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Abstract

Complement (C) activation is a crucial event in peripheral nerve degeneration but its 

effect on the subsequent regeneration is unknown. Here we show that inhibition of 

post-traumatic C activation accelerates axonal regeneration and recovery of motor and 

sensory function in a rat model of sciatic nerve injury. We suggest that a destructive 

C-mediated event during nerve degeneration hampers the subsequent regenerative 

process. 

Keywords. crush injury, complement, complement inhibitors, regeneration, recovery
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Introduction

Functional recovery of damaged peripheral axons is slow and incomplete 1. Insights 

into the mechanisms of post-traumatic axonal degeneration (Wallerian degeneration, 

WD) may offer an opportunity to improve the subsequent regeneration. 

The complement (C) system, highly expressed in healthy peripheral nerve, is 

activated after injury and in disease 2,3. We have shown that lack of membrane attack 

complex (MAC, C5b-9) formation, the terminal activation product of the C cascade, 

delays WD and clearance of myelin and axons 3, which is considered a prerequisite for 

successful regeneration 4. C activation during WD could be a “double-edged sword” for 

the subsequent nerve regeneration by either perpetuating non-specific tissue damage 

directly via the MAC and indirectly via macrophages and their toxic mediators 

or promoting recovery via early clearance of neuronal debris and later secretion of 

anti-inflammatory cytokines by macrophages. Here we determine the effects of C6 

inhibition and inhibition of C activation on post-traumatic nerve regeneration and 

recovery. 

Materials & Methods 

Animals. This study was approved by the Academic Medical Center Animal Ethics 

Committee and complies with the guidelines for the care of experimental animals. 

Male 12 weeks old PVG/c rats (wildtype) were obtained from Harlan (UK) and PVG/c- 

(C6-/-) rats were bred in our facility. The animals weighed between 200 g and 250 g 

and were allowed to acclimatize for at least two weeks before the beginning of the 

study. Animals were kept in the same animal facility during the entire course of 

the experiment and monitored for microbiological status according to the FELASA 

recommendations. Animals were housed in pairs in plastic cages. They were given rat 

chow and water ad libitum and kept at a room temperature of 20ºC on a 12 hours:12 

hours light:dark cycle.

Genotyping of PVG/c- (C6-/-) rats.  The C6-/- rats carry a deletion of 31 basepairs (bp) 

in the C6 gene 5. Genotyping was performed according to Ramaglia et al 3. 

Administration of human C6 for reconstitution studies. C6 was purified from 

human serum. It was administered i.v. in eight C6-/- rats at a dose of 4 mg/kg/day in 

PBS one day before the crush injury (day -1) and every day thereafter for 1 week (day 

0, 1, 2, 3, 4, 5, 6) (Figure 1). Eight wildtype and eight C6-/- rats were treated with equal 

volume of vehicle (PBS) alone. 
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Administration of sCR1 for inhibition studies. Recombinant soluble C receptor 1 

(sCR1) was obtained as previously described 6.  sCR1 was administered i.p. in six rats 

at a dose of 15 mg/kg/day.  Six rats were treated with equal volumes of vehicle (PBS) 

alone.  The treatment was given one day before the crush injury (day -1) and every day 

thereafter for 1 week (day 0, 1, 2, 3, 4, 5, 6) (Figure 1). 

Hemolytic assay and ELISA. Blood samples from wildtype PBS-treated, C6-/- PBS-

treated, C6+ and sCR1-treated rats were collected from the tail vein one day before the 

crush injury (day -1) and every following day until 1 week post-injury (day 0, 1, 2, 3, 4, 

5, 6, 7) (Figure 1).  All samples were collected immediately before each injection of 

treatment.  Plasma was separated and stored at -80ºC. C6 activity and sCR1 inhibitory 

effect were assayed by standard C hemolytic assay (Table 1). Plasma levels of sCR1 

were measured by ELISA assay, using serial dilutions assayed in duplicates.

