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The peripheral nerve
The peripheral nervous system (PNS) links the central nervous system (CNS) to the 
rest of the body. Peripheral nerve trunks consist of a varying number of fascicles 
containing axons, Schwann cells, fibroblasts and blood vessels, embedded in 
connective tissue called endoneurium and delimited by the perineurium. All fascicles 
lay in the epineurium. Axons are processes of neuronal cell bodies in the brain, 
spinal cord, autonomic and sensory ganglia. They are either afferent or efferent with 
respect to the CNS, transmitting sensory or motor stimuli. Each axon is surrounded 
by many Schwann cells arranged at regular intervals along its length. Schwann cells 
wrap around the axon to form a cylindrical layer of lipids and proteins called myelin 
(Figure 1). 

Myelin provides physical protection for the axon and insulation to increase the 
conduction velocity of the electrical stimulus. The intervals between two Schwann 
cells (or myelin wraps) are structurally and molecularly highly organized regions 
called nodes of Ranvier. This architecture, which allows for the saltatory conduction 
of the electrical stimulus from one node of Ranvier to the next, is the result of an 
evolutionary adaptation to quickly perceive and respond to environmental stimuli. 

Figure 1. Schematic representation of the peripheral nervous system (in blue) in the human body. An 
enlargement of the peripheral nerve, showing its structure and various compartments, including the 
architecture of the axon and surrounding Schwann cell is shown. Modified from: http://www.answers.
com/topic/peripheral_nervous_system. 
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Nerve bundles also contain unmyelinated axons. These appear as groups of 1-8 smaller 
axons within the Schwann cell cytoplasm. They are known as Remak fibers and have  
a sensory function 1. 

Degeneration
Degeneration of the nerve after axotomy was first described in 1850 by Augustus 
Waller 2 and it is since known as Wallerian degeneration (WD) (see scheme in figure 
2). He transected the glossopharyngeal and hypoglossal nerves of the frog and 
described the observed process as “coagulation and curdling of the medulla into 
separate particles of various sizes” but it did not resolve the nature of the “medulla”. 
Fifty years later, Ramón y Cajal 3 confirmed Waller’s observations and determined that 
axonal degradation precedes the collapse of the myelin. He provided a very detailed 
histological description of axonal and myelin degeneration, Schwann cell responses 
and inflammatory infiltrates. 

The seminal observations of Waller and Cajal have been followed by a wealth of 
ultrastructural and molecular studies. Today the term Wallerian degeneration refers 
to the process of axonal degradation which occurs in the distal stump of an injured 
nerve following mechanical (i.e. transection, crush) or metabolic (i.e. ischemia, toxins) 
trauma. 

WD begins with axonal disintegration (Figure 3). This is mediated by calcium influx 
and activation of calpains, calcium-dependant proteases 4. The initial changes are 
visible as early as 12 hours after injury and include the collection of organelle clumps 
which may represent a block of axonal transport. These clumps appear mainly at nodes 
of Ranvier leaving the intercalating area void of axonal content. Approximately 2-3 days 
later, the first changes in myelin structure occur. Myelin collapses into ellipsoids in the 
distal stump and in the most distal end of the proximal stump up to the first intact 
node of Ranvier (Figure 3). At the same time, Schwann cells dedifferentiate, multiply 
within their basal lamina tubes and downregulate myelin protein synthesis 5. They 

Figure 2. Drawing illustrating a group 
of 3 myelinated axons and the target 
skeletal muscle in the healthy nerve, 
in a nerve undergoing Wallerian 
degeneration and regeneration and 
in the regenerated nerve.  Modified 
from:http://missinglink.ucsf.edu/
lmlids_104_cns_injury/
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Figure 3. Electron micrographs of the peripheral nerve showing the annulated myelin sheath containing 
the axoplasma in the uninjured nerve fiber. At 1 day after a mechanical trauma, the degenerating nerve 
fiber appears void of axonal content and at 3 days post-injury, the myelin has collapsed and appears as 
ellipsoids. The regenerative nerve fiber shows a high number of clusters of small diameter and thinly 
myelinated axons.   
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break down the myelin ellipsoids into smaller ovoids and the myelin lipids eventually 
degenerate into neutral fat which is removed by macrophages. 

The endoneurial macrophage population consists of short-term and long-term 
resident macrophages 6. Starting at 2 days after injury, endoneurial macrophages 
proliferate, become activated and participate in myelin removal; however, they cannot 
efficiently complete myelin clearance. Monocyte/macrophages recruited to the 
injured site from the blood stream are responsible for the rapid and efficient clearance 
of myelin debris 7.    

The pathological changes of WD are well characterized but the molecular changes 
are poorly understood. The discovery of a mouse strain (ola, Wlds) with a very slow 
Wallerian degeneration 8 proved that axonal degradation is not a passive process due 
to lack of supply of newly synthesized proteins from the cell body but that it is an active 
and regulated “death program” similar to apoptosis. In Wlds, the gene encoding for the 
N-terminal 70 amino acids fragment of ubiquitination factor E4B (Ube4b) is fused to 
nicotinamide mononucleotide adenyltransferase-1 (Nmnat1), an essential enzyme in 
the biosynthesis of nicotinamide adenine dinucleotide (NAD) 9. The resulting fusion 
protein has a protective effect on transected axons; namely, the distal stump of the 
transected axon and the neuromuscular junctions are protected from degeneration for 
a period of 2 weeks 10. The mechanism of Wlds protection of an injured axon remains 
elusive. The initial ideas of a dominant-negative effect of the ubiquitination factor 
fragment and/or the activity of Nmnat1 could not be confirmed. On one hand, nuclear 
localization of the Wlds protein does not support a putative proteasome malfunction 
in the axon 11. On the other hand, overexpression of Nmnat1 in transgenic mice is not 
sufficient to provide Wlds-like protection 12. The attention is now turned to the unique 
18 amino acids linker region and the 3’ and 5’ untranslated sequences of the Wlds gene 
but the quest for the Wlds mode of action remains open. Interestingly, gene transfer of 
the Wlds protein delays axonal degeneration not only after mechanical injury but also 
after toxic challenge and in a variety of disorders including neuropathies 13. These data 
show that WD is a process common to many injury and non-injury related disorders 
and imply that understanding the mechanism of WD could be the basis for therapy of 
neurodegenerative disorders and neuropathies.  

Regeneration
Damaged axons of the CNS show little regenerative capability whereas peripheral 
axons often achieve a good morphological regeneration, but regain function slowly 
and incompletely 14,15. Peripheral nerve regeneration after injury requires axons to 
re-enter the Schwann cell tubes injured at the lesion site. The search of axons for the 
appropriate Schwann cell tube is represented by the axonal branches emerging from 
the tip of the proximal undamaged nerve stump. Once in the distal stump, the axons 
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need to re-navigate the paths followed before injury and generate specific synapses 
with exactly the same muscle fibers they had previously innervated. In this task they 
are guided by attractive and repulsive molecular cues 16,17 but physical factors also play 
a major role 18. It is important to note that excessive axonal branching at the injury site 
may impair the accuracy of target reinnervation. Since motor and sensory axons have 
equally little ability to identify Schwann cell tubes leading to their proper target, axons 
could be redistributed to wrong pathways (misdirection) and a single neuron could 
send axonal processes to multiple antagonistic muscles (hyperinnervation), impairing 
functional recovery. Thus, both a physiological control of axonal branching and the 
maintenance of intact endoneurial tubes are of high importance for regeneration of 
the adult peripheral nerve. 

Histologically, regeneration is marked by the appearance of regenerative clusters of 
axons which are branches of the originally injured axon. Initially, these branches reside 
within a single Schwann cell but they are later separated by radial sorting. Once the 
1:1 relationship between Schwann cell and axon is established, the pro-myelinating 
Schwann cell begins to ensheath the axon and starts to form myelin and the basal 
lamina tube. At this stage, regenerative clusters appear within adjacent Schwann 
cells as groups of small caliber, thinly myelinated axons (Figure 3). Continue axonal 
growth, at a rate of approximately 2.5mm a day, eventually leads to the connection 
of one branch of the axon to its target. At this point, the rest of the branches are 
eliminated while the remaining axon thickens.

Disease
Peripheral neuropathies are acquired or hereditary diseases of the peripheral nervous 
system. Acquired or inflammatory neuropathies, such as Guillain-Barré Syndrome 
(GBS) and its chronic form, chronic inflammatory demyelinating polyneuropathy, 
(CIDP), are triggered by an autoimmune response against specific components of 
the axon or the myelin sheath 19 whereas hereditary motor and sensory neuropathies 
(HMSN), also known as Charcot-Marie-Tooth (CMT) disease, are caused by mutations 
in particular axon- or myelin-related genes 20.

Acquired neuropathies. GBS is the most common cause of acute autoimmune 
neuromuscular paralysis, counting approximately 1.5/105 cases worldwide 21. 
Clinically it is characterized by sensory disturbance, areflexia and muscle weakness 
often leading to paralysis of legs, arms and respiratory muscles. The acute phase of 
GBS occurs within 10-14 days after trivial infections and lasts for about 4 weeks. The 
outcome is highly variable, ranging from good recovery (most cases), to total paralysis 
(20% of cases) and even death (5-10% in the UK) 22.
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A number of GBS variants exist. The most common form - acute inflammatory 
demyelinating polyneuropathy (AIDP) - is pathologically characterized by segmental 
demyelination of most myelinated axons but spares the extraocular nerves 23. The 
axonal variant of GBS - acute motor axonal neuropathy (AMAN) - affects the axolemma 
leading to axonal injury with consequent conduction block which is reversible. In the 
worst of cases, AMAN leads to complete axonal transection which, depending on 
the site, can result in poor (proximal injury) or good (distal injury) recovery 24. The 
regional variants of GBS affect specific areas of the body with the most common form 
- Miller Fisher Syndrome (MFS) - affecting the extraocular nerves 25. The chronic 
counterpart of GBS is chronic inflammatory demyelinating polyradiculoneuropathy 
(CIDP) characterized by slowly progressive weakness and sensory dysfunction of the 
limbs. CIDP affects all age groups, including the first year of life, and in 80% of cases 
spontaneous recovery is not complete.

Many insights into the immunobiology of acquired demyelinating neuropathies 
come from studies of the experimental autoimmune neuritis (EAN) animal models 
of human GBS. EAN can be actively induced in rats by immunization with purified 
PNS myelin as well as bovine or recombinant human P2-protein 26. Histologically, 
EAN peripheral nerve and nerve root biopsies are characterized by early infiltration 
of lymphocytes followed by a massive invasion of macrophages 27. T-lymphocytes play 

Figure 4. Chromosomal localization of HMSN genes and loci. Gene is annotated on the left and disease 
loci on the right side. Adapted from: http://www.molgen.ua.ac.be/CMTMutations/Home/IPN.cfm).
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an active role in the pathogenesis of EAN. Adoptive transfer (AT-EAN) of a T cell line 
specific for P2-protein is sufficient to induce EAN in rats 28 and T-cell deficient rats 
do not develop EAN upon active immunization 29. Once activated and differentiated, 
T-cells secrete cytokines such as interleukine-2 (IL-2) and tumor necrosis factor-α 
(TNFα) and mediate the recruitment of macrophages and B-cells into the nerve. 

Although not the first cell type to invade the nerve, macrophages represent the 
predominant cell population in EAN nerves. They play a role as both antigen presenting 
cells and phagocytes. Antigen presentation is achieved by the major histocompatibility 
complex (MHC) class II antigen which is constitutively expressed by resident 
macrophages. MHC presumably mediates the differentiation of autoreactive T-cells 
which secrete cytokines involved in the recruitment of hematogenous macrophages. 
The active phagocytotic role of macrophages has been demonstrated. Macrophage 
depletion, with either silica dust or dichlormethylene diphosphonate-containing 
liposomes, ameliorates the EAN disease phenotype 30,31. In addition to their direct 
action, macrophages release arachidonic acid metabolites and reactive oxygen species. 
Selective inhibition of either of those products reduces the severity of EAN 32,33. 

The discovery of axonal glycolipids-specific antibodies in EAN animal models 
and the ability to induce axonal GBS in rabbits sensitized with GM1 gangliosides 
have considerably advanced our knowledge of the mechanisms responsible for the 
development of GBS and its regional pattern of clinical involvement 34,35. Notably, 
specific anti-ganglioside antibodies correlate highly with discrete variants of GBS: 
anti-GM1, anti-GD1a, anti-GD1b and anti-GalNAcGD1a antibodies are highly 
associated with AMAN 36; anti-GQ1a, anti-GD3 and anti-GD1b with MFS 37 whereas 
anti-GM1 IgG/IgM antibodies are closely linked with AIDP and CIDP 38. 

Gangliosides are especially enriched in neuronal tissues, primarily localized at raft 
domains on the synaptic plasma membranes. The carbohydrate moieties of gangliosides 
are structurally similar to that of microbial glycans such as the lipo-oligosaccharides  
expressed on the surface of the bacterium Campylobacter jejuni, highly associated with 
the development of GBS. This mimicry may explain the development of autoimmunity. 
The immune response, mediated by the anti-ganglioside antibody binding, fights the 
infection but also attacks peripheral nerves 35. 

Hereditary neuropathies. Hereditary motor and sensory neuropathies (HMSNs) 
are a clinically and genetically heterogeneous group of diseases which affect 1:2500 to 
1:10000 people in the western countries 39.

HMSNs have been originally described on the basis of their clinical features by 
Charcot and Marie in France 40 and Tooth in England 41 from which they derived 
their traditional name of Charcot-Marie-Tooth (CMT) disease. Today mutations in 
more than 30 genes expressed by the Schwann cell or the axon have been identified 



18

as cause of the disease (http://www.molgen.ua.ac.be/CMTMutations/ and figure 4). 
Intriguingly, mutations in one gene can give rise to multiple diseases and multiple 
genes may be involved in a single disorder (reviewed in 42). Exemplar is the peripheral 
myelin protein (PMP) 22. 

Genetic alterations of the PMP22 gene can lead to three different diseases: a 
duplication of a 1.5Mb region of chromosome 17p11 gives rise to HMSN1a 43; a deletion 
of the same region causes hereditary neuropathy with liability to pressure palsies 
(HNPP) 44; point mutations in the PMP22 gene give rise to the more severe Dejerine-

Table 1. Hereditary motor and sensory neuropathies (or CMT)

Phenotype Type Form Gene Location

CMT1 CMT1a demyelinating PMP22 17p11

CMT1b demyelinating MPZ 1q22

CMT1c demyelinating LITAF 16p13

CMT1d demyelinating EGR2 10q21

CMT2 CMT2a1 axonal KIF1Bbeta 1p36

CMT2a2 axonal MFN2 1

CMT2b axonal Rab7 3q13

CMT2c axonal n.d.* 12q23-q24

CMT2d axonal GARS 7p15

CMT2e axonal NEFL 8p21

CMT2f axonal HSPB1/HSP27 7q11

CMT2g axonal n.d.* 12q12

CMT3 DSS MPZ, PMP22, PRX, EGR2, 
CX32, GDAP1

CMT4 CMT4a demyelinating GDAP1 8q13

CMT4b1 demyelinating MTMR2 11q22

CMT4b2 demyelinating MTMR13/SBF2 11p15

CMT4c demyelinating SH3TC2 5q23

CMT4d (HMNSLom) demyelinating NDRG1 8q24

CMT4e demyelinating EGR2 10q21

CMT4f demyelinating PRX 19q13

CMT4h demyelinating FGD4 12q12

CMT4j demyelinating FIG4 6q21

CMTX demyelinating GJB1/Cx32 Xq13

HNPP PMP22 17p11

*n.d., no genes are yet identified for this type of CMT
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Sottas syndrome (DSS) phenotype with onset of neuropathy in the early neonatal 
period 45. 

The classification of HMSNs is currently based on mutations in defined Schwann 
cell or neuronal genes determining the demyelinating or axonal forms of the disease 
(Table 1). The primary demyelinating forms of neuropathies are classified as CMT1. 
These include CMT1a and 1b, 1c and 1d. CMT1a, caused by a PMP22 gene duplication, 
is the most common form of demyelinating neuropathy. CMT1b is caused by mutations 
in the myelin protein zero (MPZ, P0). CMT1c is linked to lipopolysaccharide-induced 
TNF factor (LITAF) mutations, whereas early growth response (EGR) 2, a transcription 
factor for Schwann cell development, results in CMT1d. Clinical disease hallmark 
include slowly and progressive muscle weakness and atrophy, and sensory impairment. 
Most patients have skeletal deformities such as pes cavus resulting from an early onset 
and longstanding mismatch between extensor and flexor forces on the foot muscles. 
Pathologically CMT1 is characterized by severe loss of myelin and myelinated axons. 
In CMT1 a pathological hallmark are the so called “onion bulbs”, half moon-shaped 
Schwann cell processes resulting from excessive Schwann cell proliferation 42 (Figure 
5). 

The primary axonal forms of neuropathies fall within the CMT2 phenotype and 
are caused by mutations in many different genes. Mitofusin (MFN) 2 mutations are 
the most common cause of CMT2. Clinically, axonal neuropathies are characterized 

Figure 5. Light microscopy of cross-sections of human nerve biopsy, showing a normal morphology of 
axons and myelin in the healthy nerve whereas loss of myelin and axon, onion bulbs and high amount of 
collagen are evident in the neuropathy (HMSN 1a) patient.



20

by length-dependent weakness and sensory loss, reduced evoked compound muscle 
action potential but normal nerve conduction velocities 42. The histology shows 
prominent axonal swelling, loss of large caliber myelinated fibers and regenerative 
cluster of axons 46.

The CMT3 form of neuropathy includes the Dejerine-Sottas Syndrome (DSS). The 
group of CMT4 comprises of recessive demyelinating HMSNs. Motor nerve conduction 
velocities are severely reduced 47. Also in this type of CMT, many different genes with 
different functions can be involved. In some cases like HMSN Lom (CMT4D) there 
are additional disease manifestations. In most patients, deafness develops within the 
third decade of life. The X-linked form of CMT, CMTX, is linked to mutations in the 
gene encoding for the gap junction protein connexin 32 (CX32, GJB1) 42. 

The observation that the same gene mutation can give rise to a variety of disease 
phenotypes, even within the same family, indicates the involvement of additional 
factors in determining the severity of the disease. Although inflammation is not 
considered a criterion to classify HMSN, inflammatory foci have been described 
in nerve biopsies from HMSN patients and a few patients have responded to anti-
inflammatory or immunomodulatory treatment that ameliorated the symptoms 48-52. 
These observations make the immune system an interesting candidate as modifier of 
inherited peripheral neuropathies.

Another argument for the role of the immune system in HMSNs comes from 
studies in mice models of the disease (reviewed in 53). The peripheral nerve of mice 
heterozygously deficient for P0 (P0+/-) or lacking the gap junction protein connexin 32 
(Cx32-/-) or carrying four copies of the human PMP22 gene (C61), models for HMSN1B, 
HMSN1X and HMSN1A respectively, showed elevated number of CD8 lymphocytes 
and macrophages 54-56. Interestingly, a quantitative analysis of immune cells in P0+/- 
mice of different ages showed that the number of macrophages is high at age 4 months 
- typical disease onset - whereas the number of T-lymphocytes increases starting at 
age 6 months, indicating that the early increase in the number of macrophages does 
not result from T-cells infiltration. This is in contrast to the classical EAN model of 
immune-mediated neuropathies, in which T-lymphocytes are the first cell types to 
invade the nerve 57. The endoneurial macrophage population of P0+/- mice mainly 
consists of resident macrophages which proliferate and become activated within 
the nerve 58. The factors responsible for such increase and activation are not known. 
Monocyte chemoattractant protein-1 (MCP-1), released by Schwann cells, has been 
proposed as a possible candidate 59. 

These immune cells seem to play a pathogenic role, at least in certain mouse models 
of HMSNs. When either P0+/- or Cx32-/- mice were cross-bred with an immunodeficient 
strain of mice lacking the recombination activation gene (RAG) 1 (Rag1-/-), the 
peripheral nerve of the double mutants showed no lymphocytes, reduced number 
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of macrophages and a significant amelioration of the demyelinating phenotype as 
documented by morphometry and electrophysiological recordings 60. When P0+/- mice 
were cross-bred with a mouse line lacking the macrophage colony-stimulating factor 
(M-CSF), critical for macrophage growth and differentiation, the P0+/-/M-CSF-/- double 
mutants showed a decrease in the number of macrophage which resulted in the 
alleviation of the pathological abnormalities, proving an active role of macrophages in 
determining the demyelinating phenotype 61.

Although the immune system has been implicated in certain type of hereditary 
neuropathies, a possible involvement of the innate immune system in HMSN has not 
yet been shown and it is one of the subjects of this thesis.

The complement system
The complement system is part of the innate immune response. Originally described as 
“complement” to humoral immunity, today it represents a central effector mechanism 
of the innate immune system, defending the host against infections, bridging innate 
and adaptive immunity and disposing of immune complexes and apoptotic cells 62,63. 

To date complement counts more than 30 soluble and membrane bound proteins 
which mediate activation and regulation of the proteolytic cascade to finely balance 
the elimination of invading pathogens and the protection of the host by limiting 
complement deposition on healthy tissue.  However, if this delicate balance is disrupted, 
the complement system may cause injury and contribute to the pathogenesis of 
various diseases. 

Origins of complement research
Complement research began in the 1890s. Von Fodor 64, Nuttall 65 and Buchner 66 
all observed that fresh, not heated, serum lyses bacteria. Buchner named the heat-
sensitive bactericidal serum factor “alexin” (Greek, “to ward off”), for protective 
substance. In the following years, Bordet 67 showed that the bacteriolytic activity of 
the serum required the complementary action of the heat-labile component and the 
heat-stable antibody. The term “alexin” was replaced with the term “complement” by 
Ehrlich 68. 

These discoveries were rewarded with Nobel prizes to Paul Ehrlich (1854-1915) in 
1907 and Jules Bordet (1870-1961) in 1919.

The finding that complement consisted of more than just one factor began when 
Buchner 66 showed that serum diluted with water separated into an insoluble, 
“euglobulin”, and soluble fraction, “pseudoglobulin”. In the laboratory of Ehrich, Ferrata 
69 proved that both fractions were necessary for complement activity. Contemporarily 
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Brand 70 demonstrated that euglobulin, which he termed “midpiece”, reacted first 
with the antibody whereas the pseudoglobulin, which he termed “endpiece”, reacted 
second to produce lysis. This was the discovery of C1 and C2. The discovery of the third 
complement component began with the observation that cobra venom destroyed 
complement activity 71. A few years later, Omorokow 72 showed that cobra venum 
removed a heat stable factor from the serum. Apparently, this same component 
was removed by absorption by yeast cells 73. This factor was further characterized 
and named C3 by Whitehead et al. 74. In 1926, the same research group in Scotland 
described the fourth component 75. They believed that serum lipids were involved 
in the complement-mediated lysis of bacteria so they tested the effects of ammonia 
extraction of serum on complement activity. Ammonia destroyed a heat stable protein 
which however did not reconstitute the activity removed by yeast. This was the 
discovery of C4. 

The following 30 years of complement research were primarily based on functional 
measurements performed with “R” reagents, serum fraction of partially inactivated 
serum to selectively study the activity of single components. These studies resulted in the 
determination of the order of reactivity of the complement protein: C1, C4, C2 and C3.

The identification of C3 as plasma protein by Müller-Eberhard et al 76 changed 
complement research. The novel approach was based on the purification and 
characterization of the other complement components as proteins, their biological 
activity and their interactions. By the mid-1960s, the complement cascade counted 11 
components whose sequence of reaction was also known: C1q, C1r, C1s, C4, C2, C3, C5, 
C6, C7, C8 and C9 77.  

Suspicion of multiple ways of activating complement dates back to the observations 
of Ritz 78 and Coca 73 but the definite demonstration of an “alternative” way to the 
“classical” way of activating complement came from the Gewurz group 79 who showed 
that bacterial lipopolysaccharides consumes C3-9 without consuming C1 or C4 and 
by the work of Frank et al 80 who showed that C4 deficient guinea pig serum retained 
the ability to activate complement. The search for proteins involved in the alternative 
pathway was very competitive: Boenisch and Alper 81 demonstrated the existence of 
a new protein which they termed glycine-rich beta glycol-protein (GBG); Götze and 
Müller-Eberhard 82 named it C3 proactivator (C3PA) but it was Goodkofsky and Lepow 
83 who called it with the name which is now used, Factor B. The component upstream 
of Factor B was initially isolated by Alper and Rosen 84 who called it glycine-rich beta 
glycoproteinase (GB-Gase) and later described by Müller-Eberhard and Götze 85 who 
named it C3PA convertase. This was Factor D. 

The mechanism of alternative pathway activation became clear with the discovery 
of Factor I, initially called Konglutinogen activating factor (KAF). It was described as 
an enzyme acting upon C3b, whose absence determined agglutination of cells treated 
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with bovine serum as a source of complement, a process known as conglutination 86. 
The observation that heated serum depleted of Factor I would cleave all C3 and Factor 
B, suggested that the activation of the alternative pathway did not require initiation 
but it was spontaneously active and continuously regulated by an inhibitory pathway. 
Inactivation of the inhibitory pathway would allow a positive feedback amplification 
loop for C3 cleavage 87.

Visualization by electron microscopy of the pores characteristic of complement lysis 
represented a major advance in the field of complement research 88. It was later shown 
that the presence of C567 did not lyse cells until the last two components were added 
to the serum 89.  More than 10 years later, Podack and Tschopp 90 showed that the 
pores are circular polymers of C9. This was the membrane attack complex (MAC).

A tight balance of activation and regulation
Activation of the complement system is rapid and efficient. Soluble complement 
components are present in the blood, body fluids and tissues to readily trigger a 
defense reaction against external (i.e. pathogens) or internal (i.e. autoimmunity) 
danger signals. 

