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Abstract

Wallerian degeneration and nerve regeneration after injury are complex processes involving many genes, proteins and cytokines. After
different peripheral nerve injuries the regeneration rate can differ. Whether this is caused by differential expression of genes and proteins
during Wallerian degeneration remains unclear. The right tibial nerve and the common peroneal nerve of the same rat were exposed and
completely cut through and then sutured in the same horizontal plane. On days 1, 7, 14, and 21 after surgery, 1-2 cm of nerve tissue distal
to the suture site was dissected out from the tibial and common peroneal nerves. The differences in gene and protein expression during
Wallerian degeneration of the injured nerves were then studied by RNA sequencing and proteomic techniques. In the tibial and common
peroneal nerves, there were 1718, 1374, 1187, and 2195 differentially expressed genes, and 477, 447, 619, and 495 differentially expressed
proteins on days 1, 7, 14, and 21 after surgery, respectively. Forty-seven pathways were activated during Wallerian degeneration. Three
genes showing significant differential expression by RNA sequencing (Hoxd4, Lpcat4 and TbxI) were assayed by real-time quantitative
polymerase chain reaction. RNA sequencing and real-time quantitative polymerase chain reaction results were consistent. Our findings
showed that expression of genes and proteins in injured tibial and the common peroneal nerves were significantly different during Walleri-
an degeneration at different time points. This suggests that the biological processes during Wallerian degeneration are different in different
peripheral nerves after injury. The procedure was approved by the Animal Experimental Ethics Committee of the Second Military Medical
University, China (approval No. CZ20160218) on February 18, 2016.
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Introduction

Peripheral nerve injury is commonly encountered in the
clinic. Treatment of peripheral nerve injury is difficult and,
in general, damaged function often cannot be fully recov-
ered, which can cause impairment of sensory and motor
functions (Cattin et al., 2015; Trehan et al., 2016; Burtt et
al., 2017; Panagopoulos et al., 2017). Therefore, the promo-
tion of nerve regeneration and functional recovery has been
intensively investigated (Bozkurk et al., 2008; Sadeghian et
al., 2010). In a preliminary study, we found that different
peripheral nerves have substantially different functional
recovery after injury (Zhang et al., 2016). The tibial nerve re-
covers better than the common peroneal nerve after damage
in the same plane. This phenomenon has been reported pre-
viously (Gousheh et al., 2008; Murovic, 2009; George et al.,
2014). Kim et al. (2003) found that the degree of functional
recovery after ulnar nerve injury was much lower than that
after injury to the median and radial nerves. Roganovic et al.
(2006) compared the repair of 393 different peripheral nerve
injuries. They found a large difference in regeneration poten-
tial depending on the peripheral nerve injured.

Peripheral nerve regeneration is a complex and coordinat-
ed process and there are currently two theories on its mech-
anism: the theory of nerve chemotaxis regeneration and the
contact-oriented theory (Mackinnon et al., 1989). The che-
motaxis theory is generally widely accepted (Shubayev et al.,
2006; Corriden et al., 2012; Yuan et al., 2013). Its basic prem-
ise is that during nerve regeneration the axons of the regen-
erating nerve are directed to grow by the release of chemical
substances from the distal nerve or target tissue (Jung et al.,
2009). A series of cellular and molecular changes (Walleri-
an degeneration) occur at the distal nerve end after nerve
injury, including clearance of axons and myelin sheaths and
proliferation of Schwann cells. Mature Schwann cells are
transformed into an undifferentiated state. These undiffer-
entiated Schwann cells form Biingner bands in the basement
membrane and produce a variety of neuro-chemokines and
trophic factors that guide and promote nerve regeneration
(Guertin et al., 2005; Waetzig et al., 2005; Maness et al., 2007;
Navarro et al., 2007; Parkinson et al., 2008; Kim et al., 2009).
Therefore, the distal nerve plays a crucial role in chemotaxis
regeneration.

