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A B S T R A C T   

A central question in neural tissue engineering is how the tissue-engineered nerve (TEN) translates detailed 
transcriptional signals associated with peripheral nerve regeneration into meaningful biological processes. Here, 
we report a skin-derived precursor-induced Schwann cell (SKP-SC)-mediated chitosan/silk fibroin-fabricated 
tissue-engineered nerve graft (SKP–SCs-TEN) that can promote sciatic nerve regeneration and functional resto-
ration nearly to the levels achieved by autologous nerve grafts according to behavioral, histological, and elec-
trophysiological evidence. For achieving better effect of neuroregeneration, this is the first time to jointly apply a 
dynamic perfusion bioreactor and the ascorbic acid to stimulate the SKP-SCs secretion of extracellular matrix 
(ECM). To overcome the limitation of traditional tissue-engineered nerve grafts, jointly utilizing SKP-SCs and 
their ECM components were motivated by the thought of prolongating the effect of support cells and their 
bioactive cues that promote peripheral nerve regeneration. To further explore the regulatory model of gene 
expression and the related molecular mechanisms involved in tissue engineering-aided peripheral nerve regen-
eration, we performed a cDNA microarray analysis of gene expression profiling, a comprehensive bioinformatics 
analysis and a validation study on the grafted segments and dorsal root ganglia tissues. A wealth of tran-
scriptomic and bioinformatics data has revealed complex molecular networks and orchestrated functional 
regulation that may be responsible for the effects of SKP-SCs-TEN on promoting peripheral nerve regeneration. 
Our work provides new insights into transcriptomic features and patterns of molecular regulation in nerve 
functional recovery aided by SKP-SCs-TEN that sheds light on the broader possibilities for novel repair strategies 
of peripheral nerve injury.   

1. Introduction 

Although peripheral nerves have some regenerative capacity after 
traumatic injury, their regeneration rate is slow, and functional recovery 
is poor without clinical intervention, especially in cases with substantial 
nerve defects. Autologous nerve grafting, i.e., implantation of 

autologous nerve grafts into the defect has been accepted as the 
standard-of-care for surgical repair of peripheral nerve injury (PNI) [1]. 
As a potential substitute for autologous nerve grafts for peripheral nerve 
regeneration, the emergence and development of neural tissue engi-
neering, including the creation of tissue-engineered nerves (TENs), has 
been stimulated by the inherent limitations of the gold-standard [2]. 
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TEN usually consists of a biomaterial-constructed neural scaffold, 
physical cues (such as electrical stimulation), and biological cues (such 
as support cells and/or growth factors) to meet the requirements of 
building a favorable regenerative microenvironment and enhancing the 
intrinsic ability of axonal regrowth [3,4]. To date, many TENs with 
different compositions and configurations have been constructed for 
bridging peripheral nerve defects in a diverse array of animal models 
ranging from rodents to nonhuman primates. Most TEN designs achieve 
the desired outcomes of neural regeneration and functional repair [2], 
and some are now FDA-approved commercial products that are avail-
able for use in preclinical and clinical trials [5–7]. 

Following PNI, especially for peripheral nerve defects, the axons 
degenerate and regenerate. The injured axons must regenerate back to 
their target muscles and then recover their functions [8]. Thus, the axons 
must navigate through microenvironments and are noted as the bridge 
of nerve defects by new tissue, including the distal nerve stump [9]. This 
regeneration involves a series of complicated multicellular processes, 
including morphological degeneration of nerve tissue, cellular pheno-
typic and functional alterations, and a myriad of genomic and tran-
scriptomic changes. Moreover, increasing attention has been focused on 
discovering transcriptomic features induced by PNI. It is also hypothe-
sized that some transcriptional regulators may support injured neuron 
survival and axon regeneration in vivo [10]. To understand the molec-
ular mechanisms underlying PNI and regeneration, we used a 
high-throughput microarray platform in combination with bioinfor-
matics analysis to investigate molecular regulation during the 
post-injury process. The important findings of previous studies have 
contributed to the development of more effective therapeutic strategies 
for peripheral nerve repair, though they have focused on PNI not treated 
with any other therapeutic measures [11–13]. In contrast, the molecular 
properties underlying peripheral nerve repair that are aided by nerve 
grafting, especially with TEN, have not yet been fully elucidated. 

We hypothesized that the TEN also better promotes sciatic nerve 
regeneration. To test this hypothesis, the TENs we used were prepared 
by introducing SKP-Schwann cells (SCs) into a chitosan/silk fibroin- 
fabricated neural scaffold. SKPs are commonly known as a novel pop-
ulation of neural crest precursor cells within the dermis [14,15] and can 
be obtained from adult skin [16]. SKPs contribute to the growth of hair 
follicles, sustain the dermis, and aid in repair following injury [15]. Both 
rodent and human SKPs can differentiate into skin-derived precursor--
induced Schwann cells (SKP–SCs) that express markers of SCs, including 
S100β, glial fibrillary acidic protein (GFAP), and p75 neurotrophin re-
ceptor (P75NTR), and myelinate axons in vitro or in vivo [17–19]. 
Therefore, these cells were selected as support cells for inclusion in the 
TENs. As for the scaffold material, both chitosan and silk fibroin are 
naturally derived biomaterials with suitable biocompatibility, biode-
gradability, and neuro-affinity that are beneficial for peripheral nerve 
regeneration [20,21]. We used a chitosan-based nerve conduit and 
luminal fillers of silk fibroin fibers to construct neural scaffolds for the 
TEN. 

To further investigate the transcriptomic features of lesioned pe-
ripheral nerves after receiving the following treatments: implantation of 
SKP-SC-TEN, autologous nerve grafts, or chitosan/silk fibroin-fabricated 
neural scaffolds, we used the SKP-SC-containing, chitosan/silk fibroin- 
fabricated TEN to bridge a 10-mm sciatic nerve defect in rats and 
assessed the repair outcomes by conducting behavioral, functional, and 
morphological evaluations at three months post-nerve injury. After 
observing the beneficial effects of the TEN on peripheral nerve repair, 
we collected total RNA samples from the regenerated segment of the 
sciatic nerve and the corresponding dorsal root ganglia (DRGs) of ani-
mals that had undergone treatment with TEN, autologous nerve grafts, 
or chitosan/silk fibroin-fabricated neural scaffolds at a series of post-
operative time points for microarray analysis. The resulting global 
transcriptomic profiles, highlighted several biological processes occur-
ring in the sciatic nerve grafts and the corresponding DRGs during nerve 
repair including cell apoptosis, axonal regeneration, remyelination, 

revascularization, and their transcriptional regulation (Graphic Ab-
stract). Our data collectively contributes to the understanding of the 
transcriptomic features involved in peripheral nerve repair with TEN. 

2. Results 

2.1. Characterizations of SKPs and SKP-SCs 

To isolate and purify SKPs from the skin of wild type (WT) newborn 
rats, an optimized protocol was carried out as described previously [22] 
with minor modifications. Skin tissue collected from the backs of 
newborn rats were sectioned and followed by hematoxylin and eosin 
(H&E) staining. The location of SKPs was determined by immuno-
staining with SKP markers nestin, vimentin, versican, and fibronectin. 
SKP spheres were generated from juvenile SKPs after 14 days of culture 
(Fig. 1a). To characterize the harvested SKPs, double-immunostaining 
for nestin, sca-1, versican, fibronectin, or vimentin with Hoechst 
33342 was performed (Fig. 1b). Then, SKPs were successfully differen-
tiated into SKP-SCs in vitro, as evidenced by labeling with SC markers, 
such as S100β, GFAP and p75NTR (Fig. 1c) [17,22]. 

To investigate the function of SKP-SCs in vitro and to trace the fate of 
SKP-SCs in vivo, green fluorescent protein (GFP)-labeled SKPs (Fig. S1a) 
isolated from the back skin of GFP-transgenic newborn rats were 
differentiated to yield GFP-SKP-SCs, which were further used in the 
construction of TENs (Fig. S1b). GFP-SKP-SCs were cocultured with 
DRG-derived axons for one week. SKP-SCs were observed by a scanning 
electron microscope (SEM) (Figs. S1c–d). SKP-SCs aligned along and 
wrapped around axons (Figs. S1e–f). After more than two weeks of 
coculture, a portion of SKP-SCs began to sheath DRG axons and formed 
myelin-like structures (Figs. S1g–h). Triple-immunostaining with MBP, 
P0, or MAG (myelin markers), NF-200 (axon marker), and Hoechst 
33342 (cell nucleus marker) provided further evidence of functional 
characterization of the SKP-SCs that we obtained (Figs. S1i–k). These 
results demonstrated the myelinating ability of SKP-SCs, in accordance 
with previous work published by other groups [17]. 

2.2. Fabrication of TEN and tracing of GFP-SKP-SCs in vivo 

To fabricate the standardized TEN efficiently, we prepared a chito-
san/silk fibroin neural scaffold with a perfusion bioreactor (termed the 
RCCMax system) [23], which continuously provided oxygen and nutri-
tion while removing metabolites (Fig. 1d and Movie S1). After 
GFP-SKP-SCs attached to the surface of the neural scaffold, ascorbic acid 
was added to stimulate the secretion of extracellular matrix (ECM) 
within one week, which provided a permissive surface and microenvi-
ronment to support axonal regeneration [20,21,24]. To characterize 
cellular components of the fabricated TEN, SEM was used to show the 
micromorphology of SKP-SCs (Fig. 1e). The cell phenotype was further 
confirmed by immunostaining with SC markers (S100β, GFAP and 
p75NTR), while immunostaining with ECM molecules (collagen I, 
collagen IV, fibronectin and laminin) confirmed that ECM molecules 
were also contained in the TEN (Fig. 1f). 

