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ABSTRACT

Wallerian degeneration (WD) remains an important 
research topic. Many genes are differentially 
expressed during the process of WD, but the precise 
mechanisms responsible for these differentiations 
are not completely understood. In this study, we used 
microarrays to analyze the expression changes of the 
distal nerve stump at 0, 1, 4, 7, 14, 21 and 28 days 
after sciatic nerve injury in rats. The data revealed 
6 076 differentially-expressed genes, with 23 types of 
expression, specifically enriched in genes associated 
with nerve development and axonogenesis, cytokine 
biosynthesis, cell differentiation, cytokine/chemokine 
production, neuron differentiation, cytokinesis, 
phosphorylation and axon regeneration. Kyoto 
Encyclopedia of Genes and Genomes pathway 
analysis gave findings related mainly to the MAPK 
signaling pathway, the Jak-STAT signaling pathway, 
the cell cycle, cytokine-cytokine receptor interaction, 
the p53 signaling pathway and the Wnt signaling 
pathway. Some key factors were NGF, MAG, CNTF, 
CTNNA2, p53, JAK2, PLCB1, STAT3, BDNF, PRKC, 
collagen II, FGF, THBS4, TNC and c-Src, which 
were further validated by real-time quantitative PCR, 
Western blot, and immunohistochemistry. Our findings 
contribute to a better understanding of the functional 
analysis of differentially-expressed genes in WD and 
may shed light on the molecular mechanisms of nerve 
degeneration and regeneration.
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INTRODUCTION

Wallerian degeneration (WD) in the peripheral nervous 
system involves processes following nerve fiber cut or crush 
and is also known as orthograde, anterograde or secondary 
degeneration. Axonal injury induces responses in the distal 
nerve segment termed WD[1,2]. The process of WD can 
be induced by autoimmune or inflammatory injuries to the 
axon, as well as by laceration and crush. The term WD now 
refers to the following events in the distal stump: injury is 
followed by Ca2+ influx and axonal protease activation[3-10]; 
an important process is the activation and recruitment of 
macrophages that respond with phagocytosis, leading to 
the clearance of axonal debris and myelin that is required 
for axonal repair or regeneration[3-10]. 

Peripheral nerve injuries are common and studies 
of the underlying molecular mechanisms have been 
extensive.  Many genes and re lated prote ins are 
differentially expressed during WD, the latter including 
cytokines, neurotrophic factors, axonal myelin and cell 
adhesion molecules[11-18]. The development of tissue 
biochemistry and molecular biology, together with 
improvements in microscopic resolution, has largely 
facilitated the understanding of the significance of WD 
in the processes of nerve degeneration and subsequent 
repair/regeneration[11-18]. Understanding the molecular 
mechanisms of axonal debris and myelin clearance after 
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peripheral nerve injury may, therefore, provide insights into 
how to more rapidly promote myelin clearance and nerve 
repair/regeneration. Although the molecular mechanisms 
regulating WD have been studied extensively, the precise 
mechanisms underlying the events in the distal stump are 
not completely understood. 

In this study, we used microarrays to screen the gene-
expression changes of WD at 0, 1, 4, 7, 14, 21 and 28 days 
in the distal stump after sciatic nerve injury in rats. The 
data were further validated by real-time quantitative PCR, 
Western blot, and immunohistochemistry. 

MATERIALS AND METHODS

Animals and Models
Male Sprague-Dawley rats (180–200 g) were provided by 
the Experimental Animal Center of Nantong University. The 
animals were randomly divided into 7 groups (6 rats/group) 
to undergo sciatic neurectomy. All animal experiments were 
in accordance with the NIH Guidelines for the Care and 
Use of Laboratory Animals and approved by the Institutional 
Animal Care Committee. Animals were anesthetized by 
an injection of complex narcotics (95 mg/kg ketamine, 10 
mg/kg xylazine, and 0.7 mg/kg acepromazine). The sciatic 
nerve was lifted from the right hindlimb on the lateral 
aspect of the mid-thigh and a 1-cm segment was excised. 
The distal and proximal nerve stumps were prevented 
from regenerating. After surgery, the rats were allowed 
free access to food and water. One group was euthanized 
immediately and the other groups at days 1, 4, 7, 14, 21 
and 28 after surgery. Distal nerve stumps were obtained 
after euthanasia. 

