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Complement activation in neurodegenerative disorders 

Structures of the nervous system 

The nervous system is commonly divided into central and peripheral components. The 
central nervous system (CNS), located within the skull and spinal canal, consists of the brain, 
retinae, optic nerves, optic tracts and the spinal cord. The peripheral nervous system (PNS) 
consists of cranial nerves, afferent dorsal roots and efferent ventral root contiguous with 
peripheral nerves that run back and forth between CNS and muscles, organs and skin.     

It is not only the location and the connections with the target organs that make a 
difference between CNS and PNS. There are also differences in structure: the brain contains 
layers of neurons and supportive cells that form networks. In the spinal cord large bundles of 
neurons run from top to bottom and vice versa.  

The PNS is different; it consists of nerves, or nerve bundles, which are made up by long 
axons that connect muscle, skin or organs to the central nervous system. Neuronal cell bodies 
are located in two distinct locations, the sensory neuron cell bodies lie close to spinal cord in so 
called dorsal root ganglions (DRGs); the cell bodies of motor neurons are located in the ventral 
part of the spinal cord. Their axons extend from this location all the way to their target. Axons 
can be over a meter long. Peripheral nerves consist of axon bundles, myelinated and 
unmyelinated, surrounded by the perineurium. Multiple bundles together form the nerve, which 
is enclosed by another layer of connective tissue, called the epineurium (for a schematic view of 
a peripheral nerve see Fig. 1).  

Both the CNS and PNS are able to regenerate their axons after damage. However, their 
capacities to do so are different. The nerves in the PNS readily regenerate after injury or damage, 
but the axons in the CNS are often incapable of regeneration. A part of this difference is 
attributed to the differences in the interneural connections between the CNS and the PNS. As 
stated above the CNS is build up as a complex network of neuronal interactions and supportive 
cells, whereas the PNS contains long “single” axons connecting in a single lined fashion.  

There are other factors that influence the capacity of nerves to regenerate. The myelin 
associated glycoprotein (MAG), present in CNS myelin, inhibits neurite outgrowth (Tang et al., 
1997). MAG is not present in the myelin of the PNS. Furthermore, the space inside the tissues of 
the CNS is limited, therefore there could be more hinder of edema, within the damage area. In 
the PNS growth factors and inhibitors direct the axons towards their target (Cai et al., 1999; Xu 
et al., 1997). If the epineurium is not broken, the neurites will reside inside the endoneurial tube 
and grow in the right direction, where they eventually reconnect with a target. As with all new 
axons, only the ones that have reconnected will eventually survive (de Medinaceli L. and 
Rawlings, 1987).  

When the peripheral nerve is damaged, it will degenerate distally from the point of 
injury. During this process myelin is degraded and axons are lost. Schwann cells dedifferentiate 
into a more progenitor-like phenotype. This process of degeneration was first described by 
Augustus Waller in 1850 and therefore called Wallerian Degeneration (WD) (Waller, 1850). It is 
recognizable under the microscope, because the myelin forms ovoids during degeneration; 
these ovoids are taken up by phagocytes, such as macrophages or in the absence of phagocytes 
by Schwann cells themselves. After the axons and myelin sheaths have broken down, the 
regeneration process starts. During this process the Schwann cells reprogram to a more 
progenitor-like state. They secrete extracellular matrix proteins such as laminin and they will 
align inside the endoneurial tube (Chen et al., 2005; Chen and Strickland, 2003).   
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Axons sprout from the damaged tip and grow towards the target (Koltzenburg and 
Bendszus, 2004; Lichtman and Fraser, 2001; Verma et al., 2005). Guidance proteins, a 
combination of growth factors and repellent proteins, are expressed along the endoneurial tract 
to force the growth into one direction (Pan et al., 2003). Axons of the peripheral nerves can 
grow with a maximum speed of 1-3 mm a day (Wood et al., 2011; Waller, 1850). During this 
axonal regeneration phase the Schwann cells engage in a one to one relationship with an axon 
and start the remyelination process (Chen et al., 2005). At the end, ideally, each neuron will have 
established contact with its target.  

Neuro-inflammation 

It has long been thought that the nervous system, especially the central nervous system 
was immune-privileged, meaning shielded from blood-derived inflammatory cells and factors by 
the blood-brain-barrier. However, it becomes more and more clear that this is not the case. In 
the CNS the immune system is activated during disease and neurodegeneration, this will be 
discussed in further detail below. Additionally, it is shown that during WD in peripheral nerves 
the innate system is activated. Many studies show that endoneurial immune cells become 
activated whilst inflammatory factors and cells from the blood stream are found in the 
diseased nervous system (Ginsberg et al., 2004; Karanth et al., 2006; McGeer and McGeer, 
2001;Wang et al., 2006; Zilka et al., 2006; Zipp and Aktas, 2006). In nervous tissue many 
inflammatory proteins are found during disease and degeneration. These proteins can either be 
produced by endoneurial or blood-derived cells, lymphoid tissue or liver; some of the 
inflammatory proteins are produced by nervous tissue itself. One of the important factors in 
neural inflammation is the complement system. 

Complement system 

The complement system, a highly conserved part of the innate immune system, consists 
of a cascade of self-cleaving proteases that act as a first line of defense against pathogens 
(Sjoberg et al., 2009; Ricklin et al., 2010; Morgan, 2000). The complement system, a key 
component of innate immunity, defends against infections and disposes of dead or dying cells. 
Because complement can harm self-tissue, activation is tightly controlled by regulators to 
eliminate pathogens or damaged cells without injuring the host. In addition, complement 
activation may link innate to adaptive immune responses.  