Wallerian degeneration and nerve regeneration after
nerve injury involve the mutual regulation of several genes,
proteins and cytokines in a complex network involving
many related molecular mechanisms, such as apoptosis and
regeneration (Raivich et al., 2004; Yoo et al., 2010; Hamby
et al., 2012; Chang et al.,, 2013; Merianda et al.,, 2013; Jiang
et al., 2014), and are not determined by a single or even a
few genes and proteins (Zhou et al., 2012; Christie et al.,
2013; Merianda et al., 2013; Chan et al., 2014). Yao et al.
(2013) found that during Wallerian degeneration and re-
generation after sciatic nerve injury in rats, there were 6076
differentially expressed genes with 23 expression trends,
and 93 differentially expressed proteins. They also identified
108 signaling pathways that participated in formation of
the Wallerian degeneration signal conditioning network.

2184

Bosse et al. (2012) found that nerve regeneration capacity
gradually declines with age, which is mainly because of de-
creased secretion of endogenous neurotrophic factors after
nerve injury. Differences in chemical substances released
by distal nerves or target tissues during Wallerian degener-
ation and regeneration, and in chemokines and nutritional
factors affecting the precise growth of axons after different
peripheral nerve injuries, ultimately result in differences in
functional recovery. However, these differences have not
been characterized. In recent years, the development of gene
and protein chip technology has provided effective tools to
systematically and macroscopically study the expression
and function of genes and proteins (Kogenaru et al., 2012;
Cheng et al., 2017; Pan et al,, 2017). This technology gen-
erates large amounts of information enabling the study of
gene expression and functional changes in whole organisms
(Li et al., 2013).

There are several classes of up- or down-regulated genes
during Wallerian degeneration and regeneration after sci-
atic nerve injury in rats (Allodi et al., 2012; Yao et al.,, 2013;
Gordon et al.,, 2014). However, differences in the biological
changes that occur during Wallerian degeneration after in-
jury to different peripheral nerves have not been studied.
In this study, the same injury to tibial and common pero-
neal nerves was established in rats. High-throughput RNA
sequencing and proteomic techniques were used to study
the Wallerian degeneration of the distal nerves. Differential
gene and protein expression analysis, functional analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
signal pathway analysis were also performed. The molecular
mechanism of Wallerian degeneration and nerve regenera-
tion after peripheral nerve injury was examined by observ-
ing whether there was a difference in gene expression and
protein function during Wallerian degeneration after tibial
nerve and common peroneal nerve injury.

Materials and Methods

Animal preparation and surgical procedures

Sixteen male Sprague-Dawley rats aged 8 weeks and weigh-
ing 200 + 20 g were provided by the Shanghai JieSiJie Ex-
perimental Animal Co., Ltd., Shanghai, China (license No.
SCXK (Hu) 2013-0006). The rats were maintained in cages
at 22°C with 14 hours of light and 10 hours of darkness per
day. The experimental procedures were approved by the
Animal Ethics Committee of the Second Military Medical
University, China (approval No. CZ20160218) on February
18, 2016.

The rats were equally and randomly divided into four
groups according to survival time (1, 7, 14, and 21 days).
Identical tibial and common peroneal nerve injury was sur-
gically induced in each rat. The experimental rats were anes-
thetized by intraperitoneal injection with 2.5% pentobarbital
sodium (30 mg/kg), and fixed in the prone position. A 2 cm
incision was made in a posterior medial position to expose
the tibial nerve and the common peroneal nerve, and the
two were simultaneously cut 1 cm below the piriformis with
microsurgical scissors. Accurate end-to-end suturing was
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immediately performed with 11-0 nylon. Rats were anesthe-
tized again on days 1, 7, 14, and 21 after surgery, and the dis-
tal nerve stumps of the tibial and common peroneal nerves
(approximately 1 cm in length) were obtained. Samples were
collected into liquid nitrogen, and stored at —80°C until use.

If a rat has no autonomic activity after recovery, the knee,
ankle and toe joints are difficult to bend or they bend and
are limp. In these cases, the model can be considered to have
been successfully established.

RNA sequencing

Total RNA was isolated from the distal nerve stumps using
TRIzol reagent (Invitrogen, Grand Island, NY, USA) accord-
ing to manufacturer’s instructions at 1, 7, 14, and 21 days af-
ter surgery. Synthesis of double-stranded cDNA, purification
of double-stranded cDNA, and construction of a two-termi-
nal sequencing library were performed according to the Illu-
mina operating manual (Illumina, San Diego, CA, USA). The
constructed library was analyzed using the Agilent 2100 Bio
analyzer and the ABI Step One Plus Real-time PCR System
(Applied Biosystems, Waltham, MA, USA), and sequenced
on an Illumina HiSeq™ 2000 sequencer to obtain raw reads.
Unigene transcripts were obtained after processing the reads
using the SOAP denovo program.