Motor and sensory test. All experiments were conducted by the same investigator 

who was blinded of the genotype and treatment groups (wildtype n=8; C6-/- n=8; C6+ 

n=8; wildtype sCR1-treated n=6; wildtype PBS-treated n=4). Both motor and sensory 

tests were performed at the same time during the day, every week until 5 weeks post-

injury (Figure 1). Recovery of motor function was assessed using a standardized 

Figure 1. Schedule of treatments, blood withdrawal, recovery of function, histology, retrograde tracing 
and expression profiling.
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walking track analysis and derived sciatic function index (SFI) according to Hare et 

al 7. Briefly, the rats were allowed to walk across a 150 cm long plexiglass platform 

while their walking pattern was recorded by a camera underneath the platform. An 

index of the sciatic nerve function was calculated from the recorded footprints using 

the ImagePro analysis program (Media Cybernetics, The Netherlands). The print 

length (PL), toe (1st to 5th) spread (TS) and intermediary toe (2nd to 4th) spread (IT) 

were recorded from the uninjured normal foot (NPL, NTS, NIT) and the contralateral 

foot on the injured experimental side (EPL, ETS, EIT). The SFI was derived with the 

formula: -38.3*[(EPL-NPL)/NPL]+109.5*[(ETS-NTS)/NTS]+13.3*[(EIT-NIT)/NIT]. In 

case of no print produced by the animals, the standard values of EPL=60 mm, ETS=6 

mm and EIT=6 mm were used. A higher SFI results from an increase in the print 

length and toe spreading parameters and indicates reinnervation of the calf and small 

foot muscles, respectively. The SFI is expressed as mean±SEM. Non linear regression 

sigmoidal fit [y=bottom+(top-bottom)/(1+10^((logEC50-x))) was applied (wildtype PBS-

treated, r2=0.99; C6-/- PBS-treated, r2=0.99; C6+, r2=0.97). Recovery of sensory function 

was assessed with the footflick test according to De Koning et al 8. Briefly, a shock 

source with a variable current of 0.1-0.5mA was used. Recordings were performed 

one day before the injury and every week until 5 weeks post-injury. The rats were 

immobilized and two stimulation electrodes were placed at the same point on the rat 

foot sole for every animal and stimulation. A response was scored positive if the rat 

retracted its paw. The minimal current (mA) needed to elicit a retraction response was 

recorded. Values are expressed as percentage of normal function and represent the 

Table 1. Plasma hemolytic activity (%CH50)

Day -1  Day 0 
(crush)

Day 1 Day 2 Day 3 Day 4 Day 5 Day 7

wildtype 
vehicle PBS-treated

91.6±1.0 91.7±1.1 81.2±1.7 89.5±1.5 86.1±1.4 n.d. 82.1±1.7 90.8±4.1

C6 deficient 
PBS-treated (C6-/-)

14.0±0.1 n.d. n.d. 12.8±0.2 n.d. 13.5±0.3 n.d. 15.7±0.4

C6 deficient 
reconstituted with 
C6 (C6+)

14.0±0.1 n.d. n.d. 78.5±0.9* n.d. 76.9±0.8* n.d. 78.5±1.6*

wildtype soluble 
complement 
receptor 1 (sCR1)-
treated

87.4±0.6 36.8±1.1* 27.2±0.9* 27.2±3.6* 27.9±0.3* n.d. 29.6±1.7* 33.4±2.9*

Values are means±S.D. of six to eight animals per group per time point. Statistical significance (*) refers to 
p≤0.001 determined by a two way ANOVA test with Bonferroni’s correction. n.d., not determined.
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mean±SEM. Non linear regression Boltzmann sigmoidal fit [y=bottom+(top-bottom)/

(1+exp((V50-x)/slope)) was applied (wildtype PBS-treated, r2=0.99; C6-/- PBS-treated, 

r2=0.99; C6+, r2=0.99).

Nerve crush injury. All the surgical procedures were performed aseptically under 

deep isoflurane anesthesia (2.5% vol isoflurane, 1 L/min O2 and 1 L/min N2O). The 

left thigh was shaved and the sciatic nerve was exposed via an incision in the upper 

thigh. The nerve was crushed for three 10 s periods at the level of the sciatic notch 

using smooth, curved forceps (No.7), resulting in a completely translucent appearance 

of the crushed area on the nerve. The crush site was marked by a suture through 

the epineurium which did not constrict the nerve. On the right side, sham surgery 

was performed which exposed the sciatic nerve but did not disturb it and a marking 

suture was placed. The muscle and the skin were then closed with sutures. The right 

leg served as control. Following the crush lesion, the rats were allowed to recover for 

2 days (wildtype n=3; C6-/- n=3), 1 (wildtype n=3; C6-/- n=3; C6+ n=5), 2 (wildtype n=7; 

C6-/- n=8) or 5 (wildtype n=5; C6-/- n=5; C6+ n=3; wildtype sCR1-treated n=6; wildtype 

PBS-treated n=4) weeks (Figure 1). 

