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Abstract

The complement system is implicated in Wallerian degeneration (WD). We have 

previously shown that the membrane attack complex (MAC), the terminal activation 

product of the complement cascade, mediates rapid axonal degradation and myelin 

clearance during WD after peripheral nerve injury. In this study we analyzed the 

contribution of CD59a, a cell membrane negative regulator of the MAC, to WD. 

Following injury, the residual axonal content was lower in CD59a deficient mice than 

wildtypes, strongly implicating MAC as a determinant of axonal damage during 

WD. The number of endoneurial macrophages was significantly higher in CD59a 

deficient than in wildtype mice at 1 day post-injury. These findings are relevant to the 

understanding of the mechanisms of axon loss in injury and disease.

Keywords. Wallerian degeneration, complement, membrane attack complex (MAC), 

CD59a  



C
h

a
p

te
r 4

C
D

5
9

a
 a

n
d

 W
a

lleria
n

 d
e

g
en

era
tio

n

79

Introduction

When the peripheral nerve is injured, the axons disintegrate distally from the site 

of trauma. This process is known as Wallerian Degeneration (WD) 1. WD begins 

approximately 12 hours after injury with degeneration of the axoplasma and 

axolemma 2, mediated by calcium influx and activation of calcium-dependent 

proteases 3. Following degeneration of the axon, myelin collapses, resident endoneurial 

macrophages proliferate, become activated and initiate myelin phagocytosis. Schwann 

cells proliferate and participate in myelin digestion 4. Hematogenous monocytes/

macrophages are ultimately responsible for the rapid and efficient phagocytosis and 

removal of myelin 5.  

The complement (C) system, locally produced in the healthy peripheral nerve, is 

activated during WD 6,7. C is a key component of the innate immune system, defending 

the host against infections, bridging innate and adaptive immunity and disposing of 

immune complexes and apoptotic cells 8,9. It is activated via three distinct routes: the 

classical, lectin and alternative pathways. All three routes converge in the cleavage of 

C3 and C5, producing the chemoattractants C3a and C5a, the opsonin C3b, and C5b 

which is the anchor for the assembly of the C5b-9 membrane attack complex (MAC). 

MAC forms pores in cell membranes inducing cytolysis. 

Previous studies of WD showed that the C system mediates myelin phagocytosis by 

macrophages 10 whereas depletion of C3 11 or C5 deficiency 12 delay WD and inhibit 

macrophage recruitment. However, because of their multiple functions, lack of C3 or 

C5 could affect different pathways and systems. We have recently shown that in C6 

deficient rats, unable to form the terminal MAC but having an otherwise normal C 

system, the axons are protected from early degeneration after peripheral nerve injury, 

myelin maintains intact morphology, and macrophages fail to become activated. 

These effects could be reversed by C6 supplementation, strongly implicating MAC, 

and not the upstream C cleaved products, in WD 7. 

The peripheral nerve is equipped with a number of C regulatory proteins which 

protect self tissues from excessive C activation 6. CD59, expressed on the surface of 

myelinating Schwann cells, prevents MAC formation by inserting between the C8 and 

C9 subunits of the forming C5b-9 complex 13,14. In man, CD59 (and CD55) deficiency 

on hemopoietic cells results in paroxysmal nocturnal haemoglobinuria (PNH), which 

renders the cells susceptible to MAC-mediated lysis 15. In mice, a gene duplication 

event results in two forms of CD59: one ubiquitously distributed, CD59a, and the 

other, CD59b, expressed solely in the testis 16-18. Lack of the CD59a gene results in a 

mild PNH-like phenotype in otherwise healthy mice 19.

We hypothesize that lack of MAC regulation in CD59a deficient (CD59a-/-) mice 

exacerbates WD after peripheral nerve injury. 
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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 7-11 weeks old wildtype and CD59a-/- mice, weighing between 18g and 32g, 

were bred in-house and regularly monitored for microbiological status according to 

the FELASA recommendations. They were housed in group in plastic cages and were 

given mouse chow and water ad libitum. They were kept at room temperature (RT) on 

a 12 hours:12 hours light:dark cycle. 

Nerve crush injury and tissue processing. All surgical procedures were performed 

aseptically under deep isoflurane anesthesia (1.5 Vol/l isoflurane and 1.0 Vol/l O2). 

The left sciatic nerve was exposed via an incision in the upper thigh. The nerve was 

crushed for 3 x 10 s period at the level of the sciatic notch using smooth forceps. The 

crush site was marked by a suture which did not constrict the nerve. On the right side, 

sham surgery was performed which exposed the sciatic nerve but did not disturb it. 

A suture was also placed. The muscle and the skin were then closed with stitches. The 

right leg served as control. Following the crush, the mice were allowed to recover for 1 

day (WT n=6; CD59a-/- n=6) and then euthanized by increasing concentrations of CO2 

inhalation. Left and right sciatic nerves were removed from each animal, embedded 

in tissue tek (Sakura, Zoeterwoude, NL), frozen in liquid nitrogen and stored at -80ºC 

until used for histology. 

Histology and immunohistochemistry. Fresh frozen longitudinal sections of 5μm 

thickness were cut and fixed on glass slides with ice cold acetone. They were stained 

with haematoxylin and eosin (H&E) to determine tissue quality. Palmgren’s silver 

method was used to stain the axons.  