RNA Isolation and Affymetrix Microarray Scan
Total RNA was isolated from the distal nerve stumps using 
TRIzol reagent (Invitrogen, Grand Island, NY) according 
to the protocol. An Affymetrix GeneChip Hybridization 
Oven 640 and Gene Array Scanner 3000 were used for 
GeneChip analysis. The labeling and hybridization were 
performed at the Shanghai Biochip Co., Ltd., according to 
the protocols of the Affymetrix GeneChip System. Affymetrix 
GeneChip scan control software was used for scanning the 
microarray slides and the Affymetrix Fluidics Station 450 
was used for image analysis. The microarray data were 
processed using GeneSpring GCOS1.2 software. Statistical 

analysis was performed using the two-sample (independent 
groups) t-test, and differences were considered statistically 
significant at P <0.05.

Bioinformatics Analysis
Gene screening and bioinformatics analyses were 
performed at the Bioinformatics Center at the Key 
Laboratory of Systems Biology, Shanghai Institute for 
Biological Sciences. We selected differentially-expressed 
genes in a logical sequence according to RVM (random 
variance model)-corrected ANOVA. Differentially-expressed 
genes were analyzed by Affymetrix scan at each time point 
with ratios set for different genes. We used a strategy 
for clustering the gene-expression data and defined 
unique profiles. The gene-expression model profiles 
were related to the actual number of genes assigned to 
each model profile. The significant profiles demonstrated 
a higher probability than expected by Fisher’s Exact 
Test and multiple comparison tests[19,20]. Statistical Gene 
Ontology (GO) analysis was applied to determine the main 
functions of the differentially-expressed genes according 
to Gene Ontology, the key functional classification of the 
NCBI. Signal pathway analysis was used to determine 
the significant pathways of the differentially-expressed 
genes according to the Kyoto Encyclopedia of Genes 
and Genomes (KEGG)[21-23]. Gene regulatory networks 
were analyzed using a Continuous Time Recurrent Neural 
Network. Key regulatory factors and networks as well as 
signal flow were calculated according to gene fold-change 
expression and gene interactions in pathways[24]. The 
networks were constructed ex tempore and were unique for 
the uploaded data, using an analytical network algorithm 
with default settings for biological networks.

Real-Time Quantitative PCR 
The distal nerve stumps were dissected out, suspended 
in RNA stabilization reagent, and stored at −80°C. The 
total RNA was isolated from the stored specimens using 
an RNeasy Mini Kit according to the manufacturer ’s 
protocol. cDNA was synthesized using a cDNA Reverse 
Transcription Kit and real-time quantitative PCR was 
performed using a 7300 Real-Time PCR System, according 
to the manufacturers’ protocols. The primers are provided 
in Table S1. The relative expression value of each mRNA was 
calculated using comparative Ct and normalized to mature 
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GAPDH mRNA for each data point. All data are expressed 
as mean ± SD. PCR reactions were performed in triplicate. 

Western Blot Analysis
The distal nerve stumps were lysed with lysis buffer (100 
mmol/L dithiothreitol, 50 mmol/L Tris-HCl, pH 6.8, 2% 
SDS, and 10% glycerol) containing protease inhibitors. 
The total protein concentration was determined using 
the BCA method. Lysates with equal amounts of protein 
were resolved on SDS-PAGE, and then transferred to 
a PVDF membrane. The membrane was blocked with 
5% non-fat dry milk in TBST buffer (100 mmol/L NaCl, 
50 mmol/L Tris-HCl, pH 7.4 and 0.1% Tween-20) at 4°C 
overnight. The membranes were washed with TBST buffer 
and then incubated with monoclonal antibodies against 
phospholipase C beta 1 (PLCB1), thrombospondin 4 
(THBS4), secreted phosphoprotein 1 (SPP1) and protein 
kinase C, alpha (PRKCA) at room temperature for 1.5 h. 
After washing, the samples were incubated for 2 h at room 
temperature with HRP-conjugated goat anti-mouse IgG 
(1:1 000). The membrane was then washed with buffer and 
the image scanned with a GS800 Densitometer Scanner. 
Optical density data were analyzed using PD Quest 7.2.0 
software. Beta-actin was used as control. 