Retrograde labeling of neurons. One week after the crush injury, the sciatic nerve of 

anaesthetized rats (wildtype, n=7; C6-/-, n=8) was exposed and cut 8 mm distal from the 

crush site. The proximal tip of the cut nerve was submerged in 2μl of 5% of the neuronal 

tracer Fast Blue (EMS-GRIVORY, Groβ-Umstadt, D) in PBS for 30 min followed by 3 

washes in PBS. The two cut ends of the sciatic nerve were then approximated using 

surgical fibrin glue (Tissucol, Baxter, The Netherlands). The muscle and the skin were 

then closed with sutures. After one week the rats were intracardially perfused with 4% 

paraformaldehyde. The L4, L5 and L6 dorsal root ganglia (DRGs) were removed, post-

fixed in 4% paraformaldehyde followed by incubation in increasing concentration 

of sucrose (15-30%) in PBS, embedded in tissue-tek (Sakura, Zoeterwoude, The 

Netherlands), frozen in liquid nitrogen and stored at -80ºC until processed for 

histology.

Histology of DRGs. Serial cryosections (7μm thick) of the spinal cord and DRGs 

were fixed in acetone for 10 min, washed in PBS and mounted with Vectashield 

mounting medium (Vector Laboratories, Burlingame, CA). Representative images 

were captured using a digital camera (DP12; Olympus) attached to the fluorescence 

microscope (Vanox AHBT3; Olympus, Zoeterwoude, The Netherlands) using a DAPI 

filter (320-520nm) to visualize the neuronal tracer Fast Blue. 
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Histology of tibial nerves. Animals who were allowed to recover up to 1 or 5 weeks 

were intracardially perfused with 4% paraformaldehyde in piparazine-N-N´-bis 

(2-ethane sulphonic acid) (PIPES) buffer (pH 7.6), under deep isoflurane anesthesia. 

Left and right tibial nerves were removed from each animal and postfixed with 1% 

glutaraldehyde, 1% paraformaldehyde and 1% dextran (MW 20,000) in 0.1 M PIPES 

buffer (pH 7.6). They were divided into one proximal and one distal segment of 10 mm 

length. Each segment was conventionally processed into epoxy resin. Semithin 0.5 

μm resin sections were stained with thionine and acridine orange and images were 

captured with a light microscope (Leica DM5000B, The Netherlands) connected to a 

digital camera (Leica DFC500, The Netherlands). Electron microscopy was performed 

on ultrathin sections of the tibial nerve from wildtype, C6-/- and sCR1-treated rats at 

5 weeks following the crush injury. Sections were contrasted with uranyl acetate and 

lead citrate as previously described 9. Images were captured with a digital camera 

attached to an electron microscope (FEO 10, Philips, The Netherlands). 

Morphometry. The g-ratio, the numerical ratio of axon diameter to myelinated fiber 

diameter, and the frequency of the axon diameter of myelinated fibers were calculated 

on the resin sections. The transverse section of the whole nerve for each animal in each 

group (wildtype n=5, C6-/- n=5, C6+ n=3, PBS-treated n=6, sCR1-treated n=4) allowed 

to recover up to 5 weeks post-injury was analyzed at 100X magnification, using a Zeiss 

Axioplan with a Märtzhäuser motorized stage using a Zeiss KS400 image analysis 

system (Image Associates, Thame, UK). 

Quantitative analysis of Fast Blue-labeled neurons and 3D reconstructions 

of DRGs. The number of Fast Blue-labeled sensory neurons was counted in every 10 

sections through the entire DRGs. Only labeled cells containing a nucleus were scored. 