Real-time quantitative polymerase chain reaction

Nerve tissue samples were placed in RNA Stabilization Re-
agent (Qiagen, Valencia, CA, USA). The total RNA fraction
was extracted using an RNeasy Mini Kit (Qiagen) accord-
ing to the manufacturer’s protocol. Reverse transcription
using a reverse transcription kit (PrimeScript™ RT reagent
Kit, TaKaRa, Shiga, Japan), and the resulting cDNA was
subjected to real-time fluorescent quantitative PCR am-
plification. The relative expression values of each mRNA
were calculated using comparative CT analysis and were
normalized using glyceraldehyde phosphate dehydrogenase
(Gapdh) mRNA for each data point. All reactions were run
in triplicate. The primers used in RT-PCR assays are shown
in Table 1.

Table 1 Primer sequences of Hoxd4, Lpcat4, and Tbx1 genes

Gene  Sequences (5'-3") Product size (bp)

GAPDH Sense: AGA ACG CCG CAT CTTCTT 281
GT

Anti-sense: CTT GCC GTG GGT
AGAGTC AT

Sense: CAG CAA GTC CTA GAACTG 168
GAA AAG

Anti-sense: CTT GGT GTT GGG CAG
TTT GT

Sense: GCC CTG GCG TACTCA AAGT 142

Anti-sense: ATG ACT CGC TGG ACG
TTGTT

Sense: GGA AAT GAA GGC GCT ATG G 93

Anti-sense: ACT TGG AAG GTG GGG
AACA

Hoxd4

Lpcat4

Tbx1

Proteomics

Distal nerve stump samples were homogenized in radioim-
munoprecipitation assay buffer (RIPA), quantified using a
bicinchoninic acid protein quantification kit (Pierce™ BCA
protein Assay kit, Thermo Fisher Scientific, Waltham, MA,
USA), and subjected to proteolysis by NH,HCO, (Sigma
A6141), iodoacetamide (Sigma), dithiothreitol (PlusOne),
and trypsin. The peptides were separated and loaded into a
mass spectrometer (Thermo Scientific Q Exactive, Shang-
hai, China) for analysis. The parameters were as follows:
Primary mass spectrometry parameters: Resolution: 70,000,
AGCtarget: 3e6, MaximumlIT: 40 ms, Scanrange: 350-1800
m/z; Secondary mass spectrometry parameters: Resolution:
17,500, AGCtarget: le5, MaximumIT: 60 ms, TopN: 20,
NCE/steppedNCE: 27.

Bioinformatic analysis

Randomized variation models were used to analyze differ-
entially expressed genes and proteins, and significant trend
models were clustered to obtain differentially expressed
genes and proteins. We performed GO enrichment analysis
on differentially expressed genes (DESeq software; Ander et
al., 2010) and proteins (OmicsBean software; http://www.
omicsbean.cn; Ashburner et al., 2000; Conesa et al., 2005)
and described their functions. In addition, the KEGG Da-
tabase was used to determine the significant pathways of
differentially expressed genes and proteins (Kanehisa et al.,
2004; Xie et al., 2011). The default screening discrepancies
were P < 0.05 and difference multiples were > 2.

Statistical analysis

Data are expressed as the mean + SD. SPSS 17.0 statistical
software (SPSS, Chicago, IL, USA) was used to analyze data.
Paired t-tests or repeated measures analysis of variance were
used for comparisons across different time points in each
group. The variance between tibial nerve and common pe-
roneal nerve data was compared using one-way analysis of
variance followed by Dunnett’s post hoc test, with a test level
of a = 0.05.