Immunohistochemistry
The distal nerve stumps were fixed in 4% paraformaldehyde 
for 30 min at room temperature. The distal nerve stumps 
were incubated for 1 h in 3% bovine serum albumin, 
10% goat serum and 0.1% Triton-X 100 at 37°C to block 
nonspecific binding. Sections were then incubated with 
mouse monoclonal anti-S100 antibody, and antibody 
against PRKCA, SPP1 or PRKCQ (protein kinase C, theta) 
for 48 h at 4°C. After washing, the sections were incubated 
with FITC-labeled goat anti-mouse IgG (1:250) for 2 h. 
The sections were then mounted and observed with a 
confocal laser scanning microscope. Control sections were 
incubated with non-labeled secondary antibodies. The 
sections were also incubated with 5 mg/mL Hoechst 33342 
and anti-PLCB1 antibody at 37°C for 1 h and then fixed and 
blocked as above. After washing, the sections were further 
incubated with goat anti-mouse IgG (1:250 dilution) or anti-
rabbit IgG (1:100). The sections were viewed under the 
confocal laser microscope. Control sections were treated 
similarly. 

Statistical Analysis
Data are presented as mean ± SD, and were analyzed by 
one-way ANOVA and Scheffe’s post-hoc test with the SPSS 
software package. P <0.05 was considered as statistically 
significant.

RESULTS

Gene Expression Profiling and Regulation Patterns 
during WD after Sciatic Nerve Injury
GO analysis of genes differentially expressed during 
WD  To screen for genes differentially expressed during 
WD, we took the union of sets of differentially-expressed 
genes at different time points, compared to 0 h in each 
group, and thereby obtained 6 076 differentially-expressed 
genes and 23 types of significant differentially-expressed 
tendencies (Table S2). The data summarized all possible 
expression trends and statistical judgments, in accordance 
with P <0.05/N as the standard[22,23,25].

GO is an internationally-standardized functional 
classification analysis system for genes. It offers an 
updated, dynamic and controlled vocabulary for strictly 
defining concepts in describing the properties of genes and 
their related proteins. GO has three ontologies: biological 
process, cellular component, and molecular function[22,23,25].

GO analysis was conducted using gene expression 
trends in a series of experiments, followed by significant 
and separate analyses of the differential gene expression 
changes during WD. Based on the GO database, the 
differentially-expressed genes were distributed into 
functional categories, which included genes with putative 
functions in the regulation of gene expression, nerve-
nerve synaptic transmission, neurotransmitter uptake, 
positive regulation of cell adhesion, axon guidance, 
cytokinesis, nervous system development, regulation 
of phosphorylation, negative regulation of neuron 
apoptosis, axon target recognition, positive regulation 
of cell proliferation, neurogenesis, positive regulation of 
protein amino-acid dephosphorylation, positive regulation 
of phosphoinositide 3-kinase activity, cell differentiation, 
regulation of cell differentiation, cytokine production, and 
axon regeneration (Fig. 1). 
KEGG analysis of genes differentially expressed 
during WD  Based on the GO database, χ2 tests and 
Fisher’s exact test were applied to the differentially-
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Fig. 1. Hierarchical cluster analysis showing the partition clustering of genes most highly expressed in the distal stump at days 1, 
4, 7, 14, 21 and 28 after sciatic nerve injury by Gene Ontology analysis. Fisher’s exact test and the χ2 test were applied to the 
differentially-expressed genes; significance analysis was performed on the target genes by screening according to P <0.05. The 
heat map shows the intensity of expression as a function of color, with higher expression in red and lower expression in green or black.
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expressed genes, significance analysis was performed on 
the pathways involving target genes, and the significant 
pathways were obtained by screening according to P <0.05. 

