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Chapter 3: 
Gene expression in peripheral nerves and DRG after crush injury 
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Abstract 

Background: Crush injury of peripheral nerves induces a series of events, involving nerve 
degeneration and initiation of nerve regeneration. Our previous studies showed that the 
complement system plays an important role in rapid degeneration. Inhibition of the formation of 
the membrane attack complex, delays degeneration, reduces macrophage influx and activation, 
but speeds up regeneration (Ramaglia et al., 2007; Ramaglia et al., 2008; Ramaglia et al., 2009).  

Method: we compared changes in gene expression of dorsal root ganglions and sciatic nerves 
following crush injury of the sciatic nerve in wild type and complement deficient rats.  

Hypothesis: complement C6 deficiency results in an altered response to nerve damage. 

Results: many genes, including c-jun and c-fos were regulated after crush injury. We focused on 
pathways associated with inflammatory responses, since they might be at the basis of the 
difference in clearance. Gene expression analysis of DRGs and crush injured nerves of wild type 
animals show a rapid recruitment and activation of monocytes/macrophage and secondary 
response involving pro-inflammatory Th1 cells with only mild activation of an anti-inflammatory 
Th2 cell response. The complement C6 deficient animals also show markers associated with 
macrophage recruitment in, however genes associated with the activation of macrophages were 
downregulated in these animals. The expression of cytokines indicated a predominant pro-
inflammatory M1 response in WT animals whereas the C6-/- animals predominantly show 
markers of a M2, anti-inflammatory, macrophage response. The secondary response involving T 
helper cells is more important in the complement deficient animals. C6 deficient animals express 
markers for pro-inflammatory Th17 and Th1 cells and markers for cells that can regulate these 
cells; anti-inflammatory T-regulatory (Treg) and Th2 cells.  

Discussion: the comparison of gene expression profiles of wild type and C6 deficient animals 
suggest a difference in myelin clearance strategy. The complement C6 deficient animals mount 
an anti-inflammatory response and have a higher expression of genes associated with neurite 
outgrowth and neuronal regeneration, which might be involved with the improved regeneration 
in C6 deficient animals.   
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Introduction 

After injury peripheral nerves undergo a process called Wallerian degeneration (WD) 
(Waller, 1850). During this process the damaged nerve section and the nerve distal of the injury 
site completely degenerates and debris is cleared (Friede and Bruck, 1993; Stoll et al., 1989a; 
Stoll et al., 1989b). It is believed that clearance of debris is required for the regeneration process 
(Caroni and Schwab, 1988). Unlike the fibers in the central nervous system (CNS), nerves in the 
peripheral nervous system (PNS) regenerate and regain functionality after injury. One reason 
could be the fact that the neurites the CNS have to form complex networks, which makes it 
difficult for them to make the appropriate connections, whereas the PNS contains long single 
lined axons, which start at specific point, making it much easier to regain full functionality. The 
regeneration of peripheral nerves is characterized by the sprouting of neurites from the axon 
endings created by the damage. The neurites regrow along aligned Schwann cells (Chen et al., 
2005; Chen and Strickland, 2003), which in the end engage in a one to one relationship with an 
axon and start the remyelination process (Aebischer et al., 1990; Geuna et al., 2003; Guenard et 
al., 1992). The regeneration process is often slow and incomplete. Many strategies have been 
used to improve this process, with variable results (Haastert-Talini et al., 2011; Kadoya et al., 
2005; Passage et al., 2004). Our group showed that activation of the complement system has an 
effect on both WD (Ramaglia et al., 2007; Ramaglia et al., 2008) and the regeneration process 
(Ramaglia et al., 2009). The complement system is part of the innate immune system and 
consists of both soluble and membrane bound proteases, it is self-activating and -regulating. It 
has three major functions, to opsonize the target, to attract and activate phagocytes and to 
weaken the target by the formation of the membrane attack complex. It is activated during 
acute phase. Most of the proteins are normally present in low levels and become massively 
upregulated, when the complement system is activated via one of the pathways. Examples of 
acute phase complement components are C3 and factor B. Some of the complement proteins 
are derived from the liver, but some proteins are produced locally e.g. by neuronal cells.  

Complement plays a dual role in the nervous system; on one end it is necessary for 
proper development, in which it eliminates excess formed synapses. Furthermore, it is known to 
be neuroprotective during early phases of neurodegenerative diseases, shown in various animal 
models e.g. Alzheimer’s disease (Alexander et al., 2008; Fonseca et al., 2004a; Fonseca et al., 
2004b). Complement activation during late phases of these diseases is associated with poor 
outcome and increased neuronal degeneration.  

Previous studies by our lab showed that in an injury model of sciatic nerve crush the 
degeneration and regeneration processes are affected by the complement system. Complement 
deficiency, i.e. the inability to form MAC, delayed WD, decreased macrophage influx and 
activation, and improved regeneration. Restoring normal complement function diminished these 
effects (Ramaglia et al., 2009).   

Why the nerves regenerate faster in complement C6 deficient animals is unclear. There 
is a difference in clearance. How C6 deficiency results in the faster nerve regeneration in 
complement deficient animals is unknown. In order to obtain more insight in the process 
involved, we compared gene expression in uninjured and crush-injured sciatic nerves of both 
complement sufficient (WT) animals and complement deficient (C6-/-) animals. We studied both 
the DRGs where the tissue consists mainly of the cell bodies of the neurons that extend in the 
peripheral nerves and the crush site of the peripheral nerves, where Schwann cells, fibroblasts, 
endothelial cells and blood-derived cells are present. Tissue of uninjured nerves and their DRGs 
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were compared to injured nerves and their DRGs at 72 hours post injury (h PI) to show 
differences in the response to crush. Pathway analysis was used to identify pathways that show 
differential changes in gene expression after injury in WT and C6-/- animals to gain insight in the 
response to injury,  

Analysis showed many differences in gene expression. In this paper we focus on 
changes in gene expression patterns in pathways related to the inflammatory response, like the 
complement system, chemokine signaling, cell infiltration and inflammatory cellular responses. 
Expression changes were validated with qPCR. For selected genes the microarray data was 
confirmed by in situ hybridization and immunohistochemistry on the respective proteins. Our 
data suggest a difference in myelin clearance strategy between C6 deficient and WT animals. WT 
animals rapidly recruit macrophages, secondly, a Th1 cell response is triggered, resulting in pro-
inflammatory, M1, macrophage response.  In contrast to WT animals, the complement deficient 
animals mount an anti-inflammatory response and have a higher expression of genes associated 
with neurite outgrowth and neuronal regeneration. C6-/- animals trigger a secondary clearance 
response via the differentiation of T helper cells into Th17 and regulation of these cells by a Th2 
and T regulatory response. The anti-inflammatory properties of Th2 cells induce an anti-
inflammatory, M2, phenotype in macrophages. We propose that this difference in clearance 
strategy is the basis of the difference in regeneration onset. The generation of T helper cells 
triggers a “cleaner” response to the damage and therefore might provide a better environment 
for regeneration. 

Materials and methods 

Animals 

For these experiments WT PVG (HSD/ola Harlan, UK) and C6 deficient PVG (Animal 
Research Institute Amsterdam, AMC, the Netherlands) were used. C6 deficient animals are 
natural mutants, with a loss of function deletion in C6. Animals were kept in individually 
ventilated cages in groups, after surgery animals were separated and kept individually until the 
end of the experiment. Animals were weighed and checked regularly.  All animal experiments 
were approved by the local ethical committee conform national guidelines and legislation. 

Surgery and nerve crush 

Animals were anesthetized using 2.5% Vol isoflurane, 1L/min O2 and temgesic 0.1 
mg/kg, an incision was made at the height of sciatic notch, gluteal muscle was split and the 
sciatic nerve exposed. The sciatic nerve was crushed with a forceps for 3 times 10 seconds. 
Muscles were massaged back into place and the wound closed with surgical clips. Animals 
received 0.1 mg/kg temgesic for three days after surgery and after, when necessary. Control 
nerves were exposed not crushed.   

Tissue processing 

Animals were terminated under deep isoflurane anesthesia by exsanguination at 3 days 
post injury (d PI). The crushed and control nerves were harvested and frozen in liquid nitrogen. 
The DRGs, L4 and L5, were removed and frozen separately. Two animals per group were used for 
immunohistochemistry. Nerves and DRGs were harvested and post-fixed in 4% buffered 
paraformaldehyde solution. Tissue was further processed for paraffin embedding.  
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RNA extraction and purification 

Peripheral nerve tissue samples were transferred to trizol reagent and dissolved using a 
bead-beater on dry ice. DRG tissue samples were dissolved in trizol reagent and processed 
directly. RNA was isolated with a QiaCube (Qiagen, Venlo, the Netherlands; RNA extraction 
program with DNAse treatment) RNA concentration was measured on the NanoDrop and quality 
was determined using a Bioanalyzer-nano chip. Only samples with a RNA integrity number (RIN) 
value of more than 7 were used for further analysis. The yield of RNA of peripheral nerves was 
low samples of at least 3 animals were pooled. RNA was frozen at -80°C until further use. 