The complement system can be activated via three routes: the classical, the lectin 
and the alternative pathway (Figure 6). The classical pathway is activated by the 
recognition of an antigen-antibody complex by C1q. Upon binding, C1r cleaves C1s 
which in turn cleaves C2 and C4 into a small (C2b, C4a) and a large fragment (C2a, 
C4b). C2a and C4b together form the C3 convertase. The lectin pathway is triggered 
by binding of mannose-binding lectins MBLs to certain carbohydrates expressed 
on the pathogen surface. This activates the MBL-associated serine protease (MASP) 
2, cleaving C4 and C2 91. The alternative pathway starts by spontaneous low-rate 
hydrolysis of C3 generating C3(H2O) which binds to factor B, permitting cleavage 
by factor D to form the fluid-phase C3 convertase C3(H2O)Bb. This enzyme cleaves 
C3 and deposits C3b on surfaces where, in the absence of C inhibitors such as factor 
H, it binds and catalyses cleavage of factor B to form surface bound C3 convertase 
C3bBb 92. Irrespectively of the pathway involved, activation of the complement system 
leads to the cleavage of C3 and C5, generating the potent chemo-attractants C3a and 
C5a as well as the C5b fragment. This initiates the assembly of the C5b-9 membrane 
attack complex (MAC) which is a lipophilic complex inserted into the pathogens cell 
membrane, leading to cell lysis 92.

Recently, additional venues of complement activation have been proposed. The so 
called “C2 bypass” pathway consists of the direct cleavage of C3 by MASP-2 of the 
lectin pathway, bypassing formation of the C3 convertase 93. Direct cleavage of C3 and 
C5 by noncomplement proteins such as lysosomal enzymes released from neutrophils, 
kallikrein, part of the kinin and fibrinolysis systems, or trombin has also been shown 
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and the route named “extrinsic protease” pathway 94. Lastly, properdin stabilizes the 
C3 convertase on the pathogen surface but it also seems to act as a pattern recognition 
molecule and directly induces C3 convertase on foreign surfaces 95,96 (Figure 6). 

A sophisticated regulatory mechanism allows the complement system to rapidly 
attack invading pathogens while protecting host cells from its detrimental effects. 
This is achieved via the coordination of time, location and molecular interactions. 
After activation, several thousand C3b molecules deposit every minute on a cell. In 
theory, this opsonization is not specifically directed against foreign cells. However, the 
thioster bond of C3b, which enables it to covalently bind to hydroxyl groups on nearby 
carbohydrates and protein-acceptor groups, has a short half life, limiting its action 
to the site of activation. If the acceptor molecule is on the host cell, a set of soluble 
and membrane-bound negative regulators inactivate and degrade the activated 
complement components. On the other hand, positive regulators such as properdin, 
stabilize the convertase on foreign cells 97.  

These regulatory complement components either induce an accelerated decay of 
the convertase or act as cofactor for Factor I. Decay accelerating factor (DAF/CD55) 
and C4-binding protein (C4BP) accelerate decay of the convertase; membrane cofactor 
protein (MCP/CD46) acts together with Factor I to degrade C3b to its inactive form 
iC3b; complement receptor 1 (CR1/CD35) and Factor H can do both. In addition, both 
membrane-bound and soluble CD59 (sCD59), prevent the formation of the MAC by 
inserting between the C8 and C9 subunit 97 (Figure 7). 

Figure 6. Factors and pathways of the complement system.  
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Complement in inflammation
Activated complement components regulate various stages of an inflammatory 
reaction. These events are mediated by the potent complement anaphylatoxins C3a 
and C5a which propagate the immune reaction by binding to their receptors (C3aR, 
C5aR, C5L2) on the host cell. Macrophages, widely distributed in connective tissues and 
various organs (i.e. lung, liver, spleen), express complement receptors. The interactions 
between complement receptors on macrophages and opsonins on the target cell 
mediate activation of the phagocyte and secretion of cytokines and chemokines 
(reviewed by 98). Anaphylatoxins activate also mast cells to release histamine, tumor 
necrosis factor-α (TNF-α), cytokines and chemokines, mediating vasodilation and 
leukocyte migration from the blood stream to the site of inflammation 99. 

Complement is also involved in the disposal of immune complexes, necrotic and 
apoptotic cells which are usually generated during an inflammatory reaction 62,63. The 
clearance of immune complexes is facilitated by maintaining their solubility through 
the binding of the C1 complex, C4 and C3 to the antigen. This prevents an increase in 
the size of the opsonized complex which is easily recognized by phagocytes and readily 
removed to limit inflammation and prevent the propagation of injury on neighboring 
tissues. The removal of necrotic and apoptotic cells is critical for the termination of 
inflammation and prevention of autoimmunity. Dying cells undergo several changes 
to signal their removal to phagocytic cells. These changes involve modifications of the 

Figure 7. Regulators of the complement system. 
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plasma membrane resulting in the exposure of self-antigens, normally sequestered 
within the viable cell, and the internalization of proteins normally expressed on the cell 
surface. The presentation of “eat me” signals and the down-regulation of “don’t eat me” 
signals trigger the binding of a number of opsonins to mediate the removal of dying 
cells. This is a key process in the maintenance of tissue homeostasis and normally 
does not require complement binding. However, during overwhelming apoptosis or 
impaired phagocytosis complement initiation factors can bind dying cells to ensure 
proper disposal of self-antigens 100, avoiding the generation of an autoimmune reaction 
against the host. 

Complement in inflammatory and neurodegenerative disorders
Disruption of the delicate balance between complement activation and regulation is 
implicated in the pathogenesis, propagation and exacerbation of numerous diseases 
affecting a variety of organs (Figure 8). Paradoxically both, overactivation or deficiency 
in complement components may contribute to tissue injury. 

Excessive complement activation results from the propagation of an inflammatory 
reaction or from alterations in the expression and function of complement regulatory 
proteins. Complement activation, especially C5a production, seems to play a major 
role in the pathogenesis of inflammatory disorders including ischemia/reperfusion 
injury, sepsis, acute lung injury, allergy and asthma 101. It is also involved in a number 
of neurodegenerative disorders, including Alzheimer’s, Huntington’s, Parkinson’s, 
Creutzfelt-Jakob disease and amyotrophic lateral sclerosis (ALS) (reviewed in 102-104) 
and neuroinflammatory diseases such as multiple sclerosis (MS) 105. 

In his seminal observations, Alzheimer 106 described a close association between 
amyloid plaques and brain phagocytes. Evidence accumulated over the past two 
decades suggested that inflammation may contribute to AD pathogenesis and 
implicates complement as a potential mediator of the inflammatory response 107,108. 
Complement transcripts and proteins are upregulated in AD brains, in some cases 
up to 80-fold 109. Deposits of complement components including C1q, C1r, C1s, C2, C3, 
C4, C5, C6, C7, C8 and C9 have been found in pyramidal neurons 110 and plaques 111. 
Activated complement fragments have been described in close association with tangles 
and plaques, and MAC deposits have been found on dystrophic neurites 112 whereas 
the complement regulatory protein CD59 is strongly decreased in the prefrontal cortex 
and hippocampus of AD patients 113. Both, the classical and alternative pathways of 
complement have been implicated in AD 114,115 and seem to mediate neuronal injury 
via MAC-induced neurite disintegration 116 and increase in the level of reactive 
oxygen species 117. The role of complement in AD remains however controversial since 
evidence mainly from AD animal models treated with complement inhibitors have 
shown an increase in amyloid β accumulation and neuronal degeneration suggesting 
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the possibility of a neuroprotective role of complement in AD pathology, probably by 
reducing accumulation and promoting the clearance of amyloid and degenerating 
neurons 118. Deposits of complement components and activated microglia have been 
reported in the substantia nigra of patients with sporadic and familial Parkinson’s 
disease 119. The striatum, neurons, myelin and astrocytes of Huntington’s disease 
patients and the extracellular deposits of the prion protein in Creutzfelt-Jakob disease 
are marked by deposits of activated complement fragments 120,121. Gene expression 
array analysis of motor neurons from mice with a mutation in the superoxide-
dismutase 1 (SOD1) gene, involved in a  familial form of ALS, identified the induction 
of components of the classical pathway of complement 122,123 but the question whether 
the complement system plays a detrimental or neuroprotective role still remains open. 
Complement activation also occurs in the brain of MS patients 124,125 and a pathological 
role has been shown in the experimental autoimmune encephalomyelitis (EAE) model 
of MS 126,127. 

Dysfunction of regulatory proteins may lead to complement-mediated tissue injury. 
Mutations and polymorphisms in the genes encoding factor H, factor I or MCP are 
associated with atypical hemolytic-uremic syndrome (aHUS), a rare disorder which 
leads to acute renal failure 128. Age-related macula degeneration (AMD), the major 
cause of blindness in Western countries, has been associates with a tyrosine-histidine 
polymorphism at amino acid 402 of factor H 129. Mutations in the C1 inhibitor gene, 
which either result in low C1 inhibitor levels or abolish its activity as a serine protease, 
are responsible for hereditary angioedema (HAE) 130. Deficiency of CD59 has been 
reported as a cause for the intravascular hemolysis characteristic in paroxysmal 
nocturnal hemoglobinuria (PNH) 131.

Finally, deficiency of complement components appears to be a major contributor 
to the development of autoimmune diseases. Complement deficiency may impair the 
clearance of immune complexes and the removal of apoptotic and necrotic cells. This 
generates an autoimmune reaction against self-antigens which are exposed by the 
dying cells. In addition, complement lowers the threshold for B and T cells activation. 

Figure 8. Summary of diseases 
in which the complement system 
has been implicated. Whether the 
complement system is involved in 
peripheral neuropathies is one of 
the aims of this thesis.
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In the absence of complement, an augmentation of the inflammatory response may 
thus erroneously target host tissues. In summary, a tight balance between complement 
activation and regulation is essential to protect and maintain tissue homeostasis.

Aim and outline of this thesis
The aim of this thesis is to understand the role of the complement system in the 
degeneration, regeneration and disease processes of the peripheral nervous system. 
We used the crush injury model of Wallerian degeneration (WD) to exemplify 
axonal degeneration and regeneration and we focused on the hereditary forms of 
demyelinating neuropathies as disease status of the peripheral nerve. Chapter 2 
reviews the current knowledge on the expression of complement components in the 
peripheral nerve, their putative physiological role, implication in injury and disease 
and therapeutic approaches aimed at regulating excessive complement activation. 
Chapter 3 dissects the function of the upstream complement components from 
the cytolitic effect of the terminal membrane attack complex (MAC) during WD. 
In Chapter 4 a “reverse proof of principle” study describes the effects of lack of 
complement regulation during WD. Chapter 5 presents the effect of exogenous 
complement inhibition on WD and its potential therapeutic applications. The role 
of the complement system during regeneration of the peripheral nerve is described 
in Chapter 6 with combined histological and functional studies. In Chapter 7 the 
hypothesis of a possible involvement of the complement cascade in the pathogenesis 
of hereditary demyelinating neuropathies is tested. In Chapter 8, all the findings from 
each study reported in this thesis are summarized and implications and directions for 
future research are discussed. 
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Local synthesis of complement factors
The primary site of synthesis of plasma complement proteins is liver. Extra-hepatic 
complement biosynthesis occurs in many tissues and may account for the rapid and 
efficient ability of the complement system to initiate and propagate an inflammatory 
response. Local production of complement proteins is especially important in tissues 
where the access to plasma proteins is hindered by a blood-tissue barrier 1,2.

The brain, shielded by the blood-brain barrier, has for years been considered an 
immune-privileged organ, but local biosynthesis of complement also occurs 3,4. We 
have recently shown endogenous synthesis and expression of components of the 
complement pathway in the healthy human peripheral nerve by serial analysis of gene 
expression (SAGE), a powerful tool of gene expression profiling 5. mRNAs encoding 
activating, inhibitory and regulatory components of the complement system were highly 
represented in the SAGE (Table 1) and their expression was confirmed by northern 
blot and RT-PCR. Epithelial cells 6, fibroblasts 7, Schwann cells 8 and macrophages 9 
can synthesize complement in vitro but the high expression level, determined by 
SAGE, supports the hypothesis than Schwann cells are likely the main source of 
complement mRNA in the peripheral nerve trunk. Components of the classical (C1r, 
C1q, C1s and C4), alternative (fD) and common pathway (C3) of complement together 
with regulatory members (CLU, C1inh, C4BP, MCP, DAF and CD59) are produced in 
the peripheral nerve, the proteins are locally synthesized and differentially localized in 
various compartments of the nerve (see table 1). The initial components of the classical 
and alternative pathway are localized in the axon whereas no complement regulators 
are expressed, leaving the axon without direct protection. The regulatory proteins 
CR1, MCP, DAF and CD59 are expressed by Schwann cells. Surprisingly, the myelin 
sheath which extends from the Schwann cell plasma membrane, expresses only CD59, 
regulator of the C5b-9 complex, but lacks any regulator of the C3 convertase 10. This 
differential distribution of complement regulatory proteins may protect the Schwann 
cell but not the myelin from deposition of C3b and iC3b fragments which mediate 
opsonization and phagocytosis by macrophages (discussed in the next paragraph). 

Although the physiological function of the complement system in the healthy 
peripheral nerve is probably immune surveillance, an alternative function in the 
regulation of fatty acid homeostasis has been proposed 11.Adipocytes, which constitute 
a large portion of the epineurial compartment of the nerve, express and secrete factors 
of the alternative complement pathway (FB, C3 and FD also known as adipsin) 12. 
These factors are sufficient to cleave C3 into C3a and C3b. Further, the N-terminal 
arginine of C3a can be cleaved by the carboxypeptidase B (CBP), an enzyme present 
in the endoneurial compartment of the nerve 11. The resulting C3adesArg, also called 
acylation stimulating protein (ASP), is a potent stimulator of triglyceride synthesis in 
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adipocytes 13. Locally produced triglycerides may represent a readily available energy 
source for peripheral axons which elongate far from their cell body, making energy 
supply from the soma difficult. Altogether, local synthesis of complement factors and 
ASP production are suggested as possible regulators of energy metabolism cross-talk 
between various compartments of the nerve, but more work aimed to elucidate this 
mechanism is ongoing.    

Complement activation in peripheral nerve injury 
Transection or crush injury to peripheral axons results in rapid activation (within 1 
hour) of the complement cascade locally at the site of injury 5 and, as a retrograde 
response, in the motor nuclei and sensory projections laying in the CNS 14-19 (see 
table 2). The mechanical injury focally damages the nerve exposing axonal and 
myelin epitopes which are normally sequestered within the axolemma and in the 

Table 1. Expression of complement factors in healthy human sciatic nerve

Complement 
factor

RNA level 
(SAGEa)

Protein level 
(Western blot)

Protein localization 
(Immunohistochemistry)

Nerve Nerve Brain Liver Axon SC Myelin ED EP BV

C1q 9 ++ + + - - - + - +

C1r 5 + + ++ + + - - + -

C1s 3 ++ + + + + - - - -

FD 16 + - - + - - - - -

Properdin - + + + n.d.

C3 21 + + + - - - + - +

C3c n.d. - - - - - -

C3d n.d. - - - - - -

C4 2 n.d. - - - - + +

C5 - + -/+ + - - - - - -

C1inh 9 + - + - - + + + +

C4BP - ++ -/+ + - + - - + +

FH 3 ++ + ++ n.d.

FI - ++ + ++ n.d.

CLU 22 + + + - + - - + -

MCP 1 n.d. n.d. n.d. - - - - - -

CD59 2 + + + - - + + + +

DAF 1 n.d. n.d. n.d. - + - + - -

MAC n.d. n.d. n.d. - - - - - +
atags/10000; SC, Schwann cell; ED, endoneurium; EP, epineurium; BV, blood vessel; n.d., not determined;(-) 
negative staining; (+) positive staining; (++) very positive staining.

Modified from de Jonge et al., 2004
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myelin sheath. Myelin proteins can activate the classical and alternative pathways 
of complement in an antibody-independent manner as shown by in vitro studies of 
isolated rat or human myelin able to fix C1 and consume complement when incubated 
in normal and C2-deficient serum 20,21. 

Activation of the complement system generates both opsonins and the membrane 
attack complex (MAC, C5b-9). The large split products of C3 and C5 (C3b and C5b, 
respectively) opsonize membranes, targeting them for disposal by phagocytes and 
for the anchoring of the C5b-9 complex. The small cleaved products, C3a and C5a, 
have a potent chemotactic function. Macrophage recruitment and activation is the 
most striking cellular response during Wallerian degeneration (WD) after axonal 
injury (see paragraph 1a of chapter 1) and it is mediated by complement proteins. The 
initial demonstration of the importance of complement proteins in the macrophage 
response during WD comes from early in vitro studies. In co-cultures of macrophages 
and peripheral nerve segments, monoclonal antibodies blocking complement type 3 
receptor (CR3), expressed by macrophages during WD 22, prevented the phagocytosis 
of opsonized myelin 23. When C3-deficient serum was applied to the co-cultures, 
macrophages were unable to invade the degenerating nerve whereas addition of 
C3-deficient serum after the macrophages had successfully entered the nerve impaired 
their ability to phagocytose myelin 24. These data proved that myelin phagocytosis by 
macrophages is mediated by complement via the CR3 receptor. CR3 is a member of 
the β2-integrin family and consists of an α- (αM, CD11b) and β-subunit (β2, CD18). It 
mediates diverse cell functions including adhesion and cell motility via interaction with 
fibrinogen and I-CAM-1 but it is also a receptor for iC3b, a product of the cleavage of C3 
25. Reichert and Rotshenker 26 showed that scavenger receptor AI-II (SRAI/II) functions 
together with CR3 to mediate phagocytosis of myelin via the cAMP cascade 27. 

Table 2. Complement implication in PNS injury 

Process Evidence of C involvement Reference

Wallerian 
degeneration

C3c deposits in crushed rat sciatic nerve 4h post-injury 
Delayed WD in C3 depleted rats
Delayed WD in C5 deficient rats
C3 deficient serum blocks macrophage invasion of the 
degenerating nerve in vitro
CR3 is expressed by myelin-phagocytosing macrophages 
after nerve transection injury
mAb against CR3 prevent phagocytosis of 
opsonized myelin in vitro
Complement activation augment by 2 fold macrophage 
mediated myelin phagocytosis via the CR3 receptor 

De Jonge et al., 2004
Dailey et al., 1998
Liu et al., 1999
Bruck and Friede, 1991
Reichert et al ., 1994
Bruck and Friede, 1990
Reichert and Rotshenker, 
2003

Regeneration Delayed in C3 depleted rats
Not altered in C5 deficient rats
Delayed in C57BL/Wlds mice

Dailey et al., 1998
Liu et al., 1999
Brown et al., 1992
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The in vitro findings were followed by experiments in the in vivo models of WD. 
Complement depletion by intravenous administration of cobra venom factor in Lewis 
rats reduced macrophage recruitment into the distal stump of the degenerating nerve. 
Macrophages failed to acquire the enlarged and vacuolated morphology, typical 
of the activated phenotype, and their capacity to clear myelin was diminished 28. 
Mice congenitally deficient in the complement component C5 also showed delayed 
macrophage recruitment as well as axonal and myelin degradation from 1 to 21 days 
post-injury 29. These experiments point to a major role of complement in macrophage 
recruitment and activation but the contribution of the terminal MAC to WD is not 
pinpointed. Whether C cleaved products alone or the entire complement cascade 
including the MAC are needed for WD is still matter of debate 30. C3 or C5 have multiple 
functions as generators of opsonins, chemoattractants and anchor for the assembly of 
the MAC. Thus, their depletion could affect different pathways. One of the aims of this 
thesis is to dissect the role of the complement factors during WD by separating the 
effects of upstream complement components from the cytolytic effect of the terminal 
MAC. 

Complement activation during WD could be a “double-edged sword” for the 
subsequent regeneration of the nerve. On the one hand, it could be detrimental by 
perpetuating non-specific tissue damage directly via the MAC and indirectly via 
the macrophages and their toxic mediators; on the other hand, the complement-
mediated events could be beneficial to the termination of the inflammatory process 
and promote recovery via the breakdown of injured axons and myelin, early clearance 
of debris and late secretion of anti-inflammatory cytokines by macrophages. The 
complement system has been suggested by others 28,26,31 and us 5 as a key determinant 
of regeneration after axonal injury.  Dailey and colleagues 28 showed that axonal 
regeneration is delayed in C3 depleted animals, whereas C5 deficiency did not alter 
regeneration after sciatic nerve injury 29. In the C57BL/Wlds mouse model with slow 
WD, regeneration is also delayed 32,33. Components of the myelin sheath are generally 
considered inhibitors of axonal growth and their efficient clearance is considered a 
prerequisite for successful regeneration after axonal injury 34-36. The delayed axonal 
regeneration of C57BL/Wlds mice seems to depend in part on the inhibitory effect 
of myelin-associated glycoprotein (MAG) on axonal regrowth, since a cross of MAG-
deficient mice and C57BL/Wlds mice showed an increase in the number of regrowing 
axons. However, no functional tests were performed 37. Interestingly, a recent study 
demonstrated that local application of exogenous MAG for a short time (72h) after 
injury reduces axonal branching without affecting axonal elongation and enhances 
the functional recovery after rat sciatic nerve transection, presumably by reducing 
hyperinnervation and misdirection 38. Thus, lingering of myelin constituents in the 
degenerating nerve, as seen in the case of C6-/- animals in which myelin clearance 
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after nerve injury is delayed 39, can prevent branching and promote recovery. Therefore, 
the influence that complement activation during WD has on the subsequent nerve 
regeneration still remains controversial and is one of the topics of this thesis.   

Complement activation in peripheral nerve disease 
Activation of the complement system occurs in both chronic and acute diseases of the 
PNS (see table 3). 

Neuroma and neurofibromatosis. Neuroma and neurofibromatosis are examples 
of chronic PNS disorders where deposits of activated complement components have 
been detected. Neurofibromatosis is a genetic disorder which causes nerve tumors 
whereas neuromas occur in traumatized nerves as a result of impaired regeneration 

Table 3. Complement implication in PNS disease

Process Evidence of C involvement Reference

Neuroma C3c and C3d deposits in the perineurium and Schwann cells De Jonge et al., 2004

Neurofibromatosis C3c and C3d deposits in the perineurium De Jonge et al., 2004

GBS C5b-9 deposits on degenerating myelin
lamellae before macrophage invasion
C9neo antigens on degenerating myelin sheaths in acute 
phase GBS
C5b-9 in cerebrospinal fluids, serum and peripheral nerve 
biopsy
C5b-9 deposits on Schwann cell membranes in acute phase 
GBS
C deficient serum rescue anti-GQ1b mediated transmission 
block
C3c deposits on NMJs of mouse diaphragm treated with 
serum from MFS patient
C3c binds node of Ranvier in desheated mouse sciatic nerve 
treated with ganglioside antisera or monoclonal anti-
ganglioside antibodies 
C3 and C5b-9 deposition at disrupted nodes of Ranvier in 
acute phase AMAN rabbits 
C1q, C3c, C4 and MAC deposits at injured NMJs and pSCs of 
mouse diaphragm treated with anti-gangliosides antibodies
C6 deficiency rescues NMJs and pSC injury
CD59 deficiency exarcerbates NMJs and pSC injury
High MBL serum level and complex activity determined 
by the MBL2 haplotype is associated with severe GBS 
phenotype

Hafer-Macko et al., 1996
Wanschitz et al., 2003
Koski, 1990
Putzu et al, 2000
e.f.  Plomp et al., 1999
Paparounas et al., 1999
Susuki et al., 2007
i.j.k Halstead et al., 2004
Geleijns et al., 2006

EAN C5b-9 deposits on Schwann cell surface and myelin before 
overt demyelination
CD59 upregulation on Schwann cells during demyelination 
and axonal degeneration

Stoll et at., 1991
Vedeler et al., 1999
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and it consists of axon sprouts, proliferating Schwann cells, perineurial cells, blood 
vessels, and connective tissue. Deposits of C3c and C4c were found in the perineurium 
of sprouting fibers and in proliferating Schwann cells of neuroma samples, and in the 
perineurium of neurofibromatosis samples 5. This indicates that, although usually part 
of the acute phase response, complement activation can occur in chronic diseases and 
is probably triggered by active disease processes.

Guillain-Barré syndrome. Complement activation is one of the earliest detectable 
events in acute acquired demyelinating neuropathies such as the Guillain-Barré 
syndrome (GBS) 40. The C5b-9 complex is detected in peripheral nerve biopsy of patients 
with GBS as early as 3 days after onset of symptoms and it is localized on the surface 
of Schwann cells and their myelin sheath 41-43. In the EAN model of GBS deposition 
of C5b-9 complex occurs before the onset of clinical signs and shortly thereafter, and 
precedes demyelination 44. In patients, vesicular degeneration of myelin lamellae is 
apparent before the invasion of macrophages, suggesting that complement activation 
could be responsible for the initial degenerative changes in the diseased nerve. C5b-9 
is also detected in cerebrospinal fluid and serum samples from GBS patients 45.