We then sought to determine the role of SKP-SCs during neuro-
regeneration. The GFP-SKP-SCs were cultured on a silk fibroin filament- 
chitosan conduit (Fig. 1e). At three weeks post-implantation of the TEN, 
a linear end-to-end arrangement of GFP-SKP-SCs was observed at the 
implantation site, suggesting that SKP-SCs contained in the TEN could 
survive at least three weeks after implantation (Fig. 1g). 

2.3. Repair of peripheral nerve defect by TEN 

To evaluate the recovery of locomotor function in rats treated with 
different methods, the CatWalk™ gait analysis system was utilized to 
calculate the sciatic function index (SFI) to monitor recovery [21]. 
Better metatarsophalangeal joint plantar flexion and toe spreading were 
observed in the animals treated with TENs and autografts compared to 
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those treated with only the scaffold (Fig. 2a, Movie S2-4). At 8- or 
12-weeks post-surgery, SFI values of both TEN and autograft groups 
were significantly better than that of the scaffold group (Fig. 2b). As 
expected, SFI values of the nongrafted group were consistently near 
− 100 (complete dysfunction) at all time points post-surgery. 

To further evaluate to functional recovery, the amplitude of com-
pound muscle action potential (CMAP) recordings and the motor con-
duction velocity (MCV) calculations were performed in animals among 
different groups at 12 weeks post-surgery (Fig. 2c). CMAP and MCV 
usually show positive correlations with the number of nerve fibers 
innervating the muscle and the myelin sheath thickness or the diameter 
of myelinated nerve fibers, respectively [25]. MCV recovery ratio and 
CMAP amplitude in both TEN and autograft groups were superior than 
those in the scaffold group, and no significant difference was observed in 
either CMAP or MCV between the TEN and autograft groups (Fig. 2d). 
However, both CMAP and MCV recovery ratios were around 60 % in the 
TEN and autograft groups, suggesting an elongated period is required to 
obtain full restoration to the normal level [26]. 

Next, to assess the reconstruction of the neural pathway and axonal 
transportation in vivo, Fluoro-Gold (FG)-labeled motor and sensory 
neurons were traced on both the ipsilateral (injured) side and contra-
lateral (uninjured) side of spinal cord (anterior horn) and DRG tissues, 
respectively (Fig. 2e). The FG particles were found spreading in the cell 
body and axons of neurons. No obvious difference was observed be-
tween the TEN and autograft groups either in the total number or the 

percentage of FG-labeled motor neurons and sensory neurons. Notably, 
significantly more neurons in the TEN and autograft groups were labeled 
with FG than those in the scaffold group, suggesting a superior recon-
struction of neural pathway and axonal transportation in the former 
groups. 

The wet weight ratio and morphology of the gastrocnemius and 
anterior tibial muscle were analyzed to determine the degree of target 
muscle atrophy and reinnervation of the regenerated sciatic nerve. The 
frozen cross-sections were obtained from the mid-belly of gastrocnemius 
muscles and were stained with Masson’s trichrome. The results indi-
cated a better recovery in the size of muscle fibers in both TEN and 
autograft groups than in the scaffold group. In the nongrafted group, the 
muscle fibers showed severe atrophy and sections were rich in connec-
tive tissues (collagen stained blue) (Fig. 2f). Morphometric analysis 
showed insignificant differences in the wet weight ratio and the average 
cross-sectional area of muscle fibers in the TEN and autograft groups, 
however these groups were still superior to animals treated with the 
scaffold alone. Unsurprisingly, the untreated group averaged the worst 
muscle fiber cross-sectional area of all the trial groups (Fig. 2f). To 
further investigate the formation of motor endplates in target muscles, 
double staining of α-bungarotoxin and NF-200 antibody were performed 
(Fig. 2g). The level of reinnervation in target muscles of the sciatic nerve 
in TEN and autograft groups was superior to that in scaffold group. 
These discoveries are identical with the results of our electrophysio-
logical evaluation, jointly demonstrating that the TEN better prevents 

Fig. 1. | Construction of TEN in vitro and tracing of GFP-SKP-SCs in vivo. (a) Isolation and culture of SKPs from the back skin of 1 to 3-day-old newborn rat. HE 
staining and immunostainings of fibronectin, nestin, vimentin, and versican showed the location of SKPs around the dermal hair follicle area of the newborn rat. 
Phase contrast image showed the SKP spheres were generated from juvenile SKPs after 14 days of culture. (b) Characterizations by the immunostainings of nestin, 
sca-1, vimentin, fibronectin, and versican for SKPs and (c) the immunostainings of S100β, GFAP and p75 NTR for SKP-SCs. (d) The GFP-SKP-SCs cultured with 
chitosan/silk fibroin neural scaffolds in a perfusion bioreactor (termed the RCCMax system). (e) SEM images and immunofluorescence images showed the micro-
morphology of GFP-SKP-SCs cultured on silk fibroin filaments and chitosan conduit. (f) SCs markers (S100 β, GFAP and p75 NTR) and ECM molecules (collagen I, 
collagen IV, fibronectin and laminin) were confirmed by immunostainings on the silk fibroin filaments 7 days post construction of TEN. (g) The GFP-SKP-SCs- 
containing, chitosan/SF-fabricated TEN was applied in repairing the 10 mm sciatic nerve defect in wild type rat. The grafting segment was obtained, sectioned 
longitudinally, and then subjected to GFP fluorescent monitoring under microscopic observation. A linear end-to-end arrangement of GFP-SKP-SCs was observed at 
the implantation site three weeks post-implantation of the TEN. 
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muscle atrophy and improves the subsequent reinnervation of the target 
muscles. 

To obtain the histological evaluation of regenerated nerves harvested 
at 12 weeks post-surgery, the transverse sections of the distal nerve 
stump (Fig. 2h) stained by Meyer’s trichrome, NF200 and S100 anti-
bodies indicated that there were massive bundles of myelinated nerve 
fibers dispersed in clusters in both the TEN and autograft groups. These 
were demonstrated by transmission electron microscopy (TEM) that the 
myelinated axons were surrounded by electron-dense myelin sheaths, 
also shown in the lamellae structure of regenerated myelin sheaths. In 
contrast, disoriented distribution of cells in degenerated fascicules and 
obvious hyperplasia of connective tissues without regenerated nerve 
fibers were observed in the nongrafted group (Fig. 2i). 

As one of the most important aspects of measuring peripheral nerve 
repair, the regenerated myelinated nerve fibers are frequently assessed 
by means of various parameters such as the thickness of the myelin 
sheath, the diameter of myelinated fibers, and the number of regener-
ated myelin lamellae. Statistical results of the thickness of the myelin 
sheath (Fig. 2j), the diameter of myelinated fibers (Fig. 2k), and the 
number of regenerated myelin lamellae (Fig. 2l) showed insignificant 
differences between the TEN and autograft groups, and superiority 
relative to the scaffold group. These parameters on the injured side had 
not completely reached the level of those on the contralateral side. The 
G-ratio, an index for evaluating the distribution of myelinated nerve 
fibers, between the ipsilateral and contralateral sides in the TEN group 
were similar (Fig. 2m). This was unique to the TEN and was significantly 
different compared to the same metric in the scaffold and autograft 
groups. All of the results indicate improved reconstruction of the rat 
sciatic nerve function at 12 weeks following implantation of the TEN. 

2.4. Overview of transcriptomic features in regenerative nerve segments 
and the corresponding DRG tissues following sciatic nerve injury 

To investigate the transcriptional events in injured neurons, we 
investigated the transcriptional mechanisms that regulate a wide variety 
of regeneration-associated genes to coordinate functional regeneration. 
We performed comprehensive and integrated transcriptomic analysis to 
delineate gene regulatory programs that drive the regenerative trajec-
tory both in the regenerative nerve segment (Fig. 3a–c and Table S1) and 
the corresponding DRG tissues (Fig. 4a–c and Table S1) of rats who had 
suffered a sciatic nerve defect (10 mm) and were subsequently treated 
with TENs, autografts, or scaffolds. The transcriptome was monitored 

over a series of postoperative time points (0.5 h, 1.5 h, 3 h, 6 h, 12 h, 1 d, 
4 d, 1 w, 2 w, 3 w, 4 w, 8 w and 12 w for regenerative nerve segments; 
0.5 h, 1.5 h, 3 h, 6 h, 12 h, 1 d, 4 d, 1 w, 2 w, 3 w and 4 w for DRG 
tissues). The corresponding samples from normal DRG tissues of animals 
not undergoing surgery served as controls. 

Principal component analysis (PCA) was used in sample analysis for 
3D visualization (Fig. 3d–f and 4 d-f). The analysis was focused on the 
15 % of probes with the highest difference in expression among various 
postoperative time points and absolute expression values over 128 for at 
least one of the datasets (Table S2). Unsupervised hierarchical clustering 
(Fig. 3g–i and 4g-i) and Euclidean distance (Fig. 3k-l and 4k-l) were used 
to classify the expression of these 15 % of probes with striking 
demarcation. 