The nuclear size of DRG sensory neurons did not differ between wildtype and C6-/- 

animals. Values are expressed as mean±SD. For the 3D reconstructions of representative 

DRGs, consecutive sections through the entire tissue were captured by a digital 

camera (Monochrome Retiga EXi Cooled, Qimaging, Surrey, Canada) connected to a 

fluorescence microscope (DM600B, Leica Microsystems GmbH, Wetzlar, Germany). 

The 3D reconstructions were created using Amira visualization software (version 4.1; 

Mercury Computer Systems inc., Chelmsford, MA USA, http://www.amira.com) as 

previously described by Soufan et al 10. Briefly, the 8-bit grayscale images were aligned 

based on tissue outline. Aligned grayscale images were then segmented to a 3D data 

set in which voxels are assigned to the DRG and nerve root labels. The labels were 

manually corrected for tissue distortions before conversion to surfaces. The surfaces 

were simplified and smoothed. DRG grayscale images were masked with the DRG 
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label and visualized by direct volume rendering to reveal the fast blue-labeled sensory 

neurons, whereas the root label is shown by surface rendering. 

RNA isolation and expression profiling. Two days after the crush injury, wildtype 

(n=3) and C6-/- (n=3) rats were euthanized by increasing concentrations of CO2 

inhalation. A 5mm segment of nerve, including the crush site and extending distally 

from it, was collected and immediately frozen in liquid nitrogen. The equivalent segment 

of nerve on the contra-lateral side served as control. Total RNA was isolated from 

the nerves using the mirVana PARIS Kit (Ambion, Applied Biosystems Netherlands, 

Nieuwerkerk a/d lJssel, The Netherlands) according to the manufacturers’ instructions. 

The quantity and quality of the RNA was assessed with a spectrophotometer (ND1000: 

Nanodrop Technologies, Rockland, DE) and a Bioanalyzer (model 2100: Agilent, Palo 

Alto, CA). The Low RNA Input Fluorescent Linear Amplification Kit (Agilent, Palo 

Alto, CA) was used to obtain fluorescent Cy3 (single dye) labeled cRNA from the RNA 

samples. Agilent G4131F  4 x 44K Whole Rat Genome Microarray were used for mRNA 

expression profiling. Hybridization and scanning of the chips was done by ServiceXS 

(Leiden, The Netherlands). Feature extraction software version 9.1 from Agilent was 

used to generate the feature extraction data. Data analysis was done with Rosetta 

Resolver version 7.1. Quantitative polymerase chain reaction (QPCR) using universal 

probes (Roche, Roche Diagnostics Nederland B.V, Almere The Netherlands) and the 

Lightcycler 480 (Roche) was used to validate the microarrays results. 

Statistical analysis.  Two way ANOVA with Bonferroni correction was performed 

for the analysis of the hemolytic assay (p<0.001), ELISA assay (p<0.001), SFI (p≤0.05), 

Footflick test (p≤0.05) and the multiple comparison analysis of the morphometry 

(p≤0.05). Two tailed t test was performed for the analysis of the retrogradely-labeled 

sensory neurons (p≤0.002) and for the group analysis of the morphometry (p≤0.05). 

ANOVA with Benjamini-Hochberg false discovery rate correction for multiple 

testing was used for the analysis of the mRNA expression profiling. Genes with an 

ANOVA p value <0.05 and a fold change greater than 2 or less than -2 were considered 

significant.  

Results

Recovery of function is accelerated in the absence of C6 or when C activation 

is inhibited. To determine the effect of MAC formation on post-traumatic nerve 

regeneration, we compared recovery from sciatic crush injury in C6 deficient (C6-/-, 

n=16) and wildtype PVG rats (n=15). Recovery of sensory function was monitored with 

the footflick test. At 1 week post-injury, none of the animals responded to the electrical 
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stimulus.  From week 2 to week 3 post-injury, the C6-/- rats showed 20-50% greater 

recovery of sensory function than wildtype rats (p≤0.05, two way ANOVA) (Figure  2a). 