Microarray 

Aligent G4131F 4 x 44K Whole Rat GenomeMicroarrays Agilent LILAK arrays (Agilent, 
Santa Clara, CA, USA) were used. Hybridizations were done by ServiceXS (Leiden, the 
Netherlands). Experiments were performed in triplo. Results were analyzed using Rosetta 
Resolver 7.2.2.0 (Leiden, the Netherlands). Comparisons made in Rosetta, DRGs WT control vs 
WT 3d PI, C6-/-control vs C6-/- 3d PI. Similar comparisons were made for the peripheral nerves. 
For each comparison only those genes with a difference in expression with significance of P < 
0.05 (corrected for multiple testing) were used for further analysis. For selected genes the 
expression levels were also analyzed at 2 days PI. 

Gene profiling 

Data were analyzed with IPA software suite (Ingenuity® Systems, 
www.ingenuity.com).This program allows mapping of gene expression changes on affected 
pathways. IPA was also used to determine upstream regulators and predict gene interactions. 
Visualization of differentially expressed genes in pathways was also done in IPA.   

Quantative PCR (qPCR) 

A selection of genes was used to confirm gene expression values found on the 
microarray. The genes C3, CD68, prostaglandin serine D2 synthetase (PTGDS), MBP and PMP22 
were analyzed.  These genes were chosen because of their different expression patterns, up - 
and downregulation on the microarray, confirming the entire spectrum of outcomes. For this 
analysis pooled RNA samples were used. cDNA was generated from the pooled RNA samples; to 
0.25-1 µg RNA, 1 µ OligodT12-VN [125pmal/µl] and distilled water to a final volume of 10µl was 
added. These samples were incubated at 72°C for 10 minutes. After the incubation to each 
sample, 6.25 µl distilled water, 1.25µl dNTPs [10mM, each], 2µl MgCl2 [25mM], 5µl first strand 
buffer, 0.5µl SuperScriptII enzyme (Invitrogen) were added. Mixture was incubated for 60 
minutes at 42°C and 15 min at 70°C. Samples were diluted 1:1 in Lo TE buffer. qPCR was 
performed in 380 wells plates, using), with Universal Probes (Roche Diagnostics, Almere, the 
Netherlands). Probe mix was prepared containing per reaction: 0.05µl probe [10µM], 0.01µl 
forward primer [20µM], 0.01µl reverse primer [20µM] and 0.25µl H2O. Per reaction 1µl of cDNA 
was added after which plate was dried in a Speedvac (Savant). For qPRC, to each well 2µl H2O, 
0.5 µl probe mix, 2.5 µl Lichtcycler 480 Probes Master was added. Plates were sealed and put in 
the LightCycler480 RealTime PCR system (Roche Diagnostics). Data was processed using the light 
cycler software (Roche Diagnostics). For the list of used forward and reverse primers see table 1. 
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Gene Accession no. Fw primer Rv primer Probe 

C3 NM_016994 accctgattggagctaatgg tcacatccacccacactgag 10 

CD68 NM_001031638 acggacagcttacctttgga aatgtccactgtgctgcttg 21 

PTGDS NM_013015 attgttttcctgccccaac gacagagcacgggagtcct 9 

MBP NM_017026 atcccaaggaaaggggaga cttgccatgggagatcca 69 

PMP22 NM_017037 ggagctccaccagagaacat ctcacagcagaccagactcg 20 

Table 2: list of forward (Fw) and reverse (Rv) primers used for qPCR analysis. Probe is the Universal Probe Master used 
to visualize transcription in qPCR.  

Immunohistochemistry 

Tissue was embedded in paraffin. Injured nerves were longitudinally embedded as 
whole, with the DRG still connected to the nerve. The uninjured nerves were embedded 
longitudinally and the DRGs separately. 6µm sections were cut and used for 
immunohistochemistry. Immunohistochemistry was done using either a three-step peroxidase 
detection or a two-step alkaline phosphatase detection with respectively hematoxylin or nuclear 
fast red detection of the nuclei.  

Target Antibody (clone) dilution development 

Complement factor H sh pAb 1:100 AP  

IBA1 m mAb 1:100 AP* 

Ccl5/RANTES r pAb 1:500 AP 

MCP1 g pAb 1:200 HRP 

CD4 m mAb 1:100 HRP 

MMP9 r pAb 1:400 HRP** 

Sections were deparaffinized with xylene and rehydrated in a declining ethanol range 
(100%-96%-70%). In case of Horse-radish-peroxidase (HRP) detection, endogenous peroxidase 
activity was blocked using a 3% solution of H2O2 in methanol. Heat antigen retrieval was done in 
10mM sodium citrate buffer pH 6.0, for 10 min. Aspecific binding of the antibodies was blocked 
by incubation with 10% bovine serum albumin (Merck) or 10% normal goat serum (DAKO, DK) 
solution, for 30 min. Antibodies were diluted in normal antibody diluent and applied for 90 min. 
at room temperature. List of used antibodies and their dilutions is shown in table 2. Detection of 
the antibodies was done using PowerVision (Immunologic, Duiven, the Netherlands). 
PowerVision 1 solution (1:1 in PBS) was applied to monoclonal antibodies only for 20 min. All 
sections were incubated with PowerVision 2 solution (1:1 in PBS), either with peroxidase (HRP, 
all antibodies but rabbit) or alkaline phosphatase (AP, rabbit antibodies). Visualization was done 
using nova red (Vectorlabs, Burlington CA) or Vectablue (Vectorlabs, Burlington, CA, USA). 

Table 2: Primary antibodies for 
immunohistochemistry. Target: 
protein recognized by antibody; 
antibody: origin mouse (m), 
rabbit (r), sheep (sh) goat (g). 
monoclonal (mAb) or polyclonal 
(pAb), clone. Dilution used for 
paraffin tissue. Detection: 
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In situ hybridization 

In-situ hybridization was performed using 5' Fluorescein-labelled 19-mer antisense 
oligonucleotides containing LNA and 2'OME RNA moieties (C3: FAM- TcaTccGacAgcTcuAucG; CfH: 
FAM- TauCuuTcaTucTccTugT capitals indicate LNA and lower case are 2'OME RNA) (RiboTask ApS, 
Odense, Denmark). In situ hybridization was performed according to the method earlier 
described by Budde et al. (Budde et al., 2008); using 6µm thick paraffin sections of crush injured 
DRGs and nerves. In short: sections were deparaffinated and treated with proteinase K (20 
mg/ml) (Roche Diagnostics, Indianapolis, US) for 5 minutes and post fixed in 4% buffered 
formaldehyde solution. Hybridizations were performed at 65°C for C3 and CfH for 90 minutes in 
hybridization mix ((50% vol/vol) deionized formamide, 600mM NaCl, 10mM HEPES buffer, pH 7.5, 
1mM EDTA, 5 Denhardt’s reagent, and 200mg/ml denatured herring sperm DNA (D6898, Sigma).  
Final probe concentration was 1mM. Following hybridization, sections were washed 
consecutively in 2x, 0.5x and 0.2x SSC buffer for 5 minutes at hybridization temperature. Probe 
was detected using a polyclonal rabbit anti Fluorescein/Oregon Green (AbD Serotec, Oxford, UK). 
Followed by detection with PowerVision. HRP was used to detect C3 and AP to detect CfH. 

Microscopy 

Light microscopical analysis of the sections and photography was done with an Olympus 
BX 41 microscope. Images were captured by a digital camera U-CAMD3 and Cell D software 
(Olympus, Shinjuku, Japan).   

Results 

To determine alterations in gene expression after nerve crush we analyzed DRGs and 
the crush site. The DRGs were used to obtain data from the cell body of the sensory neurons 
that extend their axons in the peripheral nerve and we compared DRGs at position L 4-5 of 
uninjured (control) with the DRGs of crush injured nerves at 3 d PI.   

The sciatic nerves were studied to examine changes in gene expression after injury of 
the entire population of cells present in the sciatic nerves. The nerve consists of Schwann cells, 
fibroblasts, resident macrophages and contains sensory and motor axons, all of which can 
contribute to the response triggered by injury. Comparing the findings on gene expression of the 
peripheral nerves, in which all cellular components are found with the findings in the DRGs 
should give insight in which cell types contribute to the clearance of cellular debris in the injured 
peripheral nerves. The main component of the DRG consists of sensory neuron cell bodies, but 
DRGs do contain satellite cells and few Schwann cells, endothelial cells and resident 
macrophages as well. Additionally, this comparison allowed us to determine the abundance of 
neuronal mRNA in the sciatic nerve at 0 and 3 d PI. A Rat44K oligonucleotide array was used to 
determined gene expression patterns. Three biological replicates were used for each time point.  