Functional classification by KEGG analysis indicates 
the signal networks of molecular interactions in the cells 
or tissues specific to particular organisms, helping to 
understand the functions and molecular interactions of 
differentially-expressed genes. Based on the GO database 
using BLAST with an E value cut-off <10-5, in the process 
of WD 6 076 single genes had significant matches with the 
database and were assigned to 108 KEGG signal pathways 
(Table S3). Among these assignments, the pathways 
enriched during WD were axon guidance, neuroactive 
ligand-receptor interaction and the MAPK signaling 
pathway, oxidative phosphorylation, the p53 signaling 
pathway, cytokine-cytokine receptor interaction, the cell 
cycle, the tight junction, the insulin signaling pathway, 
ECM-receptor interaction, the calcium signaling pathway, 
the adherens junction, the TGF-β signaling pathway, the 
Wnt signaling pathway, cell adhesion molecules, regulation 
of the actin cytoskeleton, the gap junction, the Jak-STAT 
signaling pathway, the ErbB signaling pathway, the VEGF 
signaling pathway, apoptosis, the B-cell receptor signaling 
pathway, the Toll-like receptor signaling pathway, natural 
killer cell-mediated cytotoxicity, and the T-cell receptor 
signaling pathway (Fig. 2). In the KEGG map, the genes 
assigned to the pathways were involved in axon guidance, 
the cell cycle, oxidative phosphorylation, and regulation 
of the actin cytoskeleton, as well as degeneration and 
regeneration/repair. The results involved high-throughput 
screening to identify novel genes expressed during WD 
after nerve injury. The many genes expressed differentially 
in the present study provide a basis for understanding the 
biological processes that regulate nerve degeneration and 
repair/regeneration.
Key network analysis of genes differentially expressed 
during WD  A dynamic regulatory network may exist in 
protein-protein interactions and expression kinetics that are 
reflected in stimulus-induced cellular behavior. To analyze 
this network, the relationships of the differential gene 
expression data were calculated using a Continuous Time 
Recurrent Neural Network. Using a genetic algorithm, we 
estimated the model parameters. A heat map showed the 
partition clustering of genes highly-expressed in the distal 
nerve stump after sciatic nerve injury (Fig. 3). 

Key networks were constructed from experiments. 
The gene content of the uploaded files was used as the 
list for the networks, which were analyzed with the default 
settings. This is the shortest-paths variant algorithm with 
the main parameters of differential gene relative enrichment 
with uploaded data and relative saturation of canonical 
pathways networks. These networks were built ex tempore, 
are unique to the uploaded data and are based on the 
number of fragments of networks with canonical pathways.

Genes encoding signal transducers or growth factors 
involved in WD, such as the immune response, cell death, 
transport and transcriptional regulation, showed injury-
specific expression. In fact, many of them are important for 
repair or regeneration[26-28]. Here, we demonstrated that the 
key factors in WD included NGF, MAG, CNTF, CTNNA2, 
p53, JAK2, PLCB1, STAT3, BDNF, PRKC, collagen II, FGF, 
THBS4, TNC and c-Src (Fig. 3). These key networks cover 
the most important pathways that play important roles in 
regulating this differential gene expression through mainly 
biological GO processes during WD after sciatic nerve 
injury. The data shown here are consistent with published 
reports[15-17] and supported the conclusion that developing 
and regenerating peripheral nerves exhibit differences in 
genetic programs. Further, the data revealed that signal 
transducers were significantly regulated in the lesioned 
distal stump after sciatic nerve injury. The molecules 
that were significantly up- or down-regulated after such 
injury are known to modulate the signal pathways in key 
networks[15,29-32]. It is supposed that the key networks play 
roles in Schwann cell activation and proliferation as well 
as WD and subsequent regeneration[33-35]. The data also 
suggested that the functional group of transcriptional 
regulators indicated in the changes of expression of these 
genes may be an essential prerequisite for peripheral nerve 
degeneration and/or regeneration.