More insight into the role of complement in acute acquired demyelinating diseases 
comes from studies of in vitro mouse hemidiaphragm preparations sensitized with anti-
GQ1b antibodies which are associated with the regional variant of GBS, Miller Fisher 
syndrome (MFS) 46. The carbohydrate moieties of gangliosides are structurally similar to 
those of microbial glycans like the lipo-oligosaccharides (LOS) expressed on the surface 
of the bacterium Campylobacter jejuni, highly associated with the development of GBS. 
This mimicry may explain the development of autoimmunity. The immune response, 
mediated by the anti-ganglioside antibody binding, not only targets the infection but 
also attacks the peripheral nerve 47. Gangliosides are especially enriched in neuronal 
tissues, primarily localized at raft domains on the synaptic plasma membranes. Anti-
GQ1b antibodies bind to motor nerve terminals 48 where they induce a massive quantal 
release of acetylcholine and eventually block neuromuscular transmission, much similar 
to the effect of the pore-forming toxin, α-latrotoxin 49. Blockade of neuromuscular 
transmission corresponds to structural breakdown of the nerve terminals, loss of heavy 
neurofilament and type III β-tubulin immunostaining. Presynaptic terminals appear 
disorganized, depleted of vescicles and fragmented by Schwann cell processes. These 
lesions are completely rescued by application of complement deficient serum, proving 
that the effects of anti-GQ1b antibodies on the neuromuscular junctions (NMJs) are 
entirely dependent on activation of the complement cascade 50. One mystery remains 
that the effects seen in the in vitro mouse model can only be obtained by using normal 
human serum (NHS) as a source of complement whereas mouse serum does not appear 
to be sufficiently activated by anti-ganglioside antibodies opsonized pre-synaptic 
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membranes. How much NHS complement is regulated by mouse C regulators is also 
not clear.  Willison (2005) 46 proposed a model of the pathological processes leading to 
nerve terminal axonal injury and synaptic necrosis in the in vitro mouse model of MFS 
which is summarized in the schematic in figure 1.

Not only presynaptic neuronal membranes but also perisynaptic Schwann cells 
(pSCs) are the target of attack by anti-gangliosides antibodies which colocalize with 
deposits of C1q, C3c, C4 and MAC 51. Hemidiaphragm preparations from C6-/- mice 
incubated with C6-/- serum failed to develop nerve terminal injury in the presense 
of anti-ganglioside antibodies. Accordingly, both injury to presynaptic neuronal 
membranes and pSCs injury are caused by MAC-mediated lysis. Further, this process 

Figure 1. Model of complement-mediated damage in inflammatory neuropathies. Antibodies bind to 
gangliosides in the extracellular layer of the plasma membrane of lipid raft domains at synapses. C1q 
binds to the antigen-antibody complex, initiating activation of the complement cascade which eventually 
results in the assembly and deposition of the MAC. MAC forms nonspecific pores in the presynaptic 
membrane leading to uncontrolled calcium influx. The entry of calcium is normally highly regulated by 
the voltage-gated calcium channels (VGCC). The level of intracellular calcium mediates the fusion of the 
synaptic vesicles to the intracellular leaflet of the presynaptic membrane and triggers neurotransmitter 
release in the synaptic cleft. The uncontrolled calcium influx leads to accumulation of intracellular 
calcium which triggers massive exocytosis and activates calcium-dependent proteases which degrade the 
cytoskeleton and trigger mitochondrial cell death, leading to structural and metabolic destruction of the 
nerve terminal. This mechanism is similar to that induced by the pore-forming toxin, α-latrotoxin. 
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is controlled by the inhibitory complement regulator CD59 since both types of injury 
are exarcerbated in CD59 deficient mice with increased MAC formation 51. The 
classical pathway has been suggested as initiator of complement activation in GBS, 
but involvement of the lectin pathway has not been ruled out 51. High serum activity of 
the mannose-binding lectin (MBL), which activates complement by the recognition of 
repetitive sugar groups on pathogens, is determined by the MBL2 haplotype and has 
been associated with the development and severity of GBS 52. 

Whether the anti-ganglioside antibody-mediated nerve terminal degeneration also 
affects the proximal portion of the axon remains unclear. Anti-ganglioside antibodies 
bind to nodes of Ranvier and can activate complement in desheathed mouse sciatic 
nerve treated with sera from patients with autoimmune neuropathies supplemented 
with fresh human serum as a source of complement 53. In the in vivo rabbit model of 
GBS, resembling the acute motor axonal neuropathy (AMAN) variant 54, the entire 
architecture of the nodes of Ranvier including the paranodal junctions, the nodal 
cytoskeleton and the Schwann cell microvilli are disrupted during the acute phase 
of the disease accompanied by progressive limb weakness. Voltage-gated sodium 
(Nav) channels, normally clustered at nodes of Ranvier, are disrupted or absent and 
co-localize with deposits of complement C3 and MAC 55. Spontaneous recovery occurs 
in the AMAN rabbits 2 weeks after clinical onset 54. During the early recovery phase, 
complement deposits at nodes of Ranvier decrease and Nav channels redistribute 
on both sides of affected nodes along with Schwann cell microvilli and paranodal 
myelin loops 55. This architecture may represent the early stage of a later fusion of two 
heminodes to reconstitute new nodes of Ranvier in the later stages of the recovery 
phase.  

The ability of (non-perisynaptic) Schwann cells to survive MAC deposition during 
inflammatory neuropathies is intriguing. This is likely influenced by the differential 
distribution of complement regulatory components on the Schwann cell surface (CR1, 
MCP, DAF, CD59) compared to its myelin sheath (only CD59) and the ability of cells 
to eliminate MAC channels by endocytosis and membrane shedding in the case of 
sublytic attack 56,57. Increasing evidence points to a role of nonlethal amount of MAC 
deposition in the regulation of cell cycle and gene expression 58-62. MAC pores can 
reach a diameter of 100Å 63. Multiple signaling molecules can cross these channels 
including calcium, diacylglycerol, cyclic AMP, PKC and members of the MAP kinase 
family which can influence cellular processes 59,64,65. In vitro studies demonstrated 
that sublytic MAC deposition on Schwann cells decreases the expression of P0 mRNA 
via activation of JNK1 59,62. P0 protein constitutes a major component (>50%) of myelin 
membrane proteins and it is necessary for myelin compaction and integrity 66-69. 
Thus it is conceivable that, by decreasing the expression of genes important in myelin 
compaction such as P0, sublytic complement activation could drive the Schwann 
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cell towards a premyelinating phenotype possibly contributing to demyelination 62. 
This is further supported by the observation that sublytic MAC levels rescue cultured 
Schwann cells from apoptosis via activation of PI-3 kinase, phosphorylation of BAD 
and upregulation of Bcl-xL 61 and drive them into S phase, stimulating cell cycle 
and mitosis 60. The survival of Schwann cells and their shift from a myelinating to a 
proliferating phenotype could ultimately favor the remyelination and recovery which 
occur in most GBS patients. 

Charcot-Marie-Tooth disease. Although the immune system has been implicated 
in certain types of hereditary neuropathies, a possible involvement of the innate 
immune system in Charcot-Marie-Tooth disease has not yet been shown and is one of 
the subjects of this thesis.

Complement regulation in peripheral nerve injury and disease: a therapeutic 
approach 

Table 4. Complement therapeutics in PNS injury and disease

Agent Activity Model Effect Reference

CVF Forms a C3 
convertase able to 
escape regulation 
by FI and FH; C3 
consumption

EAN
AT-EAN

Lowers clinical score, 
inflammation and 
demyelination
Inhibits inflammation and 
demyelination

Vriesendorp et al., 1995
Vriesendorp et al., 1998

sCR1/ TP10 Extracellular region 
of CR1; inhibition of 
C3 convertase

EAN Prevents demyelination 
and axonal degeneration; 
suppresses clinical sign of 
disease

Jung et al., 1995; 
Vriesendorp et al., 1997

C1inh/
Cetor

Inhibition of C1r/
C1s, kallikrein and 
other proteases

Acute axonal 
injury

Inhibits MAC formation, 
delays myelin degradation 
but not axonal damage

Ramaglia et al, 2007

rhC1inh/
Rhucin

Recombinant 
human C1inh 
produced in 
transgenic rabbits

Acute axonal 
injury

Inhibits C upregulation Ramaglia et al, 2007

APT070/
Mirococept

sCR1 with 
lipopeptide 
membrane linker

MFS Abrogates MAC formation 
and acute tissue injury

Halstead et al., 2005

Eculizumab Inhibition of C5a 
and C5b-9

MFS Abrogates MAC formation, 
structural and functional 
lesions in vitro; prevents 
respiratory paralysis and 
neuropathy phenotype

Halstead et al., 2008
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The implication of complement activation in the initiation, propagation or 
exacerbation of PNS injury and disease, makes it a potential target for therapeutic 
intervention. A number of complement inhibitors and modulators have been developed 
and have recently been reviewed by Ricklin and Lambris 70. Various steps of the 
proteolytic cascade and its (positive and negative) regulators have been targeted in 
PNS injury and disease and they are currently in the stage of preclinical development 
(Table 4). 

The first anti-complement agent described was cobra venom factor (CVF) 71,72. 
This venom protein binds to fB in plasma and, after cleavage of fB by fD, forms 
a stable C3 convertase (CVF-fB) which is resistant to fluid phase regulators 73. 
Decomplementation is achieved via the consumption of C3 by the CVF-fB convertase. 
Systemic complement depletion with CVF significantly reduces inflammation and 
demyelination in the experimental autoimmune neuritis (EAN) and adoptive transfer-
EAN (AT-EAN) models of GBS 74,75. However, the massive C activation associated 
with decomplementation, makes CVF a potential threat for the development of 
iatrogenic shock syndrome as already observed in some animal models 76. The soluble 
form of complement receptor 1 (sCR1) has been a breakthrough in complement drug 
discovery and it has been successfully used to control C activation in animal models 
of GBS 46. Clinical signs of experimental autoimmune neuritis, induced in rats by 
immunization with bovine peripheral nerve myelin, could be markedly suppressed 
by sCR1 treatment. Functional and structural lesions could also be prevented as 
shown by electrophysiological and morphological data 77,78. The soluble complement 
regulator Mirococept/APT070 containing the region of CR1 which inhibits the C3/C5 
convertase, can fully block MAC formation and abrogate acute tissue injury in ex vivo 
and in vivo mice immunized with anti-ganglioside antibody to mimic the Miller Fisher 
(MFS) variant of GBS 79. Similar results have been recently obtained by treatment with 
Eculizumab, the humanized antibody against C5, already in use in clinical trials for the 
treatment of PNH 80. Eculizumab could prevent MAC deposition and terminal axonal 
neurofilament loss as well as block the large increase in the frequency of miniature 
end-plate potentials (MEPPs) and prevent the block in synaptic transmission. 

Thus far, only a few inhibitors of the C pathway have made it to the clinic (TP10, 
Avant Pharmaceuticals; Eculizumab, Alexion Pharmaceuticals). Determine which 
step of the complement cascade is the optimal target for C inhibition, is one of the 
aims of this thesis.
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Abstract
The complement (C) system plays an important role in myelin breakdown during 
Wallerian degeneration (WD). The pathway and mechanism involved are, however, 
not clear. In a crush injury model of the sciatic nerve, we show that C6, necessary for 
the assembly of the membrane attack complex (MAC), is essential for rapid WD. At 3 
days post-injury pronounced WD occurred in wildtype animals whereas the axons 
and myelin of C6-deficient animals appeared intact. Macrophage recruitment and 
activation was inhibited in C6-deficient rats. However, 7 days after injury, the distal 
part of the C6-deficient nerves appeared degraded. As a consequence of a delayed WD, 
more myelin breakdown products were present than in wildtype nerves. Reconstitution 
of the C6-deficient animals with C6 restored the wildtype phenotype. Treatment 
with recombinant human complement 1 inhibitor (rhC1INH) blocked deposition of 
activated C-cleaved products after injury. These experiments demonstrate that the 
classical pathway of the complement system is activated after acute nerve trauma and 
that the entire complement cascade, including MAC deposition, is essential for rapid 
WD and efficient clearance of myelin after acute nerve trauma of the PNS. 

Keywords. Wallerian degeneration, crush injury, complement, macrophage, neuro-
degenerative disease, neuropathy 
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Introduction
Wallerian degeneration (WD) is the sequence of axonal and myelin degradation which 
results from mechanical or metabolic damage to the nerve. The first abnormalities 
occur 12 hours after injury and become more evident 24–48 hours later 1,2. Following 
degeneration of the axon, the myelin sheath collapses and initially remains within the 
parent Schwann cell cytoplasm. The endoneurial macrophages proliferate, become 
activated and initiate myelin phagocytosis 3. This population is later supplemented by 
monocytes/macrophages recruited from the blood stream that participate in myelin 
phagocytosis and removal 4. 

Although the histology of WD is well established 5, the molecular basis is not fully 
understood. We have recently shown that proteins of the complement system are 
produced in the undamaged PNS and are activated upon injury and disease 6. 

The complement (C) system is part of the innate immune response against pathogens. 
It is activated via three distinct routes: the classical, the lectin and the alternative 
pathways. The classical pathway is activated by the binding of C1q to non-self epitopes, 
either directly or via antibodies, and it is blocked by the complement regulator C1INH 7. 
The lectin pathway is triggered by binding of mannose binding lectin (MBL) to certain 
carbohydrates on the pathogen surface 8 whereas the alternative pathway starts by 
spontaneous low-rate hydrolysis of C3 which binds to activated factor B on a surface 
lacking complement inhibitors, such as factor H. Irrespective of the initial recognition 
pathway, all three routes converge in the cleavage of C3 and subsequently of C5. 
This results in the formation of chemoattractants, opsonins and C5b, which serves 
as an anchor for the assembly of C6, C7, C8 and C9. The complex C5b-9, also known 
as membrane attack complex (MAC), is inserted into the pathogen’s cell membrane, 
leading to cell lysis 9. 

Previous studies of WD showed that the complement system mediates myelin 
phagocytosis by macrophages 10 while depletion of C3 11 or C5 deficiency 12 delay WD 
and inhibit macrophage recruitment. However, because of their multiple functions, 
depletion of C3 or C5 could affect different pathways. Whether C cleaved products alone 
or the entire complement cascade including the MAC is needed for WD is still being 
debated 13. The C6 deficient (C6-/-) PVG/c- rat model 14-16 offers the opportunity to dissect 
the role of the terminal complement factors, separating the chemoattractant effect of 
upstream complement components from the cytolytic effect of the terminal MAC. 

We analyzed the role of C6 and thus of MAC, in WD. This is relevant to the 
understanding of the complement-mediated events in axon loss and subsequent myelin 
degradation which are common hallmarks of many neurodegenerative diseases and 
peripheral neuropathies 17. 
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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 12 weeks old PVG/c (wildtype, WT) 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 16. Rat genomic DNA was prepared by proteinase K degradation of ear 
biopsies. Genotyping was performed by PCR (32 cycles) with annealing temperature 
at 60ºC, using the following forward (5’-tggctgcctgagtagaaggt-3’) and reverse 
(5’-gtgaggtcagtaccttatcccc-3’) primers. The expected size of the WT PCR product was 
318 bp. As a result of a 31 bp deletion, the expected size of the C6-/- PCR product was 
287 bp. 

Administration of human C6 for reconstitution studies.  C6 was purified from 
human serum as previously described 18. It was administered i.v. in four (4) C6-/- rats 
at a dose of 4 mg/kg/day in PBS one day before the crush injury (day -1) and every 24 
hours (day 0, 1, 2) until the nerves were removed at 3 days post-injury. Four (4) WT 
and four (4) C6-/- rats were treated with equal volume of vehicle (PBS) alone. The C6 
reconstituted rats will be indicated in the text as C6+. 

Administration of rhC1INH for inhibition studies.  rhC1INH was kindly provided 
by Pharming (Leiden, The Netherlands). Three (3) rats were injected i.v. with one dose 
(500 U/kg) of rhC1INH in PBS and three (3) with vehicle (PBS) alone immediately 
before the crush injury. The nerves were collected after 1 hour. 

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

reconstituted with purified human C6 (C6+) rats were collected from the tail vein one 
day before the crush injury (day -1) and every day following the injury (day 1, 2, 3). All 
samples were collected prior to the treatment. Plasma was separated and stored at 
-80ºC until used to monitor C6 activity via standard complement hemolytic assay 19.  
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Nerve crush injury and tissue processing.  All the surgical procedures were 
performed aseptically under deep isoflurane anesthesia (2.5% Vol isoflurane, 1 L/min 
O2 and 1L/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). 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 rats were allowed to recover for 1hour (WT n=2; 
C6-/- n=2), 4 hours (WT n=2; C6-/- n=2), 8 hours (WT n=2; C6-/- n=2), 12 hours (WT 
n=2; C6-/- n=2), 1 day (WT n=5; C6-/- n=5), 2 days (WT n=5; C6-/- n=5), 3 days (WT n=5; 
C6-/- n=5) and 7 days (WT n=5; C6-/- n=5). For the C6 reconstitution study four (4) WT 
PBS-treated, four (4) C6-/- PBS-treated and four (4) C6-/- reconstituted with purified 
human C6 (C6+) rats were used. For the rhC1INH inhibition study three (3) WT PBS-
treated and three (3) WT C1INH-treated were used.

All the animals were intracardially perfused with 4% paraformaldehyde in 
piparazine-N-N´-bis (2-ethane sulphonic acid) (PIPES) buffer (pH 7.6). Left and right 
sciatic nerves were removed from each animal and one segment of 5mm length was 
collected distally from the crush site. Each segment was conventionally processed 
into paraffin wax for immunohistochemistry. Paraffin sections of 5 µm were cut and 
stained with haematoxylin and eosin (H&E) to determine tissue quality. Luxol fast 
blue/cresyl violet (LFB/CV) was used as a myelin stain and Palmgren’s silver method 
to stain the axons. 

Left and right tibial nerves were removed from the 1 week recovery animals, 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. Resin 
sections of 0.5 µm were stained with thionine and acridine orange to further assess 
degenerative morphological changes.

Protein extraction and Western blot analysis.  Frozen sciatic nerves from 6 rats 
(WT n=3; C6-/- n=3) sacrificed at 2 days following the crush injury were homogenized 
using a pestle and mortar in liquid nitrogen in 20 mmol l-1 Tris (pH 7.4), 5 mmol l-1 1, 
4-dithio-DL-threitol (DTT) and 0.4 % SDS and 6 % glycerol. The homogenates were 
centrifuged at 10,000 xg, at 2 ˚C for 10 min. The supernatant fraction was collected 
and used for protein analysis. Protein concentrations were determined with a DC 
protein assay kit (Bio-Rad Laboratories, USA), using bovine serum albumin (BSA) as 
a standard.
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Protein extracts were boiled for 5 min, separated by 7.5 % SDS-PAGE and transferred 
to nitrocellulose membrane overnight at 4 ºC. Prior to blotting, the nitrocellulose 
membranes were stained with Ponseau red for 30 sec to determine protein load. The 
membranes were pre-incubated in 50 mmol l-1 TrisHCl containing 0.5% Tween20 
(TBST) and 5 % non-fat dried milk for 1 hour at RT. Blots were incubated for 2 hours 
in the primary antibody (Table 1) diluted in TBST containing 5 % non-fat dried milk. 
Following washing in TBST, the membranes were incubated for 1 hour in horseradish 
peroxidase-conjugated secondary antibody diluted 1:2000 in TBST containing 5 % 
non-fat dried milk. Membranes were washed in TBST for 30 min and immunoreactive 
bands were detected using enhanced chemiluminescence (ECL, Amersham, 
Piscataway, NJ, USA). 

Immunohistochemistry.  Paraffin wax sections were stained using a three-step 
immunoperoxidase method. All the incubations were performed at room temperature 
(RT). Following deparaffination and rehydration, endogenous peroxidase activity was 
blocked with 1 % H2O2 in methanol for 20 min. In all cases, antigen retrieval with 
microwave at 800 Watt for 3 min followed by 10 min at 440 Watt in 10 mM Tris/1 
mM EDTA (pH 6.5) was used. To block the non-specific binding sites, slides were 
incubated in 10 % normal goat serum (NGS) in Tris buffer (TBS) for 20min. Following 
incubation in the appropriate primary antibody diluted in 1 % BSA (see table 1) for 90 
min, sections were incubated for 30 min in biotinylated goat anti-rabbit or goat anti-
mouse from DakoCytomation (Glostrup, DK) diluted 1:200 in 1 % BSA and 30 min in 
horseradish peroxidase labeled polystreptavidin (ABC-complex, DAKO). To visualize 

Table 1. Antibodies, source, dilutions

Antibodies  Source Dilutions

Polyclonal goat anti-human C1q DakoCytomation (Glostrup, DK) 1:100§ 1:1000†

Polyclonal rabbit anti-human C1r DakoCytomation 1:100§ 1:1000†

Polyclonal rabbit anti-human C1s DakoCytomation 1:100§ 1:1000†

Polyclonal rabbit anti-human C3c DakoCytomation 1:750

Polyclonal rabbit anti-human C4c DakoCytomation 1:100

Polyclonal rabbit anti-rat C9 B.P. Morgan 1:300

Polyclonal rabbit anti-human MBP DakoCytomation 1:100§ 1:50*

Monoclonal mouse anti-human 
Phosphorylated neurofilament (SMI31 clone)

Stemberger (Lutherville, UK) 1:1000

Monoclonal mouse anti-rat CD11b (ED7 clone) C. Dijkstra 1:100

Monoclonal mouse anti-rat CD68 (ED1 clone) Serotec (Oxford, UK) 1:100§ 1:50*

Monoclonal mouse anti-rat Pan (Ki-M2R clone) Acris (Hiddenhausen, D) 1:100

Polyclonal rabbit anti-cow S100 DakoCytomation 1:400

Note: * and § indicate dilutions used in the fluorescence and colorimetric immunostaining, respectively.
† indicates dilution used in the Western blotting.
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peroxidase activity, the slides were incubated in 0.05 % 3-amino-9-ethylcarbazole in 
acetate buffer (pH 5) for 5 min followed by a 30 sec counterstaining with hematoxylin 
and mounted in gelatin. For immunofluorescence, the primary antibody and either 
the secondary sheep anti-mouse Cy3 conjugated or goat anti-rabbit Fitc conjugated or 
rabbit anti-goat Fitc conjugated antibody from Sigma-Aldrich (Saint Louis, MI) were 
diluted in TBS. The slides were mounted in Vectashield mounting medium (VECTOR 
Burlingame, CA). Sections immunostained with secondary conjugate alone were 
included with every experiment as negative controls, while sections of rat spinal cord 
and lymph nodes served as positive controls. 

Images were captured with a digital camera (Olympus, DP12, The Netherlands) 
attached to a fluorescent microscope (Olympus, Vanox AHBT3, The Netherlands), a 
light microscope (Olympus, BX41, The Netherlands) or a microscope (Zeiss, Axioplan, 
The Netherlands) connected to a laser scanning confocal imaging system (MRC 1024, 
Biorad, The Netherlands) and analyzed with analysis software (AnalySIS, Soft Imaging 
Systems GmbH, Zoeterwoude, The Netherlands). 

CD68-, CD11b- and Pan-immunoreactive (-ir) cell count.  CD68 (ED1 clone) 
antibody is a lysosomal marker commonly used for macrophages but also stains other 
phagocytic cells. CD11b (ED7 clone) is a marker for complement 3 receptor (CR3) on 
activated macrophages and Pan (Ki-M2R) is a surface antigen marker of resident-like 
tissue macrophages. Cells were scored positive when the ED1-, ED7- or Ki-M2R-positive 
signal was associated with nuclei. Three to five (3-5) non-consecutive sections of rat 
sciatic nerve per animal were examined for each of the 3 series of immunostained 
slides. Each series included 4 groups (0, 1, 2 and 3 days) and 5 or 4 animals for each 
rat type (WT, C6-/-, C6+, PBS) per group. An average of 3 non-overlapping fields of view 
including >90% of the entire nerve area was taken for each section examined. Cell 
number is expressed per mm2.

Electron microscopy.  Electron microscopy was performed on ultrathin sections of 
the tibial nerve from WT and C6-/- rats at 7 days following the crush injury. Sections 
were contrasted with uranyl acetate and lead citrate as previously described 20. Images 
were captured with a digital camera attached to an electron microscope (FEO 10, 
Philips, The Netherlands).

Statistical analysis.  Two way ANOVA with Bonferroni correction was performed to 
determine statistically significant differences in the hemolytic assay (p<0.001) and in 
the CD68-, CD11b- and Pan-ir cell count (p<0.05). 



60

Results
Characterization of wildtype (WT), C6 deficient (C6-/-) and C6 reconstituted 
(C6+) PVG/c rats.  PVG/c WT rats were obtained from Harlan (UK) and C6-/- rats 
were bred in our facility. Their C6 status was confirmed by genotyping analysis and 
standard complement hemolytic assay (CH50). Since C6-/- rats have a 31 bp deletion 
in exon 10 16, primers flanking the deletion site were designed for genotyping analysis 
by PCR using genomic DNA isolated from the rat ears. As expected, the PCR product 
from C6-/- rats (287 bp) is smaller than that of WT rats (318 bp) (Supplementary figure 
1, online). 

Plasma hemolytic activity (CH50) of WT, C6-/- and C6+ rats was monitored over 
the entire course of the experiment. WT rats had an average basal CH50 of 96.3±7.3 
(day -1) which did not change significantly following PBS treatment (89.4±7.5 day 1; 
89.5±6.2 day 2; 86.1±5.6 day 3). C6-/- rats had an average basal CH50 of 12.6±0.6 (day 
-1) and remained at control levels following PBS treatment (12.8±1.6 day 1; 13.8±2.7 
day 2; 14.2±1.9 day 3). To reconstitute C6 activity in C6-/- rats, C6 was purified from 
fresh frozen human plasma by affinity chromatography. It was administered in vivo by 
repeated i.v. injections at a dose of 4mg/kg/day. Hemolytic activity of C6-/- rat plasma 
increased to 40% of that of WT rats, from a basal CH50 of 15.1±2.6 to 39.1±4.3 at 4 days 
from the start of the treatment (Figure 1). 

Figure 1. Hemolytic assay.  Complement 
dependent hemolysis in serum from 
WT PBS-treated, C6-/- PBS-treated and 
C6-/- reconstituted with purified human 
C6 (C6+) rats. Treatment started 1 day 
(day -1) before the injury (day 0) and 
it was repeated at day 1 and 2 post-
injury. Plasma was collected at days 
-1, 1, 2, and 3 immediately before the 
treatment. Values are means±S.D. of 
four (4) animals per group. Statistical 
significance refers to p≤0.001 
determined by a two way ANOVA test 
with Bonferroni correction.

