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Introduction
Peripheral nerve injuries are common in modern society. Un-
like the central nervous system, which cannot regenerate, in-
jured peripheral nerves have the ability to regenerate on their 
own. Many preclinical and clinical studies of peripheral nerve 
injury have made significant progress in understanding pe-
ripheral nerve injury. Moreover, clinicians possess a clear un-
derstanding of the response of the peripheral nervous system 
to trauma, and therapeutic methods. A series of pathophysio-
logic events occur after injury in neuronal cell bodies and ax-
ons, both of them interdependent in the recovery process (Lee 
et al., 2000; Costigan et al., 2002; Bosse et al., 2006; Webber et 
al., 2010; Sheth et al., 2011). During peripheral nerve regen-
eration, neuronal survival and target reinnervation depend 
on the intrinsic regenerative capacity of peripheral axons and 
an appropriate growth microenvironment. After peripheral 

nerve injury, Wallerian, or anterograde, degeneration occurs, 
arising from the fracture of distal axons and proximal nerve 
fibers. Other neurons interacting with the cell body facilitate 
the regeneration of axons and the myelin sheath, and recon-
nection with the distal side (Huang et al., 2007; Viader et al., 
2011; Gao et al., 2013; Li et al., 2013; Yao et al., 2013).

Previous studies have identified many genes that are up- 
or downregulated after peripheral nerve injury, and some 
new treatment strategies target the regulation of key genes 
(Bosse et al., 2006; Sheth et al., 2011; Li et al., 2013; Yao et 
al., 2013). However, systemic knowledge of gene expression 
changes and related biological processes during peripheral 
nerve injury and regeneration is still lacking. To find pre-
ventative approaches and effective treatments for peripheral 
nerve injury, we need to have a deeply integrated insight 
into the molecular mechanisms regulating peripheral nerve 
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regeneration from a much broader perspective. Microarray 
techniques have given us the capacity to analyze biological 
changes in thousands of genes, many of which are already 
targeted in other conditions, and have been used successfully 
to monitor gene expression profile changes in many systemic 
studies (Yao et al., 2012; Gao et al., 2013; Hu et al., 2013; Li 
et al., 2013; Akane et al., 2014). By detecting the spectrum of 
genes expressed during peripheral nerve injury and regen-
eration, DNA microarray allows us to see changing trends 
in the expression of thousands of genes at once, known as 
expression profiling. Previous studies have confirmed cer-
tain changes in gene expression and  biological processes in 
the proximal segment of injured sciatic nerves at early time 
points using DNA microarray analysis (Huang et al., 2007; 
Viader et al., 2011; Gao et al., 2013; Hu et al., 2013; Li et al., 
2013; Yao et al., 2013; Akane et al., 2014).

The present study was designed to identify systemic  gene 
expression changes following peripheral nerve injury and to 
uncover the potential involvement of biological processes by 
comparing proximal and distal segments of the nerve. We 
used DNA microarray technology to detect mRNA expres-
sion changes in the sciatic nerve at 0, 4, 7, 14, 21 and 28 days 
after transection in adult rats. We then used gene ontology 
enrichment analysis to identify the biological processes as-
sociated with the differentially expressed genes. Expression 
trends identified in the microarray were confirmed using 
real-time quantitative PCR (RT-qPCR), western blot analysis 
and fluorescent immunohistochemistry.
 

Materials and Methods
Animal models and tissue collection 
432 male Sprague-Dawley rats weighing 180–220 g were pro-
vided by the Experimental Animal Center of Nantong Uni-
versity, China, and divided equally between the microarray, 
RT-qPCR, Western blot and immunohistochemistry assay (36 
animals per assay, with each assay performed three times). 
All tests were conducted in accordance with NIH Guidelines 
for the Care and Use of Laboratory Animals (Yao et al., 2013) 
and were ethically approved by the Administration Commit-
tee of Experimental Animals, Jiangsu Province, China. 