Expression data of uninjured nerves and their corresponding DRGs was compared with 
crushed nerves and their corresponding DRGs at 3 d PI. The number of probes on the array that 
showed a change in gene expression with a P value below or equal to 0.05 is shown in Table 3. 
The Venn diagrams show the number of regulated genes in WT and C6-/- sciatic nerves and DRGs 
after injury (Fig. 1). 
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Gene expression levels found on the microarray chips were validated by qPCR for a 
selection of genes, e.g.  C3, CD68, PTGDS, MBP and PMP22. Findings on the qPCR are in line with 
the findings in the microarray (not shown), indicating that values found on the microarray are 
valid. 

Expression of both c-Jun and c-fos, master regulators of gene expression was regulated 
in both WT as well as in C6 deficient animals. Consequently, a large set of possibly downstream 
genes are regulated.  

Pathway analysis identified many pathways to be differentially regulated after nerve crush. The 
list in figure 2a shows top regulation of inflammatory pathways. Additionally, pathway analysis 
predicted upstream regulators, shown in figure 2b, in both lists, genes associated with 
inflammation are highly represented. In view of the large number of regulated genes, we focus 
here on only a subset of pathways. Previous studies have shown that regeneration after crush 
injury in C6-/- animals is faster compared to WT (Ramaglia et al., 2009). Therefore we focused 
here on changes in gene expression of pathways related to the complement system, chemokines, 
extracellular matrix, signs of cell infiltration and axon survival and neurite outgrowth.  

We found activation of similar pathways in the DRGs and sciatic nerves as stated above, 
although more genes are regulated in the sciatic nerves (table 3 and Fig. 1).  

Structure Comparison Genes # 

 DRGs WTc vs WT72 3394 

C6c vs C672 4002 

Sciatic nerves WTc vs WT72 15318 

C6c vs C672 14790 

Figure 1: VENN diagrams. Differential gene 
expression (P < 0.05) A: Gene expression in 
control versus injured dorsal root ganglions 
(DRGs). B: gene expression in control versus 
crush injured sciatic nerves. 

Table 3: Number of genes with changed 
expression levels per comparison. Total number 
of genes analyzed in each comparison: 40000. 
DRG: Dorsal root ganglions. C: control, uninjured 
tissue, 72 tissue harvested at 72 hours post 
injury. 
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Figure 2: Comparison of the comparisons heatmaps. Heatmaps showing the regulation of the different pathways within 
each comparison and compared between each comparison (A) and the predicted upstream regulators responsible for 
these regulations (B) Blue: pathway/upstream regulator downregulated. Orange: pathway/upstream regulator 
upregulated. Columns: 1: WT uninjured nerve - WT  injured nerve 3 d PI; 2: C6-/- uninjured nerve – C6-/- injured nerve 3 d 
PI; 3: WT uninjured nerve DRG – WT injured nerve DRG  3 d PI; 4: C6-/- uninjured nerve DRG – C6-/- injured nerve DRG 3 d 
PI. 

Complement gene expression 

The complement pathway was regulated after injury. A schematic representation of the 
complement pathway is shown in figure 3; regulated genes are shown in table 4 and 5.  

In healthy DRG there was only one difference detected between the WT and C6-/- 
animals. C4 mRNA levels were increased in WT (table 4). In peripheral nerve we see also a 
difference in C6 expression.  In normal nerves the expression level of C6 mRNA was very low, 
whereas it was undetectable in the C6-/- (table 5). After injury many genes of the complement 
system showed difference in expression. Pathway analysis predicted C5 as one of the main 
upstream regulators of the response in DRGs and sciatic nerves after injury (Fig. 2B). 

  In the DRGs we found upregulation of the classical and alternative pathway of the 
complement system in both WT and C6-/- animals at 3 d PI. Expression of complement regulator 
complement factor H (CfH) is also found in both WT and C6-/- DRGs at 3 d PI. Upregulation of the 
C3ra1 is only observed in the DRGs of C6-/- animals. 
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Figure 3: Schematic representation of the complement pathway. Shows gene transcripts associated with the 
complement pathway, corresponds to tables 4 and 5 on gene expression of the complement pathway. 

The sciatic nerves also show genetic evidence for complement activation via the 
classical and the alternative pathways. Analysis of the regulators of the complement system 
showed a different pattern than in the DRGs. Complement factor D (CfD) is not significantly 
altered in the sciatic nerve after injury. Complement factor B (CfB), an essential component of 
the C3 convertase in alternative pathway, is downregulated after injury in WT and C6-/- sciatic 
nerves at 3 d PI.  Complement factor I (CfI), the inhibitor of the alternative pathway is 
upregulated in WT injured nerves. CD59, an inhibitor of MAC is downregulated after injury in WT 
and C6-/- nerves at 3 d PI. CfH expression is upregulated in WT and C6-/- injured nerves, similar to 
the DRGs. 

To determine which cell types express the regulated genes, we performed an in situ 
hybridization with LNA probes for CfH and C3 (Fig. 4, 5).  
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 DRG WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

C1qa 4.88 0.00E00 4.03 0.00E00 

C1qb 5.24 5.81E-01 2.63 0.00E00 

C1r 2.02 6.76E-29 *** *** 

C1s 3.35 6.00E-05 *** *** 

C2 2.07 4.92E-05 2.35 1.11E-24 

C3 4.50 0.00E00 6.00 0.00E00 

C3ar1 *** *** 2.36 9.70E-06 

C4 5.43 0.00E00 2.35 0.00E00 

C7 0.26 1.32E-03 *** *** 

Cfd 2.27 0.00E00 2.66 0.00E00 

Cfh 2.56 3.46E-21 2.82 2.00E-04 

Table 4: Expression of complement genes in DRGs. Comparative gene expression of complement genes in WT and C6-/- 
DRGs. Comparison 1: WT control DRG vs C6-/- control DRG; 2: WT control DRG vs WT injured DRG 3 d PI; 3: C6-/- control vs 
C6-/- injured DRGs at 3 d PI; 4: WT injured DRG vs C6-/- injured DRGs at 3 d PI. Highlighted genes show the genes of which 
RNA production was examined with in situ hybridization. Complement factor H (Cfh) protein transcription is verified by 
immunohistochemistry.   

In situ hybridization for CfH mRNA confirmed the array data. CfH mRNA probe was 
mainly located in the sensory neurons of the injured DRGs (Fig. 4 A, B). In injured nerves, CfH 
mRNA is localized in axons (Fig. 4 C, D). CfH mRNA could also be found in low levels in the 
uninjured DRGs and nerve (supplementary Fig. 1 A, B).   

We also tested for the presence of CfH protein (Fig. 4 B, D, F, H and supplementary Fig. 
1 C, D). WT and  C6-/- animals show clear immunoreactivity for CfH protein in the injured DRGs 
and nerves at 3 d PI. Immunoreactivity for CfH protein in the DRGs was mainly found on sensory 
neurons (Fig. 4 B, D). Like CfH mRNA, CfH protein is found in the injured sciatic nerve as well.  It 
is observed mainly around the crush area (Fig. 4 F, H). Low levels of immunoreactivity for CfH 
protein were detected in the uninjured DRGs and nerves. These findings for CfH protein 
correspond to the findings in the in situ hybridization, suggesting that the CfH mRNA is 
transcribed into protein. We conclude that CfH protein in the DRGs is mainly found in sensory 
neurons and that these cells account for the changes in gene expression observed in the 
microarray of the DRGs. 