Real-Time Quantitative PCR 
To validate our data, real-time quantitative PCR was 
performed to analyze the expression changes of the 
selected genes, Spp1, Thbs4, Tnc (tenascin C), Ctnna2 
[catenin (cadherin -associated protein), alpha 2], Cacna1c 
(calcium channel, voltage-dependent, L type, alpha 1C 
subunit) and Prkcq in WD. TNC is produced by migrating 
cells like neural crest cells, is abundant in developing 
tendon, bone and cartilage, and appears around healing 
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wounds. THBS4 belongs to the thrombospondin protein 
family that mediates cell-to-matrix or cell-to-cell interactions. 
It has been reported that THBS4 may be involved in local 
signaling in the developing and adult nervous system[20-22].

Real-time quantitative PCR demonstrated that Spp1, 
Thbs4, Tnc, Ctnna2, Cacna1c and Prkcq were specifically 
expressed in the distal nerve stump of rats after injury (Fig. 
4). The results are consistent with the gene-expression 
data from microarray analysis. 

Western Blot Analysis  
The distal nerve stumps of rats at days 0, 1, 4, 7, 14, 21 
and 28 after injury were directly lysed with a buffer (100 
mmol/L dithiothreitol, 50 mmol/L Tris-HCl, pH 6.8, 10% 
glycerol, and 2% SDS). The results were analyzed as the 

ratio of sample signal intensity to positive control signal 
intensity. Each sample signal and positive-control signal 
was normalized by background subtraction. The data 
indicated that the expression was similar to the results of 
microarray analysis and real-time quantitative PCR (Fig. 
5). SPP1, also known as osteopontin, is reported to be an 
immune modulator and is an adhesion protein involved in 
wound-healing and cell attachment. It mediates cytokine 
production and cell activation, possibly promoting cell 
survival by regulating apoptosis, although the regulatory 
pathways have not been identified. PRKC plays important 
roles in signal transduction cascades, and through 
phosphorylating other proteins, it mediates immune 
responses and regulates transcription and cell growth. 

Fig. 2. Hierarchical cluster analysis showing partition clustering of the genes most highly expressed in the distal nerve stump after sciatic 
nerve injury. KEGG analysis of distal sciatic nerve stumps from rats at 1, 4, 7, 14, 21, and 28 days. Based on the KEGG database, 
Fisher’s exact test and the χ2 test were applied to the differentially-expressed genes, significance analysis was performed with the 
pathways involving the target genes, and the significant pathways were obtained by screening according to P  <0.05. The heat map 
shows the intensity of expression as a function of color, with higher expression in red and lower expression in green or black.
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Fig. 3. Key network analysis of distal sciatic nerve stump of rats at 1, 4, 7, 14, 21, and 28 days. The genes listed in the uploaded files 
were used as the input for the generation of biological networks using the “analyze network” algorithm with default settings. The 
networks are prioritized based on the number of fragments of canonical pathways. Thick cyan lines indicate the fragments of 
canonical pathways. Upregulated genes are marked with red circles; downregulated genes with blue circles. The 'checker-board' 
indicates mixed expression of the gene between files or between multiple tags for the same gene.
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Immunohistochemistry
We further selected PLCB1, PRKCA, PRKCQ and SPP1 
for immunohistochemistry. PLCB1 cleaves phospholipids 
just before the phosphate group, and plays a key role in 
eukaryotic cell physiology, especially signal-transduction 
pathways. It increases cytosolic Ca2+, which activates PKC 
and thereby causes a cascade of intracellular changes 
and cellular activity. PRKCA and PRKCQ are involved in 
controlling other protein functions through phosphorylation, 
and play important roles in several signal-transduction 
cascades. They are both activated by increases in the 
concentration of Ca2+ or diacylglycerol. The effects of 
PRKCA and PRKCQ are cell-type specific. They function 
to regulate cell growth, mediate immune responses, and 
regulate transcription. 