Rats were further divided into 6 groups: 0, 4, 7, 14, 21, 28 
days (6 per group) to undergo sciatic nerve resection. An in-
cision was made on the lateral aspect of the mid-thigh in the 
right hind limb. The sciatic nerve was identified and lifted. 
Two segments (each 0.5 cm in length) of the sciatic nerve, 
proximal and distal to the division of the tibial and common 
peroneal nerves, were excised, and the incision sites were then 
closed. The rats were housed in high temperature- and hu-
midity-controlled cages with sawdust bedding after surgery, 
and allowed free access to food and water. The day 0 group 
of rats was sacrificed immediately, and the other groups at 4, 
7, 14, 21 and 28 days following surgery. Proximal and distal 
sciatic nerve tissues (0.5 cm) were collected separately. 

RNA isolation and microarray experiments
Total RNA was extracted using Trizol (Invitrogen, Carlsbad, 
CA, USA) from the proximal and distal nerve stumps ac-

cording to the manufacturer’s protocols. RNA quality, ampli-
fication, labeling and hybridization of each sample were car-
ried out using the Affymetrix GeneChip Hybridization Oven 
640 and Gene Array Scanner 3000 (Affymetrix, Santa Clara, 
CA, USA). The arrays were scanned and the subsequent data 
compiled using GeneChip Scan Control software (Affymet-
rix). All steps, from RNA amplification to final scanner out-
put, were conducted by the National Engineering Center for 
Biochip, Shanghai, China. Three biological replicates were 
performed at each time point. Differentially-expressed genes 
were identified by GeneChip scanner at each time point, 
with absorbance ratios set for different genes. 

Data analysis
Gene screening and bioinformatic analyses were performed 
by the Bioinformatics Center at the Key Laboratory of Sys-
tems Biology, Shanghai Institute for Biological Sciences, Chi-
na. Series Test Cluster of Gene Ontology analysis was used to 
determine the main functions of the differentially expressed 
genes according to gene ontology, the key functional classifi-
cation of NCBI. Pathway analysis was used to determine the 
significant pathways of the differential genes according to 
the Kyoto Encyclopedia of Genes and Genomes. Key factors, 
networks and signal flow were calculated according to gene 
expression fold-change and gene interaction in pathway (Li 
et al., 2013; Yao et al., 2013). 

RT-qPCR assays 
The nerve stumps of rats killed at 0, 4, 7, 14, 21, and 28 days 
after injury were dissected and then suspended in RNA Sta-
bilization Reagent (Qiagen, Valencia, CA, USA). The total 
RNA fraction was prepared from stored tissue specimens 
using an RNeasy Mini Kit (Qiagen), according to the man-
ufacturer’s protocol. The relative expression values of each 
mRNA were calculated using comparative CT and were 
normalized using glyceraldehyde phosphate dehydrogenase 
(GAPDH) mature mRNA for each data point. The primers 
used in the RT-qPCR assays are as follows: 

Gene Primer
Product
size (bp)

MMP12 Forward: 5'- TCT TTG GGC TAG AAG TAA  
  CTG GGC-3'
Reverse: 5'- ACA TCG CTC CAG ACT TGA 
  AAA GC-3'

121

AQP4 Forward: 5'-TTG GAC CAA TCA TAG GCG C-3'
Reverse: 5'-GGT CAA TGT CGA TCA CAT GC-3'

187

IL1RL1 Forward: 5'-GTC TCA AGA GAT CGT CTG 
  AAG-3' 
Reverse: 5'-CGA TTC AGG GCT TCT GAT 
  AAC-3' 

84

PRX Forward: 5'-ACT GAA GCC AAG GTA GTC 
  AAG G-3'
Reverse: 5'-GAT TCC AGG AGA GAA AGC 
  CCA A-3'

92

GAPDH Forward: 5'-GCA AGT TCA ACG GCA CAG-3'
Reverse: 5'-CGC CAG TAG ACT CCA CGA C-3'