In situ hybridization for C3 showed that C3 mRNA (brown, Fig. 5 A, B) is found in 
sensory neurons in WT and C6-/- DRGs after injury.  As expected, the signal for C3 mRNA is higher 
in DRGs 3 d PI (supplementary Fig. 1 E). This confirmed the findings on the upregulation of the 
C3 mRNA expression after injury in the DRGs.   
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Sciatic WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

C1qa 2.21 4.57E-08 *** *** 

C1r -2.30 4.43E-03 -2.61 1.50E-02 

C3 4.44 6.38E-19 3.59 5.51E-11 

C3ar1 10.10 1.54E-21 8.15 3.46E-32 

C4bpa 7.49 1.98E-02 *** *** 

C6 *** *** -2.83 1.20E-0.3 

C7 -3.20 2.77E-06 -6.77 5.30E-03 

Cd59 -3.92 2.89E-05 -3.02 0.00E00 

Cfb -2.47 1.83E-03 -3.72 2.8E-03 

Cfh 3.70 8.36E-08 2.82 2.00E-05 

Cfi 4.41 8.03E-17 *** *** 

Serping1 -3.14 1.52E-36 -4.42 0.00E00 

Table 5: Expression of complement genes in sciatic nerves. Comparative gene expression of complement genes in WT 
and C6-/- sciatic nerves. Comparison 1: WT control sciatic nerve vs C6-/- control sciatic nerve; 2: WT control sciatic nerve 
DRG vs WT injured sciatic nerve 3 d PI; 3: C6-/- control vs C6-/- injured sciatic nerve at 3 d PI; 4: WT injured sciatic nerve vs 
C6-/- injured sciatic nerves at 3 d PI. Highlighted genes show the genes of which RNA production was examined with in 
situ hybridization. Complement factor H (Cfh) protein transcription is verified by immunohistochemistry.   

Expression of chemokines, cytokines and interleukins 

After injury the expression of a wide range of cytokines, chemokines (table 6-7) and 
interleukins (table 8-9) is induced in the injured nerve and DRG. We examined the cytokines, 
chemokines, interleukins and their receptors that are associated with cell attraction to the site 
of damage or can induce/activate cells or are associated with a specific direction in the 
inflammatory response. The chemokine signaling pathway in which the cytokines and 
chemokines are involved is shown in figure 6, this figure shows where the regulated genes 
(tables 6 and 7) can be found in the pathway. Interleukins are discussed in detail below; they do 
not associate to one single pathway, but act as activators and modulators of several 
inflammatory responses and cell types. The interleukin expression data is shown in tables 8 and 
9. 
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Figure 5: Double staining for C3 mRNA detected with in situ hybridization and IBA1 in DRGs at 3 d PI. Representative 
photomicrographs of WT and C6-/- DRG double stained for C3 mRNA (red) and IBA1 (macrophages, blue). A: C3 mRNA 
was detected and Iba1 positivity was found adjacent to the sensory neurons in WT DRGs. Inset a in A shows the 
detection of only the C3 mRNA probe, and inset b is a higher magnification of A. B: C6-/- DRGs show positivity for C3 
mRNA and Iba1 is also found adjacent to the sensory neurons as well in both WT and C6-/- DRGs. Insert c in B is a higher 
magnification of B and it shows Iba1 positivity which appears to be inside a sensory neuron.  

Figure 4: Complement factor H (CfH) in 
DRGs and sciatic nerves at 3 days post 
injury (d PI). Representative 
photomicrographs of WT and C6-/- DRGs 
and sciatic nerve longitudinal sections 
at 3 d PI. CfH (blue), nuclei (red/pink). 
A-C-E-G: In situ hybridization for CfH 
mRNA in DRGs (A-C) and sciatic nerves 
(E-G) at 3 d PI. B-D-F-H: 
Immunohistochemical staining for CfH 
protein in DRGs (B-D) and sciatic nerves 
(F-H) at 3 d PI). Insets indicated with a 
lowercase letter are low magnifications 
of the selected tissue. It can be seen 
that CfH mRNA is found in DRGs and 
sciatic nerves of WT (A-E) and C6-/- (C-G) 
animals. CfH protein is also found in 
DRGs and sciatic nerves of WT (B-F) and 
C6-/- (D-H) animals. The location of 
mRNA and protein shows that the 
mRNA is mainly found in cells whereas 
the CfH protein staining shows a more 
diffuse distribution of CfH. 
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Analysis of the gene expression in the chemokine signaling pathway in the DRGs after 
injury showed upregulation of genes encoding factors that are associated with the attraction 
and activation of monocytes, macrophages and polymorphonuclear cells. Upregulation of Ccl2 
(MCP1; bold in table 6 and 7), a potent attractant of monocytes and macrophages, and Ccl7 
(MCP3) was observed in WT and C6-/- DRG and nerve at 3 d PI. Ccl5, involved in activation of 
macrophages is downregulated in C6-/- DRG and nerve after injury.  Ccl11 (eotaxin), is 
downregulated in C6-/- DRGs as well. These proteins encoded by these genes interact with the 
Ccr3 present on eosinophils where it can induce the generation of reactive oxygen species 
(Kampen et al., 2000; Komai et al., 2010; Li et al., 2010). Ccr3 is also present on T-helper cells 
and can via Ccl5 trigger naïve T cell differentiation into T helper cells (Bisset and Schmid-
Grendelmeier, 2005). 

Figure 6: Schematic representation of the chemokine signaling pathway. Shows gene transcripts associated with the 
chemokine signaling pathway, corresponds to tables 5 and 6 on gene expression of the chemokine signaling pathway.  

Ccr5 was up-regulated in both WT and C6-/- DRGs. Ccr5 activation affects the expression 
of c-jun and c-fos. As mentioned above, these two factors have a major effect on transcription. 
c-jun and c-fos can dimerize and form the AP-1 early response transcription factor, which 
regulates many other downstream responses via MAPK and Erk signaling pathways. Additionally, 
c-Jun expressed by Schwann cells can promote Schwann cell-mediated myelin clearance, 
neuronal survival, generation of regenerative tracks and promote neurite outgrowth (Arthur-
Farraj et al., 2012; Napoli et al., 2012). 
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DRG WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

Fos -4.97 8.71E-03 3.76 0.00E00 

Jun 3.78 0.00E00 4.86 0.00E00 

Camk4 *** *** -4.96 3.70E-04 

Camk1g -3.01 9.49E-14 -4.32 0.00E00 

Camk2a *** *** -2.32 0.00E00 

Ccl2 6.64 0.00E00 4.23 0.00E00 

Ccl5 *** *** -2.19 1.25E-29 

Ccr5 3.04 0.00E00 4.23 0.00E00 

Ccl7 3.28 0.00E00 2.86 3.52E-37 

Ccl11 *** *** -2.87 9.00E-05 

Limk2 *** *** 2.01 1.70E-06 

Plcg2 2.41 1.00E-05 2.41 3.61E-12 

Ppp1r12a 2.02 6.08E-12 2.35 1.24E-14 

Rras2 2.00 2.21E-02 2.00 2.01E-12 

Table 6: Expression of chemokine genes in DRG. Comparative gene expression of chemokine genes in WT and C6-/- DRGs. 
Bold script indicates genes, of which proteins were localized with immunohistochemistry 

In the sciatic nerves we found more regulated genes of the chemokine signaling 
pathway. Upregulation of Ccl4 (Mip-1beta) as well as Cxcr4, C-x-c motive chemokine receptor 4, 
was seen in WT and C6-/- injured nerves at 3 d PI. In injured WT nerves we found upregulation of 
Rhoa and Rock2, genes associated with the stress actin response (Fig. 5 and table 6). In contrast 
to the findings in DRGs, we did not find differential expression of Ccl5 in the peripheral nerves 
after injury. 

To determine whether the upregulated genes were translated into proteins, we 
performed immunohistochemistry for Ccl5 (Fig. 7) and Ccl2 (Fig. 8) on DRGs and nerves at 3 d PI. 
The staining for Ccl5 protein showed that WT DRGs display more immunoreactivity for Ccl5 
(Rantes) protein compared to C6-/- animals in the DRGs (Fig. 7 A, C). A similar difference was 
found in the amount of immunoreactivity for Ccl5 protein in injured sciatic nerves (Fig. 7 B, D). In 
the injured nerves it seemed there was a gradient in Ccl5 immunoreactivity in the WT animals, 
with high levels at the crush area which decrease further from the crush (insert Fig. 7 Bb).  

The levels of Ccl5 protein found in the DRGs correspond to the findings in the 
microarray. The control DRGs show high immunoreactivity for Ccl5 protein (supplementary Fig. 
1F). In C6-/- injured DRGs these levels are decreased, which is in line with the downregulation of 
Ccl5 mRNA observed in the microarray analysis. The levels of Ccl5 mRNA were not significantly 
regulated in the nerves of WT and C6-/- animals. However, staining for Ccl5 protein in the injured 
nerves, showed a difference between WT and C6-/- animals after crush. WT injured nerves 
seemed to have more Ccl5 staining compared to uninjured nerves (supplementary Fig. 1G). Ccl5 
protein immunoreactivity appeared to be unchanged in C6-/- injured nerves.  
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Sciatic WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

Fos *** *** 4.24 5.57E-13 

Jun 2.44 4.63E-14 *** *** 

Ccl2 10.74 0.00E00 6.52 0.00E00 

Ccl4 4.15 1.25E-11 4.18 2.5E-02 

Ccr5 11.47 9.72E-13 8.85 0.00E00 

Ccl7 7.33 1.34E-26 8.86 0.00E00 

Ccl11 *** *** -2.75 2.88E-04 

Cfl1 *** *** 3.66 4.87E-20 

Cxcr4 8.70 4.78E-34 8.73 2.55E-18 

Gnaq 2.18 1.31E-06 *** *** 

Ptk2 *** *** 3.39 2.2E-02 

Ptk2b 2.37 1.06E-18 *** *** 

Rhoa 3.42 2.14E-07 *** *** 

Rock2 4.46 3.40E-04 *** *** 

Src -5.31 9.47E-07 -3.60 6.44E-15 

Table 7: Chemokine signaling pathway genes in sciatic nerves. Comparative gene expression of chemokine genes in WT 
and C6-/- sciatic nerves. Bold script indicates genes, of which proteins were localized with immunohistochemistry. 