This effect is due to the lack of C6 in the C6-/- animals, since reconstitution with purified 

human C6 protein in these animals (indicated in the text as C6+ animals, n=8) resulted 

in a recovery pattern similar to that of wildtype animals, thus significantly lower than 

C6-/- rats (p≤0.05, two way ANOVA). To determine whether the same improvement of 

function could be obtained through pharmacological intervention, wildtype PVG rats 

were treated with sCR1 for 8 days. Similarly to C6-/- rats, sCR1-treated animals (n=6) 

reached 50% recovery of function earlier than the PBS-treated controls (n=6, p<0.05, 

two way ANOVA) (Figure 2b). We also observed a beneficial effect of C6 deficiency on 

motor function. C6-/- animals recovered better than wildtypes after crush injury as 

assayed by the sciatic function index (SFI) (Figure 3).

Figure 2. Recovery of sensory function is accelerated in the absence of C6 or when C activation is 
inhibited. (a) Footflick analysis showing accelerated recovery of sensory function in C6-/- rats compared 
to wildtypes and C6+ rats, after the crush injury (time=0). The asterisk (*) refers to significant differences 
between the wildtype (n=8) and C6-/- rats (n=8) and between the C6-/- and C6+ (n=8) groups with p≤0.05 
determined by a two-way ANOVA test with Bonferroni’s correction. (b,c) Normalized time to recover 50% 
of sensory function in two separate experiments, showing faster recovery of C6-/- and sCR1-treated rats 
(n=6) compared to wildtypes, C6+ and PBS-treated (n=6) controls. 
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Nerve regeneration is accelerated in the absence of C6 or when C activation 

is inhibited. Regeneration was also scored by histology. After 1 week, myelin and 

axons were degraded in all groups of animals (not shown), demonstrating complete 

degeneration after injury. At 5 weeks after injury, tibial nerves of untreated wildtypes 

showed numerous regenerative clusters of small diameter thinly myelinated axons 

(Figure 4a, arrows), which were rarely observed in the C6-/- and sCR1-treated animals 

(Figure 4a, arrows head). Quantitative analysis of axon diameter showed that the 

percentage of large diameter (5μm) myelinated axons was significantly increased in 

the sCR1-treated animals (3.14±0.46%, n=6) compared to the untreated wildtypes 

(0.63±0.13%, n=5), the C6+ (0.78±0.14%, n=3) and the PBS vehicle-treated (0.93±0.07%, 

n=6) controls at 5 weeks post-injury (p≤0.05 one-way ANOVA). Group statistic showed a 

Figure 3. Recovery of motor function is accelerated in the absence of C6. Sciatic Function Index (SFI) 
and footprints showing complete loss of function at week 1 after the crush injury (time=0). The wider 
toe spread in the C6-/- footprint (week 4), relative to the wildtype and C6+ footprints, indicates increased 
muscle strength. A single asterisk (*) refers to significant differences between the wildtype (n=8) and C6-/- 
rats (n=8) whereas the second asterisk (**) refers to significant differences between the C6-/- and C6+ (n=8) 
groups with p≤0.05 determined by a two-way ANOVA test with Bonferroni’s correction.
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>3 fold greater percentage of larger diameter myelinated axons in the treatment group 

(C6-/-, sCR1-treated group) than in the controls (wildtype, PBS vehicle-treated, C6+) 

(p≤0.05 two tailed t test).  Myelin thickness was not significantly altered between groups 

of animals (g-ratio of 0.69±0.01, n=5, wildtype; 0.65±0.02, n=5, C6-/-; 0.65±0.01, n=3, C6+; 

0.70±0.01, n=6, sCR1-treated; 0.66±0.003, n=6, PBS vehicle-treated) (Figure 4b). These 

data show that axonal regeneration and functional recovery after peripheral nerve injury 

are enhanced in the absence of C6 or when C activation is inhibited by sCR1. 

Regeneration was also scored by retrograde tracing of sensory neurons with the 

neuronal tracer Fast Blue at 1 week post-injury. C6-/- rats showed a significantly 

(p≤0.002 two tailed t test) higher number of Fast Blue-labeled sensory neurons in L4 

(617.3±86.3), L5 (554.9±76.2) and L6 (8.5±3.1) DRGs than wildtypes (L4, 296.2±91.2; L5, 