141

MMP12: Matrix metalloproteinase-12; AQP4: aquaporin 4; IL1RL1: 
interleukin 1 receptor-like 1; PRX: periaxin; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase.
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Western blot analysis
Sciatic nerve tissue obtained at various time points following 
injury was lysed immediately, and protein content was test-
ed using the bicinchoninic acid kit (Yao et al., 2013) (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA). The membranes 
were incubated with mouse anti-AQP4 monoclonal anti-
body (1:200; Santa Cruz Biotechnology), mouse anti-IL1RL1 
monoclonal antibody (1:500; Santa Cruz Biotechnology), rab-
bit anti-MMP12 polyclonal antibody (1:500; Santa Cruz Bio-
technology), or rabbit anti-PRX polyclonal antibody (1:500; 
Santa Cruz Biotechnology) at 4°C, overnight, and visualized 
with IRDye 800-conjugated affinity purified goat anti-mouse/
rabbit IgG (1:5,000; Santa Cruz Biotechnology) at room tem-
perature for 2 hours. Protein content was normalized using 
mouse anti-beta-actin monoclonal antibody (Santa Cruz 
Biotechnology) as an internal control for each data point. The 
image was scanned with a GS800 Densitometer Scanner (Bio-
Rad, Hercules, CA, USA), and absorbance values were ana-
lyzed using PDQuest 7.2.0 software (Bio-Rad). 

Immunohistochemistry
The distal and proximal nerve stumps were fixed in freshly 
prepared 4% paraformaldehyde. Samples were incubated 
with mouse monoclonal antibodies against AQP4 (1:200 
dilution; Santa Cruz Biotechnology), IL1RL1, MMP12 or 
PRX (all 1:500 dilution; Santa Cruz Biotechnology) and vi-
sualized with Dylight 488-labeled goat anti-mouse IgG (1:250 
dilution; Sigma-Aldrich, St Louis, MO, USA) at room tem-
perature for 2 hours. The nucleus was stained with Hoechst 
33342 before samples were mounted and observed with a 
confocal laser scanning microscope (TCS SP2, Leica Mi-
crosystems, Q550IW, Germany). 

Statistical analysis
Differentially expressed genes were selected in a logical se-
quence according to the random variance model (REM) cor-
rective analysis of variance. The expression model profiles 
were correlated with the actual or expected number of genes 
assigned to each model profile. Significant profiles demon-

Table 1 Biological processes of differentially expressed genes in proximal and distal nerve segments at 0, 4, 7, 14, 21 and 28 days after sciatic 
nerve injury (number of differentially expressed genes) 

Injured time (day) Injured time (day)

Biological process 0 4 7 14 21 28 Biological process 0 4 7 14 21 28

Proximal nerve segments
   Response to stimulus
   Positive regulation 
   Negative regulation

54
9
6

410
62
33

467
67
28

346
54
22

322
49
21

389
49
11

Distal nerve segments
   Response to stimulus
   Positive regulation 
   Negative regulation