C6 deficiency protects from rapid WD after acute nerve trauma.  To determine 
the role of C6 in Wallerian degeneration (WD), we performed a crush injury of the sciatic 
nerve in WT, C6-/- and C6+ rats. WD of the sciatic nerve after injury was monitored on 
paraffin sections by immunohistochemical analysis with antibodies which recognize 
phosphorylated neurofilament (SMI31 clone) and myelin basic protein (MBP) and by 
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histological analysis with Palmgren’s silver staining and LFB/CV. Semithin sections of 
tibial nerves were also analyzed.

In the WT nerves, SMI31 immunostaining showed axonal swelling and degradation 
at 2 days post-injury (not shown) and it was more evident after 3 days. However, the 
C6-/- nerves showed well preserved axons at 3 days post-crush (Figure 2 A). MBP 
immunostaining revealed signs of myelin breakdown in WT nerves at 2 days following 
the injury and complete degradation after 3 days. However, the C6-/- nerves showed 
myelin morphology comparable to that of control nerves at 3 days post-crush (Figure 
2 B). Histological analysis with Palmgren’s silver staining and LFB/CV confirmed the 
results obtained with the immunohistological assay (not shown). Both WT and C6-/- 
rats treated with vehicle only served as controls. Their histology did not differ from the 
untreated rats (not shown). These observations suggest that C6 deficiency protects the 
axons and the myelin from Wallerian degeneration at 3 days post-injury.

Figure 2. Immunohistological analysis of axons and myelin.  (A) Immunostaining for phosphorylated 
neurofilament (SMI31 clone) in cross-sections of WT and C6-/- rat sciatic nerves. Note the typical 
punctate axonal staining in the uninjured nerve (arrow head t). At 3 days post-injury, the WT nerve 
shows axonal swelling and degradation (arrow →) whereas the axons of the C6-/- nerve are still intact. (B) 
Immunostaining for myelin basic protein (MBP) in cross-sections of WT and C6-/- rat sciatic nerves. Note 
the typical annulated staining of the myelin in the uninjured nerve (open arrow head >). At 3 days post-
injury, the WT nerve shows myelin degeneration (arrow →) and degradation products (arrow head t)
whereas the myelin of the C6-/- nerve is still intact. Sections are counterstained with haematoxylin. Two 
magnifications of the same section are shown for each nerve type. Bar is 50µm. For color figure see page  
149.
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C6 reconstitution restores rapid WD after acute nerve trauma.  Reconstitution 
of C6-/- animals with C6 (C6+) resulted in rapid axonal degradation in the C6-/- nerves. 
Myelin breakdown was also restored at 3 days post-injury in the C6-/- nerves upon 
C6 reconstitution (Supplementary figure 2, online). The C6+ uninjured nerve was used 
as control and showed intact axons and myelin (not shown). These data demonstrate 
that the protection of the injured nerve from WD observed in the mutant mice at 3 
days post-crush is a specific effect of C6 deficiency. 

WD and myelin clearance are delayed in C6 deficient animals after acute nerve 
trauma.  Analysis of the sciatic and tibial nerves (distal from the sciatic nerve where 
the crush injury was performed) at 7 days post-injury showed WD in both WT and 
C6-/- nerves, demonstrating that Wallerian degeneration has a delayed onset in C6-/- 

nerves following the crush injury. As a result of delayed degeneration, more thionine 
stained myelin debris was present in the C6-/- than in WT nerves (Figure 3 A). Electron 
microscopy revealed complex lipids still present in the C6-/- nerves whereas signs of 
simple lipids dissolved by the dehydration processing are found in the WT nerves 

Figure 3. Histological analysis of myelin debris.  (A) Thionine staining of semithin cross-sections of the 
distal ends of WT and C6-/- rat tibial nerves at 7 days following the crush injury. Note the higher density 
of myelin debris (purple) in the C6-/- nerve compared to the WT. Bar is 50µm. (B) EM images of myelin 
debris from sections in A. Note the myelin degradate into lipid droplets in the WT nerve and early myelin 
breakdown products in the C6-/- nerve (arrows →). Bar is 10µm. For color figure see page 150.



C
hapter 3

M
A

C
 and W

allerian degeneration

63

(Figure 3 B). These data show that, subsequently to the delayed degeneration, myelin 
clearance is delayed in the C6-/- nerves. 
The complement system is activated after acute nerve trauma.  To determine 
the time course of complement activation after crush injury, we measured expression 
levels of the classical pathway complement components and monitored deposition of 
activated cleaved complement proteins. 

Low levels of C1s, C1q and C1r immunoreactivity were detected in protein extracts of 
uninjured WT and C6-/- rat nerves whereas high levels were seen at 2 days following the 
crush injury (Figure 4). Accordingly, a high level of C1s, C1q and C1r immunoreactivity 
was detected on sciatic nerve cross-sections from animals sacrificed at 3 days after 
the crush (Supplementary figure 3, online). Immunoreactivity for C4c and C3c – the 
activated cleaved products of C4 and C3 – was detected in all injured nerves at 3 days 
post-injury (Figure 5). These results show that activation of C components upstream 

Figure 4. Up-regulation of complement 
components in injured rat nerve.  
Western blotting analysis of WT and 
C6-/- rat sciatic nerves at 2 days post-
injury, showing higher amount of C1s, 
C1r and C1q protein in the injured 
nerves compared to the uninjured 
controls. 

of C6 occurred also in C6-/- rats. However, due to the degeneration of the nerve in 
WT and C6+ rat nerves, but not in the C6-/- ones, direct comparisons of the amount 
of deposited C components on the nerve tissue is not possible. These data suggest a 
normal function of C proteins upstream of MAC formation in the C6-/- rat model. C 
activation happened as early as 1h following the injury (not shown).

Deposition of MAC was observed in WT nerves at 12h (not shown) and up to 3 days 
post-injury. MAC was localized in the axonal compartment of the nerve as shown 
by the complete co-localization with the neurofilament staining. Additional MAC 
staining was present in the nerve and probably deposited on the degrading myelin 
sheaths (Supplementary figure 4, online). The C6-/- nerves were negative for MAC 
deposition which was restored upon C6 reconstitution (C6+), confirming lack of C6 in 
the deficient nerves and the ability of purified human C6 to reach the nerve from the 
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circulation and be functional. Uninjured control nerves were always negative for MAC 
staining (Figure 5). 

rhC1INH blocks complement activation after acute nerve trauma.  To determine 
which complement pathway is activated following the crush injury, we treated WT rats 
with rhC1INH, an inhibitor of the classical pathway. Complement activation up- and 
down-stream of the inhibition site were monitored in rhC1INH-treated rats following 
the injury. Detection of dense deposits of C1q (C component up-stream of the rhC1INH 
target site) in the PBS- and rhC1INH-treated nerves confirmed up-regulation of the 
classical pathway complement components following the injury. C4c and C3c (C 
components downstream of the rhC1INH target site) deposition was very high in the 
PBS-treated nerves and completely absent in the inhibitor-treated nerves at 1 hour 
post-injury (Figure 6). This demonstrates that the classical pathway is activated and 
that, at least at this early time point, the alternative pathway does not contribute to 
the activation of the complement cascade after nerve injury. 

C6 deficiency protects the nerve from macrophage accumulation and activation 
at 3 days post-injury.  Since myelin removal in degenerating nerves mainly depends 
on invading, non-resident macrophages 21 we monitored macrophage recruitment and 

Figure 5. Deposition of activated complement components in injured rat nerve.  Immunostaining for 
the activated cleaved complement components C4c and C3c and the terminal cytolytic component MAC 
in cross-sections of WT, C6-/- and C6+ rat sciatic nerves at 3 days post-injury. High immunoreactivity of 
C4c and C3c is detected in all injured nerves while no immunoreactivity is detected in the uninjured 
controls. MAC immunoreactivity is present in WT nerves but not in the C6-/- and uninjured controls. C6 
reconstitution re-established MAC deposition in the C6+ injured nerves. Sections are counterstained with 
haematoxylin. Bar is 50µm. For color figure see page 150. 
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activation. Sections were analyzed with the CD68 (ED1 clone) antibody, which is used 
as a lysosomal marker; CD11b (ED7 clone) which detects the rat complement receptor 3 
(CR3) present on activated macrophages 22 and essential for myelin phagocytosis 10,23,24 
and Pan (Ki-M2R clone) antibody which recognizes a surface antigen on resident tissue 
macrophages. 

A quantitative analysis (Figure 7) revealed only a few CD68-positive cells (WT 
13.2±1.7; C6-/- 12.6±1.4) in the control uninjured nerves. In both, WT and C6-/- nerves, 
the number of CD68-positive cells remained at control levels until 2 days post-injury 
when they increased to 59.4±4.2 and 49.8±11.2, respectively. At 3 days post-injury 
the CD68 immunoreactivity was significantly higher in the WT crushed nerves 
(245.8±19.6) compared to the C6-/- ones (52.4±6.4). Upon reconstitution of the C6-/- 

Figure 6. Blockade of complement activation after rhC1INH treatment. Immunostaining for complement 
component C1q, upstream of the inhibition site of rhC1INH, and cleaved components C4c and C3c at 1 
hour post-injury in cross-sections of sciatic nerves from WT rats treated with rhC1INH or vehicle (PBS) 
alone. High immunoreactivity for C1q is detected in all injured nerves, confirming C1q up-regulation 
after the crush injury. C4c and C3c immunoreactivity is detected in the PBS-treated nerves as expected 
whereas no deposition is detected in the nerves from the rhC1INH treated rats, demonstrating effective 
blockade of the complement cascade after crush and implicating the classical pathway in the crush injury 
model of Wallerian degeneration. Sections are counterstained with haematoxylin. Bar is 50µm. For color 
figure see page 151.
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nerves with C6, the number of CD68-positive cells increased close to WT levels 
(191.2±9.8). Treatment of WT animals with PBS did not alter significantly the number 
of CD68-positive cells in the injured nerves (261.2±42.9). A morphological analysis 
of the CD68-immunoreactive (-ir) cells at 3 days post-injury, showed enlarged and 
asymmetrical cells in WT nerves while they remained small and round in the C6-/- 
nerves (Figure 8 A and insets). C6 reconstitution re-established the WT phenotype 
(not shown). The number of CD11b-positive cells was very low in the uninjured nerves 

Figure 7. Quantitative analysis of 
macrophages.  (A) Quantification of CD68 
(ED1 clone), CD11b (ED7 clone) and Pan 
(Ki-M2R)-ir cells in non-consecutive 
sections of sciatic nerves from WT, 
C6-/-, C6+ and WT PBS-treated rats at 0 
(uninjured nerve), 1, 2 and 3 days post-
injury. Values are means±S.D. of four to 
five (4-5) animals per group. Statistical 
significance between groups (square 
parentheses) refers to p≤0.05 determined 
by a two way ANOVA test with Bonferroni 
correction. 
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Figure 8. Immunohistological analysis of macrophages. (A) CD68 staining of WT and C6-/- rat sciatic 
nerves at 3 days post-injury. The insets show the morphology of foamy CD68-ir macrophages in the WT 
nerve while small CD68-ir macrophages are detected in the C6-/- nerve. Little CD68 immunoreactivity 
is detected in the uninjured control nerve. (B) CD11b staining at 3 days post-injury, showing activated 
macrophages in the WT but not in the C6-/- nerve or uninjured controls. (C) Ki-M2R staining at 3 days post-
injury, showing macrophages with resident-like phenotype in the C6-/- nerves while little immunoreactivity 
is detected in the WT nerves. Sections in B, C and D are counterstained with haematoxylin. (D) Double 
immunofluorescent staining for CD68 (orange/red) and MBP (green) showing CD68-ir cells engulfing 
myelin debris (confocal images in insets, arrows →) in the WT nerve. The nuclei are stained with DAPI 
(blue). Bars are 50µm. For color figure see page 152.

(WT 1.2±2.5; C6-/- 0.6±1.9) but it increased in the WT nerves at 1 day (17.4±2.5) and 2 
days (76.5±28.3) after injury, reaching 182.9±59.7 after 3 days. The C6-/- nerves did not 
show any significant change in the number of CD11b-positive cells after injury. In the 
C6+ nerves, the number of CD11b-positive cells increased close to WT levels at 3 days 
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post-injury (174.8±39.9). Treatment of WT animals with PBS did not alter significantly 
the number of CD11b-positive macrophages in the injured nerves (197.9±59.9). The 
increase in CR3 immunoreactivity demonstrates macrophage activation in the WT 
nerves but not in the C6-/- nerves. 

Strong immunoreactivity of CD11b was associated with large macrophages in WT, 
C6+ and PBS-treated nerves at 3 days post-injury. In contrast, C6-/- nerves contained 
very few cells slightly positive for the CD11b macrophage marker (Figure 8 B). The 
low CR3 staining is not an inherent property of C6-/- rats because lymph nodes of C6-/- 
rats contained cells which were strongly positive for CD11b (Supplementary figure 5, 
online). 

The Pan macrophage marker showed a few positive cells (WT 10.6±4.4; C6-/- 11.2±4.0) 
in the uninjured nerves. In both WT and C6-/- nerves the number of Pan-positive cells 
remained at control levels until 2 days post-injury when they increased to 95.2±17.0 
and 92.1±20.2, respectively. At 3 days post-injury the number of Pan-positive cells 
did not change in the C6-/- nerves whereas it dropped to 11.2±7.9 in the WT nerves, 
demonstrating that macrophages lose the resident-like phenotype in the WT nerves 
but this is still maintained by the macrophages in the C6-/- nerves. Both the C6+ and 
PBS-treated nerves showed similar Pan immunoreactivity as the WT nerves (C6+ 

3.7±7.9; PBS 6.8±11.2). Pan-ir cells were generally very small, a morphology typical of 
macrophages who retain the resident-like phenotype (Figure 8 C). 

Confocal images of double immunofluorescent staining of CD68 and MBP 
demonstrated the presence of myelin debris in the enlarged CD68 positive cells in WT 
and C6+ nerves at 3 days post-injury (Figure 8 D, inset), demonstrating active myelin 
phagocytosis by the CD68-ir cells. This data demonstrates that C6 deficiency prevents 
macrophages accumulation and activation in the WT nerve at 3 days post injury.

Analysis of phagocytic cells at 7 days post-injury.  There was no significant 
difference in the number of CD68-ir cells between WT (189.28±40.6) and C6-/- 
(171.1±29.4) nerves at 7 days post-injury and in both strains they contained myelin 
debris as showed by their co-localization with MBP (Figure 9 A). However in the WT 
nerve, CD68-ir cells were also CD11b positive, suggesting that they were macrophages. 
In the C6-/- nerve, CD68-ir cells were negative for CD11b (not shown). Since there is 
evidence that proliferating Schwann cells contribute to myelin degradation 4, we 
stained the nerve sections with S100, a Schwann cell marker, and co-localized it with 
the CD68 antibody. Virtually all CD68-ir cells in the C6-/- nerves were S100 positive 
(Figure 9 B) whereas only a minority of the CD68 cells were S100 positive in the WT 
nerves. These results demonstrate that, although cells containing myelin debris were 
present in both strains at 7 days post-injury, they differ in nature.



C
hapter 3

M
A

C
 and W

allerian degeneration

69

Figure 9. Analysis of phagocytic Schwann cells.  (A) Double immunofluorescent staining for MBP (green) 
and CD68 (orange) of rat sciatic nerve at 7 days following the crush injury, showing higher density of myelin 
debris in the C6-/- nerve compared to the WT nerve whereas the number of CD68-ir cells is similar in both 
nerves. Note the vacuolated morphology of CD68-ir cells in the WT nerve, typical of foamy macrophages. 
The merged images show co-localization of MBP and CD68 staining in both nerves (yellow and inset). 
(B) Double immunofluorescent staining for S100 (green) and CD68 (orange) of rat sciatic nerve at 7 days 
following the crush injury, showing complete co-localization (yellow) in the C6-/- nerve (arrows→ and inset) 
whereas in the WT only a few CD68-ir cells are also S100 positive. Note the higher S100 immunoreactivity 
in the C6-/- nerve compared to the WT. Nuclei staining with DAPI (blue) is included in the merged images. 
Bar is 50µm. For color figure see page 153.

Discussion
This study shows that formation of the membrane attack complex (MAC) is necessary 
for rapid Wallerian degeneration (WD). Signs of WD were already detected in the WT 
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nerves at 2 days following the injury, with extensive axonal and myelin degeneration 
after 3 days. This is consistent with the well documented observations of Waller and 
Ramón y Cajal 1,5. Interestingly, no signs of WD were detected at 3 days after the crush 
in the C6-/- nerves, suggesting that the inability to form the MAC protects from early 
axonal and myelin degeneration after injury. Reconstitution of C6-/- animals with 
C6 restored WD at 3 days post-injury, demonstrating that the difference in the early 
phase of WD is due to the lack of C6. WD was however not permanently blocked in the 
C6-/- animals, since complete axonal and myelin degradation was observed at 7 days 
post-injury. 

This study specifically addresses the current controversial issue on whether or 
not formation of the MAC is needed in the complement-mediated destruction of 
nervous tissue which occurs in numerous diseases of the CNS and PNS 25. Our results 
demonstrate that the ability to assemble the MAC is crucial in the initial events 
leading to axon loss and myelin breakdown. This work supports previous studies 
18,26 who showed delayed demyelination in C6-/- rats affected by antibody-mediated 
experimental autoimmune encephalomyelitis (ADEAE), a model of multiple sclerosis, 
and enhanced axonal injury and demyelination in ADEAE mice deficient in the MAC 
inhibitory regulator CD59.

Since the C6-/- animals have normal function in the upstream members of the 
complement cascade, we can discriminate between the specific role of MAC and 
other functions of the complement proteins like opsonization and chemotaxis during 
WD. Deposition of the MAC occurred at multiple sites in the nerve including the 
axonal compartment, as demonstrated by its co-localization with the neurofilament 
staining. Accumulation of MAC deposits on nervous tissue can damage membranes; 
a devastating event for the fate of a nerve is the uncontrolled calcium influx through 
the MAC-derived pores 27. Calcium activates calpains, calcium-dependent proteases 
which cleave cytoskeletal proteins including neurofilament, resulting in structural 
disorganization of the nerve. Calpain inhibitors were protective against axonal 
cytoskeletal loss in a model of complement-mediated motor nerve terminal injury 28. 
MAC deposits have been found on damaged nerve terminal axons and surrounding 
perisynaptic Schwann cells in a mouse model of neuropathy and the damage was 
exacerbated in tissues from mice lacking CD59, where MAC formation is increased 29. A 
follow-up study showed that inhibition of complement activation with APT070 blocked 
MAC formation and rescued axonal and perisynaptic Schwann cell integrity 30. 

Systemic treatment with recombinant human C1 inhibitor (rhC1INH) blocks the 
classical pathway and reduced acute damage in the treated injured nerve. However, 
due to its short half-life, long-term experiments were not possible. This experiment 
demonstrates involvement of the classical pathway of the complement system in WD 
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after acute nerve trauma but does not exclude a later contribution of the alternative 
pathway.

Recruitment of macrophages is a known function of activated complement 
components. The analysis of macrophages in WT rat nerves before and after the injury 
confirmed the pattern previously described 31-33.  In the control uninjured nerve a 
small number of endoneurial macrophages is present. These consist of both long-term 
and short-term resident macrophages 34.  The slight increase in CD68-positive cells in 
both WT and C6-/- nerves as early as 2 days after injury is probably due to proliferation 
and differentiation of the endoneurial macrophage population which still retains 
the resident-like (Pan-positive) phenotype but start to express the CD68 lysosomal 
marker.  These macrophages have the potential to phagocytose myelin 3.  At this time 
point, in WT nerve, macrophages express high levels of the CR3 receptor which is 
essential for myelin phagocytosis 10,35,36 whereas in the C6-/- nerves CR3 expression 
is virtually undetectable, consistent with the small and round morphology typical of 
inactive macrophages. At 3 days following the crush, the pattern of expression of all 
three (CD68, CD11b and Pan) macrophage markers differs between the two strains. In 
WT nerves, considerable increase in CD68-positive cells occurs. These cells maintain 
the activated (CD11b-positive) but loose the resident-like (Pan-positive) phenotype, 
and contain vacuoles and myelin debris within lysosomes. At 7 days post-injury, 
CD68 immunoreactivity is still very high in the WT nerve. Most of these cells are 
macrophages and still maintain the activated phenotype (CD11b-positive). At this 
time point, myelin is almost completely removed. 

The C6-/- rats show a different pattern of macrophage response. Following the initial 
(2 days) increase, no further accumulation of macrophages occurs at 3 days post-injury. 
Cells maintain the resident-like phenotype (Pan-positive) and no evidence of myelin 
activation (CD11b-immunoreactivity) or phagocytosis (MBP-CD68 co-localization) 
was observed, explaining the integrity of the myelin sheath. This lack of macrophage 
activation is dependent on C6 since reconstituting the C6-/- animals restored the WT 
phenotype. Thus, a C6 dependent factor, MAC formation, and not C3 as previously 
suggested 11, is essential for efficient macrophage accumulation and activation during 
WD. In the C6-/- ADEAE rat model, which is protected from demyelination at least up 
to 14 days after disease induction, macrophages accumulate in the nerve but they fail 
to engulf myelin 18. 

At 7 days post-injury, the C6-/- nerve which has degenerated by this time, shows 
extensive CD68 immunoreactivity. These cells are probably Schwann cells since 
they are positive for the Schwann cell marker S100 and negative for the CD11b and 
Pan macrophage markers. CD68 positive phagocytic Schwann cells have previously 
been described 37 and our in vitro cultured Schwann cells are also occasionally CD68 
positive (data not shown). These CD68/S100 positive cells contained myelin debris 
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suggesting that Schwann cells can digest myelin in the absence of macrophages in 
vivo, which is in line with the in vitro data 38.

We propose the following model (Supplementary figure 6, online). Following crush, 
C1q binds axonal and myelin epitopes exposed by the mechanical injury, activating the 
classical pathway. The damaged nerve is then opsonized by C4b, C3b and C5b which 
act as opsonins for macrophages. In the WT animals formation of MAC creates pores 
on the axolemma allowing influx of calcium, into the axon. This activates calpains 
contributing to the rapid damage of the nerve. The MAC-induced neuronal debris is also 
targeted by C1q creating a positive feedback loop resulting in increased opsonization 
and macrophage activation and recruitment, leading to rapid degeneration. In the 
C6-/- rats the crush-derived debris is the only target for opsonization and not sufficient 
for efficient activation of macrophages to acquire the phagocytic phenotype. WD and 
myelin removal in the absence of C6 is carried out in a slow, opsonin-independent 
manner by proliferating Schwann cells. 

In conclusion, we demonstrated that the classical pathway of the complement 
system is activated after acute nerve trauma and that the entire complement cascade, 
including MAC deposition, is essential for rapid WD and efficient clearance of myelin 
after acute nerve trauma of the PNS. 

Wallerian degeneration is a process common to many injury and non-injury related 
disorders of the PNS and CNS 39. It results in axon loss which is the major determinant 
of disability in such disorders. Understanding the mechanisms of axonal degradation 
could lead to new therapies aimed at delaying or preventing axon loss. Our study shows 
that activation of complement, specifically MAC, is responsible for the early events 
of axonal degradation during WD. Complement inhibition or blockade of calcium-
dependent proteases could protect the axon from the initial degradation. 

Complement blockade 31, calcium depletion and calpain inhibition 29 have already 
been shown to limit nerve terminal and axonal injury in a model of acquired peripheral 
neuropathy.  We propose that complement inhibition could directly prevent axonal 
damage and indirectly inhibit macrophage accumulation in the nerve, ameliorating 
the disease outcome. 

In some neurodegenerative diseases like multiple sclerosis, axonal damage has 
only recently emerged as a substantial determinant of pathology 40. Delaying axonal 
degeneration could give a chance for more axons to survive a period of demyelination, 
arresting the decline from the relapsing-remitting to the progressive phase of the 
disease. Traumatic brain and spinal cord injuries are characterized by diffuse axon 
loss and complement activation 41. Pathology secondary to the primary mechanical 
damage appears to be a major determinant of clinical outcome 42. The secondary 
axonal damage occurs hours after the initial insult opening a window of opportunity 
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for therapy aimed at rescuing the axons. Inhibition of complement activation could 
prevent spreading of secondary axon loss. 
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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  
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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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Abstract
Complement (C) activation is a crucial early event in Wallerian degeneration (WD).  
In this study we show that treatment with soluble complement receptor 1 (sCR1), an 
inhibitor of all complement pathways, blocked both systemic and local C activation.  
The nerve was protected from axonal and myelin breakdown at 3 days post-injury 
and macrophage infiltration and activation was strongly reduced.  We show that both 
classical and alternative pathways of complement are activated after acute nerve 
trauma.  Inhibition of the classical pathway by C1 inhibitor (Cetor) diminished the 
load of membrane attack complex (MAC) deposition in the injured nerve, blocked 
myelin breakdown, inhibited macrophage infiltration and prevented their activation 
at 3 days post-injury.  However, in contrast to sCR1 treatment, early signs of axonal 
degradation were visible in the nerve, linking MAC deposition to axonal damage.  We 
conclude that sCR1 protects the nerve from early axon loss after injury.  We propose 
complement inhibition as a potential therapy for the treatment of diseases where axon 
loss is the main cause of disabilities.  

Keywords. Wallerian degeneration; crush injury; complement; macrophages; 
complement inhibitors
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Introduction
The complement (C) system plays a pivotal role in the recognition and processing of 
pathogens but improper activation is implicated in the pathogenesis, augmentation 
and perpetuation of numerous diseases 1.