Results

Differential gene expression

Two criteria were adopted to compare and analyze whether
the same gene in two samples was differentially expressed.
One was FoldChange, which is the fold change in expres-
sion level of the same gene in two samples. The other was
P-value or FDR (adjusted P-value). The FDR value was cal-
culated by calculating the P-value for each gene. The FDR
error control method was used to perform multi-hypoth-
esis test correction on the P-value. The default screening
difference was P < 0.05 and the difference multiple was >
2. On days 1, 7, 14, and 21 after surgery, there were 1718,
1374, 1187, and 2195 genes, respectively, with significantly
different expression levels between the tibial and common
peroneal nerves (Table 2).
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Table 2 Differential gene expression in the tibial and common
peroneal nerves

Time post-surgery (day) Up_diff Down_diff ~ Total_diff
922 796 1718

7 670 704 1374

14 532 655 1187

21 493 1702 2195

Up_diff: Significant difference in up-regulated gene quantity; Down_
diff: significant difference in down-regulated gene quantity; Total_diff:
significant difference in total number of genes.

Functional analysis of differentially expressed genes

GO enrichment analysis of differentially expressed genes
GO enrichment analysis according to three GO categories,
biological process, molecular functions, and cellular compo-
nent, was performed on the differentially expressed genes.
Functions were described and statistical classification was
performed.

The GO enrichment analysis results showed that in the
early stage of Wallerian degeneration, the differentially
expressed genes were mainly concentrated in biological
processes, such as apoptosis, release of inflammatory media-
tors, and cellular inflammatory response. At the late stage of
Wallerian degeneration, differentially expressed genes were
enriched in cytokine release, reconstruction of muscle and
blood vessels, and neurotransmitter release (Figures 1-3).

KEGG enrichment analysis of differentially expressed genes
KEGG enrichment analysis indicated that 47 signaling path-
ways were activated after tibial nerve and common peroneal
nerve injury. In the early stage of Wallerian degeneration,
the main pathways activated included the peroxisome pro-
liferator-activated receptor (PPAR) signaling pathway, the
PI3K-Akt signaling pathway, the chemokine signaling path-
way, and cytokine-cytokine receptor interaction. In the late
stage of Wallerian degeneration, the main pathways activated
involved cell adhesion molecules, calcium ion transport, the
ErbB signaling pathway, the tumor necrosis factor signaling
pathway, the 5'-adenosine monophosphate-activated protein
kinase (AMPK) signaling pathway, the mitogen-activated
protein kinase (MAPK) signaling pathway, the PPAR signal-
ing pathway, and the Wnt signaling pathway (Figures 4-7).

Differentially expressed proteins

FoldChange and FDR were adopted to compare and analyze
whether the same protein in two samples was differentially
expressed. The default screening difference was P < 0.05 and
the difference fold was > 2.

At 1,7, 14, and 21 days after surgery, the numbers of pro-
teins showing significant differences in expression between
the tibial and common peroneal nerves were 477, 447, 619,
and 495, respectively (Table 3).

Functional analysis of differentially expressed proteins
GO enrichment analysis of differentially expressed proteins
Biological process: In this analysis, 8893 biological processes
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Figure 1 Statistics of differentially expressed gene counts in
biological processes from RNA sequencing data.

On days 1 and 7 after tibial nerve and common peroneal nerve injury,
the differentially expressed genes in biological processes were mainly
concentrated in inflammatory and immune responses. On days 14 and
21 after surgery, the differentially expressed genes were concentrated in
vascular production and muscle fiber development. d: Day(s); w: weeks.

Figure 2 Statistics of differentially expressed gene counts in cellular
components from RNA sequencing data.

During tibial nerve and common peroneal nerve injury, the cellular
components involved were mainly located in the extracellular space,
such as on the external side of the plasma membrane and in the pro-
teinaceous and extracellular matrix. d: Day(s); w: weeks.

Figure 3 Statistics of differentially expressed gene counts in
molecular function from RNA sequencing data.

During tibial nerve and common peroneal nerve injury, the molecu-
lar functions of differentially expressed genes mainly involved CCR
chemokine receptor binding, CXCR, and chemokine activity. d: Day(s);
w: weeks.
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Figure 4 KEGG enrichment analysis of the 20 most highly
differentially expressed genes between tibial and common peroneal
nerves 1 day after surgery.

The signaling pathways involved include the PPAR, PI3K-Akt, and
Rap1 signaling pathways. The X-axis is the enrichment score. The larger
the bubble, the larger the number of differentially expressed genes. The
color of the bubble changes in the order red-blue-green-yellow, with
increasing P-value enrichment. KEGG: Kyoto encyclopedia of genes
and genomes; PPAR: peroxisome proliferator-activated receptor; PI3K:
phosphoinositide 3-kinase.