145
20
5

595
42
16

976
91
0

914
48
0

851
106
21

845
80
21

   Inflammatory response
   Positive regulation
   Negative regulation

15
0
0

83
12
9

86
10
9

65
12
3

48
10
6

47
9
5

   Inflammatory response
   Positive regulation
   Negative regulation

13
8
4

52
12
5

78
13
4

67
11
8

38
13
5

78
14
7

   Immune response
   Positive regulation
   Negative regulation

20
5
0

115
42
13

126
44
13

106
38
10

35
10
2

54
33
10

   Immune response
   Positive regulation
   Negative regulation

11
11
0

71
26
8

150
59
4

50
33
4

55
36
9

122
48
0

   Cell proliferation
   Positive regulation
   Negative regulation

18
4
10

53
86
59

62
91
68

42
67
49

48
79
43

45
75
40

   Cell proliferation
   Positive regulation
   Negative regulation

26
13
15

112
66
52

302
180
61

260
150
86

135
76
56

303
127
63

   Cell migration
   Positive regulation
   Negative regulation

9
0
0

51
20
12

58
28
13

43
15
10

56
21
7

47
18
6

   Cell migration
   Positive regulation
   Negative regulation

12
5
0

30
18
0

130
38
54

89
23
11

105
46
47

103
44
10

   Cell apoptosis
   Positive regulation
   Negative regulation 
   Anti-apoptosis

23
12
14
9

64
68
71
30

64
69
66
29

42
53
51
26

129
63
69
35

56
62
67
36

   Cell apoptosis
   Positive regulation
   Negative regulation 
   Anti-apoptosis

31
20
15
7

96
45
54
26

182
92
137
44

156
107
117
58

282
157
75
0

313
163
126
0

   Axon guidance
   Axonogenesis
   Positive regulation
   Negative regulation

0
0
0
0

0
15
9
0

21
32
8
7

16
26
8
8

27
0
0
0

0
0
0
0

   Axon guidance
   Axonogenesis
   Positive regulation
   Negative regulation

0
0
0
0

0
22
8
10

16
53
8
11

5
24
14
15

36
85
22
9

36
65
24
10

   Myelination 0 12 17 14 0 0    Myelination 0 12 20 18 26 21
   Extracellular matrix 0 55 63 47 0 0    Extracellular Matrix 4 38 93 98 110 109
   Signal transduction
   Positive regulation
   Negative regulation

2
0
9

66
67
46

60
65
43

33
42
33

82
53
43

70
50
37

   Signal Transduction
   Positive regulation
   Negative regulation

19
44
30

19
44
30

137
139
41

134
90
62

126
132
46

141
98
66

   Protein kinase activity
   Positive regulation
   Negative regulation

0
0
0

54
34
19

55
36
19

47
31
16

86
40
16

48
36
0

   Protein kinase activity
   Positive regulation
   Negative regulation

40
30
11

40
30
11

89
26
33

105
7
28

122
65
32

128
34
29

Based on the Kyoto Encyclopedia of Genes and Genomes database, Fisher’s exact test and chi-square 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 via screening 
according to P < 0.05 (all differentially expressed genes).
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strated a higher probability than expected by Fisher’s exact 
test and multiple comparison tests. Fisher’s exact test and 
chi-square test were employed to analyze significant path-
ways. All data were expressed as mean ± SD and analyzed by 
one-way analysis of variance and Scheffe’s post-hoc test with 
SPSS 19.0 for Windows software (SPSS, Chicago, IL, USA).  
P < 0.05 was considered statistically significant. 

Results
Gene expression profiling of proximal and distal nervous 
tissue after sciatic nerve injury in rats
DNA microarray analysis revealed that all biological replicates 
represented significant homology in gene expression. To un-
derstand global tendencies of gene expression changes, they 
were classified by fold-change: 2–5, 5–10, 10–50, and >50. In 
the proximal segments, upregulation mostly occurred within 
7 days, before downregulation (P < 0.05). The data suggested 
that nerve transection might stimulate the upregulation of a 
few genes, which initiated the expression of more genes in a 
circular pattern. In the distal segments, expression tendencies 
differed from those in the proximal segments, with expression 
of most genes being low in the early stages (P < 0.05). An 
advantage was achieved in the expression of downregulated 
genes, which may be characteristic of Wallerian degeneration. 
According to gene expression profiling, we drew simple dia-
grams of the expression changes in four selected genes: AQP4, 
IL1RL1, MMP12 and PRX (Figure 1). To our knowledge, there 
have been no reports on the involvement of these four genes 
in the repair of peripheral nerve injury.

Biological process analysis of differential gene expressions 
in proximal and distal nervous tissue of rats after sciatic 
nerve injury
Bioinformatics analysis identified differential expression of 
more than 6,000 genes in proximal and distal nervous tissue 
after sciatic nerve injury, including those involved in neuro-
nal differentiation, development, and regeneration, as well 
as cytokine synthesis. These differentially expressed genes 
are mainly involved in responses to stimuli, cell apoptosis, 
inflammatory response, immune response, signal transduc-
tion, cell migration, cell proliferation, axon guidance and 

axonogenesis, myelination, extracellular matrix, and protein 
kinase activity. Some genes might be involved in more than 
one biological process.