Staining for Ccl2 (MCP1) protein confirmed increased immunoreactivity for Ccl2 in the 
DRGs of WT and C6-/- animals as well as in the injured nerves of WT animals (Fig. 8 A-C), 
compared to controls (supplementary Fig. 1 H, I). The C6-/- injured sciatic nerves showed almost 
no immunoreacitivity for MCP1 protein inside the nerves. Only very few cells showed positivity 
for MCP1 protein (8D), even though expression of MCP1 mRNA is upregulated 6 fold compared 
to uninjured nerves. This suggests that in C6-/- animals the mRNA is post-transcriptionally 
regulated and not translated to protein at 3 d PI. 

Ccl2 as well as Ccl11 mRNA can be post transcriptionally regulated by RNA stability and 
translation control modulating molecules (Atasoy et al., 2003;Frevel et al., 2003;Yiakouvaki et al., 
2012). These molecules are regulated by cytokines as well. Il1b triggers expression of Ccl2 mRNA. 
The Ccl2 and Ccl11 mRNA can be stabilized by TNF-alpha and IL4, decreasing turnover (Nickel et 
al., 1999). The mRNA can also be destabilized, this occurs under influence of IL10. Destabilization 
of the mRNA increases turnover which results in less transcribed protein (Berkman et al., 
1995; Horton et al., 1998; Kim et al., 1998; Wang et al., 1995; Wolf et al., 2002; Yiakouvaki et al., 
2012). 
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Figure 7: Ccl5 in DRGs and sciatic nerves at 3 d PI. Representative photomicrographs of WT and C6-/- DRGs and sciatic 
nerve longitudinal sections at 3 d PI stained for Ccl5 (blue). A: WT DRG show Ccl5 immunoreactivity in the sensory 
neurons cell bodies. Axons do not show positivity for Ccl5. B: WT peripheral nerves show high immunoreactivity for Ccl5 
in the crush area where immunoreactivity positivity fades in the proximal direction, shown in the low magnification 
picture (insert b). C: C6-/- DRGs show positivity for Ccl5, positivity appears to be lower compared to WT DRGs. D: C6-/- 
peripheral nerves are almost negative for Ccl5, Ccl5 could only be detected surrounding blood vessels in the endothelium 
of the injured C6-/- sciatic nerves at 3 d PI. 

Figure 8: MCP1 in DRGs and sciatic nerves at 3 d PI. Representative photomicrographs of WT and C6-/- DRGs and sciatic 
nerve longitudinal sections at 3 d PI stained for MCP1 (red). A: WT DRGs show high immunoreactivity for MCP1 in the 
sensory neurons. B: WT injured sciatic nerves show much MCP1 positivity on cells in the injured nerves at 3 d PI. C: C6-/- 
DRGs also show immunoreactivity for MCP1 in the sensory neurons. D: C6-/- injured nerves at 3 d PI show almost no 
immunoreactivity for MCP1 in the nerve, only one or two positive cells can be observed in the C6-/- injured nerves at 3 d 
PI.   
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Chemokines are powerful molecules able to induce an inflammatory response, in order 
to determine the type of inflammatory response we examined the expression of interleukins, 
interleukin genes that show changes with a P value < 0.05 are shown in tables 8 and 9. The 
interleukins expression and function are discussed in detail below.  

We found upregulation of IL1b in the DRGs and sciatic nerves of WT and C6-/- animals as 
well as IL1bR mRNA, the receptor for IL1b. Il1b is produced by monocytes and macrophages. The 
IL1Ra was also upregulated, this receptor inhibits the proinflammatory activity of IL1b via the 
IL1b receptor after activation. IL18, also produced by monocytes and macrophages, was 
upregulated in WT and C6-/- DRGs and sciatic nerves after injury. IL18 interacts with the IL1b 
receptor. This interaction induces production of Interferon γ  and initiates the differentiation 
of T helper type 1 cells (Th1) (Gillen et al., 1998; Ydens et al., 2012).  

DRG WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

Il1b 2.65 2.67E-16 2.78 4.09E-37 

Il1r2 22.78 0.00E00 17.59 1.65E-30 

Il1ra 3.55 2.24E-08 4.21 4.03E-09 

Il2ra *** *** -2.99 5.27E-03 

IL4ra 2.17 3.48E-08 *** *** 

Il6 13.30 0.00E00 16.67 0.00E00 

Il6ra *** *** 2.19 7.46E-15 

Il13ra1 3.17 3.23E-24 3.11 0.00E00 

IL18 2.03 3.48E-16 2.33 4.17E-30 

Il19_pred. *** *** 5.17 3.85E-09 

Il21r *** *** 3.18 2.31E-33 

IL24 100 0.00E00 93.49 0.00E00 

Table 8: Expression of interleukins in DRG. Comparative gene expression of interleukins and their receptors in WT and 
C6-/- DRGs. Pred. means predicted gene sequence. 

The receptor pair IL4Ra and IL13Ra is also regulated in the DRGs and sciatic nerves after 
injury. Il4Ra and IL13Ra form a dimer and upon activation they trigger signaling via Janus kinase 
(JAK), which ultimately results in the production of Eotaxin (Ccl11) (Kelly-Welch et al., 2003). The 
expression of IL4Ra is upregulated in WT DRGs and nerves only, and IL13Ra is upregulated in 
WTs and C6-/- animals.  

IL19, produced by monocytes, is upregulated after injury in the C6-/- DRGs and sciatic 
nerves. IL19 mRNA was heavily downregulated in WT sciatic nerves after injury. IL19 signaling 
induces the production of IL6 and Tnfα. IL6, produced by T cells, macrophages and endothelial 
cells, is upregulated in WT and C6-/- DRGs and sciatic nerves. The IL6 receptor A (IL6rA) mRNA 
was only upregulated in DRGs of C6-/- animals. Signaling via IL6 induces a T helper cell type 2 (Th2) 
differentiation and the production of Interferon β .  
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Sciatic WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

Il1b 16.95 2.89E-18 27.13 2.14E-13 

Il1f8_pred. 9.32 4.21E-12 3.89 5.56E-07 

Il1r1 4.54 4.12E-07 *** *** 

Il1rap *** *** 2.09 2.29E-07 

IL1rl1 98.46 0.00E00 100 0.00E00 

Il1rl2 *** *** -100 9.09E-08 

Il1ra 16.38 2.24E-29 23.11 4.06E-17 

Il2ra -100 1.38E-10 *** *** 

Il4ra 54.61 7.90E-17 8.47 1.73E-34 

Il5 16.69 2.51E-06 *** *** 

Il6 6.72 2.87E-15 4.56 6.42E-12 

Il6st *** *** 2.14 7.55E-06 

Il8ra *** *** -100 4.43E-08 

IL10 *** *** 3.01 1.59E-16 

IL10ra 11.48 2.20E-06 18.55 2.06E-41 

IL11ra1 -4.21 8.74E-42 -3.54 7.95E-43 

IL12b *** *** -100 2.22E-03 

Il12rb2 -100 2.15E-06 *** *** 

Il13ra1 3.89 3.89E-34 2.82 3.33E-20 

Il13ra2 3.71 6.02E-12 *** *** 

Il16 -2.35 2.52E-22 *** *** 

Il17f -100 2.75E-08 *** *** 

Il17r_pred. *** *** 8.70 1.05E-14 

Il17re -2.07 3.44E-07 -6.77 0.00E00 

Il18 11.67 0.00E00 7.23 0.00E00 

Il18bp 2.38 7.92E-12 *** *** 

Il19_pred. -100 1.10E-15 *** *** 

Il20ra_pred. -100 6.09E-08 *** *** 

Il21r 9.55 3.93E-17 10.35 0.00E00 

Irak1_pred. *** *** 2.56 1.23E-26 

Irak4_pred. 8.34 4.48E-10 4.00 2.40E-10 

Table 9: Expression of interleukins in sciatic nerves. Comparative gene expression of interleukins and their receptors in 
WT and C6-/- sciatic nerves. Pred. means predicted gene sequence. 
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Pathway analysis of upstream regulators suggests that Tnfα is one of the main 
upstream regulators of gene expression after injury in DRGs and sciatic nerves after injury. 