Figure 5 KEGG enrichment analysis of the 20 most highly
differentially expressed genes between tibial and common peroneal
nerves 7 days after surgery.

The signaling pathways involved include the Chemokine, B cell recep-
tor, Toll-like receptor, and nuclear factor-kappa B signaling pathways.
The X-axis is the enrichment score. The larger the bubble, the larger
the number of differentially expressed genes. The color of the bubble
changes in the order red-blue-green-yellow, with increasing in P-value
enrichment. KEGG: Kyoto encyclopedia of genes and genomes.

Figure 6 KEGG enrichment analysis of the 20 most highly
differentially expressed genes between tibial and common peroneal
nerves 14 days after surgery.

The signaling pathways involved include the PPAR, chemokine, and
tumor necrosis factor pathways. The X-axis is the enrichment score.
The larger the bubble, the larger the number of differentially expressed
genes. The color of the bubble changes in the order red-blue-green-yel-
low, with increasing P-value enrichment. KEGG: Kyoto encyclopedia of
genes and genomes; PPAR: peroxisome proliferator-activated receptor.

Figure 7 KEGG enrichment analysis of the 20 most highly
differentially expressed genes between tibial and common peroneal
nerves 21 days after surgery.

The signaling pathways involved include the PPAR, calcium, and ¢G-
MP-PKG pathways. The X-axis is the enrichment score. The larger the
bubble, the larger the number of differentially expressed genes. The
color of the bubble changes in the order red-blue-green-yellow, with in-
creasing P-value enrichment. KEGG: Kyoto encyclopedia of genes and
genomes; PPAR: peroxisome proliferator-activated receptor; cGMP:
cyclic guanosine monophosphate; PKG: protein kinase G.
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Table 3 Statistics of proteins that were differentially expressed in the
tibial and common peroneal nerves (FC > 2 or < 0.5)

Time post-surgery (days) Up_diff Down_diff  Total_diff
310 167 477

7 177 220 447

14 254 365 619

21 261 234 495

Up_difE: Significant difference in up-regulated protein quantity; Down_
dift: significant difference in down-regulated protein quantity; Total
diff: significant difference total number of proteins; FC: Fold Change.

were co-enriched, of which 2480 were statistically significant
(P < 0.05; Figure 8).

Cellular component: In this analysis, 1152 cellular com-
ponents were co-enriched, of which 489 were statistically
significant (P < 0.05; Figure 9).

Molecular function: In this analysis, 2111 molecular func-
tions were co-enriched, of which 557 were statistically signif-
icant (P < 0.05; Figure 10).

KEGG enrichment analysis of differentially expressed
proteins

As shown in Figure 11, the enriched KEGG pathways main-
ly included proximal tubule bicarbonate reclamation, ribo-
somes, gap junctions, and metabolic pathways.

Real-time quantitative PCR assay

To validate our data, three genes with significant differences
in expression at various time points between the tibial and
common peroneal nerves were selected for PCR validation:
Tbx1, Hoxd4, and Lpcat4. Tbx1 is a member of the T-box
transcription factor family and plays an important role in
vertebrate embryonic development (Papaioannou et al.,
1998). Hoxd4 is closely related to embryonic development
and plays an important role in the development of the ner-
vous system. Lpcat4 has lysophospholipid acyltransferase
activity and is involved in phospholipid metabolism. The
RT-PCR results showed significant differences in the expres-
sion of these genes between the tibial and common peroneal
nerves at various time points except on the first day after
surgery. The changes observed were mostly consistent with
the RNA sequencing results (Figure 12).

Discussion

Although the molecular mechanisms of Wallerian degener-
ation have been extensively studied, the exact mechanism
of degeneration and regeneration of distal nerves after inju-
ry remains unclear (Loreto et al., 2015; Vargas et al., 2015;
Chang et al,, 2016). The recovery of function after peripheral
nerve injury depends on whether the broken end achieves
a bridging repair, the distance between the injured nerve
and the target organ, the speed of nerve regeneration, and
whether the regenerated axonal can accurately grow into the
original target organ (Skouras et al., 2011). Highly developed
microsurgery enables the bridging of nerve ends (Jiang et al.,
2006; Ray et al., 2010; Faroni et al., 2015). We designed the
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injury of the tibial nerve and the common peroneal nerve to
be in the same plane, and there was no obvious difference in
the distance to the corresponding target muscle, so regener-
ation distance was not the decisive factor. Kang et al. (2013)
confirmed that the nerve regeneration rate of aged rats is re-
markably slower than that of young rats. However, there was
no difference in regeneration rate after injury between nerves.
Our early studies found that recovery of the tibial nerve was
markedly better than that of the common peroneal nerve
after injury. Therefore, we inflicted injury on the two nerves
in the same horizontal plane on the same thigh of the same
mouse. We used RNA sequencing and proteomics to explore
whether there were differences in gene and protein expres-
sion in Wallerian degeneration between the two nerves.