For the immunohistochemical analysis, the endogenous peroxidases were blocked in 

0.03% H2O2 in PBS at RT for 20min. After blockade of the unspecific binding sites with 

10% normal rabbit serum in 50 mmol l-1 TrisHCl, 137 mmol l-1 NaCl, pH 7.6 (TBS) for 

20 min, the slides were incubated with the rat anti-mouse macrophage f4/80 primary 

antibody (Serotec, Düsseldorf, D) diluted 1:300 in 1% bovine serum albumin (BSA) for 

90 min. Following a 30 min incubation with the secondary biotinylated rabbit anti-rat 

antibody (DakoCytomation, Glosstrup, DK) diluted 1:200 in 10% mouse serum, the 

slides were incubated  for 20 min with peroxidise-labelled polystreptavidin (ABC-

complex, DAKO) diluted 1:400 in 1% BSA. Sections immunostained with secondary 

conjugate alone were included as negative controls. To visualize peroxidase activity, 

the slides were incubated in 3,3-diaminobenzidine tetrahydrochloride (DAB)  (Sigma-

Aldrich, Zwijndrecht, NL ) for 7 minutes followed by a 5 min counterstaining with 
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haematoxylin. Slides were dehydrated in a series of ascending concentrations of 

ethanol and mounted in Pertex (Histolab, Gothenburg, SE). 

Quantitative analysis of macrophages. Three non-consecutive longitudinal 

sections were scored for each animal per group (uninjured: wildtype n=5, CD59a-/- n=5; 

1 day post-injury: wildtype n=6, CD59a-/- n=6). Macrophages associated with nuclei 

were scored 1 mm distal from the crush site. The values are expressed as mean±SD 

per mm2. 

Statistical analysis. Statistical analysis was performed by a two-way ANOVA with 

Bonferroni’s correction.

Results

Analysis of Wallerian degeneration. To determine axonal degeneration during WD, 

we performed Palmgren’s silver staining of longitudinal sections of sciatic nerves from 

wildtype and CD59a-/- mice at 1 day after crush injury. The amount of argyrophilic 

axonal contents marked by the silver staining was lower in CD59a-/- nerves than in 

wildtypes (Figure 1), indicating prominent axon loss after injury. These observations 

suggest that the lack of CD59 exacerbates post-traumatic axonal damage.  

Figure 1. Analysis of axons. Palmgren’s silver staining of longitudinal sections of sciatic nerve from 
wildtype and CD59a-/- mice at 1 day after injury, showing a lower amount of axons in the CD59a-/- nerve 
than in wildtype. A section of the uninjured nerve is shown for comparison. Bar is 500μm. The asterisk (*) 
indicates the segment of nerve at 1 mm distal from the crush site.
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Figure 2. Analysis of macrophages. (a) Quantification of f4/80 immunoreactive cells in wildtype and 
CD59a-/- sciatic nerves at 1 day after injury. Representative f4/80 immunostainings of uninjured (b and 
b’), and injured wildtype (c and c’) and CD59a-/- (d and d’) nerves are also shown. Insets represent nerve 
segments taken 1mm distal from the crush site. Scale bar in b, c and d is 500μm. Scale bar in b’, c’ and d’ is 
100μm. For color figure see page 154.
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Quantitative analysis of macrophages. Since some products of complement 

activation have a chemotactic function, we quantified the number of endoneurial 

macrophages immunoreactive to the f4/80 macrophage marker (Figure 2a-d). The 

number of f4/80 immunoreactive macrophages in the CD59a-/- nerves (108.9±15.6) was 

significantly higher than in wildtypes (71.2±16.5, p<0.05) at 1 day after injury. Both 

strains of mice showed a significant increase from uninjured baseline levels (WT 

40.1±14.6, p<0. 05; CD59a-/- 51.3±13.0, p<0.001). These data suggest that the influx of 

endoneurial macrophages is increased in the absence of CD59a. 

Discussion

We recently showed that both genetic and pharmacological inhibition of the MAC 

protects the peripheral nerve from early axon loss after injury 7,20. Here we performed a 

study to determine whether deficiency of the MAC regulator, CD59a, exacerbates WD 

after crush injury of the mouse sciatic nerve. We found that lack of CD59a augments 

axonal damage and results in an increased number of endoneurial macrophages at 1 

day after injury. 

Following peripheral nerve trauma, the C system is activated 7. The activated 

C system ultimately results in assembly of the MAC. The MAC forms pores on 

membranes damaging tissues. In wildtype nerves, CD59a protects self-tissues against 

the damaging effects of the MAC. In CD59a-/- mice, lack of MAC regulation on the 

Schwann cell membrane exacerbates damage of the myelin sheath and the axolemma 

driving demyelination and axonal damage. Myelin and axonal debris can then be 

targeted by C opsonins, resulting in an increased number of endoneurial macrophages 

which are involved in the clearance of the damaged tissue 21. 

Our data fit with earlier findings showing that CD59a deficiency enhances disease 

severity, demyelination and axonal injury in the murine acute experimental allergic 

encephalomyelitis model of multiple sclerosis 22. CD59a deficiency also aggravates 

tubular injury and interstitial leukocyte infiltrate after ischemia-reperfusion renal 

injury in mice 23 and increases clinical and pathological disease hallmarks in a 

murine model of rheumatoid arthritis 24. These results strongly support our previous 

conclusion that MAC is a major determinant of post-traumatic axon loss. 

Activation of the C cascade has been implicated in a variety of neurodegenerative 

and inflammatory disorders including Alzheimer’s, Huntington’s and Pick’s disease, 

and multiple sclerosis. We suggest that anti-C therapeutics targeting MAC assembly 

will be beneficial not only in traumatic nerve injury but also in the treatment of these 

diseases.
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