Another receptor that triggers the production of many pro-inflammatory cytokines 
upon binding is the IL17 receptor (IL17r). It is present on memory T cells (Zepp et al., 2011). The 
IL17r was differentially expressed at 3 d PI between WT and C6-/- DRGs, where expression was 
higher in C6-/- DRGs compared to WT DRGs. The expression of the IL17r receptor mRNA was only 
observed in C6-/- injured nerves. Expression of the neuronal receptor for IL17 (IL17Re), was 
downregulated in WT and C6-/- sciatic nerves at 3 d PI, expression levels were lower in C6-/- 
animals. IL 17f mRNA, produced by T helper cell type 17 (Th17), was downregulated in WT sciatic 
nerves after injury and unregulated in C6-/- nerves.   

Other interleukins and receptors that trigger T cell, B cell and Natural killer (NK) cell 
differentiation are IL21r (Duvallet et al., 2011; Yang et al., 2008), which was upregulated in 
C6-/- DRGs after injury.   

The interleukins IL5 and IL10 showed regulation in the injured sciatic nerves, but not in 
the DRGs, Il5 is upregulated in WT injured nerves, but unchanged in C6-/- injured nerves. IL5 
reduces IL10 levels and decreases IgE, IgG1 production (Duvallet et al., 2011; Zhang et al., 
2013). IL10, was upregulated in the C6-/- injured sciatic nerves, but not regulated in WT injured 
nerves at 3 d PI. IL10 is anti-inflammatory and reduces macrophage activity via interaction with 
the IL10Ra, associated with the IL10Ra (Martinez et al., 2008; Vidal et al., 2013). Expression of 
the receptor IL10Ra was upregulated after injury in WT and C6-/- sciatic nerves. IL16 mRNA is 
downregulated in WT sciatic nerves after injury. IL16 interacts with CD4 and serves as a chemo 
attractant for CD4 positive (CD4+) T cells.   

Expression of IL12b and the IL12Rb mRNA, produced by macrophages and dendritic 
cells, was different in WT and C6-/- nerves after injury. IL12b expression is lower in C6-/- nerves 
after injury compared to WTs. Expression of the IL12Rb is downregulated in WT nerves after 
injury and unchanged in C6-/- nerves. Activation of the IL12Rb induces a Th1 response and 
inhibits the Th2 response (Watford et al., 2003). 

IL2Ra (CD25) mRNA, a T regulatory (Treg) cell marker (Sakaguchi, 2011), was 
downregulated in WT injured sciatic nerves. Treg cells are associated with anti-inflammatory 
responses.  

Extracellular matrix alterations 

Presence of various chemo-attractants and cell specific cytokines, chemokines and 
receptors all indicate that cells are recruited from the periphery towards the injured nerves and 
DRGs. Analysis of gene expression revealed that the canonical pathway of leukocyte 
extravasation was indeed regulated after injury (Fig. 9). Various integrins and tight junction 
modulators were upregulated as well as matrix metalloproteases (tables 10 and 11). Additionally, 
genes that are involved in actin remodeling are upregulated after injury. One gene is 
differentially regulated this is Mmp9 mRNA which was upregulated in C6-/-, but not regulated in 
WT injured DRGs (table 11). In the sciatic nerves no differences were observed in MMP9 
expression after injury (table 10). 

60 



Gene expression in peripheral nerves and DRG after crush injury 

Figure 9: Schematic representation of the leukocyte extravasation signaling pathway. Shows gene transcripts 
associated with the leukocyte extravasation signaling pathway, corresponds to tables 9 and 10 on gene expression of the 
leukocyte extravasation signaling pathway.  

Immunohistochemical staining for Mmp9 confirmed the findings the array (Fig. 10). We 
observed low expression of MMP9 in WT DRGs (A), C6-/- DRGs showed more immunoreactivity 
for Mmp9 protein at 3 d PI (C). In line with the microarray analysis, there was no difference in 
Mmp9 immunoreactivity for Mmp9 protein at 3 d PI (C). There was no difference in Mmp9 
immunoreactivity between WT and C6-/- injured nerves (B, D).  

Cellular response to damage 

Presence of chemokines, cytokines and interleukins in combination with activation of 
the leukocyte extravasation signaling, suggests that the injury triggers a cellular inflammatory 
response. Regulation of the complement activation pathway and chemokine signaling pathway 
showed that there is an active mechanism to attract monocytes and macrophages to the site of 
injury. Gene expression analysis confirmed upregulation of the CD68 gene expression, which 
encodes for a lysosomal marker and is present in activated macrophages. CD68 was upregulated 
in the DRGs and sciatic nerves after injury in WT and C6-/- nerves (not shown). Additional analysis 
showed that IL12b, an inducer of the M1 phenotype in macrophages, is downregulated in C6 
deficient nerves after injury (table 8). Other markers associated with the M2 phenotype, Trem2 
and Arginase 1 are similarly upregulated in WT and C6-/- DRGs and nerves (not shown). IL10 
upregulated in C6-/- nerves also indicated an M2 phenotype of macrophages in C6-/- animals. The 
down regulation of IL12b and upregulation of IL10 suggest an anti-inflammatory M2 
macrophage response in C6-/- animals. The receptor IL4Ra of the IL4Ra - IL13Ra also associated 
with M2 phenotype macrophages is higher expressed in WT animals. This could be an indication 
that this anti-inflammatory response is also triggered in WT animals, besides the M1 activation 
of macrophages induced by IL12b. Macrophages were also increased in number in the DRGs 
(Iba1 positive cells, blue staining, Fig. 5). The IBA1 positive cells were located in close vicinity of 
the sensory neuron cell bodies.   
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DRG WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

Abl1 2.23 2.98E-02 *** *** 

Acta1 -14.40 0.00E00 66.78 0.00E00 

Actc1 -2.63 7.00E-04 *** *** 

Actn3 -5.97 0.00E00 15.65 0.00E00 

Arghgap9 3.99 7.10E-19 4.23 0.00E00 

Btk 4.13 5.00E-05 8.89 5.74E-12 

CD44 2.19 1.31E-09 2.93 1.18E-03 

Cld4 84.20 0.00E00 69.63 0.00E00 

Cldn7 3.53 1.32E-20 2.93 1.68E-03 

Cldn11 *** *** -2.60 2.12E-03 

Cldn16 *** *** 5.74 1.54E-03 

Cyba 2.16 2.33E-13 *** *** 

Cybb 3.07 3.14E-01 5.41 4.34E-28 

Icam21 2.09 0.00E00 *** *** 

Itgal 5.87 7.71E-02 6.66 8.66E-38 

Itgam 7.33 5.59E-03 7.61 4.28E-15 

Itgb1 *** *** 2.07 4.16E-11 

Itgb2 3.37 7.33E-01 4.38 1.31E-09 

Mmp2 2.04 0.00E00 *** *** 

Mmp3 5.61 1.70E-04 24.42 8.40E-16 

Mmp9 *** *** 7.37 0.00E00 

Mmp12 9.48 0.00E00 13.33 1.54E-39 

Mmp13 *** *** 3.37 0.00E00 

Mmp16 4.88 0.00E00 5.48 0.00E00 

Plcg2 2.41 1.00E-05 2.41 3.61E-12 

Rac2 3.11 1.42E-06 4.05 3.00E-05 

Rhoh *** *** 3.39 3.09E-32 

Spn 2.77 3.17E-15 4.41 5.94E-26 

Timp1 5.34 0.00E00 6.07 1.59E-30 

Vav1 3.80 7.36E-19 5.98 7.21E-17 

Table 10: Leukocyte extravasation pathway gene regulation in DRGs. Comparison of expression of genes involved in 
leukocyte extravasation pathway.  
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DRG WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