354.3±128.9 and L6, 28.4±10.5) (Figure 5a,b, arrows head), demonstrating faster 

Figure 4. Nerve regeneration is accelerated in the absence of C6 or when C activation is inhibited. (a) 
Thionine staining (left panel, bar: 50μm) and electron microscopy (right panel, bar: 10μm) of tibial nerves 
at 5 weeks post-injury, showing regenerative clusters in the wildtype injured nerve (n=5) (arrows head �) 
but single large diameter axons in the C6-/- (n=5) and sCR1- treated nerves (n=6), indicating advanced 
regeneration.  (b) g-ratio and axon diameter of myelinated fibres showing no difference in myelin thickness 
between groups of rats whereas an increase in the number of large diameter fibres is seen in the sCR1-
treated and C6-/- nerves, indicating a more advanced stage of regeneration.
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Figure 5. Axonal regeneration is accelerated in the absence of C6. (a) 3D reconstruction of L5 DRGs 
(purple) containing fast blue-labeled sensory neurons (yellow) retrogradely traced at 1 week post-injury. 
Note a higher density of labeled neurons in the C6-/- (n=8) than in the wildtype (n=7) DRG, indicating 
faster regeneration of sensory axons. The underlying nerve root is shown in green. Representative sections 
of wildtype and C6-/- DRGs showing fast blue-labeled sensory neurons (blue, arrow head �) are shown in 
(b). Satellite cells are also labeled (blue, arrow →). Scale bars are 1000 (a) and 100 (b) μm. For color figure 
see page 158.

regeneration of sensory axons in the C6-/- rats than in their wildtype counterparts. 

These data show that post-traumatic axonal regeneration and functional recovery are 

enhanced in the absence of C6 or when C activation is inhibited by sCR1. 

Expression profiling. To determine the mechanism of improved post-traumatic 

nerve regeneration, we performed expression profiling of the crush site from wildtype 

(n=3) and C6-/- (n=3) nerves at 2 days post-injury. Interestingly, C6-/- rats showed a 

significantly lower expression of the matrix metallo-proteinases (MMPs) 7 (2.2 fold, 

p< 0.05, ANOVA, Benjamini-Hochberg correction) and 9 (2.8 folds; p< 0.05, ANOVA, 

Benjamini-Hochberg correction), which are enzymes responsible for the degradation 

of extracellular matrix proteins, constituents of the Schwann cells’ basal lamina 11. A 

low expression of MMPs may protect the C6-/- nerve during degeneration, favoring the 

subsequent regeneration. 
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Discussion

Functional recovery after nerve trauma requires both control of axonal branching and 

elongation by attractive and repulsive molecular cues 12  and maintenance of intact 

endoneurial tubes 13 to accurately reinnervate the original target. We suggest that 

C activation interferes with the latter process. sCR1 inhibits C activation at the level 

of the C3 convertase 14, but ultimately inhibits the MAC. Since we observed similar 

effects in C6 -/- animals, MAC - and not the upstream C members - is responsible for 

the poor regeneration and recovery of the wildtype rats. 

The MAC directly damages the axonal membrane 15 and is indirectly involved in 

macrophage activation 3. Activated macrophages produce MMPs that penetrate the 

Schwann cells’ basal lamina and break it down to remove the degenerating myelin 16. 

We have previously shown that blockade of MAC formation during nerve degeneration 

inhibits macrophage activation, protecting the injured nerve from early damage 3. Here 

we show that MMPs production is also inhibited in the absence of MAC. Surprisingly, 

delayed clearance of myelin debris in the C6-/- nerve does not hamper regeneration. 

We propose that lack of MAC formation and inhibition of MMPs could rescue the 

endoneurial tube, maintaining the architecture necessary for guiding the axon to its 

target, thereby accelerating regeneration and improving recovery. 

Further, the absence of MAC delays WD and clearance of myelin and axons 3 which 

is considered a prerequisite for successful regeneration 4. Interestingly, a recent study 

demonstrated that temporary application of exogenous MAG after sciatic nerve 

injury reduces axonal branching without affecting axonal elongation and enhances 

the functional recovery, presumably by improving the quality of reinnervation 17. It is 

likely that in the C6 deficient nerve the delayed clearance of myelin associated proteins, 

such as MAG, minimizes the axonal branching as shown by the reduced occurrence 

of regenerative clusters both in the C deficient and sCR1-treated animals, ultimately 

improving recovery. 

We conclude that blockade of the C cascade provides a novel therapeutic approach 

to promote regeneration of the injured peripheral nerve.
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