Double-immunostaining for PRKCA, SPP1, and 
PRKCQ with S-100 demonstrated that they were co-
localized in the plasma membrane of Schwann cells, 
whereas immunostaining with Hoechst 33342 and anti-
PLCB1 antibody showed that they were co-localized in 
the nucleus (Fig. 6). The immunohistochemistry results 
were consistent with the real-time PCR and Western blot 
analysis, confirming the changes in expression of some 

genes in the distal nerve stump after injury.

DISCUSSION

WD results from nerve injury and can be described as a 
clearing process that is essential for distal stump repair 
or re-innervation. The macrophages begin clearing 
myelin from the distal stump within the first few days[36-38] 
and continue to clear myelin and axonal debris for two 
weeks. These macrophages are mainly of hematogenous 
origin[39,40]. Understanding the key factors that regulate 
rapid macrophage responses to nerve injury during WD, 
and comparing the gene-expression differences in the 
injured nerves, may provide insights into methods for 
slowing WD[41,42]. Peripheral nerve injury interferes with 
retrograde signal flow from the normal target, leading to the 
emergence of a denervation signal. Retrograde transport 
decreases immediately following axotomy, with the onset 
of regeneration being delayed. During WD, the injured 
axon is not only exposed to the intracellular content of 
Schwann cells and other axons, but also to the extracellular 
environment of other tissues. Extracellular ions rapidly 
enter the injured axon, resulting in depolarization and 

Fig. 4. Real-time quantitative RT-PCR analysis of distal sciatic nerve stumps of rats at 0, 1, 4, 7, 14, 21 and 28 days. The relative 
expression value of each mRNA was calculated using comparative Ct and normalized using GAPDH for each data point. The 
average of three independent experiments is shown as mean ± SEM.
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injury-induced action potentials[12,43,44]. 
In this study, we found that from day 1 to 4 weeks after 

injury, ~3 500 regulated genes (1 800 up, 1 600 down) 
were detected in the distal stump of the injured sciatic 
nerve. Axons begin to grow into the distal endoneurial 
tubes 1 week after nerve injury[6,39,45]; Schwann cell/axon 
contacts are re-established and remyelination occurs 

at about 2 weeks; and the proper target tissues are re-
innervated at about 4 weeks after sciatic nerve injury. In 
this process, a large number of genes with marked up- or 
down-regulation were differentially expressed, indicating 
sustained regulation at consecutive time points, meaning 
regeneration/repair by means of a continuously progressive 
program[4,10,35]. 

Fig. 5. Western blot analysis of total protein lysates of distal sciatic nerve stumps of rats at days 0, 1, 4, 7, 14, 21, and 28 (upper panel) 
and the quantification (lower panels). Data are from three independent experiments and shown as mean ± SEM.
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Nerve regeneration mainly consists of nerve repair 
and tissue re-innervation after injury[45,46]. The activated 
injury-dependent process is regulated initially following the 
genetic response featuring degeneration and regeneration. 
Here, we found that during nerve degeneration and 
regeneration, a large number of genes exhibited significant 
regulation from baseline, such as modulatory factors 
or genes encoding signal transducers involved in the 
immune response, transport processes, cell death and 
transcriptional regulation, which had not been systematical 
demonstrated by direct comparison of gene expression 
changes. The detailed dissection of gene expression 
changes may provide further insights into the signal 
cascades and molecular mechanisms underlying nerve 

degeneration and regeneration.
Nerve injury, repair and regeneration are accompanied 

by a series of cellular interactions and biological reactions, 
activated by many specific molecules responding to 
nerve injury, resulting in differential gene expression. This 
suggests that these injury-dependent genes are needed to 
explore or clarify the mechanisms of nerve degeneration 
and regeneration. Distinct up-and-down regulation of 
differentially expressed genes after nerve injury shows that 
these regulated genes are probably functionally relevant to 
WD and/or nerve repair/regeneration. 

SUPPLEMENTAL DATA

Supplemental Data include three tables and can be found online at

Fig. 6. Immunofluorescent staining of distal sciatic nerve stumps of rats at indicated time points. Scale bars, 20 μm.
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www.neurosci.cn/epData.asp?id=95. 
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