Spn 4.40 3.53E-05 2.48 1.49E-02 

CD44 8.72 5.58E-06 3.83 2.00E-05 

Cdc42 2.18 2.25E-03 5.67 7.15E-11 

Cttn 2.98 5.00E-05 4.65 7.25E-14 

Ctnnb1 4.10 5.00E-05 7.24 2.25E-11 

Cxcr4 8.70 4.78E-34 8.73 2.55E-18 

Cyba 5.87 0.00E00 4.91 0.00E00 

Ptk2 *** *** 3.39 2.19E-02 

Fert2 3.95 2.46E-12 3.43 2.01E-34 

Icam1 3.78 7.76E-03 *** *** 

Itga4 2.80 4.45E-03 *** *** 

Itgal 11.62 2.70E-04 10.21 2.94E-03 

Itgam 13.90 0.00E00 11.29 0.00E00 

Itgb2 38.96 9.11E-03 18.16 0.00E00 

F11r *** *** -2.38 1.36E-06 

Jam2 -2.81 9.62E-03 -3.31 2.01E-09 

Jam3 -3.86 1.47E-37 -2.67 3.22E-34 

Mmp9 79.38 0.00E00 83.75 0.00E00 

Ncf1 17.54 6.76E-16 9.22 9.46E-26 

Pxn *** *** 2.33 2.58E-07 

Rac1 *** *** 2.92 0.00E00 

Rac2 *** *** 4.00 2.35E-30 

Rhoh *** *** 2.32 0.00E00 

Ptpn11 *** *** -3.36 1.00E-05 

Sipa1 *** *** 2.28 1.08E-02 

Src *** *** -3.60 1.42E-03 

Thy1 *** *** 8.76 6.91E-23 

Table 11: Leukocyte extravasation pathway gene regulation in sciatic nerves. Comparison of expression of genes 
involved in leukocyte extravasation pathway. 
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Figure 10: MMP9 in DRGs and sciatic nerves at 3 d PI. Representative photomicrographs of WT and C6-/- DRGs and 
sciatic nerve longitudinal sections at 3 d PI stained for MMP9 (red). A: WT DRGs show positivity for MMP9 in the sensory 
neuron cell bodies. B: WT sciatic nerves show very low immunoreactivity for MMP9 at 3 d PI in the crush area. C: C6-/- 
DRGs show immunoreactivity for MMP9 in the sensory neuron cell bodies. D: C6-/- injured sciatic nerves show high 
immunoreactivity for MMP9, which outlines axons. 

Additionally, pathway analysis showed that the T helper cell differentiation pathway 
was regulated after injury in the WT and C6-/- DRGs and nerves (Fig. 11). T helper cells are CD4 
positive. We did not find altered expression of CD4 mRNA in the DRGs or sciatic nerves after 
injury, but we did find expression of co-stimulatory molecules necessary for T helper cell 
activation. Additionally, the T cell receptor mRNA, required for MHCII recognition by CD4+ T 
cells, was upregulated after injury. HLA-DR /MHCII mRNA was upregulated as well. Expression of 
various ILs and IL-receptors is associated with the specific differentiation pathways of T helper 
cells (Th1, Th2 and Th17 response). Changes in IL expression described above revealed a 
difference in T-helper cell response between the WT and C6-/- nerves. For example, C6-/- nerves 
showed indications of Th17 cell activation, in the differential expression of IL17 and its receptors. 
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After injury, a signature of a Th1 and Th2 response was observed in the C6-/- animals 
and to lesser extend in the WT animals after injury. IL1beta, IFN gamma and IL12, Th1 cell 
markers (Scholz and Woolf, 2007; Wolf et al., 2002; Zhang et al., 2013) were found in both 
animal types. Some markers associated with the production of IFN gamma and its receptor 
were upregulated in WT and C6-/- animals as well (Fig. 10, table 12 and 13). The Th2 response, 
mainly characterized by IL10, IL10 mRNA expression was found only in C6-/- animals (Scholz and 
Woolf, 2007; Wolf et al., 2002; Zhang et al., 2013). 

Figure 11: Schematic 
representation of the T helper 
cell differentiation pathway. 
Shows gene transcripts 
associated with the T helper 
cell differentiation pathway, 
corresponds to tables 11 and 
12 on gene expression of the T 
helper cell differentiation 
pathway.  
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DRG WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

Cd86 3.32 1.12E-35 6.16 1.09E-08 

Fcer1g 4.48 3.26E-27 4.39 0.00E00 

RT1-Bb 3.93 8.19E-15 2.42 5.87E-24 

RT1Da 3.08 3.97E-12 2.35 3.07E-15 

Il6 13.30 0.00E00 16.67 0.00E00 

Il18 2.72 9.30E-03 2.96 2.83E-24 

Il2ra *** *** -2.99 5.27E-03 

Il4ra 2.17 3.48E-03 *** *** 

Il21r *** *** 3.13 2.31E-28 

Stat4 28.17 1.29E-29 6.84 1.10E-04 

Tgfb1 2.18 2.79E-32 2.45 0.00E00 

Tgfbr1 *** *** 3.60 2.08E-09 

Tnf *** *** 2.17 6.66E-03 

Tnfrsf1b *** *** 2.41 4.10E-13 

Tcrb *** *** -2.02 2.47E-03 

Table 3: T-helper cell differentiation gene regulation in DRGs. Comparison of gene expression of genes involved in the 
differentiation of T helper cells in DRGs. 

Regrowth signaling 

Next to the findings on the difference in clearance strategy in WT and C6-/- animals we 
found that the pathways of neuronal survival and regeneration were differentially regulated 
between WT and C6-/- animals. In C6-/- animals expression of Ephrins and other neurite 
outgrowth regulators was upregulated after injury. Ephrin A2 and Ephrin B1 both showed a +3-
fold change at 3 d PI in the C6-/- animals, Ephrin A1 showed a -2-fold change. In WT sciatic nerves 
Ephrin A1 and 2 are not regulated, Ephrin B2 showed a fold change of +5 at 3 d PI. Tiam1 was 
differentially regulated between WT and C6-/- animals at 3 d PI in the sciatic nerves. Expression 
was -100 fold lower in C6-/- animals compared to WTs. Neither Ehprins nor Tiam were detected 
in the DRGs of both animal types. 

Neuregulin another factor involved in neurite outgrowth is upregulated in WTs and C6-/- 

animals after injury in the sciatic nerves.  WT animals showed a small upregulation of Neuregulin 
of +3, whereas C6-/- animals show an upregulation of +15, in addition pro-neuregulin 2 is also 
upregulated in injured C6-/- nerves of +3. Pro-neuregulin 2 is not found in WT injured nerves. 
Additional screening of the expression of Neuregulins, Ephrins and Tiam at 2 d PI in the sciatic 
nerves showed that the difference observed between WT and C6-/- animals was already present 
at 2 d PI. Differences in Ephrin B1 expression were similar to levels found at 3 d PI. Additionally, 
the expression of genes associated with neurite outgrowth was also determined for 2 d PI. At 2 d 
PI   C6-/- animals already show expression of neurite outgrowth promoting factors. 
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Sciatic WTc vs WT72 C6c vs C672 

Gene symbol Fold change P-value Fold change P-value 

Cd80 *** *** 3.15 1.29E-02 

Cd86 3.06 1.03E-04 3.06 3.60E-04 

IL6 6.72 2.87E-10 4.55 6.42E-07 

Il10 *** *** 3.01 1.59E-11 

Il18 11.67 0.00E00 9.12 0.00E00 

Il6st *** *** -2.09 5.18E-04 

IL12ra -80.70 4.90E-04 *** *** 

Il12rb2 5.30 3.00E-05 *** *** 

Il21r 9.55 3.93E-12 10.34 0.00E00 

Stat1 4.73 1.00E-02 *** *** 

Stat3 2.60 0.00E00 2.35 3.60E-04 

Tgfb1 2.75 6.51E-16 3.17 5.91E-19 

Tnf 5.56 2.82E-03 4.50 4.75E-03 

Table 13: T-helper cell differentiation gene regulation in sciatic nerves. Comparison of gene-expression of genes 
involved in the differentiation of T helper cells in sciatic nerves. 

Discussion 

Analysis of the alterations in gene expression in DRGs and sciatic nerves 3 days after 
crush injury showed many genes were regulated after injury (table 3 and Fig. 1). We found 
differential expression of two master regulators of DNA transcription: c-jun and c-fos in the 
sciatic nerve after injury (table 6, 7). Pathway analysis showed that c-fos is predicted as one of 
the upstream regulators of the observed gene expression levels (Fig. 10). c-jun expression by 
Schwann cells can promote myelin degradation by Schwann cells, induce the formation of 
regenerative tracks, promote neuronal survival and induce neurite outgrowth (Arthur-Farraj 
et al., 2012; Fontana et al., 2012; Hutton et al., 2011; Ruff et al., 2012; Wisdom et al., 1999).  

In this study we focused on pathways associated with the inflammatory response, 
neuronal survival and neurite outgrowth. Inhibition of the complement system, especially 
MAC formation, delays WD, but improves regeneration (Ramaglia et al., 2007; Ramaglia et al., 
2009). The underlying mechanisms on how complement affects neurodegeneration and 
regeneration are unclear.   

