, 2011; Park and Lee, 2015). The relationships between selected differentially expressed genes and also biological processes were demonstrated by the PPI network. There were direct or indirect interactions between 16 molecules regulating nerve regeneration and angiogenesis. The trends of nerve regeneration and angiogenesis predicted with selected genes by IPA, which could exclude the influence of irrelevant genes, were consistent with those calculated by Z-scores. The predictions by IPA also demonstrated simultaneous activations of peripheral nerve regeneration and angiogenesis at early stages response to nerve injury. Furthermore, the dynamic display of transcription regulators and canonical pathways of peripheral nerve regeneration and angiogenesis provides a new and more comprehensive perspective to understand molecular mechanisms of peripheral nerve regeneration. Many important transcription factors also play a key regulatory role in our sciatic nerve transection models, including c-Jun (JUN), STAT3, RUNX2, and RUNX3. c-Jun participates in biological processes of angiogenesis and axon regeneration. The recent research shows that c-Jun is central to the reprogramming of myelin and non-myelin (Remak) Schwann cells to repair cells after injury (Jessen and Mirsky, 2016). The results indicate that c-Jun is also one of the most important regulators of post-traumatic nerve regeneration. RUNX3 regulates the migration and invasion of vascular endothelial cells, and controls the axonal projection (Inoue et al., 2002; Chen et al., 2013). After nerve transection, the up-regulation of agrin in proximal stump activated the pathway of agrin interactions at NMJ. Agrin, released by motor neurons, triggers and increases the formation of NMJ by stimulating MuSK, a receptor tyrosine kinase expressed in skeletal muscle (Hallock et al., 2010; Tezuka et al., 2014). Endothelin-1, produced by vascular endothelial cells, increases proliferation also migration of cultured HUVEC cells and stimulates neovascularization (Salani et al., 2000), meanwhile regulates proliferation and contraction of vascular smooth muscle cells (Ljuca and Drevensek, 2010; Ou et al., 2014). In order to verify whether the key genes were translated into proteins to play their biological roles, the immunofluorescent staining was performed at the tissue cell level. STAT3, EPHB3, and Cdc42 representing different expression patterns were validated for their important roles in peripheral nerve regeneration and angiogenesis. STAT3, as a transcription regulator, plays a regulatory role in many biological processes involving axon regeneration, microvascular endothelial cell migration, and tube formation (Yahata et al., 2003; Bareyre et al., 2011). It is reported that EPHB3 is necessary for axon guidance, axonal plasticity and regrowth, blood vessel sprouting, and blood vessel remodeling (Cowan et al., 2000; Daniel and Abrahamson, 2000; Liu et al., 2006); and Cdc42 plays an important role in axon outgrowth, proliferation and migration of Schwann cells, and migration of endothelial cells (Yamauchi et al., 2003; Qian et al., 2004; Govek et al., 2005; Benninger et al., 2007). For the first time, the results demonstrated STAT3, EPHB3, and Cdc42 co-expressed mainly in Schwann cells and vascular endothelial cells, suggesting their participations in both peripheral nerve regeneration and angiogenesis post sciatic nerve transection. Finally, schematic diagram demonstrated the top 5 molecules changes (Figure 7A), phase changes and key molecular regulations (Figure 7B) of significant biological processes of peripheral nerve regeneration and angiogenesis after sciatic nerve transection. In general, mainly up-regulated genes played important roles in angiogenesis; however, both up-regulated and down-regulated genes played key roles in nerve regeneration. Our hypothesis is that blood vessel endothelial cells guide Schwann cells for axon regeneration (Figure 7B) after sciatic nerve transection under an important regulation of STAT3, EPHB3, and Cdc42 (Cattin et al., 2015).
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FIGURE 7. Schematic diagram of functional and molecular changes of nerve regeneration and angiogenesis post sciatic nerve transection. (A) Dynamic changes of top 5 differentially expressed molecules of different biological processes of nerve regeneration and angiogenesis post nerve transection. Up-regulated genes primarily played important roles in angiogenesis; however, both up-regulated and down-regulated genes (Aldh1a7, Gpm6a, Mapt, Mmp24, Nrn1, and Robo3) played key roles in nerve regeneration. Red represented molecules up-regulated. Green represented molecules down-regulated. (B) The phases of major biological processes of nerve regeneration and angiogenesis following the changes of different time points post sciatic nerve transection regulated by the key molecules STAT3, EPHB3, and Cdc42: outgrowth of axons (1–14 days), guidance of axons (4–14 days), cell proliferation of vascular endothelial cells (1 day), migration of vascular endothelial cells (1–14 days), tubulation of vascular endothelial cells (1–14 days), angiogenesis (4–14 days), and remodeling of blood vessels (4–14 days). Finally the basic mode of peripheral nerve regeneration: blood vessel endothelial cells guide Schwann cells for axon regeneration after sciatic nerve transection.



Our data describe the injury-induced local microenvironment molecular changes including transcription regulators and canonical pathways, and especially reveal the key molecules (STAT3, EPHB3, and Cdc42) regulating both peripheral nerve regeneration and angiogenesis in proximal nerve stump. The accurate understanding of molecular mechanisms is the prerequisite and basis for regulations of peripheral nerve regeneration. A large number of molecules cooperate with each other to regulate the regeneration process following peripheral nerve injury in an orderly manner. We will not be able to improve the healing effect of peripheral nerve injury feasibly and purposely in clinic, if focus on the entire extremely large and complex molecular regulation networks. The molecules regulating multiple biological functions are more critical and important than the molecules regulating just a single biological process, so that the artificial regulations of multifunctional molecules for angiogenesis and nerve regeneration are more feasible and targeted. The key molecules including transcription regulators regulating both angiogenesis and neural regeneration can further improve the quality of peripheral nerve repair in clinic by promoting the reconstruction of vascular networks, which could be equal to and even surpass the effect of autologous nerve repair. Our work could serve as a valuable basis and a novel perspective to reveal molecular mechanisms of peripheral nerve regeneration for the effective regulations of regenerative microenvironment.
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FIGURE S1 | Axonal regeneration of proximal nerve stump post sciatic nerve transection. Immunofluorescent staining of anti-NF-200 (red) at 1, 4, 7, and 14 days post nerve transection of longitudinal sections, respectively. The regenerated axons extended to the distal stump gradually over time. The forefront of regenerated axons growing from proximal nerve stump could be seen obviously at 7 and 14 days after nerve transection. Scale bar, 75 μm.

DATA S1 | The differential gene expression profile following sciatic nerve transection.

DATA S2 | The data of qPCR validation.

FOOTNOTES

1http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30165

2http://www.tm4.org/

3http://bioinformatics.psb.ugent.be/software

4www.qiagen.com/ingenuity
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