We have previously shown that components of the C system are locally produced 
in the healthy peripheral nerve and are activated during Wallerian degeneration 
(WD) 2. WD is the process of axonal and myelin degradation which occurs in the 
nerve following a mechanical trauma 3. Initial morphological changes are visible as 
early as 12 hours after injury 4. Following degeneration of the axon, the myelin sheath 
collapses and initially remains within the parent Schwann cell cytoplasm. Early after 
injury, the resident endoneurial macrophages proliferate, become activated and start 
to phagocytose myelin. The resident macrophage population is later supplemented 
by the blood-derived monocytes/macrophages which efficiently participate in 
myelin phagocytosis and removal 5,6. Although the pathological changes are well 
characterized, the molecular mechanisms underlying WD are far from clear. 

Recently, we demonstrated that WD after peripheral nerve injury is delayed in a C6 
deficient rat model, unable to form the cytolytic membrane attack complex (MAC, 
C5b-9 complex). We proposed that MAC formation triggers a pathway leading to early 
axon loss 7.

Activation of the C system occurs via three routes: the classical, the lectin and 
the alternative pathways. The classical pathway is initiated via the recognition of 
a foreign antigen by C1q. Upon binding, C1s and C1r form a complex (C1) with C1q, 
cleaving C4 and C2 to yield the C3 convertase 8. The lectin pathway is triggered by 
binding of mannose binding lectin (MBL) to carbohydrates on the pathogen surface 
which activates the MBL-associated serine protease (MASP) cleaving C4 and C2 9. 
The alternative pathway starts by spontaneous low-rate hydrolysis of C3 generating 
C3(H2O) which binds to factor B, permitting cleavage by factor D to form the fluid-
phase C3 convertase C3(H2O)Bb. This enzyme cleaves C3 and deposits C3b on surfaces 
where, in the absence of C inhibitors such as factor H, it binds and catalyses cleavage of 
factor B to form surface bound C3 convertase C3bBb. All three pathways converge in 
the cleavage of C3 and C5. This generates chemoattractants, opsonins and C5b which 
is the anchor for the assembly of the MAC 10.

We previously demonstrated activation of the classical pathway during WD 7. Here 
we show that the alternative pathway is also activated. To determine whether the 
protective effect seen in the C6 deficient rat model is attainable by systemic treatment 
with C inhibitors, we delivered soluble complement receptor 1 (sCR1) to rats and 
monitored WD after a crush injury of the sciatic nerve. sCR1 is a recombinant soluble 
form of the human membrane bound regulatory protein CR1. It inhibits all three 
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pathways of C activation by dissociating the C3 convertases and targeting C3b and 
C4b for degradation 11. We also treated rats with C1 inhibitor (C1INH, Cetor) which 
blocks the classical and lectin C pathways 12,13 to test whether alternative pathway 
activation is sufficient to cause pathology, and whether low levels of C activation permit 
differentiation between the effects of MAC deposition and macrophage infiltration 
during WD. 

Insights into the C-mediated events of WD are important since axon loss is the main 
cause of disabilities in peripheral neuropathies and diseases of the central nervous 
system, such as multiple sclerosis 14,15. Possible therapeutic targets and strategies may 
arise from such studies. 

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 were obtained from Harlan (UK). The animals weighed 
between 200 g and 250 g and were allowed acclimatization 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.

Administration of sCR1 or Cetor for inhibition studies. Recombinant soluble 
complement receptor 1 (sCR1) was obtained as previously described 16. Complement 
C1 inhibitor (Cetor) was kindly provided by Sanquin (Amsterdam, The Netherlands). 
sCR1 was administered i.p. in fifteen rats at a dose of 15 mg/kg/day. Cetor was 
administered i.v. in fifteen rats at a dose of 50 U/rat/day. Thirteen rats were treated 
with equal volumes of vehicle (PBS) alone. One group of animals (sCR1-treated n=9; 
Cetor-treated n=9; PBS-treated n=9) received treatment one day before the crush injury 
(day -1) and every 24 hours (day 0, 1, 2) until the nerves were removed at 3 days post-
injury. A second group of animals (sCR1-treated n=6; Cetor-treated n=6; PBS-treated 
n=4) were treated up to 6 days post-injury (day -1, 0, 1, 2, 3, 4, 5, 6) and the nerves were 
removed 1 day after the end of the treatment (day 7).

Hemolytic assay and ELISA. Blood samples from PBS- and sCR1-treated rats were 
collected from the tail vein one day before the crush injury (day -1) and every following 
day (day 0, 1, 2) until the animals were sacrificed at 3 days after the injury. In the group 
treated up to 6 days, additional blood samples were collected at day 3, 5 and 7 after 
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injury. All samples were collected immediately before each injection of treatment. 
Plasma was separated and stored at -80ºC until used to monitor sCR1 inhibitory 
activity via standard C hemolytic assay (%CH50, the reciprocal of the dilution of serum 
to lyse 50% of antibody coated sheep red blood cells) 17.

Plasma levels of sCR1 were measured using ELISA assay as previously described 18 
using serial dilutions assayed in duplicates.

Nerve crush injury and tissue processing. All the surgical procedures were 
performed aseptically under deep isoflurane anesthesia (2.5% Vol isoflurane, 1 L/min 
O2 and 1L/min N2O). The right 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). The crush site was marked 
by a suture through the epineurium which did not constrict the nerve. On the left 
contralateral side, a 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 closed with 
stitches. Following the crush, the rats were allowed to recover for 2 days (untreated 
n=3), 3 days (PBS-treated n=9; sCR1-treated n=9; Cetor-treated n=9) or 7 days (PBS-
treated n=4; sCR1-treated n=6; Cetor-treated n=6). 

Three untreated rats were euthanized by CO2 inhalation at 2 days post-injury. The 
nerves were immediately frozen in liquid nitrogen and stored at -80 ˚C until they were 
processed for Western blot analysis. All the remaining animals were intracardially 
perfused with 4% paraformaldehyde in piparazine-N-N´-bis (2-ethane sulphonic 
acid) (PIPES) buffer (pH 7.6). Injured and contralateral uninjured sciatic nerves from 
9 rats (PBS-treated, n=3; sCR1-treated, n=3; Cetor-treated, n=3) removed 3 days after 
injury were conventionally processed into paraffin wax for immunohistochemistry. 
Injured and contralateral uninjured sciatic nerves from 9 rats (PBS-treated, n=3; sCR1-
treated, n=3; Cetor-treated, n=3) removed 3 days after injury were postfixed with 1% 
glutaraldehyde, 1% paraformaldehyde and 1% dextran (MW 20,000) in 0.1 M PIPES 
buffer (pH 7.6) and conventionally processed into epoxy resin. Resin sections of 0.5 µm 
were stained with thionine and acridine orange to assess degenerative morphological 
changes.

In all cases, one segment of 5mm length distal from the crush site was removed 
from the injured sciatic nerve. An equivalent piece of nerve was removed from the 
contralateral uninjured side.

Electron microscopy. Electron microscopy was performed on ultrathin sections of 
sciatic nerve (surgically removed as described above) from PBS- (n=3), sCR1- (n=3) and 
Cetor-treated (n=3) rats at 3 days following the crush injury. Sections were contrasted 
with uranyl acetate and lead citrate as previously described 19. Images were captured 
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with a digital camera attached to an electron microscope (FEO 10, Philips, The 
Netherlands).

Immunohistochemistry. Paraffin wax sections were stained using a two-step 
immunofluorescent method. All the incubations were performed at room temperature 
(RT). In all cases, microwave antigen retrieval was used (800 W for 3 min followed by 
10 min at 440 W in 10 mM Tris/1 mM EDTA pH 6.5). To block the non-specific binding 
sites, slides were incubated in 10 % normal goat serum (NGS) in 50 mmol l-1 TrisHCl, 
137 mmol l-1 NaCl, pH 7.6 (TBS) for 20 min. Following incubation in the appropriate 
primary antibody diluted in 1 % BSA (see table 1) for 90 min, sections were incubated 
for 30 min in either goat anti-rabbit FITC-conjugated or sheep anti-mouse Cy3-
conjugated IgG (or both for co-localization analysis) from Sigma-Aldrich (St. Louis, 
MO) diluted 1:200 in 1 % BSA. When indicated, slides were counterstained with dapi 
Sigma-Aldrich (St. Louis, MO) and mounted in Vectashield mounting medium (Vector 
Laboratories, Burlingame, CA). Sections immunostained with secondary conjugate 
alone were included with every experiment and showed no immunoreactivity in all 
cases. Sections of rat spinal cord and lymph nodes served as positive controls. 

Images were captured with a digital camera (Olympus, DP12, The Netherlands) 
attached to a fluorescent microscope (Vanox, AHBT3, Olympus, The Netherlands).

Table 1. Antibodies, source, dilutions

Antibodies Source Dilutions

Monoclonal mouse anti-human 
Phosphorilated neurofilament (SMI31 clone)

Stemberger (Lutherville, UK) 1:1000

Polyclonal rabbit anti-human MBP DakoCytomation (Glostrup, DK) 1:100

Monoclonal mouse anti-rat CD68 (ED1 clone) Serotec (Oxford, UK) 1:100

Polyclonal rabbit anti-rat C9 B.P. Morgan 1:300

Polyclonal rabbit anti-human C3c DakoCytomation 1:750

Polyclonal rabbit anti-human C4c DakoCytomation 1:100

Quantitative analysis of immunohistochemistry. All analyses were performed 
with the Image Pro Plus version 5.02 (Media Cybernatics, The Netherlands). CD68 
(ED1 clone)-immunoreactive (-ir) cells were scored positive when the CD68 positive 
signal was associated with nuclei. Thirty non-consecutive sections of sciatic nerve per 
rat were scored. An average of 3 non-overlapping fields of view including >90% of the 
entire nerve area was taken for each section. Determination of size distribution of the 
CD68-ir cells was performed on 11 cells in the uninjured nerves, 778 cells in the PBS-
treated nerves, 294 cells in the sCR1-treated nerves and 218 cells in the Cetor-treated 
nerves. Quantification of the MAC and MBP immunostaining was performed at 40x 
magnification on two non-overlapping fields per section examined. Ten sections per 
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rat were scored. The surface area stained is expressed as percentage of total area 
examined. The MBP–ir surface area is normalized to control levels.

Protein extraction and Western blot analysis. Injured and contralateral uninjured 
sciatic nerves (surgically removed as described above) from 3 untreated rats sacrificed 
at 2 days following the crush injury were homogenized using a pestle and mortar in 
liquid nitrogen in 20 mmol l-1 Tris (pH 7.4), 5 mmol l-1 1,4-dithio-DL-threitol (DTT) and 
0.4 % SDS and 6 % glycerol. The homogenates were centrifuged at 10,000 x g, at 2 ˚C for 
10 min. The supernatant fraction was collected and used for protein analysis. Protein 
concentrations were determined with a DC protein assay kit (Bio-Rad Laboratories, 
USA), using bovine serum albumin (BSA) as a standard.

Protein extracts (20 µg/sample) were boiled for 5 min, separated by 10 % SDS-PAGE 
and transferred to nitrocellulose membrane overnight at 4 ºC. Prior to blotting, the 
nitrocellulose membranes were stained with Ponseau red for 30 sec to verify protein 
load. The membranes were pre-incubated in TBS containing 0.05 % Tween20 (TBST) 
and 5 % non-fat dried milk for 1 hour at RT. Blots were incubated for 2 hours in the 
polyclonal goat anti-factor Bb (fBb) (Quidel, San Diego, CA) diluted in TBST containing 
5 % non-fat dried milk. Following washing in TBST, the membranes were incubated 
for 1 hour in polyclonal rabbit anti-goat horseradish peroxidase-conjugated secondary 
antibody diluted 1:2000 in TBST containing 5 % non-fat dried milk. Membranes 
were washed in TBST for 3 X 10 min and immunoreactive bands were detected using 
enhanced chemiluminescence (ECL, Roche Diagnostics, Mannheim, Germany). 
Quantification of the immunoreactive bands was performed using Advanced Image 
Data Analyzer software v. 3.4 (Raytest, Germany). 

Statistical analysis. Two-way ANOVA with Bonferroni’s correction was performed 
to determine statistically significant differences (p≤0.001).  Statistical analysis of the 
immunoblotting quantification was determined by unpaired t-test (p≤0.05).

Results
Activation of the alternative C pathway after acute nerve trauma. We have 
previously shown that the classical pathway of the C system is activated after acute 
nerve trauma 7. To determine whether the alternative pathway is also triggered by 
a crush injury of the sciatic nerve, we measured the expression level of Bb, the 60 
kD protein fragment which results from the cleavage of factor B. Low levels of Bb 
immunoreactivity were detected in protein extracts of uninjured rat nerves, whereas 
a near two fold increase (1.8±0.1) was seen at 2 days following the crush injury 
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Figure 1. Inhibition of C activation. (A) Plasma sCR1 levels in sCR1-treated rats, showing concentration 
of sCR1 over time with daily treatment. (B) Plasma hemolytic activity of PBS- and sCR1-treated rats, 
showing decreased activity in the sCR1-treated rats compared to the PBS-treated controls. (A, B) 
Day 0 is the day of the crush injury. Rats received i.p injections of sCR1 (15mg/kg/day) or PBS (equal 
volume) at days (-1, 0, 1, 2, 3, 4, 5 and 6). Blood was collected immediately before each treatment. (C-F) 
Representative immunostaining for membrane attack complex (MAC) in cross-sections of PBS-, sCR1- 
and Cetor-treated rat sciatic nerves at 3 days post-injury. The uninjured nerve is shown as control (C) 
and no MAC immunoreactivity is detected. The PBS-treated nerve shows an abundant and diffuse MAC 
immunoreactivity (D, green color), demonstrating activation of the C system, whereas no MAC deposition 
is detected in the sCR1-treated nerve (E), demonstrating blockade of C activation. Low amount of MAC 
immunoreactivity is still detected in the Cetor-treated nerve (F, arrows →), demonstrating low level of 
C activation. Sections are stained with a two steps immunoflurescent method with a FITC-conjugated 
secondary antibody. Bar is 50µm. For color figure see page 155.
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(Supplementary figure 1 A, B, online). These results indicate that the alternative 
pathway loop is triggered after acute nerve trauma, generating more cleaved fB. 

Inhibition of C activation after acute nerve trauma. To determine the effects of 
inhibition of all C activation pathways on Wallerian degeneration (WD), we treated 
animals with sCR1. Treatment was started 1 day prior to a crush injury of the sciatic 
nerve. We measured plasma sCR1 levels and CH50 after daily i.p. injections of either 
sCR1 at a dose of 15mg/kg/day or equal volume of vehicle. sCR1 levels increased after 
the first day of injection and hemolytic C activity was reduced to about 30% of controls 
(Figure 1 A, B). Cetor dosage was extrapolated from the work of de Smet et al 20.

Local inhibition of C activation in the crushed nerve was virtually complete in the 
sCR1 treated animals (0.8±0.9 % of total area examined) whereas significantly higher 
amounts of MAC immunoreactivity were visible in the nerves of Cetor-treated animals 
at 3 days post-injury (7.3±2.7 % of total area examined, p≤0.001) but in both cases the 
level of MAC immunoreactivity were significantly lower than the level detected in the 
PBS-treated nerves (31.4±7.8% of the total area, p≤0.001). MAC immunoreactivity was 
undetectable in the uninjured control nerves (Figure 1 C-F). Deposition of C4c, the 
activation product of the classical pathway, was also prevented in both the sCR1- and 
Cetor-treated nerves, demonstrating blockade of the classical C pathway whereas 
deposition of C3c, the activation product common to all C pathways, was detected in 
the Cetor-treated but not in the sCR1-nerves, indicating activation of the alternative 
C pathway. High amounts of C4c and C3c immunoreactivity were detected in the 
PBS-treated nerves (not shown). These results demonstrate that sCR1 and, to a lesser 
extent, Cetor are effective inhibitors of C activation after acute nerve trauma.  

Effect of C inhibition on WD. To determine the effects of sCR1- and Cetor-mediated 
C inhibition on WD, we analyzed morphological changes of axons and myelin at 3 
days post-injury (Figure 2 A-J).

Neurofilament (SMI31) and myelin (MBP) staining of cross (Figure 2 C) and 
longitudinal (Figure 2 D) sections of the sciatic nerve of PBS-treated rats showed loss 
of axons as well as collapsed and degraded myelin. In contrast, cross-sections of the 
sCR1-treated rat nerves still showed the typical punctuated appearance of axons and 
annulated myelin morphology (Figure 2E, arrow head), similarly to the uninjured 
control nerve (Figure 2 A, arrow head). 

A high amount of neurofilament and myelin staining was also evident in the 
longitudinal sections of the sCR1-treated nerves (Figure 2 F), demonstrating rescued 
axonal and myelin breakdown at 3 days after injury. EM analysis showed persistent 
axonal content (Figure 2 I, asterisk *) within the intact myelin sheath (Figure 2 I, 
arrow head). In the Cetor-treated nerves, the neurofilament staining was generally 
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lost (Figure 2 G, asterisk *) but the myelin staining produced the normal annulated 
morphology (Figure 2 G, arrow head). This was further proven by ultrastructural 
studies which showed loss of axonal contents (Figure 2 I, asterisk *) with axonal 
remnants along the intact myelin (Figure 2 I, arrows), demonstrating that Cetor 
rescues the myelin but not the axons at 3 days after injury. Taken together, these 
observations demonstrate that sCR1 protects nerves from axonal degradation and 
myelin breakdown and that activation of the alternative C pathway is sufficient to 
determine axonal damage at 3 days post-injury. 

Analysis of sciatic nerves of PBS-, sCR1- and Cetor-treated rats at 7 days post-injury 
showed loss of annulated myelin morphology in all groups of animals (Figure 3 A-F), 
demonstrating that WD is delayed but not prevented in C inhibitor-treated nerves 
following the crush injury. To determine the effect of C inhibition on myelin clearance 
we quantified the MBP staining at 7 days post-injury. As expected, the amount of MBP 
immunoreactivity was significantly lower in the crushed nerves than in the uninjured 
nerves (Figure 3 G).

The amount of MBP immunoreactivity differed between crushed nerves of PBS- and 
C inhibitor-treated rats. The PBS-treated nerves showed significantly lower percentage 
of MBP immunoreactivity (11.2±4.7 %) compared to the sCR1- (30.8±5.0 %, p≤0.001) 
and Cetor-treated nerves (35.5±13.0 %, p≤0.001). This demonstrates that clearance of 
myelin debris is delayed in the C inhibitor-treated nerves. 

Effect of C inhibition on macrophage accumulation and activation. We 
monitored accumulation and morphological changes of macrophages because C 
activation mediates macrophages recruitment 21 and activation 22. We used the CD68 
antibody (ED1 clone), a lysosomal marker, as marker for their metabolic state. A few 

Figure 2 (see previous page). Analysis of WD at 3 days post-injury. Representative immunostaining for 
phosphorylated neurofilament (SMI31 clone, orange color) and myelin basic protein (MBP, green color) in 
cross- (A,C,E,G) and longitudinal (B,D,F,H) sections of PBS- (C-D), sCR1- (E-F) and Cetor-treated (G-H) 
rat sciatic nerves at 3 days post-injury. The PBS-treated nerve shows loss of phosphorylated neurofilament 
staining (C,D) and broken down myelin (C, inset arrow→) whereas the sCR1-treated nerve shows high 
amount of phosphorylated neurofilament immunoreactivity (F), typical punctuated neurofilament and 
annulated myelin staining (E insets, open arrow head >) similarly to the uninjured nerve (A, insets, 
open arrow head >), sign of preserved axon and myelin morphology. In the Cetor-treated nerves, the 
typical annulated myelin staining is maintained (G, inset open arrow head >) but the phosphorylated 
neurofilament staining is mostly lost (G, and inset asterisk *, and H). Normal punctuate axon staining is 
occasionally visible in the Cetor-treated nerves (G, inset arrow→). Sections are stained with a two steps 
immunoflurescent method. MBP is detected with a FITC-conjugated secondary antibody and SMI31 is 
detected with a Cy3-conjugated secondary antibody. The nuclei are stained with DAPI (blue color). Bar is 
50µm. Electron microscopy of C-inhibitor-treated nerves, showing preserved annulated myelin structure 
in both nerves (I, J, arrows head). In the sCR1-treated nerves, the axons retain their axonal contents (I, 
asterisk *) whereas in Cetor-treated nerves, the axonal content is generally lost (J, asterisk *). Some 
remnants of axonal content remain visible in the Cetor-treated nerve (J, arrows). Bar is 5µm. For color 
figure see page 156.
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CD68 immunoreactive cells were found in the control uninjured nerve (5.3±1.7 cells/
mm2). The number increased to 261.2±10.7 cells/mm2 in the nerves of the PBS-treated 
rats at 3 days post-injury while the nerves from the sCR1- (63.1±4.7 cells/mm2) and 
Cetor-treated rats (59.8±28.3 cells/mm2) showed a milder increase (Figure 4 A). 

Figure 3. Analysis of WD and myelin clearance at 7 days post-injury. Representative immunostaining for 
myelin basic protein (MBP) (green color) in cross- (A,C,E) and longitudinal sections (B,D,F) of PBS- (A,B), 
sCR1- (C,D) and Cetor-treated (E,F) rat sciatic nerves at 7 days post-injury, showing myelin degradation 
in all nerves, demonstrating that WD occurs with delay in the C inhibitor-treated nerves. Sections are 
stained with a two steps immunofluorescent method with a FITC-conjugated secondary antibody. Bar is 
50µm. (G) Quantification of MBP immunoreactivity normalized to uninjured control levels, showing low 
amount of MBP immunoreactivity in the PBS-treated nerve whereas high levels are detected in the sCR1- 
and Cetor-treated nerves, demonstrating delayed clearance of myelin in the C inhibitor-treated nerves 
compared to the PBS-treated controls. Data represents mean±SD. Statistical significance is determined by 
two-way ANOVA with Bonferroni’s correction. 
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Figure 4. Analysis of macrophages. (A) Quantification of CD68-ir cells in non-consecutive sections of 
sciatic nerves, showing a significant higher number of cells in the PBS-treated compared to the uninjured 
nerves and a significant decrease in the sCR1- and Cetor-treated nerves compared to the PBS-treated 
control. Data represents mean±SD. Statistical significance is determined by two-way ANOVA with 
Bonferroni’s correction. (B-E) Representative double staining for MBP (green color) and CD68 (orange 
color) in cross-sections of PBS-, sCR1- and Cetor-treated rat sciatic nerves at 3 days post-injury. Note 
the irregular morphology of CD68-ir cells engulfing myelin debris in the PBS-treated nerve (C, arrow 
head t and yellow color) while sCR1- (D) and Cetor-treated (E) nerves show small and round CD68-ir 
cells (arrows →) resting between the morphologically normal myelin similarly to the uninjured nerve (B, 
open arrow head >), suggesting activated macrophages in the PBS-treated but not in the sCR1- or Cetor-
treated nerves. Sections are stained with a two steps immunoflurescent method. MBP is detected with a 
FITC-conjugated secondary antibody and CD68 is detected with a Cy3-conjugated secondary antibody. 
The nuclei are stained with DAPI (blue color). Bar is 50µm. For color figure see page 157.
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The nerves of the PBS-treated rats showed large and asymmetrical CD68 
immunoreactive cells (average size 103.6±71.8 µm2) which contain myelin debris as 
shown by the colocalization with the MBP staining at 3 days post-injury (Figure 4 
C, arrows head and yellow in inset). In contrast, small and round cells, which did 
not contain degraded myelin, were detected in the nerves of the sCR1- (average size 
22.8±14.1 µm2) (Figure 4 D, arrows) and Cetor-(average size 19.1±10.5 µm2) treated 
rats (Figure 4 E, arrows), a size and shape similar to that seen in the uninjured 
control nerves (average size 18.8±6.6 µm2) (Figure 4 B, open arrow head). 

Since activated macrophages change their shape from a small and round to an 
enlarged and asymmetrical morphology, we determined the CD68 immunoreactive 
cell size distribution as indication of macrophages activation. Cell size distribution 
showed high variability in the PBS-treated nerves with cell dimension ranging from 
20 to more than 400 µm2 with a large population of cells of about 60 µm2. In contrast, 
the sCR1-treated nerves showed cell dimension lower than 40 µm2, similar to the size 
of cells found in the uninjured control nerves (Supplementary figure 2, online). These 
results show that macrophages are activated in the PBS-treated nerves but not in the 
sCR1-and Cetor-treated ones.

Discussion
This study demonstrates that systemic treatment with sCR1, an inhibitor of classical, 
lectin and alternative pathways of C activation, protects from early axon loss and 
myelin breakdown after peripheral nerve injury. 

Daily administration of sCR1 to injured rats prevented both systemic and local 
C activation, resulting in blockade of MAC deposition in the nerve. In untreated 
animals, crush injury leads to a rapid increase of CD68 positive cells which enlarge 
and phagocytose myelin. In the inhibitor-treated nerves only a slight increase of 
CD68 positive cells was detectable but they failed to enlarge. This could be due to 
the proliferation and differentiation of the endoneurial macrophage population 
which occurs already at 2 days after injury 5. Both long-term and short-term resident 
macrophages newly express the lysosomal ED1 antigen and have the potential to 
phagocytose myelin 23. However, this is a C-mediated event 24. Since C activation is 
inhibited in the sCR1-treated nerves, C opsonins are not deposited on the nervous 
tissue hampering target recognition and preventing myelin phagocytosis. In addition, 
C inhibition also results in inefficient chemotaxis, preventing the recruitment of 
blood-derived macrophages which probably accounts for the additional 4 fold increase 
observed in the PBS-treated nerve. 