After crush injury of the peripheral nerve the inflammatory response is activated to 
clear debris. The overall comparison of gene expression showed that the inflammatory response 
is one of the most prominent altered biological pathways. The differences in gene expression 
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profiles of WT and C6-/- revealed a difference in timing and strategy to clear debris from the 
injured nerves.  

Figure 12: CD4 positive cells in DRGs and sciatic nerves at 3 d PI. Representative photomicrographs of WT and C6-/- DRGs 
and sciatic nerve longitudinal sections at 3 d PI stained for CD4 (red). WT DRGs (A) and C6-/- DRGs (C) show 
immunoreactivity for CD4 in the cells adjacent to the sensory neurons (red arrows) and sensory neurons themselves. B: 
WT sciatic nerves show presence of CD4 positive cells in the injured nerves at 3 d PI. They are located within the nerve 
area itself and seem to be between located between the axons. D: C6-/- nerves also showed presence of CD4 positive 
cells in the nerve area, the appearance of the CD4 positivity is different from WT. The cells are more rounded compared 
to those found in WT injured sciatic nerves.  

As expected complement genes show difference in regulation after injury. C6-/- animals 
produce very little of a non-functional C6 protein, we found that after crush the expression of 
the “C6” mRNA was downregulated in the C6-/- sciatic nerves. WT animals showed more 
upregulation of genes encoding inhibitors of the terminal complement pathway. Complement 
component 5 (C5) mRNA, one of the predicted upstream regulators (Fig. 2B, upstream 
regulators), and based on the expression profiles, C5 mRNA is predicted to be higher expressed 
in C6-/- animals than in controls. Indeed we find higher expression of C5 mRNA in DRGs of 
crushed C6-/- nerves. Cleavage product of C5, C5a, can act as a cytokine and induces cellular 
responses. For example, C5a attracts phagocytes to the site of injury. Complement can trigger 
cytokine production and signaling either directly, like C5a, or via interaction with receptors on 
cells.  The previously observed delay in influx of macrophages in C6-/- injured nerves is possibly 
caused by the difference in complement activation; local activation of complement system due 
to MAC formation in the WT animals is much stronger than the effect of additional C5 produced 
at the crush site.  

The gene expression analysis showed that chemokine signaling was altered in the 
response to damage. After injury there is a rapid recruitment of monocytes and macrophages to 
the site of injury and damaged nerves by Ccl2 (MCP1) and Ccl7. However, staining for Ccl2 
protein (Fig. 8) showed that the C6-/- injured nerves were virtually negative for Ccl2. Although 
mRNA levels were upregulated, the lack of positivity for Ccl2 protein indicates that the 
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translation into protein is regulated in C6-/- nerves at 3 d PI. The absence of Ccl2 protein results 
in reduced attraction of macrophages to the site of injury in the C6-/- nerves. This can explain 
previous findings, where low amounts of CD68/ED1 positive cells were observed in the C6-/-

injured nerves at 3 d PI. The macrophages found in the C6-/- nerves remained inactive. Our array 
data shows that C6-/- animals show a downregulation of signals like Ccl5, necessary for the 
activation of macrophages. In addition, the production of reactive oxygen species by neutrophils, 
basophils and eosinophils, is activated in WT animals by Ccl11 and not in C6-/- animals.  

Changes in the expression of integrins and tight junction remodeling genes indicate that 
cells from the bloodstream are facilitated to cross the blood-nerve-barrier and diapedese inside 
the nerves and DRGs. The population of inflammatory cells in the injured nerves and DRGs of WT 
and C6-/- animals at 3 d PI is different.  

Gene expression data suggest a secondary response to damage involving T cells. 
Differences in expression of the T cell associated markers and cytokines was observed in WT and 
C6-/- injured nerves and DRGs. C6-/- animals show higher expression of these markers than WTs 
indicating that C6-/- animals induce this response as part of their clearance strategy. Markers for 
Th1, Th17 (pro-inflammatory), Th2 and Treg (anti-inflammatory) cellular response to damage 
were also observed in C6-/- animals. WT animals show markers for a Th1 response and to lesser 
extend Th2 response, no markers for Th17 and Treg cells were found. The chemokines in WT 
animals are mostly associated with the activation of monocytes and macrophages, which 
suggests this is the main strategy used in WT animals to clear debris.  

Peripheral nerve transection studies have shown that the T-cell response after 
transection was mainly Th2 oriented (Ydens et al., 2012). Even though expression of IL6 and TNF 
alpha was found, the lack of IL12 suggested that the Th1 response was inhibited. Additionally, 
the macrophage activation pattern was of the M2 type. Presence of IL10 in these transected 
nerves indicated presence of Th2 cells (Ydens et al., 2012). In our study we did observe IL12 
mediated induction of Th1 cell differentiation and M1 type macrophage activation. This 
difference might be due to the fact that in the present study a crush injury model with high 
levels of MAC activation after injury was used. Previously we have shown that MAC activation in 
transected nerves is very low, also in WT animals (chapter 5). The amount of MAC activation 
after transection is similar in WT and C6-/- animals. Levels are also similar to those found in the 
C6-/- crushed nerves, virtually absent. The M2 and Th2 response observed in our C6-/- crushed 
nerves is similar to the findings Yders et al showed on their transected nerves. We propose that 
MAC is responsible for the induction of the pro-inflammatory direction of the T cell and 
macrophage response.  

Studies on experimental autoimmune encephalitis and Guillain Barré syndrome (Zhang 
et al., 2013) showed that alterations of the response to damage, similar to the findings in C6-/- 
animals, were protective in. The response in C6-/- animals is not entirely identical, but the 
recruitment of Th2 and T regulatory cells indicate an active inhibition of the induced Th17 
response. In addition the cytokines produced by Th1 cells and not Th17 cells induce a M1 (pro-
inflammatory) response in microglia (Prajeeth et al., 2014). This might also hold for the 
macrophages attracted to the injured peripheral nerves; proliferation of Th17 cells does not 
affect the pro-inflammatory state of macrophages in the peripheral nerves. 

Our analysis also showed difference in axonal survival and neurite outgrowth between 
WT and C6-/-. More genes associated with promoting neurite outgrowth are upregulated in the 
C6-/- animals. This was seen as early as 2 d PI. The findings on neurite outgrowth promoting 
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factors as early as 2 d PI is in line with previous research, which showed that crush-injured sciatic 
nerves can evoke a compound action potential over the crush as early as 2 d PI (Sta et al., 2013). 
The difference in expression of these genes between WT and C6-/- animals, might be the basis of 
the faster regeneration of crush injured C6-/- sciatic nerves observed in previous studies 
(Ramaglia et al., 2009). This also indicates that the regeneration process in the C6-/- animals is 
induced as early as 3 d PI.  

Figure 13: Schematic representation of the clearance signaling in presence or absence of MAC.  Line thickness indicates 
the main route. Dotted lines indicate a side-response, which is not the primary route.  

We propose that the deficiency for C6 results in a different clearance strategy. The 
steps are schematically shown in figure 13. The WT animals recruit fast responding macrophages 
to the damaged nerve by wide array of pro-inflammatory cytokines, resulting in fast clearance of 
axonal and myelin in these animals. The C6-/- nerves show attractants for monocytes and 
macrophages but fail in the activation of these macrophages. Instead the C6-/- animals trigger a 
secondary response via the differentiation of T helper cells in to Th17 and regulation of these 
cells by a Th2 and T regulatory response. We propose that this difference in clearance strategy is 
the basis of the difference in regeneration onset. The generation of T helper cells triggers a 
“cleaner” response to the damage and therefore might provide a better environment for 
regeneration. In WT animals the anti-inflammatory response is suppressed and therefore might 
result in a delay in transcription of all factors necessary to induce genes involved in neurite 
outgrowth and ensure axonal survival. 
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Supplementary figure 1: Uninjured nerve and DRG controls for each immunohistochemical staining. A-B: CfH probe, 
DRG (A), sciatic nerve (B); C-D: CfH protein DRG (C), sciatic nerve (D); E: C3 in situ hybridization, uninjured nerve DRG. F-G: 
Ccl5: DRG (F) and sciatic nerve (G). H-I: MCP1 DRG (H) and sciatic nerve (I); J-K MMP9 in DRG (J) and sciatic nerve (K); L-M: 
CD4 in DRG (L) and sciatic nerve (M). In general the level of immunoreactivity for the proteins or mRNA is lower in the 
uninjured controls compared with the injured ones. Although CfH mRNA is still detected in the uninjured DRG (A), similar 
to the CfH protein (C), but levels are lower than in the injured nerves and their DRGs. The Ccl5 is high in the uninjured 
DRG (F), but immureactivity is low in uninjured nerve (G). CD4 positivity is also found in uninjured nerve DRGs sensory 
neurons (L), but not in the uninjured sciatic nerves (M).  
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