In regenerative nerve segments, PCA (Fig. 3d–f) and hierarchical 
clustering (Fig. 3g–i) revealed that postoperative neuroregeneration 
segregated into four transcriptionally distinct phases for each method of 
treatment (TEN, autograft and scaffold). In the TEN group, phase I 
ranged from 0.5 h to 3 h, phase II from 6 h to 1 d, phase III from 4 d to 1 
w, and phase IV from 2 w to 12 w. In the autograft group, phase I and 
phase II were similar to those of the TEN group; phase III corresponded 
to the period between day 4 and week 4, and phase IV lasted from 8 w to 
12 w. In contrast to the two groups described above, rats in the scaffold 
group showed phase I from 0.5 h to 1.5 h; phase II from 3 h to 1 d; phase 
III from 4 d to 1 w; and phase IV from 1 w to 12 w. The magnitude of the 
transcriptional changes post-surgery was obviated by plotting the cu-
mulative Euclidean distance amongst different samples (Fig. 3k-l). 
Different transitions in gene expression profiles were observed in TEN, 
autograft, and scaffold groups, namely, at 3 h, 1 d, and 2 w in the TEN 
group; 3 h, 1 d, and 1 w in the autograft group; and 1.5 h, 1 d, and 1 w in 
scaffold group. The number of differentially expressed transcripts was 
analyzed at each transition (Fig. S15a and Table S3). 

In the DRG tissues, the collective data suggested a similarity in the 
gene expression profiles between the TEN and autograft groups. Similar 
to the nerve segments, the post-PNI period was also segregated into 4 
different phases: phase I from 0 to 3 h, phase II from 6 to 12 h, phase III 
from 1 to 4 d, and phase IV from 7 d to 4 w. These phases were separated 
by 3 nodal transmissions at 3 h, 1 d, and 4 d. The identified genes were 
differentially expressed according to pairwise comparisons performed 
for each time point post-surgery (Fig. S15b and Table S3). The time point 
of 1 d was a clear transition in the postoperative time-series, in accor-
dance with the results of PCA, hierarchical clustering and the Euclidean 
distance, as described above. Thus, the relationships among gene 

Fig. 2. | Repair of sciatic nerve defect in rat by TEN. (a) At 4 w, 8 w, 12 w post-surgery, CatWalk™ gait analysis system was applied to obtain the sciatic function 
index (SFI) of animals which were bridged with TENs, autologous nerve grafts and chitosan/fibroin scaffolds, respectively. Representative footprints at 12 w post- 
surgery were indicated by dotted ellipse. (b) Histogram comparing the SFI values among three groups at different time points post-surgery. *p < 0.05 versus TEN 
group, #p < 0.05 versus autograft group and §p < 0.05 versus scaffold group. (c) Representative CMAP recordings at 12 weeks post-surgery, were obtained from the 
injured side of animals in scaffold, TEN, autograft groups and on the contralateral uninjured side of animals, respectively. (d) Histograms showing the recovery ratios 
of the motor nerve conduction velocity and CMAP amplitude detected on the injured side of animals in the scaffold, TEN and autograft groups, respectively. *p < 0.05 
versus TEN group, and #p < 0.05 versus autograft group. (e) Representative fluorescence micrographs following FluoroGold™ (FG) retrograde nerve tracing. FG 
retrogradely labeled motor neurons in the spinal cord and sensory neurons in DRGs (double-labeled with Hoechst 33342 (blue) for clearly showing outlines of the 
sensory neurons). The high magnifications of the boxed areas clearly showed the FG-labeled motor neurons in longitudinal sections of spinal cord, respectively. Scale 
bar: 250 μm for low magnifications of spinal cord, 100 μm for high magnifications of spinal cord and 50 μm for DRGs. (f) Masson’s trichrome staining obtained at 12 
weeks post-surgery, of the sectioned gastrocnemius muscle. Scale bar, 20 mm. Histograms showing the wet weight ratio of total anterior tibialis and gastrocnemius 
muscle, and the cross-sectional area of gastrocnemius muscle fibers. Data are expressed as means ± SD. *p < 0.05 versus TEN group, #p < 0.05 versus autograft group 
and §p < 0.05 versus the scaffold group. (g) Photomicrographs of longitudinal sections of gastrocnemius muscles at the injured side after α-bungarotoxin staining of 
motor endplates (red) and immunohistochemistry with anti-NF200 (green) of regenerated axons were applied to animals in three groups at 12 weeks after nerve 
grafting and the contralateral uninjured side muscle. Scale bar: 20 μm. (h) Illustration of histological observation and morphometric analysis of the regenerated nerve 
at 12 weeks post-surgery. (i) Meyer trichrome staining, double immunostaining with anti-NF200 (green) and anti-S100 (red), and transmission electron micrographs 
(high magnifications for myelin lamellae), obtained at 12 weeks post-surgery. Scale bar: 10 μm for Meyer trichrome staining sections, 20 μm for immunostaining 
photomicrographs, 5 μm for TEM images and 0.2 mm for myelin lamellae images. Histograms showing the thickness of the regenerated myelin sheath (j), the 
diameter of regenerated myelinated nerve fibers (k), and the number of regenerated myelin lamella (l). Data are expressed as means ± SD. One-way ANOVA and the 
post hoc Bonferroni t-test were used to analyze the data. *p < 0.05 versus TEN group, #p < 0.05 versus autograft group and §p < 0.05 versus the contralateral 
uninjured side of animals. (m) To analysis of myelinated nerve fibers in regenerated nerves, normalized frequency distributions of G-ratios (axon/fiber diameter) in 
scaffold, TEN, autograft groups and the contralateral uninjured side of animals, respectively. The distribution of regenerated nerves in TEN group and the 
contralateral uninjured side were similar and significantly different from that of the scaffold and autograft groups (p < 0.05, KolmogorovSmirnov test). Nine animals 
per group were used for measurements. 
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expression profiles supported the presently accepted regenerative pro-
gression of TEN, autograft, and scaffold-aided peripheral neuro-
regeneration and new transcriptional insights were gained regarding 
each phase and the transitions. 

2.5. Distinct gene expression and interactive networks define phases of 
axonal regeneration in regenerated nerve segments 

To explore key functional genes related to axonal regeneration post- 
surgery, the average expression profile of functional genes (Z-score) for 
axonogenesis, as well as axon guidance, elongation, branching, growth, 
and regeneration were obtained (Fig. 5a–f). The results indicated that 
these key biological processes related to axonal regeneration shared 
similar transitions (6 h, 4 d and 3 w) as the average expression trends. 
Thus, 4 phases designated “injury response phase”, “molecular regen-
eration phase”, “morphological regeneration phase” and “remodeling 
phase” were identified. The time points of 6 h, 4 d and 3 w were regarded 
as the initiation of “molecular regeneration phase”, “morphological 
regeneration phase” and “remodeling phase” respectively. 

To further clarify the interaction among proteins encoded by the 
functional genes for axonal regeneration, protein-protein interaction 
(PPI) networks were constructed by a database of ingenuity pathway 
analysis (IPA). Cascade PPI networks involved in the guidance and 
outgrowth of axons were selectively depicted (Fig. 5g–i and Fig. S2). The 
cascade PPI networks clearly showed their molecular types (i.e., cyto-
kine, phosphatase, enzyme, kinase, ion channel, peptidase, transcrip-
tional regulator, translation regulator, transmembrane receptor, 
transporter, etc.) through their dynamic changes of mRNA expression. 
The response to PNI leads to dysregulation of genes essential for guid-
ance and outgrowth of axons. In the TEN group, we noticed repression of 
two early response genes, FOS and EGR2 (also named KROX20), both of 
which are associated with the branching and guidance of axons. These 
genes are also involved in cell proliferation, differentiation, trans-
formation and anti-apoptotic signaling [27–31], indicating that 
immediate-early response is inhibited by TEN implantations. qPCR re-
sults verified the differential expression of these genes, including FOS, 
SEMA3E, TGFβ1, NRG1, VAX2 and EGR2, associated with axonal 
regeneration (Fig. 5j-o). The above-described genes could be important 

Fig. 3. | Overview of transcriptomic features in regenerative nerve segments following various repairing ways. Schematic illustration of sciatic nerve 
regenerative model repaired by TEN (a), autograft (b), and scaffold (c). The regenerative segments were obtained post various time points to investigate gene 
expression profiling. Principal Component Analysis (PCA) of TEN (d), autograft (e), and scaffold (f) group indicated samples post-surgery. Dotted curves represented 
macroscopic change of the indicated samples which were described above. Unsupervised hierarchical clustering among TEN (g), autograft (h), and scaffold (i) group 
indicated samples showed that there was different classification of the grafted segment according to similarity of probe expression profiles. Euclidean distance among 
TEN (j), autograft (k), and scaffold (l) group showed the different transitions of probe expression profiles. 
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Fig. 4. | Overview of transcriptomic features in the DRG tissues corresponding to sciatic nerve following various repairing ways. Schematic illustration of 
sciatic nerve regenerative model repaired by TEN (a), autograft (b), and scaffold (c). The DRG tissues were obtained post various time points to investigate gene 
expression profiling. Principal Component Analysis (PCA) of TEN (d), autograft (e), and scaffold (f) group indicated samples post various time points. Dotted curves 
represented macroscopic change of the indicated samples which were described above. Unsupervised hierarchical clustering among TEN (g), autograft (h), and 
scaffold (i) group indicated samples showed that there was different classification of the DRG tissues according to similarity of probe expression profiles. Euclidean 
distance among TEN (j), autograft (k), and scaffold (l) group indicated samples owned the different transitions of probe expression profiles. The enriched gene 
function annotation analysis showed the dynamic GO categories of DEGs among TEN (m), autograft (n), and scaffold (o) group. 
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Fig. 5. | Distinct gene expression and interactive networks of axonal regeneration in regenerative nerve segments. The average expression profiles (Z-scores) 
of functional genes involved in axonogenesis (a), guidance of axons (b), elongation of axons (c), branching of axons (d), outgrowth of axons (e) and regeneration of 
axons (f) at different time points post-surgery were calculated in TEN (red), autograft (blue), scaffold (green) groups and sham group (yellow). The protein-protein 
interaction (PPI) networks of TEN (g), autograft (h), scaffold (i) groups involved in the guidance and outgrowth of axons at 6 h post-surgery was selectively depicted 
by a database of ingenuity pathway analysis (IPA). The PPI networks clearly showed their molecular types and interactions (i.e., cytokine, phosphatase, enzyme, 
kinase, ion channel, peptidase, transcriptional regulator, translation regulator, transmembrane receptor, transporter, etc.). qPCR results verified the differential 
expression of these genes, including FOS (j), SEMA3E (k), TGFβ1 (l), NRG1 (m), EGR2 (n), and VAX2 (o), associated with axonal regeneration. To summarize the 
molecular effects on peripheral nerve regeneration, a specific network for axonal regeneration was constructed (p). 
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in affecting axonal regeneration after PNI. To summarize the molecular 
effects on peripheral nerve regeneration, a validated and specific 
network for axonal regeneration was constructed (Fig. 5p). 