Despite the diminished recruitment and activation of macrophages, sCR1 cannot 
protect the nerve from axonal degradation and myelin breakdown at 7 days post-
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injury even when hemolytic C activity is maintained low. Therefore we conclude that 
inhibition of C activation only affects the early events of WD. We observed the same 
effect on rats deficient in the complement protein C6 7, demonstrating that lack of 
effect at 7 days post-injury is not due to incomplete inhibition of C activation but points 
to an early effect of C activation during WD which can be rescued by C inhibition. 
Lack of C4c deposition in the sCR1-treated nerves is a noteworthy finding because 
sCR1 inhibits the C3 convertase which is downstream of C4 cleavage. Thus little effect 
on C4c deposition would be expected. However, as also noted in previous studies 
16, blockade of C-mediated damage by sCR1 will also inhibit overall C deposition on 
damaged tissue, also resulting in undetectable C4c levels. 

We demonstrated that, besides the classical pathway, also the alternative pathway is 
activated following a crush injury of the peripheral nerve. Blockade of the classical (and 
lectin) C pathway with C1 inhibitor (Cetor), a serine protease inhibitor which blocks 
activation of the C1q-C1r-C1s (and MBL-MASP) complex 10, reduced but did not ablate 
MAC deposition in the nerve. Since low rate activation of the alternative pathway 
occurs under physiological conditions and is negatively regulated by C inhibitors, 
disruption of membrane bound C regulatory components at the site of injury could set 
the alternative pathway out of control, generating more C3 convertase and leading to 
MAC deposition. In addition, we cannot rule out that low levels of C3b, which would 
accumulate during activation of the classical pathway, could escape inhibition by 
Cetor forming low levels of C5 convertase and acting as substrate for the alternative 
pathway to further amplify activation. Partial blockade of C activation results in 
reduced C3 deposition which reduces macrophage accumulation and prevents their 
activation while low amounts of MAC are still deposited in the nerve. Interestingly, 
this is sufficient to cause marked axonal injury (but not much myelin degradation), 
emphasizing the sensitivity of the axons to MAC-induced damage. This also suggests 
that myelin loss is an indirect effect of axon loss and it requires macrophages to target 
the opsonised surface, become activated, strip and degrade the myelin. 

We propose that epitopes exposed by the mechanical damage trigger both the 
classical and alternative C activation pathways leading to abundant MAC assembly and 
deposition. MAC creates non-specific pores on the nerve fibers allowing uncontrolled 
calcium influx into the axon 25. Calcium activates calcium-dependent proteases which 
breakdown cytoskeletal proteins including neurofilament. This results in structural 
disorganization of the nerve. Our data show that even low levels of MAC deposition, 
occurring with C1 inhibitor treatment, are sufficient to cause marked axonal damage. 
MAC deposits have been found on damaged nerve terminal axons and surrounding 
perisynaptic Schwann cells in a mouse model of neuropathy. Furthermore, inhibition of 
MAC formation resulted in both, axonal and perisynaptic Schwann cells integrity 26.
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The protective effects of sCR1 and C1 inhibitor on tissue injury have been described 
in a variety of animal models of human diseases, including brain, 20-22 myocardial 
11,27-29, skeletal muscle 30, intestinal 31 and pancreatic 32 ischemia/reperfusion injury, 
transplant rejection 33-36 and in autoimmune disease models including experimental 
autoimmune encephalomyelitis (EAE), a model of multiple sclerosis 16,37 and 
experimental autoimmune neuritis (EAN), a model of Guillan Barrè syndrome 38,39. 

Here we demonstrated that inhibition of activation of all C pathways protects the 
peripheral nerve from early Wallerian degeneration (WD). WD is common to many 
injury and non-injury related disorders of the PNS and CNS 40. It leads to axon loss 
which is the major determinant of disability in such disorders. Complement inhibition 
directly prevents axonal damage and indirectly inhibits macrophage accumulation in 
the nerve, possibly ameliorating the disease outcome. 

Traumatic brain and spinal cord injuries are characterized by complement activation 
and secondary axonal damage which occurs hours after the initial insult 41. Inhibition 
of complement activation could prevent spreading of secondary axon loss which is a 
major determinant of clinical outcome 42. In some neurological diseases like multiple 
sclerosis, axonal damage is a substantial determinant of pathology 43. Delaying axonal 
degeneration could give more axons a chance to survive a period of demyelination, 
therefore arresting the decline from the relapsing-remitting to the progressive phase 
of the disease. 

 The immune system plays also a role in the pathogenesis of certain type of inherited 
peripheral neuropathies. Macrophages actively contribute to pathology and inhibition 
of their activation ameliorates the effects of the primary genetic defect (reviewed in 
44). We observed that the complement system is activated in inherited peripheral 
neuropathies and propose inhibition of complement activation as a potential treatment 
to ameliorate pathology.
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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 t) 
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 t) 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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Abstract
Secondary axon loss is a major determinant of disability in demyelinating forms of 
hereditary motor and sensory neuropathies (HMSN). Whether the complement 
(C) system is involved is unknown. To determine if the C system is activated in 
demyelinating HMSN. We analyzed 8 patients with demyelinating HMSN, 6 patients 
with inflammatory neuropathies - including CIDP and vasculitis - and 3 healthy sural 
nerves for deposits of activated C components. We also analyzed the expression and 
deposition of C in sciatic nerves from young (4 and 8 weeks) and adult (30 and 48 
weeks) transgenic FVB mice (C22), modeling the demyelinating neuropathy HMSN1a, 
and wild type littermates. We found deposits of activated C4c and C3c fragments, 
and membrane attack complex (MAC) in HMSN biopsies in which immunoreactivity 
for phosphorylated neurofilament SMI31 was detected. Biopsies void of SMI31 
immunoreactivity were negative for C activation products. Analysis of the C22 mice 
showed high levels of classical pathway components C1q, C1r and C4c in nerves of 
young mice whereas little amounts were detected in the adults in which axon loss is 
prominent. High levels of the alternative pathway component factor B and C9 neo-
epitopes, indicative of MAC formation, were detected in nerves from mice of both ages. 
C is activated in a certain group of HMSN patients (and mouse model of the disease) 
and it may play a role in determining secondary axon loss.

Keywords. complement, neuropathies, immunohistochemistry, western blot
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Introduction
Hereditary motor and sensory neuropathies (HMSN), also known as Charcot-Marie-
Tooth (CMT) disease, are caused by mutations in particular axon- or Schwann 
cell-related genes, giving rise to axonal or demyelinating variants, respectively 1. 
Secondary progressive axon loss occurs in the demyelinating forms of HMSN and it is 
considered a major determinant of disability. To date, the mechanism underlying axon 
loss in HMSN is not known. 

We recently demonstrated that the complement (C) system is a crucial determinant 
of early axonal damage during WD after traumatic peripheral nerve injury 2 and it is 
activated in chronic nerve diseases such as neuroma and neurofibromatosis 3. Whether 
C plays a role in genetically-determined neuropathies has not yet been investigated. 
The C system is part of the innate immune response against pathogens. It consists of 
about 30 proteins that can be activated via the classical, the alternative and the lectin 
pathways. The classical pathway is activated by the recognition of an antigen-antibody 
complex by C1q. Upon binding, C1r cleaves C1s which in turn cleaves C2 and C4 into 
a small (C2b, C4a) and a large (C2a, C4b) fragment. C2a and C4b together form the C3 
convertase. Factor I, a regulatory protein, cleaves C4b into C4c and C4d, to control C3 
activation. The lectin pathway is triggered by binding of mannose binding lectin (MBL) 
to certain carbohydrates expressed on the pathogen surface. This activates the MBL-
associated serine protease (MASP) cleaving C4 and C2 4. The alternative pathway starts 
by spontaneous low-rate hydrolysis of C3 generating C3(H2O) which binds to factor B, 
permitting cleavage by factor D to form the fluid-phase C3 convertase C3(H2O)Bb. This 
enzyme cleaves C3 and deposits C3b on surfaces where, in the absence of C inhibitors 
such as factor H, it binds and catalyses cleavage of factor B to form surface bound C3 
convertase C3bBb 5. Irrespectively of the pathway involved, activation of the C system 
leads to the cleavage of C3 and C5, generating the potent chemo-attractants C3a and 
C5a as well as the C5b fragment. This initiates the assembly of the C5b-9 membrane 
attack complex (MAC) which is inserted into the pathogens cell membrane, leading 
to cell lysis 5 (see figure 1). Both, the chemo-attractant capacity of the cleaved C 
components and the cytolytic activity of the MAC could aggravate the genetically-
determined abnormalities of the diseased nerve, contributing to axon loss. Here we 
determine whether the C system is activated in nerve biopsies from HMSN patients 
and transgenic mice overexpressing the human PMP22 gene (C22). 
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Materials & Methods
Human nerve biopsies. Sural nerve biopsies were obtained from 8 patients 
diagnosed with demyelinating hereditary neuropathies and 6 patients diagnosed 
with inflammatory neuropathies, determined on the basis of their nerve conduction 
velocity, pathology and genetic defect whereas healthy patients (n=3) were selected 

Figure 1. Pathways of complement activation. The C cascade is activated through the classical, lectin or 
alternative pathway, via the cleavage of an upstream enzyme. In the classical pathway, the C1 (C1q, C1r, C1s) 
complex bound to antigen-antibody complexes initiates the cleavage of C components by C1s. C1s cleaves 
first C4 and then C2 to form C4b2a, which is the C3 convertase of the classical pathway. The lectin pathway 
is triggered by the binding of mannose binding lectins (MBLs) and MBL-associated serine proteases 
(MASPs) to certain carbohydrates on the pathogen surface. Similarly to C1s, MASPs cleave C4 and C2 to 
form the C4b2a convertase. The alternative pathway is initiated by spontaneous low rate hydrolysis of C3 
to form C3(H2O). C3(H2O) binds to factor B who is cleaved by factor D within the complex, generating 
the fluid phase convertase C3(H2O)Bb. This complex can cleave C3 generating C3b which deposits on the 
pathogen’s cell membrane. The binding of C3b to factor B determines the progression and amplification 
of the cascade which occurs via the cleavage of factor B by factor D, generating C3bBb. C3bBb is the C3 
convertase of the alternative pathway. The C3 convertase, generated by any of the C pathways, cleaves C3 
to form C3a and C3b. C3b contributes to the formation of the C5 convertase which cleaves C5 to C5a and 
C5b. C3a and C5a are major chemoattaractants whereas C5b contributes to the formation of the C5b-9 
complex also known as membrane attack complex (MAC). MAC lysis the cell membrane of pathogens. 
Activation of the C cascade is under the regulation of natural fluid phase inhibitors. Here, regulation of the 
C3 convertase by factor I, which cleaves C4b to C4c and C4d, is shown. 
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if their cause of death was a non-neurologic disorder (see table 1). All biopsies were 
conventionally processed into paraffin. Sections of 5µm were cut and stained with 
hematoxylin to determine tissue quality. 

Animals. The animal study was approved by the Universiteit van Amsterdam Animal 
Care Committee and complies with all relevant guidelines for the care of experimental 
animals. FVB wild type (wt) (4wks n=4, 8wks n=4, 30wks n=4, 48wks n=4) and 
transgenic PMP22 (C22) (4wks n=4, 8wks n=4, 30wks n=4, 48wks n=4) mice were bred 
in our facility. The animals weighed between 20 g and 25 g. Animals were housed in 
pairs in plastic cages. They were given mouse chow and water ad libitum and kept at a 
room temperature of 20ºC on a 12 hours:12 hours light:dark cycle.

Mouse nerve isolation. All animals were euthanized with CO2 inhalation. The sciatic 
nerves were harvested, immediately frozen in liquid nitrogen and stored at -80 ºC until 
used for the immunohistochemistry and Western blot analysis. 

Immunohistochemistry. Paraffin sections of human sural nerve biopsies and frozen 
sections of sciatic nerves from 8 wt (4wks n=4, 48wks n=4) and 8 C22 (4wks n=4, 48wks 
n=4) mice were stained using a three-step colorimetric method. Paraffin sections were 
deparaffinated and endogenous peroxidase activity was blocked with 0.01% H2O2 

Table 1. Patient ID, class of neuropathy, gene mutation

Hereditary neuropathies

Patient ID  Class Gene mutation

11515112 HMNS 1A Duplication pmp22

12501 HMSN 1A Duplication pmp22

1298 HMSN Lom NDRG 1 mutation

BN8395 HSN Rab 7 mutation

11527834 HSN Unknown mutation

11429182 HNPP pmp22 deletion

11983776 HNPP pmp22 deletion

11599750 HMSN X Cx 32 mutation

Acquired neuropathies

Patient ID  Class

3804 CIDP
806 CIDP/vasculitis
8005 vasculitis

2505 vasculitis

5604 microvasculitis

4703 microvasculitis
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in methanol for 20min. Frozen sections were fixed in 100% acetone for 10 min and 
endogenous peroxidase activity was blocked with 0.3% H2O2 in PBS for 20min. In the 
case of the paraffin material, microwave antigen retrieval was used (800 W for 3 min 
followed by 10 min at 440 W in 10 mM Tris/1 mM EDTA pH 6.5). All the incubations 
were performed at room temperature (RT). To block the non-specific binding sites, 
slides were incubated in 10 % normal goat serum (NGS) in 50 mmol l-1 TrisHCl, 137 
mmol l-1 NaCl, pH 7.6 (TBS) for 20 min. Following incubation with the primary antibody 
(see Table 2) diluted in 1% bovine serum albumin (BSA) for 90 min, sections were 
incubated for 30 min in the appropriate biotinilated secondary antibody (see table 
2) diluted 1:200 in 1%BSA, followed by 20 minutes incubation with streptadivin-HRP 
(Dakocytomation Glostrop, DK) diluted 1:400 in 1% BSA. Sections were developed for 5 
minutes in 3-amino-9-ethyl carbazole (AEC) diluted 1:20 in NaOAc buffer (100mM, pH 
5) with 0.01% H2O2 filtered through a Whatmann paper. Sections were counterstained 
with hematoxylin and mounted in gelatin. For the immunofluorescence, incubation 
with the appropriate primary antibody was followed by incubation with the appropriate 
FITC- or Cy3-conjugated secondary antibody (see table 2) diluted 1:200 in 1 % BSA. 
Sections were counterstained with dapi (Sigma-Aldrich, St. Louis, MO) and mounted 
with Vectashield mounting medium (Vector Laboratories, Burlingame, CA). 

Sections immunostained with secondary conjugate alone were included with every 
experiment and showed no immunoreactivity in all cases. Images were captured with 

Table 2. Antibodies, source, dilutions

Antibodies  Source Dilutions

Polyclonal goat anti-human C1q DakoCytomation (Glostrup, DK) 1:1000§

Polyclonal rabbit anti-human C1r DakoCytomation 1:1000§

Polyclonal goat anti-rat fB Quidel (San Diego, CA) 1:1000§

Polyclonal rabbit anti-human C3c DakoCytomation 1:750*

Polyclonal rabbit anti-human C4c DakoCytomation 1:100*

Polyclonal rabbit anti-rat C9 B.P. Morgan 1:1000§

Polyclonal rabbit anti-human C5b-9 Calbiochem (Darmstadt, D) 1:100*

Polyclonal rabbit anti-human MBP DakoCytomation 1:50*

Monoclonal mouse anti-human 
phosphorylated neurofilament (SMI31 clone)

Sternberger (Lutherville, MD) 1:1000*

Monoclonal mouse anti-humanCD68(KP1 clone) DakoCytomation 1:50*

Polyclonal rabbit anti-goat biotin-conjugated DakoCytomation 1:200*

Polyclonal goat anti-rabbit biotin-conjugated DakoCytomation 1:200*

Polyclonal goat anti-rabbit FITC-conjugated Sigma-Aldrich (St. Louis, MO) 1:200*

Polyclonal sheep anti-mouse Cy3-conjugated Sigma-Aldrich 1:200*

Polyclonal rabbit anti-goat HRP-conjugated DakoCytomation 1:2000§

Polyclonal goat anti-rabbit HRP-conjugated DakoCytomation 1:2000§

Note: * and § indicate dilutions used in the immunostaining and Western blotting, respectively. 
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a digital camera (Olympus, DP12, The Netherlands) attached to either a light (Olympus, 
BX41, The Netherlands) or fluorescent microscope (Vanox, AHBT3, Olympus, The 
Netherlands). 

Quantitative analysis of immunohistochemistry. Quantification of the MAC and 
SMI31 immunostainings was performed with the Image Pro Plus version 5.02 (Media 
Cybernatics, The Netherlands). Three non-consecutive sections of sural nerve biopsy 
were scored for each patient. An average of non-overlapping fields of view including 
>90% of the entire nerve area was taken for each section examined. The surface area 
stained is expressed as percentage of total area examined. 

Semiquantitative analysis of macrophages. Cells immunoreactive (-ir) for KP1, a 
marker of the macrophage lysosomal membrane, were scored positive when the signal 
was associated with nuclei. Three non-consecutive sections of sural nerve biopsy 
from each patient were examined by two independent observers unaware of the 
clinical diagnosis. The number of macrophages present in the biopsies is indicated as 
occasional, (+); a few, + (less than 10 per nerve section); moderate, ++ (between 10 and 
20 per nerve section); or substantial, +++ (more than 20 per nerve section). Biopsies 
negative for the KP1 antibody are indicated with the sign minus,-. 

Protein extraction and Western blot analysis. Left and right sciatic nerves from 8 
wt (8wks n=4, 30wks n=4) and 8 C22 (8wks n=4, 30wks n=4) mice were homogenized 
using MagnaLyser (Roche, Germany) in 20 mmol l-1 Tris (pH 7.4), 5 mmol l-1 1,4-dithio-
DL-threitol (DTT) and 0.4 % SDS and 6 % glycerol. The homogenates were centrifuged 
at 10,000 x g, at 2 ˚C for 10 min. The supernatant fraction was collected and used for 
protein analysis. Protein concentrations were determined with a DC protein assay kit 
(Bio-Rad Laboratories, USA), using BSA as a standard. 

Protein extracts (50 µg/sample) were boiled for 5 min, separated by 10 % SDS-PAGE 
and transferred to nitrocellulose membrane overnight at 4 ºC. Prior to blotting, the 
nitrocellulose membranes were stained with Ponseau red for 30 sec to verify protein 
load. The membranes were pre-incubated in TBS containing 0.05 % Tween20 (TBST) 
and 5 % non-fat dried milk for 1 hour at RT. Blots were incubated for 2 hours in the 
appropriate primary antibody (see table 2) diluted in TBST containing 5 % non-fat 
dried milk. Following washing in TBST, the membranes were incubated for 1 hour in 
the appropriate horseradish peroxidase-conjugated secondary antibody diluted 1:2000 
in TBST containing 5 % non-fat dried milk. Membranes were washed in TBST for 3 X 
10 min and immunoreactive bands were detected using enhanced chemiluminescence 
(ECL, Roche Diagnostics, Mannheim, Germany). 
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Figure 2. Complement activation in HMSN patients. Immunohistochemical staining showing 
immunoreactivity for the activated cleaved C component C4c and the terminal cytolytic component MAC 
in cross-sections of sural nerve biopsies of HMSN patients. High amount of C4c and MAC immunoreactivity 
is present in the nerves of HNPP patients, whereas no C deposits are detected in biopsies of HMSN 1A 
patients. C4c and MAC immunoreactivity is present in biopsies of inflammatory neuropathy (CIDP) 
patients but not in the healthy control nerve. For color figure see page 159.
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Results
Deposition of the classical pathway activation product, C4c, the common cleaved 
product, C3c (not shown), and the terminal membrane attack complex, MAC, of 
the C system (see figure 1) was tested in sural nerve biopsies from 8 patients with 
demyelinating HMSN, 6 patients with inflammatory neuropathies and 3 healthy 
controls. Deposition of C4c, C3c and MAC was observed in all nerve biopsies from 
patients with inflammatory neuropathy, and in 4 of the 8 HMSN biopsies. Biopsies 
from the control patients were negative for MAC (Figure 2). 

Quantitative analysis of MAC deposits showed the highest level of immunoreactivity 
in nerves of patients with inflammatory neuropathies. In the HMSN biopsies, the 
highest level of MAC immunoreactivity was detected in the HNPP and HSN nerves 
whereas no immunoreactivity was found in biopsies of patients diagnosed with HMSN 
1A, HMSN X and HMSN lom. These cases showed the most severe axonal damage as 
shown by the low amount of SMI31 immunoreactivity detected (Table 3), suggesting 
that activation of the C system occurs in nerves in which axonal phosphorylated 
neurofilament is still present. However, the limited number of nerve biopsies available 
for analysis, makes it difficult to establish a link between disease severity and C 

Table 3. Patient ID, axonal content,C activation

Patient ID  Axonal content 
(normalized SMI31-ir/area)

C activation 
(% MAC-ir/area)

11983776 (HNPP) 36.9 15.6

11429182 (HNPP) 39.3 9.4

BN8395 (HSN) 20.6 5.2

11527834 (HSN) 46.8 7.3

11599750 (HMSN X) 0.5 0.1

11515112 (HMSN 1A) 0.6 0.3

12501 (HMSN 1A) 1.2 0.2

1298 (HMSN Lom) n.d.* 0.02

3804 (CIDP) 62.1 13.5

806 (CIDP/vasculitis) 61.7 7.2

8005 (Vasculitis) 68.3 25.3

2505 (Vasculitis) 51.3 6.3

5604 (Microvasculitis) 53.1 6.8

4703 (Microvasculitis) 48.3 6.9

1475 (Control) 100 0.02

6796 (Control) 100 0.05

S04-296 (Control) 100 0.02

*n.d., not detected
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deposition, therefore we studied C activation in the C22 transgenic mouse model of 
HMSN1a.

To test whether C activation varies during the course of the disease, we analysed 
young (4-8 weeks) and adult (30-48 weeks) C22 transgenic mice, representing early 
and late stage of disease respectively. A strong immunoreactivity for the classical 
pathway components C1q, C1r and C4c was observed in sciatic nerves from young 
mice whereas low levels were detected in the adults (Figure 3a, b), suggesting loss of 
target in the late stage of the disease. In contrast, the level of immunoreactivity for the 
alternative pathway activated cleaved protein, factor (f) B, and the terminal C9 was 
high in young and adult mice, indicating a possible role of the alternative pathway in 
the amplification of the C cascade contributing to C9 production, necessary to form 
the MAC (Figure 3b). 

C activation products mediate infiltration and activation of phagocytes (Bruck 
and Friede, 1997). Thus we determined the amount and morphology of the KP1-
immunoreactive cells, a marker for macrophages, in nerve biopsies of patients 
with acquired or hereditary neuropathies. Biopsies of inflammatory neuropathy 
patients showed a consistent high number of endoneurial macrophages, mostly with 
asymmetrical shape, indicative of active metabolic state. The number of endoneurial 
macrophages varied in HMSN biopsies and it was higher in biopsies containing a higher 

Figure 3. Complement activation in the 
transgenic C22 mouse a. Immunohistochemi-
cal staining showing high amount of C4c 
deposition in cross-sections of sciatic nerve 
from C22 mouse at 4 weeks of age whereas 
low C4c levels are detected in the nerves of 
48 weeks old mice. b. Western blot analysis of 
wt and C22 mouse nerves at 8 and 32 weeks 
of age, showing immunoreactivity for C1q and 
C1r in C22 nerves of 8 weeks old mice whereas 
no signal is present in the nerves of the 32 
weeks old mice. Immunoreactivity for factor B 
and C9 is higher in C22 mice of both ages than 
in wt controls. For color figure see page 160. 
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amount of myelin basic protein (MBP) immunoreactivity. A few number of KP1-ir 
cells were observed in the HNPP biopsies and they showed an enlarged morphology, 
whereas small resting macrophages were occasionally seen in sural nerve biopsies of 
HMSN 1A and HMSN X patients (Table 4).  All others HMSN biopsies, in which myelin 
was not detectable, were negative for KP1.

Discussion
This study shows that the classical and alternative pathways of the C system are 
activated in some forms of demyelinating HMSNs and the degree of C activation varies 
with disease progression marked by secondary axon loss.

We found deposits of activated C products (C4c, C3c and MAC) in HMSN sural 
nerve biopsies containing high amounts of phosphorylated neurofilament whereas 
no C deposits were found in biopsies lacking immunoreactivity for the axonal 
marker, indicating a positive correlation between C activation and axonal content. 
Macrophages were occasionally found in the HMSN biopsies and they showed enlarged 
morphology, typical of active state, only in biopsies in which myelin was detected, 

Table 4. Semiquantitative assessment of macrophages

Case  KP1-ir cells*

11983776 (HNPP) +

11429182 (HNPP) +

BN8395 (HSN) -

11527834 (HSN) -

11599750 (HMSN X) (+)

11515112 (HMSN 1A) (+)

12501 (HMSN 1A) -

1298 (HMSN Lom) -

3804 (CIDP) ++

806 (CIDP/vasculitis) +++

8005 (Vasculitis) +++

2505 (Vasculitis) ++

5604 (Microvasculitis) ++

4703 (Microvasculitis) ++

1475 (Control) -

6796 (Control) -

S04-296 (Control) -

*-, negative; (+), occasional; +, few (<10/section); ++, moderate (10-20/section); +++, substantial (>20/
section) number.
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indicating a positive correlation between macrophage activation and myelin content. 
However, due to the scarcity of nerve biopsies and considering that they are end-stage, 
interpretation of this data remains anecdotal. 

Animal models of HMSNs allow a longitudinal study of the C system and have been 
previously used to demonstrate that the immune system plays a role in some forms of 
demyelinating neuropathies (reviewed in 6). Mice heterozygously deficient for P0 (P0+/-) 
or lacking the gap junction protein connexin 32 (Cx32-/-) or carrying four copies of the 
human PMP22 gene (C61), models for HMSN1B, HMSN1X and HMSN1A respectively, 
show an elevated number of endoneurial macrophages 7-9. Crosses of either P0+/- or 
Cx32-/- mice with an immunodeficient strain of mice lacking the recombination 
activation gene (RAG) 1 (Rag1-/-) or with a mouse line lacking the macrophage colony-
stimulating factor (M-CSF), critical for macrophage growth and differentiation, showed 
reduced number of macrophages and a significant amelioration of the demyelinating 
phenotype 8,10,11, demonstrating that macrophages aggravate HMSN pathology. 