Our study showed that the biological processes occurring
after injury to the tibial and common peroneal nerves are
not the same, indicating differences in the Wallerian degen-
eration processes between the two nerves. We tested both
nerves and identified differentially expressed genes. In the
early stages of Wallerian degeneration, the differentially ex-
pressed genes were mainly involved apoptosis, release of in-
flammatory mediators, and cellular inflammatory response.
In the late stage of Wallerian degeneration, the differentially
expressed genes were mainly involved in cytokine release,
muscle and vascular remodeling, and neurotransmission.
KEGG enrichment analysis showed that 47 different signal-
ing pathways were activated during Wallerian degeneration
after injury of the tibial and common peroneal nerves. These
were mainly PPAR, PI3K-Akt, and chemokine signaling
pathways, and cytokine-cytokine receptor interaction in
early Wallerian degeneration. In the late stage, the signaling
pathways were mainly ErbB, tumor necrosis factor, AMPK,
MAPK, PPAR, and Wnt.

To determine whether there was any difference between
tibial and common peroneal nerves after injury we per-
formed a proteomics assay. We identified a significant dif-
ference in protein synthesis between the tibial and common
peroneal nerves after injury. The differentially expressed
proteins were mainly involved in processes such as organo-
nitrogen compound metabolism, macromolecular complex
assembly, cellular component organization, intracellu-
lar transport, localization, catalytic activity, ion binding,
blinding, cation binding, and metal ion binding.

Finally, we screened for genes expressed in both nerves at
various time points, and we selected three genes with sig-
nificant differential expression for QRT-PCR confirmation.
The RT-PCR results showed significant differences in the
expression of these genes between the tibial and common
peroneal nerves except on the first day after surgery. These
results were consistent with the results of RNA sequencing.
Differential expression of these genes indicated differences
in the Wallerian degeneration between the tibial nerve and
common peroneal nerve, which indicates differences in neu-
ral regeneration.

In summary, Wallerian degeneration differs depending
on the peripheral nerve injured. Our study adds data to the
Wallerian degeneration theory, and provides a basis for fur-
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ther exploration of the molecular mechanisms underlying
differences in regeneration potential among different periph-
eral nerves.
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Figure 8 Statistics of differentially expressed proteins in biological processes.
The expressed proteins were mainly involved in biological processes such as the single-organism metabolic process, organonitrogen compound
metabolism, macromolecular complex assembly, cellular component organization, intracellular transport, and localization.

Figure 9 Statistics of differentially expressed proteins in cellular components.
The expressed proteins were mainly involved in cellular components, such as extracellular organelles, cytoplasm, extracellular region part, macro-
molecular complex, and cytosol.

Figure 10 Statistics of differentially expressed proteins in molecular functions.
The expressed proteins were mainly involved in molecular functions, such as protein binding, catalytic activity, RNA binding, poly(A) RNA bind-
ing, and enzyme binding.
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Figure 12 Real-time quantitative polymerase chain reaction analysis
of differential gene expression in the distal tibial nerve and common
peroneal nerve stumps of rats at 1, 7, 14, 21 days post-surgery.

The relative expression of each mRNA was calculated using the com-
parative Ct method and normalized using Gapdh for each data point.
*P < 0.05, #kkkP < 0.0001, vs. tibial nerve (n = 16; mean + SD, one-way
analysis of variance followed by Dunnett’s post hoc test). d: Day(s).

Figure 11 KEGG classification of
protein expression.

The KEGG pathways mainly included
proximal tubule bicarbonate reclama-
tion, ribosomes, gap junctions, and
metabolic pathways. KEGG: Kyoto
encyclopedia of genes and genomes.
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