2.6. Transcriptomic analysis of remyelination implicates specific 
molecules and interactive networks in regenerative nerve segments 

To screen crucial genes related to remyelination post-surgery, Z- 
score for differentiation of SCs, proliferation of SCs, chemotaxis of 
neuroglia, migration of SCs, myelination of axons, myelination of SCs, 
formation of the myelin sheath and thickness of the myelin sheath were 
obtained (Fig. 6a–h). The results indicated that these key biological 
processes related to myelination shared similar transitions (6 h, 4 d and 
3 w) with the principal average expression trends. Thus, 4 distinct 
phases were designated as “injury response phase”, “molecular myeli-
nation phase”, “morphological myelination phase” and “remodeling 
phase”. Concretely, the “injury response phase” was mainly enriched in 
biological processes, such as dedifferentiation and proliferation of SCs. 
The “molecular myelination phase” was enriched for chemotaxis of 
neuroglia and migration of SCs. The “myelination phase” was enriched 
for myelination of axons and SCs, formation of myelin sheaths; 
“remodeling phase” was enriched for thickness and compaction of 
myelin sheath (Figs. S3a–c). 

To further clarify the relationships among proteins encoded by the 
functional genes for remyelination, cascade PPI networks involved in 
the differentiation, proliferation, migration, myelination of SCs, myeli-
nation of axons, formation of myelin sheaths and regulation of myelin 
sheath thickness were selectively depicted (Fig. 6i–k and Fig. S6). The 
qPCR results verified that the differential expression of the genes, 
including SMARCA4, CAMK2B, IL6, SKI, CDC42 and ERBB4, were 
essential in affecting myelination after PNI (Fig. 6i-q). To summarize the 
molecular effects on remyelination during peripheral nerve regenera-
tion, a validated and specific network for myelination was constructed 
(Fig. S15c). 

2.7. Transcriptomic analysis of vascularization implicates specific 
molecules and interactive networks in regenerative nerve segments 

To discover core genes related to vascularization post-surgery, Z- 
score indicating vascular endothelial cell (VEC) behavior (activation, 
differentiation, proliferation, chemotaxis, adhesion, migration, sprout-
ing, and tubulation), angiogenesis, lymphangogenesis, the branching 
and remodeling of blood vessels were obtained (Fig. 7a–i). The results 
indicated that these key biological processes related to vascularization 
shared similar transition points (6 h, 4 d and 8 w) in their average 
expression trends. Thus, 4 phases were designated as “injury response 
phase”, “molecular vascularization phase”, “morphological vasculari-
zation phase” and “remodeling phase”. The “injury response phase” was 
enriched for enriched for the biological processes of activation, differ-
entiation, and proliferation of VECs; the “morphological vascularization 
phase” was enriched for angiogenesis, sprouting of VECs, tubulation of 
VECs, and branching of blood vessels; and the “remodeling phase” was 
enriched for remodeling of blood vessels (Fig. S4m). The dynamic mRNA 
expression profiles in lymphangogenesis during peripheral nerve 
regeneration were also reported (Fig. 7i). 

To further investigate the relationships among the proteins encoded 
by functional genes for vascularization, cascade PPI networks were 
constructed by IPA, which involved in activation, cell proliferation, 
adhesion, chemotaxis, migration, sprouting and tubulation of VECs, 
branching and remodeling of blood vessels, and lymphangiogenesis 
(Fig. 7m-r, Figs. S7 and S8). qPCR results verified that the differential 
expression of the genes, including TNF, CSF2, IL1B, PTGS2, S100A8, 
HIF1A, DBH, ALOX15, E2F8, S100A9, FOSL1, and VEGFA were indis-
pensable in affecting vascularization during neuroregeneration 
(Figs. S4a–i). The VEGFRA, E2F8, SEMA3E and CSF1 were proved to co- 
localize with VECs (RECA1 positive) by Immunohistofluorescence 

chemical staining (Fig. S4n). 
To summarize the molecular effects on vascularization during pe-

ripheral nerve regeneration, a validated and specific network for 
vascularization was constructed (Fig. S15d). 

2.8. Phase-specific differentially expressed genes drive apoptosis and 
axonal regeneration by remodeling gene regulatory networks in DRG 
tissues 

PNI initiates significant changes of gene expression in DRGs that 
induce the increased inherent regenerative capability [32]. However, a 
key issue that remains to be further realized is how bridging with TEN 
affects the inherent regenerative capability of DRG neurons after PNI, 
especially for a nerve gap. Thus, to investigate the regulation of the 
functional genes related to apoptosis and axonal regeneration in DRG 
tissues post-surgery, Z-score for apoptosis of neuroglia and neurons, 
axonogenesis, and guidance, elongation, branching, outgrowth, and 
regeneration of axons were obtained. Changes in expression shared 
similar transitions in the average expression trends for apoptosis (3 h, 1 
d and 1 w) and axonal regeneration (6 h, 1 d and 2 w) (Fig. 8a–h). For the 
regulation of apoptosis, four phases were designated to describe the 
process including the “injury response phase”, “molecular apoptosis 
phase”, “morphological apoptosis phase” and “post-apoptosis phase” 
based on the average expression of functional genes for apoptosis of 
neuroglia and neurons. Moreover, for the regulation of axonal regen-
eration, four phases were designated to describe the process including 
“injury response phase”, “molecular regeneration phase”, “morpholog-
ical regeneration phase” and “post-regeneration phase”. 

The cascade PPI networks involved in apoptosis of neuroglia and 
neurons were selectively depicted to further clarify the relationships 
among the proteins encoded by the functional genes for apoptosis and 
axonal regeneration (Fig. 8i-n, Figs. S9–10). The qPCR results verified 
that the differential expression of selected genes including TNFAIP6, 
GAL, FOS, CCL2, NFKBIA, CDKN1A, CCK, and CSF1 was associated with 
apoptosis and axonal regeneration (Fig. 8o–v). Furthermore, the protein 
expression of the selected genes, including TNFAIP6, CCL2, GAL, 
NFKBIA, CCK and CSF1, was also validated by Western blot 
(Figs. S5a–g). We hypothesized the above-described genes could be 
important for affecting apoptosis of neuroglia and neurons in DRG tis-
sues following PNI. To summarize the molecular effects on apoptosis of 
neuroglia and neurons during peripheral nerve regeneration, specific 
networks for apoptosis and axonal regeneration were constructed, 
respectively (Figs. S15e–f). 

We selected eleven candidate genes (Ankrd1, Sbno2, Cdkn2a, Crem, 
Hoxb8, Zfp488, Zfp36, Gfi1, Esr2, Nfkbia, Csrnp1) involved in apoptosis 
and axonal regrowth for further validation. However, the TUNEL assays 
failed to show the positive effect on the apoptosis of adult DRG neuron 
model in vitro, which best mimic the peripheral nerve injury. None 
significant differences were detected between candidate genes knock-
down group and control group (Data not added in the revised manu-
script). Furthermore, primary cultured adult DRG neurons were infected 
with RNAi lentivirus targeting Ankrd1, Sbno2, Cdkn2a, Crem, Hoxb8, 
Zfp488, Zfp36, Gfi1, Esr2, Nfkbia, Csrnp1 or negative control (Gene-
pharma, Shanghai, China), respectively, the maximum length of neurites 
(longer than its soma diameter) of each neuron were measured and 
analyzed. In a word, the RNAi lentivirus targeting all above eleven genes 
significantly inhibit the axonal regrowth of DRG neurons except Cdkn2a 
and Zfp488 (Fig. S16). 