Here we show that C activation occurs in the transgenic PMP22 overexpressing 
mouse model of HMSN1a and the degree of activation varies with disease progression 
marked by secondary axon loss. We found high amounts of the initial components of 
the classical pathway C1q, C1r and C4c, in nerves of young C22 mice whereas the level 
of expression were low or absent in the adults. The alternative pathway component fB 
and the terminal pathway component C9 showed a different expression pattern than 
the members of the classical pathway. Their level of expression was high in mice of both 
ages. These data indicates that the classical and alternative pathways are activated in 
C22 mice and suggest that the alternative pathway may play a role in the amplification 
of the classical pathway contributing to the formation of C9 neo-epitopes. The loss of 
immunoreactivity of initial classical pathway components suggests a loss of target in 
the late stage of the disease. We propose that axons, progressively lost during the course 
of the disease both in the human and transgenic C22 mouse model of demyelinating 
HMSN (our unpublished observation), may be the target of C attack.

In demyelinating HMSNs, loss of compact myelin leaves bare axons which may 
expose epitopes normally shielded by the myelin sheath. The C system, expressed in the 
healthy peripheral nerve 3, may recognize newly exposed axonal epitopes as foreign, 
and become activated. Once activated, C could directly attack the axon by insertion 
of the cytolytic MAC in the axolemma and could mediate macrophage activation via 
C receptors 2,12. Formation of MAC-derived pores on the axonal membrane mediates 
uncontrolled calcium influx 13. Calcium activates calpains, calcium-dependent 
proteases which cleave cytoskeletal proteins including neurofilament, resulting in 
structural disorganization of the axon. MAC-derived neuronal debris can than be 
opsonized by C fragments and targeted by macrophages for removal. We have recently 
shown that MAC formation mediates early axon loss after peripheral nerve injury. 
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Rats deficient in the C6 component, necessary for the assembly of the MAC, showed 
delayed axonal degeneration and failed macrophage recruitment and activation after 
peripheral nerve injury. This effect could be restored by C6 supplementation 2. The 
same protective effect could be obtained by pre-traumatic treatment of WT rats with 
the C inhibitor soluble C receptor 1 (sCR1) 14. 

The C system has emerged as cause of nerve damage in inflammatory neuropathies 
such as Guillain-Barré Syndrome (GBS) and its chronic form (chronic inflammatory 
demyelinating polyneuropathy, CIDP), which are triggered by an autoimmune response 
against specific components of the axon and/or the myelin sheath (reviewed in 15). In 
a mouse model of acquired neuropathy, MAC deposits have been found on damaged 
nerve terminal axons and surrounding perisynaptic Schwann cells and the damage 
was exacerbated in tissues of mice lacking CD59, where MAC formation is increased 
16. A follow-up study showed that inhibition of C activation with APT070 blocked MAC 
formation and rescued axonal and perisynaptic Schwann cell integrity 17, demonstrating 
that modulation of C activation could control axon loss.

In conclusion we showed that the C system is activated in some forms of 
demyelinating HMSNs and the transgenic C22 mouse model of HMSN1a. Inhibition 
of C activation, successfully used to prevent early axon damage in peripheral nerve 
injury 14 and disease15, offers the opportunity to investigate specific therapies for 
demyelinating neuropathies to alleviate the progressive and disabling muscle atrophy 
derived from axon loss. 

References
1.   Dyck P.J. (1982) Are motor neuropathies and motor neuron diseases separable? Adv.Neurol. 36, 105-114.

2.   Ramaglia V., King R.H., Nourallah M., Wolterman R., de Jonge R., Ramkema M., Vigar M.A., van der W.S., 
Morgan B.P., Troost D., & Baas F. (2007) The membrane attack complex of the complement system is 
essential for rapid Wallerian degeneration. J.Neurosci. 27, 7663-7672.

3.   de Jonge R.R., van Schaik I.N., Vreijling J.P., Troost D., & Baas F. (2004) Expression of complement 
components in the peripheral nervous system. Hum.Mol.Genet. 13, 295-302.

4.   Fujita T. (2002) Evolution of the lectin-complement pathway and its role in innate immunity. Nat.Rev.
Immunol. 2, 346-353.

5.   Nauta A.J., Roos A., & Daha M.R. (2004) A regulatory role for complement in innate immunity and 
autoimmunity. Int.Arch.Allergy Immunol. 134, 310-323.

6.   Martini R. & Toyka K.V. (2004) Immune-mediated components of hereditary demyelinating neuropathies: 
lessons from animal models and patients. Lancet Neurol. 3, 457-465.

7.   Shy M.E., Arroyo E., Sladky J., Menichella D., Jiang H., Xu W., Kamholz J., & Scherer S.S. (1997) Heterozygous 
P0 knockout mice develop a peripheral neuropathy that resembles chronic inflammatory demyelinating 
polyneuropathy (CIDP). J.Neuropathol.Exp.Neurol. 56, 811-821.

8.   Kobsar I., Maurer M., Ott T., & Martini R. (2002) Macrophage-related demyelination in peripheral nerves of 
mice deficient in the gap junction protein connexin 32. Neurosci.Lett. 320, 17-20.



132

9.   Robertson A.M., Perea J., McGuigan A., King R.H., Muddle J.R., Gabreels-Festen A.A., Thomas P.K., & 
Huxley C. (2002) Comparison of a new pmp22 transgenic mouse line with other mouse models and human 
patients with CMT1A. J.Anat. 200, 377-390.

10.   Schmid C.D., Stienekemeier M., Oehen S., Bootz F., Zielasek J., Gold R., Toyka K.V., Schachner M., & Martini 
R. (2000) Immune deficiency in mouse models for inherited peripheral neuropathies leads to improved 
myelin maintenance. J.Neurosci. 20, 729-735.

11.   Carenini S., Maurer M., Werner A., Blazyca H., Toyka K.V., Schmid C.D., Raivich G., & Martini R. (2001) The 
role of macrophages in demyelinating peripheral nervous system of mice heterozygously deficient in p0. 
J.Cell Biol. 152, 301-308.

12.   Bruck W. & Friede R.L. (1990) Anti-macrophage CR3 antibody blocks myelin phagocytosis by macrophages 
in vitro. Acta Neuropathol. 80, 415-418.

13.   Schlaepfer W.W. & Bunge R.P. (1973) Effects of calcium ion concentration on the degeneration of amputated 
axons in tissue culture. J.Cell Biol. 59, 456-470.

14.   Ramaglia V., Wolterman R., de Kok M., Vigar M.A., Wagenaar-Bos I., King R.H., Morgan B.P., & Baas F. 
(2008) Soluble complement receptor 1 protects the peripheral nerve from early axon loss after injury. 
Am.J.Pathol. 172, 1043-1052.

15.   Willison H.J. (2005) The immunobiology of Guillain-Barre syndromes. J.Peripher.Nerv.Syst. 10, 94-112.

16.   Halstead S.K., O’Hanlon G.M., Humphreys P.D., Morrison D.B., Morgan B.P., Todd A.J., Plomp J.J., & Willison 
H.J. (2004) Anti-disialoside antibodies kill perisynaptic Schwann cells and damage motor nerve terminals 
via membrane attack complex in a murine model of neuropathy. Brain 127, 2109-2123.

17.   Halstead S.K., Humphreys P.D., Goodfellow J.A., Wagner E.R., Smith R.A., & Willison H.J. (2005) Complement 
inhibition abrogates nerve terminal injury in Miller Fisher syndrome. Ann.Neurol. 58, 203-210.



Chapter  8

Summary and discussion



134

Contents
Summary
Discussion

MAC and peripheral nerve degeneration
MAC and peripheral nerve regeneration and recovery
MAC and neuropathies
Targeting MAC formation
Clinical relevance
Future research
Conclusion



C
hapter 8

Sum
m

ary and discussion

135

Summary
The complement (C) system plays a central role in innate immunity and bridges 
innate and adaptive immune responses. A fine balance of C activation and regulation 
mediates the elimination of invading pathogens and the protection of the host from 
excessive C deposition on healthy tissues. If this delicate balance is disrupted, the C 
system may cause injury and contribute to the pathogenesis of various diseases. 

Previous studies showed local synthesis of C factors and regulators in the peripheral 
nerve 1, but their role in the microenvironment of the nerve was still controversial. 
This thesis comprises several studies aiming at understanding the role of the C system 
in degeneration, regeneration and disease processes of the peripheral nervous system. 

In chapter 1, the general structure of the peripheral nerve, pathological changes during 
degeneration and regenerative processes are described. A general introduction of the 
C system from its discovery to our current knowledge of its role in innate immunity, 
inflammatory and neurodegenerative disorders is provided. The outline of this thesis 
is presented. Chapter 2 reviews the present knowledge on local production and 
physiological role of C in the peripheral nerve and highlights open questions on the role 
of C in peripheral nerve injury and disease, setting the stage for the work presented in 
this thesis. Initial studies have shown that upstream factors of the C cascade, including 
C3 and C5, play a key role in macrophage recruitment and activation during Wallerian 
degeneration (WD) of the injured nerve. However, C3 and C5 have multiple functions 
as generators of opsonins, chemoattractants and anchor for the assembly of the MAC. 
Which of these functions is a key determinant for the progression of WD was not yet 
known. In chapter 3 we use a rat model deficient in the terminal C component C6 
to address this question. Since these rats (C6-/-) have otherwise normal upstream C 
components we could dissect the effects of the upstream C factors from the cytolytic 
effect of the MAC during WD after a crush injury of the peripheral nerve. We found 
that the MAC is essential for rapid WD of the peripheral nerve. At 3 days post-injury 
pronounced WD occurred in wildtype animals whereas the axons and myelin of C6-/- 
animals appeared intact. Macrophage recruitment and activation was impaired in 
C6-/- rats. Seven days after injury, the distal part of the C6-/- nerves appeared degraded. 
As a consequence of a delayed WD, more myelin breakdown products were present 
than in wildtype nerves. We concluded that MAC deposition is essential for rapid WD 
and efficient clearance of myelin after acute nerve trauma of the PNS. In chapter 4 a 
study supporting the hypothesis that C activation plays a role in myelin clearance is 
described. We show the effects of lack of the complement CD59a regulator of the MAC 
on WD in mice. Axonal degradation in CD59a deficient mice occurred earlier than 
wildtypes. The number of endoneurial macrophages was significantly higher in CD59a 
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deficient mice than wildtypes at 1 day post-injury. These findings strongly implicate 
MAC as determinant of axonal damage during WD, confirming the results presented 
in chapter 3. Chapter 5 describes the result of a study which tests the therapeutical 
relevance of blocking C activation during WD. To this end, the effects of systemic 
treatment with soluble C receptor 1 (sCR1), inhibitor of all C pathways, or with C1 
inhibitor (C1INH, Cetor) which blocks the classical and lectin but not the alternative C 
pathways, were tested in wildtype rats in which WD of the sciatic nerve was induced 
by crush injury. This study shows that treatment with sCR1 blocked both systemic and 
local C activation.  The nerve was protected from axonal and myelin breakdown at 3 
days post-injury and macrophage infiltration and activation were strongly reduced.  
This study also shows that activation of the alternative pathway is sufficient to cause 
pathology since inhibition of the classical and lectin pathway by Cetor diminished but 
did not abolish the load of MAC deposition in the injured nerve. It blocked myelin 
breakdown, inhibited macrophage infiltration and prevented their activation at 3 
days post-injury but, in contrast to sCR1 treatment, early signs of axonal degradation 
were visible in the nerve, linking MAC deposition to axonal damage. Therefore, 
sCR1 protects the nerve from early axon loss after injury. In chapter 6 histological 
and functional studies are combined to explore the role of the C system during 
regeneration of the peripheral nerve. Functional recovery of damaged peripheral 
axons is slow and incomplete. The study described in this chapter is based on the 
hypothesis that interfering with the process of post-traumatic axonal degeneration 
may improve the subsequent regenerative process. Lack of MAC formation prevents 
early axonal damage and delays the clearance of myelin and axons during WD 
(presented in chapter 3). Damage to nervous tissue and clearance of neuronal debris 
are both key determinants of regeneration. On the one hand, damage to neuronal 
membranes (i.e. axolemma and myelin) and basal lamina directly by the MAC and 
indirectly by macrophages (i.e. via matrix metalloproteinases) could be detrimental 
for regeneration by disrupting the physical guidance necessary for an axon to reach its 
target muscle. On the other hand, efficient clearance of neuronal debris is considered 
a prerequisite for successful regeneration. Thus, the effects of C activation during WD 
raise the question whether there is a beneficial or detrimental consequence for the 
subsequent regeneration of the nerve. The study presented in this chapter sets out to 
answer this question. To this end the effect of C inhibition on nerve regeneration after 
a crush injury of the sciatic nerve in C6-/- rats and rats treated systemically for 1 week 
with sCR1, are investigated. Recovery of function was assessed by footflick test every 
week up to 5 weeks post-injury, axonal regeneration was assessed by pathological 
analysis of tibial nerves at 5 weeks post-injury and by retrograde tracing of sensory 
neurons at 1 week post-injury. Both, genetic and pharmacological inhibition of C 
activation resulted in faster recovery of sensory function than PBS-treated animals 
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whereas reconstitution with purified human C6 protein re-established the wildtype 
phenotype. Neuropathological analysis of the tibial nerve after 5 weeks recovery 
showed that C6 deficiency and sCR1 treatment resulted in better regeneration as 
judged by, axon diameter, myelin thickness and number of regenerative clusters. The 
number of retrogradelly-labelled sensory neurons in C6-/- rats was significantly higher 
than wildtypes. Thus, inhibition of post-traumatic C activation accelerates axonal 
regeneration and recovery of motor and sensory function in a rat model of sciatic 
nerve injury and may offer a novel therapeutic approach to promote recovery after 
nerve trauma. In chapter 7 a possible involvement of the C cascade in hereditary 
motor and sensory neuropathies (HMSN) is tested. Secondary axon loss is a major 
determinant of disability in HMSNs. Whether the C system is involved in this chronic 
disease was not known. Nerve biopsies from HSMN patients and animal model of the 
disease were tested for evidence of C activation. Deposits of activated C components, 
including MAC, were found in nerve biopsies of HMSN patients and mice. Therefore, C 
is activated in a certain group of HMSN patients (and mouse model of the disease) and 
it may play a role in the disease.

Discussion
The aim of the studies presented in this thesis was to understand the role of the C 
system in post-traumatic degeneration, regeneration and recovery of the peripheral 
nerve by genetic and pharmacological inhibition of C activation. Further, we intended 
to determine whether the C cascade is activated in chronic diseases of the peripheral 
nerve, such as hereditary neuropathies.

MAC and peripheral nerve degeneration 
Local synthesis of the C system in the peripheral nerve has been established 1 and a 
possible role in WD has been proposed 2-4. However, whether C cleaved products alone or 
the entire C cascade including the MAC is needed for WD was still matter of debate 5. 

We analyzed the role of MAC in WD and found that it is necessary for rapid 
axonal degradation and myelin clearance (see chapter 3). We propose the following 
model (Figure 1). After crush, C1q binds axonal and myelin epitopes exposed by 
the mechanical injury, activating the classical pathway. The damaged nerve is then 
targeted by C4b, C3b and C5b which act as opsonins for macrophages. In WT animals, 
formation of the MAC contributes to myelin and axonal damage by creating pores on 
the Schwann cell membrane and axolemma. The negative regulator of the MAC, CD59, 
expressed on the surface of myelinating Schwann cells, can - to some extent - protect 
the nerve from the initial degradation, since lack of CD59 exacerbates WD after injury 
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(see chapter 4). A devastating event for the fate of a nerve is the uncontrolled calcium 
influx through MAC-derived pores 6. This activates calpains, calcium-dependent 
proteases which cleave cytoskeletal proteins including neurofilament, contributing 
to structural disorganization of the nerve. The MAC-induced neuronal debris is also 
targeted by C1q creating a positive feedback loop resulting in increased opsonization 
and macrophage recruitment and activation, leading to rapid degeneration. 

On the one hand, opsonization prevents an increase in the size of the opsonized 
complex maintaining its solubility, thus facilitating its clearance by activated 
phagocytes. This is considered a prerequisite for successful regeneration 6. On the 
other hand, activated macrophages release matrix metalloproteinases, enzymes able 
to break down extracellular matrix proteins. These major constituents of the Schwann 

Figure 1.  Model of the role of MAC in WD.
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cell basal lamina are then disrupted and penetrated by macrophages to remove the 
degenerating myelin 7. Disruption of the basal lamina may impair nerve regeneration.

In the C6-/- or sCR1-treated rats the neuronal debris produced by the mechanical 
injury is the only target for opsonization and not sufficient for efficient recruitment 
and activation of macrophages (see chapter 3 and 5). Thus a small number of 
resting macrophages is found in the injured C6-/- nerve. This results in delayed myelin 
clearance. Resting macrophages do not produce MMPs. This may be critical for the 
maintenance of the basal lamina. WD and myelin removal in the absence of C6 is 
carried out in a slow, opsonin-independent manner by proliferating Schwann cells. 
Our findings have important implications for the design of the ideal C drug and for 
translational studies to the clinic (discussed below). 

MAC and peripheral nerve regeneration and recovery
Functional recovery after nerve trauma requires both control of axonal branching 
and elongation by attractive and repulsive molecular cues 8 and maintenance of intact 
endoneurial tubes 9 to accurately reinnervate the original target. 

To date, the effect of post-traumatic MAC formation on nerve regeneration was not 
known and the question of a beneficial or detrimental effect remained open. On one 
hand, the residual myelin which is not readily cleared by phagocytes may inhibit axon 
growth 10-12. On the other hand, lack of MAC- and macrophage- mediated damage, 
also via the action of  matrix metalloproteinases 13, may rescue the endoneurial tube, 
thus the architecture necessary for guiding the axon to its target. 

We analyzed the role of MAC in post-traumatic nerve regeneration and recovery 
and found that return of motor and sensory function is accelerated in C6-/- rats and 
that the same effect can be obtained by inhibition of post-traumatic C activation with 
sCR1 (see chapter 6). sCR1 inhibits C activation at the level of the C3 convertase, 
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.

In the C57BL/Wlds mouse model with slow WD, regeneration is also delayed 14,15. 
This seems to be partly dependent on the inhibitory effect of myelin associated 
glycoprotein (MAG) on axonal regrowth since a cross of MAG-deficient mice and 
C57BL/Wlds mice showed an increase in the number of regrowing axons. However, no 
functional tests were performed 8. 

Our finding that both genetic and pharmacological inhibition of the MAC improves 
regeneration and recovery is surprising. We suggest that this effect is due to the 
inhibition of destructive complement-mediated events during nerve degeneration 
which may interfere with the subsequent regenerative process. In addition, the 
possibility that the inhibitory effect of short-lasting myelin components in the 
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degenerating nerve may control branching and promote correct reinnervation and 
faster recovery is not ruled out. Interestingly, a recent study demonstrated that local 
application of exogenous MAG for a short time (72h) after injury reduces axonal 
branching without affecting axonal elongation and enhances the functional recovery 
after rat sciatic nerve transection, presumably by reducing hyperinnervation and 
misdirection 16. Thus, residual myelin proteins in the degenerating nerve, as seen in 
the case of C6-/- and sCR1-treated animals in which post-traumatic myelin clearance 
is delayed 17, can prevent branching and promote the accuracy of reinnervation, 
improving recovery (see chapter 6). 

MAC and neuropathies
The MAC is a key determinant of axon loss in acquired neuropathies 18. Secondary 
axon loss is also a major hallmark in demyelinating forms of hereditary motor and 
sensory neuropathies (HMSN) and causes disability. Whether the complement (C) 
system is involved was unknown. 

We investigated whether the C system is activated in certain forms of HMSNs and 
found deposition of activated C factors, including MAC, in nerve biopsies of HMSN 
patients and animal model of the disease (see chapter 7). The role of complement in 
HMSNs is not clear. It is possible that the abnormally folded myelin (i.e. onion bulbs), 
determined by the primary genetic defect, exposes epitopes which are normally 
sequestered within the correctly folded membrane. These epitopes may be recognized 
by C proteins, mainly C1q, and trigger activation of the complement cascade, leading 
to the production of anaphylatoxins and the assembly of the MAC. MAC deposits could 
damage the myelin sheath and attack the neighboring unsheathed axons, leading to 
axonal damage. The C anaphylatoxins could recruit macrophages which damage the 
nerve directly or indirectly via the secretion of matrix metalloproteinases which have 
been shown to degrade the Schwann cell’ basal lamina in a mouse model of HMSN 19.  

The finding of activated C protein deposits in HMSN biopsies offers the opportunity 
to test whether new specific C drugs may alleviate the demyelinating phenotype and 
the progressive and disabling muscle atrophy derived from distal motor axon loss.

Targeting MAC formation
We observed that inhibition of the MAC is sufficient to delay axon loss and promote 
post-traumatic nerve regeneration and recovery (see chapters 3, 5 and 6). This has a 
major advantage since it allows to discriminate between the “foe” and “friend” side of 
C activation. The upstream factors of the C cascade have key functions in modulating 
an inflammatory reaction, essential to protect the body against infections and to 
maintain tissue homeostasis. Selective inhibition of the terminal pathway will target 
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the “foe” side of the C cascade, leaving the upstream C factors, thus the “friend” side 
of the C cascade, undisturbed. This novel approach will limit the side effects which 
would derive from inhibition of the entire C cascade. Further, it will allow systemic 
administration of the selective inhibitor, circumventing the challenge of finding new 
venues to solely target local C activation. 

Selective inhibitors of the terminal C pathway are available and they are currently 
in the stage of preclinical development. Inhibition at the C5 stage is an attractive 
proposition as C3b opsonization of pathogens and solubilization of immune complexes 
proceed unaffected whereas C5a-mediated inflammation and tissue damage caused 
by the MAC are prevented. Eculizumab, the humanized antibody against C5 already 
in use in clinical trials for the treatment of PNH, has been successfully used to control 
C activation in animal models of GBS. Eculizumab could prevent MAC deposition and 
terminal axonal neurofilament loss in the MFS model. It could block the large increase 
in the frequency of MEPPs and prevent the block in synaptic transmission 20. The 17 kDa 
non-glycosylated protein produced in the salivary gland of the soft tick Ornithodoros 
moubata has a high binding affinity and low dissociation rate with C5. In rodents it 
has a circulating half-life of 30 hours and the ability to completely inhibit complement 
hemolytic activity. Further, the in vivo therapeutic efficacy of OmCI has been tested 
in a rat model of myasthenia gravis, resulting in reduced C3 and C9 deposition, and 
cellular infiltrates at the neuromuscular junction. The treated animals were completely 
protected from manifesting any clinical symptom 21. 

Intriguingly, the work described in this thesis showed that blocking formation of 
the MAC, downstream of C5, also limits phagocytes recruitment and activation. 
This probably results from inhibition of MAC-derived debris, their opsonization, thus 
recognition by phagocytes. Antibodies which target components of the MAC, other 
than C5, including C6 and C8, have been generated and their efficacy shown in an in 
vitro bypass model 22 but their therapeutic efficacy in vivo has not been tested. The 
membrane negative regulator of the MAC, CD59, has also been engineered in soluble 
form (sCD59) 23. Unfortunately, sCD59 is a poor inhibitor of C since it sticks to serum 
protein and it is efficiently cleared by filtration in the kidney 24. To overcome these 
problems, two types of antibody-CD59 hybrid molecules have been created. In the first 
construct, the Fab arms of the antibody are attached to CD59 as a strategy to deliver 
the C regulatory protein to the target location. In the second construct, CD59 replaces 
the Fab arms while the Fc portion of the antibody is strategically used to retain the 
hybrid molecule in the circulation, thus increasing plasma half-life. To date these 
constructs have been tested and shown to function in vitro 25. Since the regulatory 
activity of the hybrid molecule is lower than that of the free regulator alone 25, the next 
step will be to incorporate a cleavage site, cleaved by specific enzymes expressed at 
the target site, between the regulator and the Fc antibody fragment. This promising 
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approach will generate a drug with a long half-life, little or no systemic C inhibitory 
activity and high specificity to the desired target site.

Clinical relevance
Activation of the C system is responsible for much of the tissue damage seen in various 
acute conditions such as ischemia-reperfusion injury, stroke, myocardial infarction, 
traumatic brain and spinal cord injuries, or in the damage occurring as a result of 
transplantation and cardiopulmonary bypass. It has also been implicated in the 
pathology of various chronic conditions including multiple sclerosis, myasthenia 
gravis, rheumatoid arthritis, hemolytic uremic syndrome, paroxysmal nocturnal 
hemoglobinuria and chronic idiopathic polyneuropathy 26,27 . In this thesis, we showed 
that C activation is also a major determinant of post-traumatic peripheral nerve 
degeneration and regeneration and that it may play a role in certain types of HMSNs. 

It seems straightforward that controlling inappropriate C activation represents a 
possible therapeutic strategy for these conditions. Despite promising attempts, the 
design of the ideal complement drug meets various challenges. The diverse nature of 
acute (i.e. traumatic nerve injury) and chronic clinical conditions (i.e. neuropathies) 
adds complexity to the challenge. Further, the optimal C target, the time and extent of 
inhibition need to be critically defined for each condition. 