Differential expression of AQP4, IL1RL1, MMP12 and PRX 
genes in proximal and distal nervous tissue after sciatic 
nerve injury
To verify the microarray data, RT-qPCR analysis was per-
formed for four of the differentially expressed genes: AQP4, 
IL1RL1, MMP12 and PRX (Figure 2). Changes observed were 
consistent with the results from the microarray analysis.

Differential expression of AQP4, IL1RL1, MMP12 and PRX 
proteins in proximal and distal nervous tissue after sciatic 
nerve injury
To further confirm the data of microarray and RT-qPCR 
analyses, western blots were performed to analyze the ex-
pression of AQP4, IL1RL1, MMP12 and PRX proteins (Fig-
ure 3). Expression of all four proteins changed with time 
post-injury. Protein expression trends were consistent with 
the results obtained with RT-qPCR and microarray bioinfor-
matics analyses. 

Localization of AQP4, IL1RL1, MMP12 and PRX using 
immunohistochemistry
Finally, immunohistochemistry was used to localize the 
expression of AQP4, IL1RL1, MMP12 and PRX (Figure 4). 
All four proteins showed changes in expression over time 
post-injury that were consistent with the results obtained 
from the microarray, RT-qPCR and western blot analyses.

Discussion
Wallerian degeneration, a process that occurs before nerve 
regeneration, remains a subject of major interest in modern 
neurobiology. A large number of genes are differentially reg-
ulated during the distinct stages of Wallerian degeneration. 
Nerve regeneration is largely a recapitulation of nerve injury 
and repair accompanied by a series of biological reactions 
and cellular interactions (Kawai et al., 2006; Hu et al., 2007; 
Vargas et al., 2010; Benowitz et al., 2011; Tang et al., 2013; 
Yao et al., 2014). Peripheral nerve repair is a result of reacti-
vated regeneration mechanisms in combination with newly 
activated injury-dependent reactions. In the initial stages of 
nerve injury and repair, genetic responses feature a number 
of degeneration and regeneration-specific genes. Therefore, 
understanding the factors that regulate the rapid macro-
phage responses in the peripheral nervous system during 
Wallerian degeneration, and comparing the differences in 
the expression of these molecules in the injured peripheral 
nervous system, may provide insights into the reasons for 
slow Wallerian degeneration (Koenig et al., 2000; Stepanek 
et al., 2005; Hu et al., 2007; Belanger et al., 2011; Wang et al., 
2012).

To verify the microarray data obtained in the present 
study, we analyzed four differentially expressed genes (AQP4, 
IL1RL1, MMP12 and PRX) which have not previously been 
associated with nerve repair after nerve injury. AQP4 be-

Proximal segments

AQP4 MMP12 IL1RL1 PRX

PRXIL1RL1MMP12AQP4

Distal segments

Figure 1 Bioinformatics analysis of expression trends for AQP4, 
IL1RL1, MMP12 and PRX genes in the distal and proximal sciatic 
nerve stumps of rats at various time points after nerve resection.
Based on the Kyoto Encyclopedia of Genes and Genomes database, sig-
nificant pathways were identified using Fisher’s exact test and the chi-
square test (P < 0.05). X axis represents time after injury (days); Y axis 
represents relative gene expression. AQP4: Aquaporin-4; MMP12: ma-
trix metalloproteinase-12; IL1RL1: interleukin 1 receptor-like 1; PRX: 
periaxin. 
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Figure 2 AQP4, IL1RL1, MMP12 and PRX gene expression of distal and proximal sciatic nerve stumps of rats at 0, 4, 7, 14, 21, 28 days (d) after 
sciatic nerve injury (real-time quantitative PCR analysis).
Relative expression values of each mRNA were calculated using the Comparative CT method and normalized against GAPDH mature mRNA at 
each data point. *P < 0.05 vs. day 0. Data are expressed as mean ± SD and analyzed by one-way analysis of variance and Scheffe’s post-hoc test. 
AQP4: Aquaporin-4; MMP12: matrix metalloproteinase-12; IL1RL1: interleukin 1 receptor-like 1; PRX: periaxin.