2.9. Distinct transcriptional regulators (TRs) shape the transcriptomic 
landscape during neuroregeneration in DRG tissues 

TRs generally initiate specific signaling pathways or biological pro-
cesses [33]. To investigate the dynamic changes of the TRs in DRG tis-
sues post-surgery, the expression levels of TRs were quantified and are 
shown in the clustered heat maps and compared to normal controls at 
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Fig. 6. | Distinct gene expression and interactive networks of myelination in regenerative nerve segments. The Z-scores of functional genes involved in 
differentiation of SCs (a), proliferation of SCs (b), chemotaxis of neuroglia (c), migration of SCs (d), myelination of axons (e), myelination of SCs (f), formation of 
myelin sheath (g) and thickness of myelin sheath (h) at different time points post-surgery were calculated in TEN (red), autograft (blue), scaffold (green) groups and 
sham group (yellow). The PPI networks of TEN (i), autograft (j), scaffold (k) groups involved in above described functions were selectively depicted at 6 h post- 
surgery. The qPCR results verified that the differential expression of the genes, including SMARCA4 (l), CAMK2B (m), IL6 (n), SKI (o), CDC42 (p) and ERBB4 
(q), were essential in affecting myelination post-surgery. 
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0.5 h, 1.5 h, 3 h, 6 h, 12 h, 1 d, 4 d, 7 d, 1 w, 2 w, 3 w and 4 w following 
surgery (Fig. S14). To further investigate the dynamic interactions 
among TRs, cascade PPI networks were also constructed by IPA 
(Figs. S12a–c). Venn diagrams show the number and overlap of 
differentially expressed TRs in the TEN, autograft, and scaffold groups 
compared with the control group at 0.5 h, 1.5 h, 3 h, 6 h, 12 h, 1 d, 4 d, 7 
d, 1 w, 2 w, 3 w and 4 w post-surgery (Fig. S13). In our work, TRs 
including CMTM2A, SP2, PURA and EGR2, were involved in initiating 
the subsequent signaling cascades at 0.5 h post-surgery. We focused on 
the highly expressed and multifunctional TRs, which may be more 
important than other TRs. Therefore, ATF3, JUN, Cmtm2a, HES5, 
CDKN2A, and ERG2 were selected for further qPCR (Figs. S14a–f) and 
Western blot validation (Fig. 14g–j). The number of TRs in the TEN and 
autograft groups significantly increased after 1 d and were maintained at 
a high level until week two, after which they decreased during week 
three and four (Figs. S12a–c). The same increase in TRs was not observed 
in the scaffold group. To summarize the molecular changes in TRs, a 
validated and specific network was constructed (Fig. S14k). 

3. Discussion 

Over the past decades, stem cells originate from various tissues or 
organs as bone marrow, blood, adipose tissue, hair follicles, placenta 
and epidermis have been explored in quite a few preclinical studies, and 
even clinical trials [24,34–36]. However, no stem cells have been 
approved as products for the treatment of PNI. The development of SKPs 
and their differentiated successors (SCs and neurons) provides a new 
source that could be applied for PNI therapy [17–19,37]. In this work, 
we manipulated SKP-SCs for the construction of TENs in vitro using the 
RCCMax system and applied the TENs in an acute rat sciatic nerve defect 
model. Extensive behavioral, electrophysiological, histological evalua-
tion of regenerated nerves and reinnervated target muscles jointly 
demonstrated that both nerve regeneration and target muscle reinner-
vation were highly improved in the TEN and autograft groups. The TEN 
group reached that observed in the autograft group with no significant 
difference in all parameters of nerve regeneration. Our endeavors to 
fabricate TENs in vitro utilizing SKP-SCs and their ECM components were 

Fig. 7. | Distinct gene expression and interactive networks of vascularization in regenerative nerve segments. The Z-scores of functional genes, which were 
involved in activation of VECs (a), differentiation of VECs (b), chemotaxis of VECs (c), adhesion of VECs (d), angiogenesis (e), sprouting of VECs (f), branching of 
blood vessel (g), remodeling of blood vessel (h), cell proliferation of VECs (i), tubulation of VECs (j), migration of VECs (k), and lymphangogenesis (l) at different time 
points post-surgery were calculated in TEN (red), autograft (blue), scaffold (green) groups and sham group (yellow), respectively. The PPI networks of TEN (m, n), 
autograft (o, p), scaffold (q, r) groups involved in above described functions were selectively depicted at 6 h post-surgery. 
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motivated by the thought of prolongating the effect of support cells and 
their bioactive cues that promote peripheral nerve regeneration as much 
as possible. However, entirely restoration of neural functionality re-
mains a leading challenge. 

Two key determinants of effective nerve regeneration are well 

known as an inherent growth ability and a superior external microen-
vironment [38–40]. Following PNI, neurons initiate series of dynamic 
molecular changes in answer to bioactive cues in local microenviron-
ment [41] and tend to regrow new axons [42]. TRs and their cascade 
networks could be interactive according to the regenerative program by 

Fig. 8. | DEGs drive apoptosis and axonal regeneration by remodeling gene regulatory networks in DRG tissues. The average expression profiles (Z-scores) of 
functional genes involved in apoptosis of neuroglia (a), apoptosis of neurons (b), axonogenesis (c), guidance of axons (d), elongation of axons (e), branching of axons 
(f), outgrowth of axons (g), and regeneration of axons (h) at different time points post-surgery were calculated in TEN (red), autograft (blue), and scaffold (green) 
groups, respectively. The PPI networks of TEN (i, j), autograft (k, l), scaffold (m, n) groups involved in above described functions were selectively depicted at 1 d post- 
surgery. The qPCR results verified that the differential expression of selected genes including TNFAIP6 (o), GAL (p), FOS (q), CCK (r), CCL2 (s), NFKBIA (t), CDKN1A 
(u), and CSF1 (v) was associated with apoptosis and axonal regeneration. 

C. Xue et al.                                                                                                                                                                                                                                      



Bioactive Materials 33 (2024) 572–590

584

regulating the gene expression in injured neurons [43–45]. The initia-
tion of inherent growth ability is determined by the local bioactive 
microenvironment, which consists of various concerted signals orga-
nized by SCs, macrophages, fibroblasts, and inflammatory cells in the 
regenerative microenvironment [38,40,42,44,46]. Successful neuro-
regeneration requires the synchronized activity of several interactive 
systems. The complexity rising from current research addresses the 
importance of proposing a novel theoretical outline, involving various 
parallel processes that go astray following PNI. We described our current 
understanding of the injury-inducible transcriptional regulators that 
enhance peripheral nerve regeneration, and provided a platform to re-
cruit injury-inducible transcription factors, in simultaneous gene regu-
lation. In the PNS, nerve injury signals from the permissive environment 
are transduced via cell surface receptors of the cell body and via retro-
grade axonal transport. Ultimately, the signals are integrated into spe-
cific regulators of the nuclear transcription factors that induce the 
expression of large ensembles of distinct genes sequentially and under 
tight control. Thus, for successful clinical translation of the TENs, further 
research into the mechanisms by which the TENs regulate peripheral 
nerve regeneration is essential. 

Here, we engineered a regenerative microenvironment using TEN to 
bridge and evaluate the functional recovery of injured sciatic nerves in 
rats. Based on our experiences and previous work, cell laden conduit 
owned some limitations as leakage of seed cells and low survival rate 
after transplantation. Although the SKP-SCs and silk/chitosan-based 
conduits were previously reported, we prepared a chitosan/silk fibroin 
neural scaffold with a perfusion bioreactor (RCCMax system) to fabri-
cate the standardized TEN efficiently, which continuously provided 
oxygen and nutrition while removing metabolites (Fig. 1d and Movie 
S1). Moreover, the ascorbic acid was added to stimulate the secretion of 
extracellular matrix (collagen I, collagen IV, fibronectin and laminin) 
within one week after SKP-SCs attached to the surface of the neural 
scaffold (Fig. 1f), which provided a permissive surface and microenvi-
ronment to support axonal regeneration. Therefore, the above described 
limitations were avoided to some extent via our design in the present 
work. For achieving better effect of neuroregeneration, this is the first 
time to jointly apply a dynamic perfusion bioreactor and the ascorbic 
acid to stimulate the SKP-SCs secretion of extracellular matrix. 

We also illustrated the current understanding of the injury-induced 
genes that improve peripheral nerve regeneration. To realize the 
comprehensive gene regulation processes that determine the peripheral 
nerve regeneration, a large-scale screening approach using microarrays 
was used to identify a series of injury-induced genes. Due to the core of 
peripheral nerve regeneration is the outgrowth of axons, we additionally 
explored the regulation of genes associated with axonal regeneration. 
During the stress response phase, the regrowth of neurites/axons had not 
yet been induced as only a few genes associated with regrowth showed 
increased expression. From the “pre-regeneration phase” to the 
“regeneration phase”, however, more genes associated with neurite/ 
axon growth, including ATF3, CDKN1A, IL6, IGF1, FGFR3, RUNX3, 
JUN, SOCS3 and AGTR2, NPY, PLD2, GNA15, GAP43, CSF1, RHOQ, and 
PRAD, were gradually upregulated. Importantly, these genes have 
proven to be useful in promoting nerve regeneration. 

SCs can migrate along the surface of polarized blood vessels that 
guide SCs and axons through the matrix in the nerve gap [47]. Thus, due 
to the importance of vascularization in the clinical application of 
tissue-engineered products and various strategies that have been 
considered to obtain functional networks of blood vessels in regenera-
tive tissue [48], it is essential to clarify the transcriptomic features of a 
regenerated vascular network in engineered neural tissue. To engineer 
vascular tissues or induce vascularization from preexisting blood vessels 
and capillaries, one must understand the molecular mechanisms of 
blood vessel formation in vivo. Another mechanism of blood vessel for-
mation is through the sprouting of existing blood vessels, a process 
known as angiogenesis [48]. Vascularization is currently regarded as 
one of the main challenges inhibiting further large-scale clinical 

applications [49,50]. Only a few engineered tissues, including skin, 
cartilage, and bladder tissue, have achieved clinical success. Thus, the 
generation of functional vascular grafts is essential for the clinical suc-
cess of engineered tissue constructs and remains an obstacle for regen-
erative medicine [51]. Because vascularization is a highly organized 
process in vivo, the spatial and temporal presence of specific signaling 
molecules is an important aspect of the biochemical modulation using 
biomaterials. It is crucial for TENs to exhibit properties that mimic the in 
vivo complexities of blood vessel formation. After implantation of the 
TEN, spontaneous vascularization of the implant is usually observed due 
in part to the local inflammatory response. The seeded cells often create 
a hypoxic environment in the implant that stimulates the endogenous 
release of angiogenic growth factors. Morphologically, specialized 
endothelial cells, called tip cells, with numerous dynamic filopodia, 
comparable to axonal growth cones, localize at the angiogenic front, and 
actively detect molecular cues in their surroundings [52,53]. Mecha-
nistically, the guidance systems of vessels and nerves shares common 
underlying signaling pathways [46,53–58]. Some axon guidance mole-
cules, such as netrins, ephrins, slits, semaphorins, Nogo receptors, and 
Eph receptors, are also pro- or anti-angiogenic factors [46,53,54,56, 
58–60]. 