The work presented in this thesis strongly proposes the MAC as optimal target 
for C therapeutics (Chapter 3 and 4). In acute conditions such as nerve trauma, we 
showed that pre-treatment with a C inhibitor up to 1 week is sufficient to delay axon 
loss and affect the regenerative capacity of the nerve. This has important implications 
for the eventual translation to the clinic, minimizing the chances of an autoimmune 
response against the drug, which could result from otherwise prolonged treatment, 
and minimizing the costs of drug production, which would result from continuous 
administration. 

To date, experience on the use of C inhibitory drugs in man has been very limited. 
sCR1 (TP10, AVANT Immunotherapeutics) is the best characterized C drug and it was 
tested in man with acute respiratory distress syndrome and myocardial infarction 
28. Although the drug proved safe, clinical outcome was disappointing and further 
development for these indications has been stopped (http://www.avantimmune.com). 
Another C inhibitor that is now registered for use in humans is Eculizumab (Alexion 
Pharmaceuticals). This humanized antibody directed against C5, has shown promising 
results in clinical trials for the treatment of myocardial infarction and paroxysmal 
nocturnal hemoglobinuria 29,30. The validity of C therapeutics in the treatment of 
chronic diseases remains to be tested.

The studies described in this thesis suggest that traumatic nerve injury, acute 
and chronic neuropathies may benefit from C therapeutics. In addition, in some 
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neurological diseases like multiple sclerosis, axonal damage has only recently emerged 
as a substantial determinant of pathology 31. Delaying axonal degeneration could give 
a chance for more axons to survive a period of demyelination, arresting the decline 
from the relapsing-remitting to the progressive phase of the disease. Traumatic brain 
and spinal cord injuries are characterized by diffuse axon loss and complement 
activation 32. Pathology secondary to the primary mechanical damage appears to be a 
major determinant of clinical outcome 33. The secondary axonal damage occurs hours 
after the initial insult opening a window of opportunity for therapy aimed at rescuing 
the axons. Inhibition of complement activation could prevent spreading of secondary 
axon loss and also improve regeneration. 

Future research
What are the mechanisms of C-dependent improved regeneration? The studies 
described in this thesis strongly suggest that a detrimental event during degeneration 
affects the regenerative capacity of the nerve. This event is dependant on the formation 
of the MAC. However, lack of MAC formation blocks the damage caused directly by 
the unspecific pores and it also inhibits the damage caused by macrophages and 
their toxic mediators, including matrix metalloproteinases. Dissection of these two 
processes, perhaps by the use of inhibitors of macrophage activation, should be 
addressed in future work. 

Further, we speculated that the improved regeneration which results from lack 
of post-traumatic MAC formation may be due to either rescue of the basal lamina 
during degeneration or to a transient inhibitory effect of residual myelin proteins on 
axonal branching, minimizing hyperinnervation and misdirection thereby improving 
the accuracy of reinnervation. The finding that lack of MAC formation promotes 
the regeneration of sensory neurons is also intriguing. Gene expression profiling of 
both, the crush site and DRGs of degenerating and regenerating neurons is a valuable 
approach to elucidate the mechanisms responsible for the improved regeneration and 
should be pursued.

Does C activation play a role in hereditary neuropathies? Genetic crosses 
between murine models of HMSNs, such as the CMT1A rat 34, and genetically modified 
or naturally occurring mutant strains of rodents deficient in specific C components, 
will be a valuable tool to determine the effects of C activation on disease severity in 
this chronic disease. Follow up studies will then determine the therapeutic efficacy of 
specific C inhibitors in the treatment of such diseases.

MAC therapeutics. The design of the optimal drug to target MAC formation still 
remains a challenge. The drug of the future should be safe, highly specific for MAC 
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blockade and/or for the target tissue, a small molecule, inexpensive and have a long 
half-life. Engineered C regulatory proteins and the screening of libraries of natural 
compounds as source of potential MAC inhibitors are interesting options. In vivo 
studies will then confirm their therapeutic value.

Does inhibition of C activation facilitates recovery in patients with traumatic 
peripheral nerve injuries and peripheral neuropathies? The ultimate goal will be 
to determine whether treatment with C inhibitory drugs can ameliorate severity and 
accelerates recovery in patients with nerve trauma, acute and chronic demyelinating 
neuropathies. Initially, clinical trials with MAC inhibitors for patients with traumatic 
nerve injuries or immune-mediated neuropathies such as Guillain-Barré syndrome 
(GBS), will show the therapeutic efficacy of C drugs in the acute conditions, setting the 
premise for a promising future in the treatment of chronic neuropathies.  

Conclusions
It is evident that the complement system plays both a protective and detrimental role in 
the peripheral nerve. The beneficial effects of complement in immune surveillance and 
possibly in regulating energy metabolism in the microenvironment of the nerve need 
to be balanced against the heavy weight of its damaging effects as key determinant of 
early axon loss and regeneration after injury and in acute PNS diseases. Future research 
aimed at producing specific modulation of the complement system at the terminal 
level of the cascade, e.g. formation of the MAC, may represent a promising approach to 
control the neurotoxic effect of excessive complement activation in peripheral nerve 
injury and disease.
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Chapter 3 - Figure 2. Immunohistological analysis of axons and myelin.  (A) Immunostaining for 
phosphorylated neurofilament (SMI31 clone) in cross-sections of WT and C6-/- rat sciatic nerves. Note 
the typical punctate axonal staining in the uninjured nerve (arrow head t). At 3 days post-injury, the WT 
nerve shows axonal swelling and degradation (arrow →) whereas the axons of the C6-/- nerve are still intact. 
(B) Immunostaining for myelin basic protein (MBP) in cross-sections of WT and C6-/- rat sciatic nerves. 
Note the typical annulated staining of the myelin in the uninjured nerve (open arrow head >). At 3 days 
post-injury, the WT nerve shows myelin degeneration (arrow →) and degradation products (arrow head 
t)whereas the myelin of the C6-/- nerve is still intact. Sections are counterstained with haematoxylin. 
Two magnifications of the same section are shown for each nerve type. Bar is 50µm.
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Chapter 3 - Figure 5. Deposition of activated complement components in injured rat nerve.  
Immunostaining for the activated cleaved complement components C4c and C3c and the terminal 
cytolytic component MAC in cross-sections of WT, C6-/- and C6+ rat sciatic nerves at 3 days post-injury. 
High immunoreactivity of C4c and C3c is detected in all injured nerves while no immunoreactivity is 
detected in the uninjured controls. MAC immunoreactivity is present in WT nerves but not in the C6-/- 
and uninjured controls. C6 reconstitution re-established MAC deposition in the C6+ injured nerves. 
Sections are counterstained with haematoxylin. Bar is 50µm. 

Chapter 3 - Figure 3. Histological analysis of myelin debris.  (A) Thionine staining of semithin cross-
sections of the distal ends of WT and C6-/- rat tibial nerves at 7 days following the crush injury. Note 
the higher density of myelin debris (purple) in the C6-/- nerve compared to the WT. Bar is 50µm. (B) EM 
images of myelin debris from sections in A. Note the myelin degradate into lipid droplets in the WT nerve 
and early myelin breakdown products in the C6-/- nerve (arrows →). Bar is 10µm.
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Chapter 3 - Figure 6. Blockade of complement activation after rhC1INH treatment. Immunostaining 
for complement component C1q, upstream of the inhibition site of rhC1INH, and cleaved components 
C4c and C3c at 1 hour post-injury in cross-sections of sciatic nerves from WT rats treated with rhC1INH 
or vehicle (PBS) alone. High immunoreactivity for C1q is detected in all injured nerves, confirming C1q 
up-regulation after the crush injury. C4c and C3c immunoreactivity is detected in the PBS-treated nerves 
as expected whereas no deposition is detected in the nerves from the rhC1INH treated rats, demonstrating 
effective blockade of the complement cascade after crush and implicating the classical pathway in the 
crush injury model of Wallerian degeneration. Sections are counterstained with haematoxylin. Bar is 
50µm.
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Chapter 3 - Figure 8. Immunohistological analysis of macrophages. (A) CD68 staining of WT and C6-/- rat 
sciatic nerves at 3 days post-injury. The insets show the morphology of foamy CD68-ir macrophages in the 
WT nerve while small CD68-ir macrophages are detected in the C6-/- nerve. Little CD68 immunoreactivity 
is detected in the uninjured control nerve. (B) CD11b staining at 3 days post-injury, showing activated 
macrophages in the WT but not in the C6-/- nerve or uninjured controls. (C) Ki-M2R staining at 3 days post-
injury, showing macrophages with resident-like phenotype in the C6-/- nerves while little immunoreactivity 
is detected in the WT nerves. Sections in B, C and D are counterstained with haematoxylin. (D) Double 
immunofluorescent staining for CD68 (orange/red) and MBP (green) showing CD68-ir cells engulfing 
myelin debris (confocal images in insets, arrows →) in the WT nerve. The nuclei are stained with DAPI 
(blue). Bars are 50µm
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Chapter 3 - Figure 9. Analysis of phagocytic Schwann cells.  (A) Double immunofluorescent staining for 
MBP (green) and CD68 (orange) of rat sciatic nerve at 7 days following the crush injury, showing higher 
density of myelin debris in the C6-/- nerve compared to the WT nerve whereas the number of CD68-ir cells 
is similar in both nerves. Note the vacuolated morphology of CD68-ir cells in the WT nerve, typical of 
foamy macrophages. The merged images show co-localization of MBP and CD68 staining in both nerves 
(yellow and inset). (B) Double immunofluorescent staining for S100 (green) and CD68 (orange) of rat 
sciatic nerve at 7 days following the crush injury, showing complete co-localization (yellow) in the C6-/- 
nerve (arrows→ and inset) whereas in the WT only a few CD68-ir cells are also S100 positive. Note the 
higher S100 immunoreactivity in the C6-/- nerve compared to the WT. Nuclei staining with DAPI (blue) is 
included in the merged images. Bar is 50µm. 
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Chapter 4 - 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.
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Chapter 5 - Figure 1. Inhibition of C activation. (A) Plasma sCR1 levels in sCR1-treated rats, showing 
concentration of sCR1 over time with daily treatment. (B) Plasma hemolytic activity of PBS- and sCR1-
treated rats, showing decreased activity in the sCR1-treated rats compared to the PBS-treated controls. 
(A, B) Day 0 is the day of the crush injury. Rats received i.p injections of sCR1 (15mg/kg/day) or PBS (equal 
volume) at days (-1, 0, 1, 2, 3, 4, 5 and 6). Blood was collected immediately before each treatment. (C-F) 
Representative immunostaining for membrane attack complex (MAC) in cross-sections of PBS-, sCR1- 
and Cetor-treated rat sciatic nerves at 3 days post-injury. The uninjured nerve is shown as control (C) 
and no MAC immunoreactivity is detected. The PBS-treated nerve shows an abundant and diffuse MAC 
immunoreactivity (D, green color), demonstrating activation of the C system, whereas no MAC deposition 
is detected in the sCR1-treated nerve (E), demonstrating blockade of C activation. Low amount of MAC 
immunoreactivity is still detected in the Cetor-treated nerve (F, arrows →), demonstrating low level of 
C activation. Sections are stained with a two steps immunoflurescent method with a FITC-conjugated 
secondary antibody. Bar is 50µm. 
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Chapter 5 - Figure 2. Analysis of WD at 3 days post-injury. Representative immunostaining for 
phosphorylated neurofilament (SMI31 clone, orange color) and myelin basic protein (MBP, green color) in 
cross- (A,C,E,G) and longitudinal (B,D,F,H) sections of PBS- (C-D), sCR1- (E-F) and Cetor-treated (G-H) 
rat sciatic nerves at 3 days post-injury. The PBS-treated nerve shows loss of phosphorylated neurofilament 
staining (C,D) and broken down myelin (C, inset arrow→) whereas the sCR1-treated nerve shows high 
amount of phosphorylated neurofilament immunoreactivity (F), typical punctuated neurofilament and 
annulated myelin staining (E insets, open arrow head >) similarly to the uninjured nerve (A, insets, 
open arrow head >), sign of preserved axon and myelin morphology. In the Cetor-treated nerves, the 
typical annulated myelin staining is maintained (G, inset open arrow head >) but the phosphorylated 
neurofilament staining is mostly lost (G, and inset asterisk *, and H). Normal punctuate axon staining is 
occasionally visible in the Cetor-treated nerves (G, inset arrow→). Sections are stained with a two steps 
immunoflurescent method. MBP is detected with a FITC-conjugated secondary antibody and SMI31 is 
detected with a Cy3-conjugated secondary antibody. The nuclei are stained with DAPI (blue color). Bar is 
50µm. Electron microscopy of C-inhibitor-treated nerves, showing preserved annulated myelin structure 
in both nerves (I, J, arrows head). In the sCR1-treated nerves, the axons retain their axonal contents (I, 
asterisk *) whereas in Cetor-treated nerves, the axonal content is generally lost (J, asterisk *). Some 
remnants of axonal content remain visible in the Cetor-treated nerve (J, arrows). Bar is 5µm. 
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Chapter 5 - Figure 4. Analysis of macrophages. (A) Quantification of CD68-ir cells in non-consecutive 
sections of sciatic nerves, showing a significant higher number of cells in the PBS-treated compared to the 
uninjured nerves and a significant decrease in the sCR1- and Cetor-treated nerves compared to the PBS-
treated control. Data represents mean±SD. Statistical significance is determined by two-way ANOVA with 
Bonferroni’s correction. (B-E) Representative double staining for MBP (green color) and CD68 (orange 
color) in cross-sections of PBS-, sCR1- and Cetor-treated rat sciatic nerves at 3 days post-injury. Note 
the irregular morphology of CD68-ir cells engulfing myelin debris in the PBS-treated nerve (C, arrow 
head t and yellow color) while sCR1- (D) and Cetor-treated (E) nerves show small and round CD68-ir 
cells (arrows →) resting between the morphologically normal myelin similarly to the uninjured nerve (B, 
open arrow head >), suggesting activated macrophages in the PBS-treated but not in the sCR1- or Cetor-
treated nerves. Sections are stained with a two steps immunoflurescent method. MBP is detected with a 
FITC-conjugated secondary antibody and CD68 is detected with a Cy3-conjugated secondary antibody. 
The nuclei are stained with DAPI (blue color). Bar is 50µm. 



158

Chapter 6 - 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 t) are shown in 
(b). Satellite cells are also labeled (blue, arrow →). Scale bars are 1000 (a) and 100 (b) µm.
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Chapter 7 - Figure 2. Complement activation in HMSN patients. Immunohistochemical staining 
showing immunoreactivity for the activated cleaved C component C4c and the terminal cytolytic 
component MAC in cross-sections of sural nerve biopsies of HMSN patients. High amount of C4c and 
MAC immunoreactivity is present in the nerves of HNPP patients, whereas no C deposits are detected 
in biopsies of HMSN 1A patients. C4c and MAC immunoreactivity is present in biopsies of inflammatory 
neuropathy (CIDP) patients but not in the healthy control nerve. 
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Chapter 7 - Figure 3. Complement activation in the transgenic C22 mouse a. Immunohistochemical 
staining showing high amount of C4c deposition in cross-sections of sciatic nerve from C22 mouse at 
4 weeks of age whereas low C4c levels are detected in the nerves of 48 weeks old mice. b. Western blot 
analysis of wt and C22 mouse nerves at 8 and 32 weeks of age, showing immunoreactivity for C1q and 
C1r in C22 nerves of 8 weeks old mice whereas no signal is present in the nerves of the 32 weeks old mice. 
Immunoreactivity for factor B and C9 is higher in C22 mice of both ages than in wt controls.  
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Nederlandse samenvatting
Het complement (C) systeem speelt een centrale rol binnen de aangeboren immuniteit 
en fungeert als brug tussen aangeboren en adaptieve immuunreacties. Een delicaat 
evenwicht tussen C activering en regulering medieert tussen elimineren van 
binnendringende pathogenen en beschermen van de gastheer tegen overmatige C 
afzetting op gezond weefsel. Wordt dit delicaat evenwicht verstoord, dan kan het C 
systeem letsel veroorzaken en bijdragen tot het ontstaan van diverse ziekten.

Eerder onderzoek heeft in perifere zenuwen plaatselijke synthese van C factoren en 
regulatoren 1,2 aangetoond, maar hun functie binnen het micromilieu van de zenuw 
bleef nog onbekend. Dit proefschrift bevat enige onderzoeken, gericht op het begrijpen 
van de rol van het C systeem in degeneratie, regeneratie en ziekte van het perifeer 
zenuwstelsel.

In hoofdstuk 1 worden beschreven de structuur van de perifere zenuw en de 
pathologische veranderingen tijdens de- en regeneratie. Een historisch overzicht wordt 
gegeven vanaf de ontdekking van het C systeem tot op de huidige kennis van zijn 
betekenis voor de aangeboren immuniteit, ontsteking en neurodegeneratie. De inhoud 
van het proefschrift wordt geschetst. Hoofdstuk 2 bevat een overzicht van de huidige 
kennis van de plaatselijke productie en de fysiologische rol van C binnen de perifere 
zenuw, vestigt de aandacht op onopgeloste vragen over de betekenis van C tijdens 
letsel en ziekte van de perifere zenuw en duidt de plaats aan van het werk waarover dit 
proefschrift bericht. Eerder onderzoek heeft aangetoond dat factoren in de bovenloop 
van de C cascade, onder andere C3 en C5, een hoofdrol spelen bij het aantrekken en 
activeren van macrofagen tijdens Wallerse degeneratie (WD) van de beschadigde 
zenuw. C3 en C5 hebben echter diverse functies als opwekkers van opsoninen, als 
chemoattractanten en als anker voor de assemblage van het Membraan Aanvals 
Complex (MAC). Welke van die functies de sleutel is van WD was nog onbekend. 
Dus blijft de vraag onbeantwoord of plaatselijke complementactivering tijdens WD 
zenuwregeneratie begunstigt. In hoofdstuk 3 maken wij gebruik van een rattenmodel 
waarin de terminale C component C6 ontbreekt, om deze vraag te beantwoorden. 
Omdat deze (C6-/-) ratten verder normale stroomopwaartse C componenten bezitten, 
boden zij ons de mogelijkheid om onderscheid te maken tussen de werking van de 
stroomopwaartse C factoren en het cytolytisch effect van het MAC tijdens WD na 
crush van een perifere zenuw. We vonden dat MAC van essentiële betekenis is voor 
snelle WD. Drie dagen na het letsel toonden wildtype ratten uitgesproken WD, 
terwijl axonen en myeline van C6-/-dieren intact bleken. Macrofagenmobilisering 
en –activering waren in C6-/- ratten verminderd. Zeven dagen na het letsel bleek het 
distale deel van de C6-/- zenuwen gedegradeerd te zijn. Tengevolge van een vertraagde 
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WD, waren er meer myelineafbraakproducten aanwezig dan in wildtype zenuwen. 
Wij concludeerden dat na een acuut perifeer zenuwlestel, MAC-afzetting essentieel 
is voor snelle WD en voor efficiënt opruimen van myeline. In hoofdstuk 4 wordt een 
onderzoek beschreven dat steun biedt aan de hypothese dat C activering een rol speelt 
bij het opruimen van myeline. We demonstreren de gevolgen van ontbreken van de 
complement CD59a regulator van het MAC op WD in muizen. In CD59a deficiënte 
muizen begon axondegradatie vroeger dan in wildtype dieren. Eén dag na het letsel 
was het aantal endoneurale macrofagen in CD59a-deficiënte muizen significant hoger 
dan in wildtype dieren. Deze bevindingen maken MAC in sterke mate medeplichtig 
aan axonschade tijdens WD, wat de resultaten van hoofdstuk 3 bevestigt. Hoofdstuk 
5 beschrijft de resultaten van een proef die de therapeutische relevantie onderzoekt 
van blokkering van de complementactivering tijdens WD. Hiertoe onderzochten wij 
de gevolgen van parenterale behandeling met recombinant vorm van de C receptor 
1 (sCR1), die alle complementcascades remt, of met de C1 remmer (C11NH, Cetor) 
die de klassieke en lectineafhankelijke paden blokkeert maar de alternatieve paden 
ongemoeid laat, van wildtype ratten waarin WD was opgewekt door crush van de 
n. ischiadicus. Dit onderzoek laat zien dat behandeling met sCR1 de systemische 
en de locale C activering blokkeerde. De zenuw bleek drie dagen na het letsel geheel 
beschermd tegen axon- en myelineverval, macrofageninfiltrering en –activering waren 
sterk verminderd. Dit onderzoek toont ook aan dat activering van de alternatieve 
cascade voldoende is om pathologie te veroorzaken, omdat remming van de klassieke 
en lectineafhankelijke paden door Cetor, de hoeveelheid in de zenuw afgezet MAC 
wel verminderd maar niet afgeschaft had. Cetor blokkerde myelineafbraak, remde 
macrofageninfiltratie en voorkwam hun activering 3 dagen na het letsel maar, anders 
dan na sCR1 behandeling, toonde de zenuw tekenen van vroege axondegradatie, wat 
MAC-afzetting koppelt aan axonschade. Dus beschermt sCR1 de zenuw voor vroege 
posttraumatische axonschade. In hoofdstuk 6 wordt histologisch en functioneel 
onderzoek gecombineerd om de rol van het C systeem te exploreren tijdens perifere 
zenuwregeneratie. Het functieherstel van beschadigde perifere axonen beloopt 
langzaam en blijft onvolledig. Het in dit hoofdstuk beschreven onderzoek stoelt op de 
hypothese dat beïnvloeding van het proces van posttraumatische axondegeneratie de 
daaropvolgende regeneratie kan begunstigen.

Ontbreken van MAC-vorming voorkómt vroege axonschade en vertraagt de 
opruiming van myeline en axonen tijdens WD (zie hoofdstuk 3). Schade aan 
zenuwweefsel en opruiming van  neuronenresten zijn allebei sleutelfactoren voor 
regeneratie. Enerzijds zou schade aan zenuwmembranen, axolemma, lamina basalis 
en myeline, rechtstreeks via het MAC en indirect via matrix metalloproteinasen uit 
macrofagen, regeneratie nadelig kunnen beïnvloeden door het verbreken van de fysieke 
leidstructuur die axonen nodig hebben om hun bijbehorende spiervezels te bereiken; 
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anderzijds wordt effectieve opruiming van neuronenresten beschouwd als een 
voorwaarde tot slagen van regeneratie. Daarom werpen de gevolgen van C activering 
tijdens WD de vraag op, of zij een gunstige dan wel nadelige invloed hebben op de 
daaropvolgende zenuwregeneratie. Het onderzoek dat in dit hoofdstuk gepresenteerd 
wordt, poogt deze vraag te beantwoorden. Daartoe wordt het effect van C remming 
op regeneratie na een zenuwcrush onderzocht in C6-/- ratten en in ratten die een 
weeklang parenteraal zijn behandeld met sCR1. Herstel van de sensibele functie werd 
gemeten met behulp van de footflicktest, waarbij men een electrische prikkel aan de 
voetzool toedient. Men bepaalt de minimale stroomsterkte waarbij de rat zijn poot 
terugtrekt. De footflicktest werd wekelijks onderzocht, tot 5 weken na het letsel. 
Axonregeneratie werd gemeten door histologisch onderzoek van de n. tibialis 5 weken 
na het letsel en door retrograad merken van cellen in het dorsale ganglion 1 week na 
het letsel. Zowel de genetische als de farmacologische remming van C activering leidde 
tot sneller herstel van de sensibiliteit dan plaatsvond in controleratten, ingespoten 
met fosfaatgebufferd fysiologisch zout. Behandeling van C6-/- ratten met gezuiverd 
humaan C6 eiwit, reconstitueerde het wildtype. Neuropathologische analyse van 
de n. tibialis 5 weken na de crush liet zien dat C6 deficiëntie en sCR1 behandeling 
leidden tot betere regeneratie, gebleken uit axondiameters, myelinedikte en het 
aantal regeneratieclusters. Het aantal retrograad gelabelde dorsaleganglioncellen 
was in C6-/- beduidend groter dan in wildtype ratten. Dus versnelt remming van de 
posttraumatische C activering de axonregeneratie en het herstel van motorische en 
sensibele functies in een rattenmodel van n.ischiadicusletsel en kan deze behandeling 
misschien een nieuwe ingang opleveren tot functieherstel na zenuwletsels bij de 
mens.

In hoofdstuk 7 wordt de mogelijkheid onderzocht dat de C cascade betrokken is 
bij humane erfelijke motorische en sensibele neuropathieën (HMSN). Secundair 
axonenverlies is een belangrijke invaliditeitsfactor bij HMSNs. Of het C systeem 
betrokken is bij deze chronische ziekten was onbekend. Zenuwbiopten van patiënten 
en van een muizenmodel werden onderzocht op C activatie. Afzettingen van 
geactiveerde C componenten en van MAC werden aangetroffen in de humane en de 
muizenbiopten. Dus is C geactiveerd in een HMSN type en in een muizenmodel en 
kan het een rol spelen in de pathogenese.
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avere portato un pó di sapore italiano in questa vita olandese. E’ difficile dimenticare 
quella cena da “Cinema paradiso”... Sonia, quante risate anche per niente!!!!! Non 
cambiare mai la tua segreteria telefonica! Ogni volta che la ascolto mi mette il buon 
umore.
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riferimento quale sei sempre stata. Grazie per avermi lasciato la serenitá necessaria a 
percorrere il mio cammino nonostante tutto... E’ una grande prova d’amore e lezione 
di vita che oggi porta ad un altro risultato ancora, e che ancora una volta devo a te. 
Ed é con enorme gratutidine che mi rivolgo a mio padre. Papá, non servono le tue 
parole per capire quanto tu sia orgoglioso di me. Anche se purtroppo non potrai essere 
presente di persona alla cerimonia per il mio dottorato, sento con forza il tuo sostegno. 
Luca, grazie per il continuo supporto ed ammirazione. In qualunque posto io vada, 
sappi che ti aspetto! 

Michael, my dear, thank you for everything.
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