longs to the aquaporin family of integral membrane pro-
teins that conduct water through cell membranes. AQP4 is 
expressed in astrocytes and is upregulated by direct stimulus 
to the central and peripheral nervous systems. IL1RL1 is a 
member of the Toll-like receptor superfamily. However, un-
like other members of the family, IL1RL1 does not induce 
an inflammatory response through activation of nuclear fac-
tor-κB, although it activates and adjusts  mitogen-activated 
protein kinases. MMP12 is secreted as an inactive protein. 
MMP family proteins are involved in the breakdown of the 
extracellular matrix in normal physiological processes, such 

as reproduction and tissue remodeling, as well as in disease 
processes. PRX is a protein found in humans. The PRX gene 
encodes L- and S-periaxin that codes for proteins involved in 
Schwann cell myelination.

In the present study, we used microarray technology to 
investigate the expression patterns of various genes after pe-
ripheral nerve injury, and identified trends in the changes of 
differentially expressed genes. We also performed gene on-
tology analysis to determine how the distinctively expressed 
genes regulate different biological processes after peripheral 
nerve injury during their regeneration. In multicellular       
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Figure 3 Western blot analysis of total protein lysates from distal and proximal sciatic nerve stumps of rats at 0, 4, 7, 14, 21 and 28 days (d) after 
sciatic nerve injury.
Anti-AQP4, MMP12, IL1RL1 and PRX content (upper) and relative expressions (down). *P < 0.05, vs. day 0 (one-way analysis of variance and Schef-
fe’s post-hoc test). Data are expressed as mean ± SD. AQP4: Aquaporin-4; MMP12: matrix metalloproteinase-12; IL1RL1: interleukin 1 receptor-like 1; 
PRX: periaxin.
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Figure 4 Immunohistochemistry (AQP4 and MMP12) of the distal and proximal sciatic nerve stumps of rats at 4, 7, 14, 21, and 28 days (d) after 
sciatic nerve injury (× 63).
Double-immunostaining for Hoechst 33342 (blue) and AQP4 or MMP12 (green) and their overlay showed that the proteins were localized in the 
nucleus. The results were consistent with real-time PCR and western blot analysis. AQP4: Aquaporin-4; MMP12: matrix metalloproteinase-12.
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Figure 5 Immunohistochemistry (IL1RL1 and PRX) of the distal and proximal sciatic nerve stumps of rats at 4, 7, 14, 21, and 28 days (d) after 
sciatic nerve injury (× 63).
Double-immunostaining for Hoechst 33342 (blue) and IL1RL1 or PRX (green) and their overlay showed that the proteins were localized in the nu-
cleus. The results were consistent with real-time PCR and western blot analysis. IL1RL1: Interleukin 1 receptor-like 1; PRX: periaxin.
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organisms, complex and dynamic networks are composed of 
many genes, and their functions are dependent on their ex-
pression mechanism and microenvironment (Hunter 1991; 
Ronnett et al., 2002; Michel et al., 2010).

In summary, knowledge of the dynamic changes in differ-
entially expressed genes and related biological processes will 
provide a deeper insight into the role of genetic specificity in 
regulation and control. Here, we analyzed the trends in the 
changes of 11 classes of biological processes and presented 
the expression profiles of related but differentially expressed 
genes, comparing the differentiation of proximal segments 
with distal segments in the gene expression profiles. Our 
study sheds light on the undiscovered roles of these differen-
tially expressed genes, especially some key regulatory genes, 
and provides a useful platform for the detailed study of pe-
ripheral nerve injury and regeneration at the molecular level. 
Detailed examination of gene expression profiles will pro-
vide new insight into the molecular mechanisms and signal 
cascades underlying nerve degeneration and regeneration.
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