We eventually validated the candidate genes involved in axonal 
regrowth. Sbno2, Crem, Hoxb8, Zfp36, Gfi1, Esr2, Nfkbia, Csrnp1 were 
firstly reported their roles in axonal regrowth of DRG neurons (Fig. S16). 
The role of Ankrd1 was proved in accordance with previous work [61] 
that indicated our data were worthy of scrutiny and reliability. 

In summary, we systematically analyzed specific molecules and 
signaling pathways during the biological processes of cell apoptosis, 
axon regeneration, myelination and revascularization after repairing 
peripheral nerve defects with TEN, autograft and neural scaffold, 
respectively. Our work illustrates the overall variation in main regen-
erative biological processes, related core genes, and their interactive 
networks (Graphic Abstract). The TEN constructed using SKP-SC and 
chitosan/silk filament scaffolds was demonstrated to improve peripheral 
nerve regeneration and functional restoration. The transcriptomic and 
bioinformatics data revealed complex molecular networks and orches-
trated functional regulation that may be liable for the effects of TEN on 
improving peripheral nerve regeneration. This work sets the stage for 
future studies in primates and clinical trials to investigate the potential 
of biosafety and effectiveness in the management of peripheral nerve 
defects. 

Over the past decade, considerable insights into the molecular 
mechanisms driving the recovery of PNI have suggested new therapeutic 
targets and provided scientific rationale for future clinical trials. 
Recognition of the complexity of the peripheral nerve regenerative 
process, as well as acceptance of the related pathological changes will be 
a critical step in these future efforts. Consequently, the combination of 
our current knowledge in neurobiology, the identification of the limits of 
past clinical trials as well as translational research and more accurate 
therapy will provide a strong basis to advance viable clinical approaches 
for treating patients with PNI. 

4. Materials and methods 

4.1. Animals 

After approval of the research protocol by the Administration Com-
mittee of Experimental Animals, Jiangsu Province, China [SYXK (Su) 
20190225-004], newborn (1–3 d), embryonic (E14 d) and adult (weight 
220 g–250 g) Sprague Dawley (SD) rats were purchased from the 
experimental animal center of Nantong university. The anesthesia of 
adult female SD rats was under intraperitoneal injection of 3 % sodium 
pentobarbital solution according to 30 mg/kg of body weight. All ex-
periments involving animals were performed in accordance with the US 
National Institute of Health (NIH) Guide for the Care and Use of Labo-
ratory Animals published by the US National Academy of Sciences. 
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4.2. Isolation of SKPs and their induced differentiation into SKP-SC 

SKPs were isolated from the backs of 1 to 3-day-old Sprague Dawley 
and green fluorescent protein (GFP)-transgenic rats as previously re-
ported with minor modification [22]. Backs were firstly waxed and 
cleaned with ethanol before a patch of skin was removed. The skin was 
cleaned of fat, fascia, and blood vessels and minced into small pieces a 
few millimeters in size with razor blades. Minced skin was digested in 
collagenase type XI (1 mg/ml), inverting at 37 ◦C for 1.5–2 h. Inter-
mittent mechanical mashing was done with a 10 ml pipette every 40 
min. Digested skin was triturated with a P1000 pipette and diluted with 
DMEM to stop digestion. The skin solution was filtered by a 40 μm cell 
strainer (BD Falcon, Bedford, MA, USA) to remove undigested skin and 
collect only single cells. Single cells were grown in “SKPs proliferation 
media” which contained DMEM/F12 (3:1), 1 % penicillin/streptomycin, 
2 % B27 supplement (Invitrogen, Carlsbad, CA, USA), 20 ng/ml EGF, 
and 40 ng/ml FGF-2 (BD Bioscience, San Diego, CA, USA). To prevent 
contamination from dissection, 1 μg/ul Fungizone Antimycotic was 
added. The cells were seeded from 25 000 to 50 000 cells/ml media in a 
vented-cap flask. SKPs were fed with SKPs proliferation media every 5 
days and passaged when floating spheres turned largely. To passage 
SKPs, the spheres were separated from the conditioned media by 
centrifugation. Conditioned media filtered through a 20 μm syringe 
filter was saved for feeding. Spheres were digested with 1 mg/ml 
collagenase for 10 min in a 37 ◦C water bath, followed by trituration 
with P1000 and P200 pipettes. Dissociated spheres were resuspended in 
SKPs proliferation media that contained half DMEM/F12 (3:1) and half 
conditioned media. 

SKP-SCs were differentiated from passage three SKPs as previously 
described [17,22]. SKPs were dissociated to single cells, as during 
passaging. Single cells were resuspended in “SKP adherence media” 
containing DMEM/F12 (3:1), 1 % penicillin/streptomycin, 10 % fetal 
bovine serum (FBS, HyClone, Logan, UT, USA), 1 % B27 supplement, 1 
% N2 supplement, 20 ng/ml EGF, and 40 ng/ml FGF-2. Cells were plated 
at 25 000 cells/ml in petri dishes. After 3 days, the media was changed to 
SC proliferation media and was replenished every 3–4 days. SC colonies 
that could be seen after 2–3 weeks were isolated with cloning cylinders 
(Corning). When confluent, cells were expanded and passaged with 
trypsin-EDTA (Thermo Fisher Scientific, Carlsbad, CA, USA). 

4.3. Immunocytochemistry 

To check for the expression of typical SKP and SC markers, immu-
nocytochemistry was achieved. After fixed in 4 % paraformaldehyde for 
10 min, cells were blocked with 5 % normal goat serum and per-
meabilized with 0.1 % Triton-X for 30 min. Primary antibody was 
incubated overnight at 4 ◦C, followed by a secondary antibody incuba-
tion for 2 h at room temperature. Where Hoechst was used, 1:5000 
Hoechst 33342 (Sigma-Aldrich, St. Louis, MO, USA) was added for 
incubating 5 min. The following primary antibodies were used at the 
stated dilutions: mouse anti-nestin antibody (1:200, Millipore, Teme-
cula, CA, USA), rabbit anti-Sca-1 (1:200, Merck Millipore, Darmstadt, 
Germany), rabbit anti-versican, fibronectin, vimentin, collagen I, 
collagen IV (1:200, Abcam, Cambridge, MA, USA), chicken anti-P0 
(1:500, Aves Labs, Davis, CA, USA), mouse anti-S100β and anti- 
laminin (1:500, Sigma Aldrich, St Louis, MO, USA), rabbit anti-GFAP 
(1:500, Dako, Tokyo, Japan), mouse anti-p75NTR (1:500, Chemicon, 
Temecula, CA, USA), mouse anti-NF200 (1:400, Abcam, Cambridge, 
MA,USA), and rabbit anti-MBP (1:500, Millipore, Billerica, MA, USA). 
The following secondary antibodies were used at the stated dilutions: 
Alexa 555 goat anti-chicken, Alexa 555 goat anti-rabbit, Alexa 488 goat 
anti-mouse, Alexa 555 goat anti-mouse, (all 1:1000, all Invitrogen, 
Carlsbad, CA, USA). 

4.4. Myelination of DRG axons in vitro 

In vitro myelination of SKP-SC was assessed using the DRGs myeli-
nation assay [62]. DRGs were isolated from E14.5 SD rats and dissoci-
ated with 0.25 % trypsin. Dissociated ganglia were plated at 300 000 
cells/ml on Matrigel and poly-D-lysine (Sigma) coated chamber slides in 
“axon growth media” containing 2 % B27 supplement, 1 % GlutaMAX 
supplement, 50 ng/ml NGF, and 1 % penicillin/streptomycin in Neu-
robasal media. Media was changed every other day. To obtain pure 
axons cultures, cytosine arabinoside was added to the media for one 
media change. One week after obtaining pure axons, SKP-SCs were 
added in media containing 1 % ITS supplement (Sigma-Aldrich, St. 
Louis, MO, USA), 1 % GlutaMAX supplement, 0.2 % bovine serum al-
bumin, 4 g/l D-glucose (Sigma-Aldrich, St. Louis, MO, USA), 50 ng/ml 
NGF, and 1 % penicillin/streptomycin in Basal Media Eagle (BME, 
Invitrogen, Carlsbad, CA, USA). The SKP-SCs were grown in 10 % FBS in 
DMEM (instead of in Schwann cell proliferation media) for three days. 
Media was changed every other day. After 6–8 days, SCs were induced to 
myelinate by changing to culture in “myelination media” containing 1 % 
ITS supplement, 1 % GlutaMAX supplement, 15 % FBS, 4 g/l D-glucose, 
50 ng/ml NGF, 1 % penicillin/streptomycin, and 50 μg/ml L-ascorbic 
acid (Sigma-Aldrich, St. Louis, MO, USA) in BME. Myelination media 
was exchanged every other day for 10–14 days. Immunocytochemistry 
was performed on the cultures at the endpoint for MBP, P0, MAG and 
NF200. 

4.5. Construction of TEN in vitro 

As the previous report, the chitosan/silk fibroin-fabricated neural 
scaffold was prepared as following [63]. According to the Chinese patent 
ZL 0110820.9 A, chitosan conduit was fabricated of chitosan gel by in-
jection molding, and silk fibers (Bombyx mori silk) were processed by 
degumming in aqueous boiling Na2CO3 solution. Then, a chitosan/silk 
fibers (SFs)-fabricated neural scaffold was obtained by inserted 120 of 
SFs in a chitosan conduit. SKP-SCs were seeded to the neural scaffold at a 
cell density of 1 × 107 cells/ml. The culture was transferred to a 
perfusion rotatory cell culture system (RCCMax) (Synthecon Inc, 
Friendswood, TX) 24 h later to facilitate continuous incubation for seven 
days with the addition of fresh ascorbic acid (50 μg/ml, Sigma, St. Louis, 
MO, USA) and 15 % FBS (Fig. 1d) to stimulate ECM secretion. After 
washed with PBS, a SKP-SCs seeded TEN was fabricated for further 
surgery. 

4.6. Surgical procedure 

After anesthesia, shaving and disinfection, a skin incision and sepa-
rating nearby muscles in the left lateral thigh carried out to expose 
sciatic nerve were in adult female SD rats. To obtain a 10 mm long nerve 
defect after retraction of the nerve stumps, a 6 mm long segment of 
sciatic nerve was transected and removed. All rats were randomly 
divided into 4 groups as TEN, autograft, scaffold, and sham groups. The 
sciatic nerve defect was separately bridged via 3 types of nerve grafts: 1) 
A TEN prepared by 3D culturing SKP-SCs to a chitosan/SFs neural 
scaffold in vitro; 2) an autologous nerve graft prepared by a reversed 
nerve segment; 3) a chitosan/SFs neural scaffold consisting of a chitosan 
hollow conduit (i.d. 2.0 mm) and 120 of SFs (12 mm long, diameter 8 
μm). Moreover, rats obtaining a sham surgery were considered to be the 
control group that underwent the same procedures without injuring the 
sciatic nerve. 

Moreover, another treatment group of rats was subjected to the same 
nerve defect that bridged via GFP-SKP-SCs-containing, chitosan/SF- 
fabricated TENs, which were prepared using the same protocol as that 
used for SKP-SC-containing, chitosan/SF-based TENs but GFP-labeled 
cells were seeded. Each week for three weeks post-surgery, the graft-
ing segment was obtained from rats and subjected to GFP fluorescent 
monitoring under microscopic observation. 
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4.7. Behavioral analysis 

The motor functional recovery was assessed by CatWalk XT 9.0 gait 
analysis system (Noldus, Wageningen, Netherlands) at 4, 8, and 12 
weeks post-surgery. The rats were located on the left side of a corridor 
with an infrared pressure sensing module and motivated to go through 
the corridors toward the right end that the video and data were 
dynamically recorded. The total toe spread (TS), intermediate toe spread 
(IT) and footprint length (PL) were measured via CatWalk XT 9.0 soft-
ware in the injured side (E) and contralateral uninjured side (N). The 
sciatic function index (SFI) value was calculated by the formula of SFI =
109.5 (ETS-NTS)/NTS-38.3 (EPL-NPL)/NPL+13.3 (EIT-NIT)/NIT-8.8 
that oscillates from 0 to − 100, with 0 representing to normal function 
and − 100 to complete dysfunction. 

4.8. Electrophysiological assessment 

To investigate recovery of nerve conduction, the sciatic nerve was re- 
exposed in both injured and contralateral uninjured side and we carried 
out electrophysiological tests in all rats 12 weeks post-surgery. The 
compound muscle action potentials (CMAPs) were recorded on the belly 
of target gastrocnemius muscle when the electrical stimuli were applied 
to both proximal and distal nerve stumps, respectively. The nerve con-
duction velocity (NCV) of motor nerves was obtained to divide the 
distance between two stimulation locations by the time it spends for 
electrical stimuli conducting between electrodes. The data recorded or 
calculated on the contralateral uninjured side was used for 
normalization. 

4.9. FluoroGold (FG) retrograde tracing 

To further confirm the reconstruction of neural connections, the 
sciatic nerve on the injured side was re-exposed and 5 μl of 5 % FG so-
lution (Fluorochrome Inc., Denver, CO, USA) was injected into the re-
generated nerve trunk 5 mm from the distal stump followed by the 
closure of the incision. One-week post-surgery, rats (n = 3 in each group) 
were transcardially perfused consecutively with saline and 4 % (v/v) 
paraformaldehyde in 0.1 M phosphate buffer. Spinal cord segments at 
L4, L5, L6, along with the corresponding DRGs were obtained and cut 
into 30-μm-thick of (for spinal cord) and 20-μm-thick (for DRGs) lon-
gitudinal sections on a cryostat. This was followed by photography 
under a confocal laser scanning microscope (TCS SP2; Leica, Wetzlar, 
Germany). The number of FG-labeled spinal cord motoneurons was 
directly counted and the percentage of FG-labeled DRG sensory neurons 
was calculated via dividing the FG-positive cell number by the total 
neuron number. 

4.10. Histological evaluation and morphometric investigation of 
regenerated nerves and target muscles 

Transverse sections of the regenerated nerve in the distal stump were 
subjected to Meyer’s modified trichrome staining, immunofluorescence 
staining, and transmission electron microscopy (TEM), respectively. The 
photography of Meyer’s modified trichrome staining carried out under 
light microscopy (Axio Imager 2, Zeiss, Oberkochen, Germany). To 
clearly show the regenerated axons and myelin, mouse anti-NF200 
monoclonal antibody and rabbit anti-S100β polyclonal antibody 
(Sigma-Aldrich, USA) were applied to nerve sections and allowed to 
incubate overnight at 4 ◦C. The labelling was finished with a secondary 
antibody (Donkey anti-Mouse IgG-Alex-488, and Donkey anti-Rabbit 
IgG-Cy3) at 4 ◦C for 2 h. The photography was carried out under a 
confocal laser scanning microscope (TCS SP2, Leica, Wetzlar, Germany). 

Besides, the gastrocnemius and anterior tibial muscles on the injured 
side and contralateral uninjured side were collected and weighed to 
calculate the wet weight ratio (the wet weight of muscle on the injured 
side is divided by that on the uninjured side), respectively. Followed by 

trimming and fixing in 4 % paraformaldehyde, the mid-belly of the 
gastrocnemius muscles was cut into transverse sections that underwent 
Masson’s trichrome staining and photography by light microscopy. The 
longitudinal sections were subjected to double-staining with α-bungar-
otoxin and mouse anti-NF200 monoclonal antibody followed by 
photography under a confocal laser scanning microscope. 

For TEM, nerve specimens were fixed in pre-cooled 2.5 % glutaral-
dehyde for 3 h, post-fixed with 1 % osmium tetraoxide solution for 1 h, 
washed, dehydrated, embedded in Epon 812 epoxy resin, and cut into 
ultra-thin sections of 60 nm thickness for staining with lead citrate and 
uranyl acetate. The stained sections were observed under a transmission 
electron microscope (JEOL Ltd., Tokyo, Japan), and images were taken 
from 20 random fields of each section. The number of myelin sheath 
layers, the thickness of myelin sheaths and the diameter of myelinated 
nerve fibers were quantified using Q550 IW image analysis system 
(Leica Imaging Systems Ltd., Cambridge, England) and the Leica QWin 
software package. 

4.11. Sample preparation and microarray 

Graft segments with both nerve stumps (0.2 cm) and nerve segments 
in the shame group were collected at 0.5 h, 1.5 h, 3 h, 6 h, 12 h, 1 d, 4 d, 
7 d, 1 w, 2 w, 3 w, 4 w, 8 w, and 12 w post-surgery. The L4-6 DRGs were 
also harvested from animals across all groups after they were killed by 
cervical dislocation at the corresponding time points (0.5 h, 1.5 h, 3 h, 6 
h, 12 h, 1 d, 4 d, 7 d, 1 w, 2 w, 3 w, 4 w). Total RNA was then extracted 
using Trizol (Life technologies, Carlsbad, CA) according to the manu-
facturer’s instructions. RNA quality of each sample was determined 
using the Agilent Bioanalyzer 2100 (Agilent technologies, Santa Clara, 
CA) and Nanodrop ND1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE). Microarray analysis was performed 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 conducted by OE 
Biotechnology Company in Shanghai (China), and three biological 
replicates were performed for each time point. Total RNA was extracted 
from (input the type of your samples) using (input the kit used for RNA 
extraction) according to the manufacturer’s specifications. RNA yield 
was determined using a NanoDrop 2000 spectrophotometer (Thermo 
Scientific, USA), and the integrity was evaluated using agarose gel 
electrophoresis stained with ethidium bromide. Gene microarrays from 
Agilent SurePrint G3 Rat Gene Expression 8 × 60K (~30,003) were 
applied in this work. Sample labeling and array hybridization were 
performed according to the Agilent One-Color Microarray-Based Gene 
Expression Analysis protocol (Agilent Technology). Briefly, total RNA 
from each sample was linearly amplified and labeled with Cy3-UTP. The 
labeled cRNAs were purified using the RNeasy Mini Kit (Qiagen). The 
concentration and specific activity of the labeled cRNAs (pmol Cy3/μg 
cRNA) were measured by NanoDrop ND-1000. 1 μg of each labeled 
cRNA was fragmented by adding 11 μl of 10X Blocking Agent and 2.2 μl 
of 25X Fragmentation Buffer, heating the mixture at 60 ◦C for 30 min, 
and finally adding 55 μl 2X GE Hybridization buffer to dilute the labeled 
cRNA. 100 μl of hybridization solution was dispensed into the gasket 
slide and fixed to the gene expression microarray slide. The slides were 
incubated for 17 h at 65 ◦C in an Agilent Hybridization Oven. The hy-
bridized arrays were washed, fixed and scanned using the Agilent DNA 
Microarray Scanner. 

4.12. Bioinformatics analysis 

Agilent Feature Extraction software (version 12.0.1.1) was used to 
analyze acquired array images. Quantile normalization and subsequent 
data processing were performed with using the GeneSpring GX v12.0 
software package (Agilent Technologies). After quantile normalization 
of the raw data, genes that were flagged in the Detected (“All Targets 
Value”) category in at least 15 out of 60 samples were chosen for further 
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analysis. Differentially expressed genes with statistical significance were 
identified through Volcano Plot filtering. Hierarchical Clustering was 
performed using the Agilent GeneSpring GX software (version 12.0). GO 
and Pathway analysis were performed in the standard enrichment 
computation method. 

Bioinformatics analysis was performed according to the protocols 
described previously [64]. Briefly, Euclidean distance calculation, PCA, 
and hierarchical clustering were performed based on log2-transformed 
mean-centered datasets as described previously [65]. A Euclidean dis-
tance heat map was created with the Heat Map Image Gene Pattern 
module. PCA was performed using the ‘Population PCA’ tool (http://cb 
dm.hms.harvard.edu/LabMembersPges/SD.html). Hierarchical clus-
tering was performed with the Hierarchical Clustering module (based on 
Euclidean distance) from Gene Pattern and was visualized with the 
interactive tree of life (iTOL) v3 [66]. Analysis of GO categorical 
enrichment was performed with DAVID tools [67] while average 
expression profiles were calculated as described previously [11]. The 
Venn diagrams were created using the Venny 2.1.0 online tool [68]. The 
heat map of relative gene expression was generated using a GENE-E 
provided on the Broad Institute website (https://software.broadinsti 
tute.org/GENE-E/index.html). 

The core analysis tool within the Ingenuity Pathway Analysis suite 
(IPA, Ingenuity Systems, Redwood City, CA) was used to identify ca-
nonical pathways that are significantly overrepresented. To rank sig-
nificance of pathways, the member genes of each pathway were 
extracted from IPA. Gene expression levels for samples in each group 
were retrieved and the expression of all genes was compared between 2 
(of the 4) randomly selected groups using multivariate analysis of 
variance (see supplemental experimental procedures for more details). 
Transcriptional regulators and other genes associated with neurite/axon 
growth were compared to identify the regulators that are required for 
neurite/axon growth [43]. The interconnections and interactions among 
these genes were further examined to better understand the regulatory 
networks and model signaling pathways. A network is a graphical rep-
resentation of the molecular relationships between molecules. Mole-
cules are represented as nodes, and the biological relationship between 
two nodes is represented as an edge. All edges are supported by at least 1 
reference from existing sources including scientific literature, textbooks, 
or canonical information stored in the Ingenuity® Knowledge Base. To 
create connections between molecules, the Build - Connect tool of IPA 
was used, with direct (solid line) and indirect (dotted line) relationships 
shown. 

4.13. Real-time quantitative RT-PCR 

Quantification was performed with a two-step reaction process: 
reverse transcription (RT) and PCR. Each RT reaction consisted of 0.5 μg 
RNA, 2 μl of PrimerScript Buffer, 0.5 μl of oligo dT, 0.5 μl of random 
hexamers and 0.5 μl of PrimerScript RT Enzyme Mix I (TaKaRa, Japan) 
for a total volume of 10 μl. Reactions were performed in a GeneAmp® 
PCR System 9700 (Applied Biosystems, USA) for 15 min at 37 ◦C, fol-
lowed by heat inactivation of the reverse transcriptase for 5 s at 85 ◦C. 
The 10 μl RT reaction mix was then diluted 10 × in nuclease-free water 
and stored at − 20 ◦C. 

Real-time PCR was performed using LightCycler® 480 Real-time PCR 
Instrument (Roche, Swiss) with 10 μl PCR reaction mixture that included 
1 μl of cDNA, 5 μl of 2X LightCycler® 480 SYBR Green I Master (Roche, 
Swiss), 0.2 μl of forward primer, 0.2 μl of reverse primer and 3.6 μl of 
nuclease-free water. Reactions were incubated in a 384-well optical 
plate (Roche, Swiss) at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C 
for 10 s, 60 ◦C for 30 s. Each sample was run in triplicate for analysis. At 
the end of the PCR cycles, melting curve analysis was performed to 
validate the specific generation of the expected PCR product. The 
expression levels of mRNAs were normalized to GAPDH and were 
calculated using the 2− ΔΔCt method. 

4.14. Western blot analysis 

Protein samples were extracted from graft tissues. Equal masses of 
protein samples were separated by SDS-PAGE, and transferred to PVDF 
membranes that were blocked and reacted with primary antibodies ac-
cording to the manufacturer’s recommendations. The antibodies used 
include: CDKN2A (1:600, Abcam), TNFAIP6 (1:800, Abcam), ESR2 
(1:400, Abcam), UCN (1:400, LifeSpan BioSciences), IL1B (1:1000, 
Abcam), VIP (1:1000, Abcam), NFKBIA (1:1000, Abcam), GAL (1:600, 
Santa), CSF1 (1:400, Santa), JUN (1:1000, Abcam), ARG1 (1:800, 
Abcam), FGF2 (1:1000, Abcam), ATF3 (1:1000, Abcam), ZFP36 (1:400, 
Millipore), CCL2 (1:1000, Millipore), GFI1 (1:400, Abcam), CCK 
(1:1000, Santa), RUNX2 (1:600, Abcam), TNFα (1:600, Abcam), and 
β-actin (1:4,000, Proteintech). The specific binding of primary antibody 
was detected by HRP-conjugated species-specific secondary antibody 
(Beyotime, Shanghai, China) and enhanced chemiluminescence (ECL) 
assay. 

4.15. Immunohistochemistry 

Immunohistochemical analysis was performed as described in a 
previous study [20]. Briefly, the TA muscle was dissected, post-fixed, 
dehydrated, and sectioned (8-μm-thick sections) using a cryostat. The 
sections were thaw-mounted onto poly-L-lysine-coated slides and stored 
at − 20 ◦C prior to immunostaining. The slides were washed in 
phosphate-buffered saline (PBS) for 10 min at room temperature, 
blocked, and then incubated overnight at 4 ◦C with primary antibodies. 
After washing with PBS, the slides were incubated at 4 ◦C for 24 h with 
two secondary goat antibodies labeled with fluorescein (FITC): 
anti-mouse IgG-FITC (1:800; Abcam, Cambridge, MA, USA) and 
anti-rabbit IgG-cy3 (1:1000; Abcam, Cambridge, MA, USA). The slides 
were washed 3 times in PBS, covered with cover slip and visualized 
under a DMR fluorescent microscope (Leica Microsystems, Wetzlar, 
Germany). 

4.16. Primary adult DRG neuron culture, infection and axon regrowth 
analysis 

The L4-L6 DRGs were removed from the adult SD rats, and trans-
ferred to Ca2+/Mg2+-free Hibernate A (BrainBits, Springfield, IL), where 
the axon roots and dural tissue were manually removed. The DRGs were 
then transferred to 0.1 % collagenase type I (Sigma, St Louis, MO). 
Following 1.5 h incubation at 37 ◦C, the DRGs were dissociated in 0.25 
% trypsin (Gibco) for an additional 15 min at 37 ◦C, and mechanically 
triturated through a pipette into the single cell suspension. To remove 
SCs, a partial purification step was performed by centrifugation at 900 
rpm for 5 min on 15 % BSA in PBS solution (Sigma). The obtained DRG 
neurons were cultured on the coated plates in Neurobasal-A and B-27 
minus insulin (Gibco) supplemented with penicillin–streptomycin (both 
50 U/ml, Gibco). Primary cultured DRG neurons were infected with 
RNAi lentivirus targeting Ankrd1, Sbno2, Cdkn2a, Crem, Hoxb8, 
Zfp488, Zfp36, Gfi1, Esr2, Nfkbia, Csrnp1, or negative control (Gene-
pharma, Shanghai, China), respectively, according to the manufac-
turer’s instructions. Neurons were re-suspended and re-plated to allow 
neurites to regrow. After 20 h culture, DRG neurons were fixed with 4 % 
paraformaldehyde to undergo immunocytochemistry with anti- 
β-Tubulin III antibody (Sigma) to observe axon outgrowth. Images were 
acquired by microscopy (Zeiss, Axio Imager M2m, Carl Zeiss, Oberko-
chen, Germany). We quantified the maximum length of neurites (longer 
than its soma diameter) of each neuron using Neuron J software in 
ImageJ. For cell axons counting, over 100 cells were counted in each 
group (n > 100). 

4.17. Statistical analysis 

All samples were analyzed in at least triplicate. Data are presented as 
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means ± SEM. Multiple comparisons were performed with one-way 
ANOVA plus Dunnett’s multiple comparisons post hoc t-test. Statistical 
analysis was carried out using SPSS Statistics 22.0 software package 
(IBM, Chicago, Illinois). 
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