Figure 1: Schematic representation of the 
anatomy of the peripheral nerve: Peripheral 
nerves are mad up from axons ensheated by 
myelin, bundles of these axons are grouped 
together and surrounded by the endoneurium. 
Several bundles in their endoneurium are 
enclosed by the perineurium. These in turn are 
enclosed by the epineurium that outlines the 
peripheral nerve. All parts of the nerve are 
vascularized by microvasculature and the 
interior of the nerve is protected by a tight 
barrier called the Blood-Nerve barrier (Image 
obtained from: 
http://bme240.eng.uci.edu/students/10s /
mklopfer/anatomy.html).  
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Complement activation in neurodegenerative disorders 

The complement system can be activated via three pathways, the classical, lectin and 
alternative pathway (Fig. 2). The classical and lectin pathways are initiated by pattern 
recognition proteins (PRPs). PRPs recognize repeating patterns on membranes, so called 
pathogen-associated membrane patterns (PAMP). In case of the classical activation pathway this 
is done by C1q which recognizes antigen/antibody complexes. Upon recognition the proteins 
become active and associate with proteolytic components, C1r and C1s. The lectin pathway is 
activated by the binding of mannose binding lectin, which recognizes mannose (sugar) patterns. 
Upon binding the membrane associated serine protease 2 (MASP2), a proteolytic component, 
becomes active.  The proteases, C1q-r-s and MBL-MASP2 complexes, cleave C2 and C4 protein 
that can in turn associate and form the C3 convertase (C4bC2b complex). C3 is the main effector 
molecule of the complement cascade. All pathways converge at the level of C3 cleavage. C3 
convertase cleaves the C3 in C3a and C3b, C3b associates with the C4bC2b complex forming C5 
convertase (C4bC2bC3b), which cleaves C5, into C5a and C5b. C5b acts as an anchor molecule 
for the membrane attack complex, a pore forming structure consisting of C5b-C6-C7-C8 and C9 
(MAC or C5b-9). Additionally, anaphylatoxins C3a and C5a are powerful inducers of 
proinflammatory cytokines and induce attraction of phagocytes. The activators of both the 
classical and the lectin pathway are membrane bound. In contrast, the alternative pathway is 
activated in fluid phase by spontaneous conversion of the C3 molecule into its active component. 
The C3b alone is highly unstable, but can associate with factor B, which is cleaved by factor D, to 
form the active C3bBb convertase. This C3bBb is a C3 convertase, which binds to membranes; 
this binding is stabilized by Properdin. On foreign cells the amount of C3bBb rapidly increases, 
but is strictly regulated on self-targets. A potent regulator of the alternative pathway is factor H, 
which induces a fast turn-over of the C3bBb complex, by breaking the link between C3b and the 
Bb proteins. Additionally, factor H also works on membrane-bound C3bBb by allowing binding of 
yet another regulator of the complement system factor I, which degrades C3b (for a detailed 
review on the complement system see Ricklin et al., 2010). When this balance between 
activation and inhibition is disrupted, complement activation causes injury and contributes to 
pathology in various diseases (Harris et al., 2012). One must keep in mind that activation of the 
alternative pathway accounts for approximately 80% of the complement activity, even if the 
initial activation occurred via either the classical or the lectin pathway (Brouwer et al., 2006). 
Complement activation during neurodegenerative processes is mainly activated via the classical 
and the alternative pathways.  

Complement and neuro-inflammation 

Activation of the complement system is often seen in the nervous system after damage 
or in disease. In the PNS activation of the complement system is found after damage by 
traumatic injury or in diseases, such as Charcot-Marie-Tooth (CMT) (Gabriel et al., 2002). After 
traumatic injury or in CMT, deposition of components of the complement system, such as C1q, 
C3 and MAC is observed on neuronal cells (Ramaglia et al., 2007; Ramaglia et al., 2008a). There 
are indications that initiation of the complement system and signaling via several receptors 
contribute to the damage. For example, complement activation can attract and activate 
phagocytes and induce a full-blown immune response. Complement activation can trigger 
attraction and diapedesis of adaptive immune cells and induce production of several pro- and 
anti-inflammatory cytokines, chemokines and interleukins (Ruohonen et al., 2005). The primary 
goal, to obtain clearance of dead cells and debris, might overshoot and, as a consequence, 
excess damage to the neuronal structure can occur.  
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Figure 2: Schematic representation of the complement system: Direction of reactions is shown by arrows, inhibitors are 
shown in the gray squares, and cofactors are shown in the grey rounds. Both Classical pathway and Lectin pathway are 
mostly membrane bound. The Alternative pathway initiation takes place in the fluid phase. 

Complement activation modifies neurodegeneration 

Evidence that complement plays a dual role in neurodegeneration is confirmed by 
findings that report a beneficial effect of initial complement activation, but during later stages of 
disease, activation of the complement system results in more degeneration (Alexander et al., 
2008). 

In a rat sciatic nerve crush injury model, the complement system is responsible for rapid 
Wallerian degeneration (WD) (Ramaglia et al., 2007). These studies also showed that 
complement activation also influences the subsequent regeneration after injury of the 
peripheral nerves. Degeneration and regeneration were determined in a crush injury model of 
the sciatic nerve in rats that are C6 sufficient (WT) and rats which are C6 deficient (C6-/-). The C6-

/- animals have a 31-bp deletion in the C6 gene resulting in production of a non-functional mRNA. 
These  C6-/- animals are able to activate the upstream complement system including C3 and C5 
splicing, but are unable to form MAC. This experiment demonstrated that active complement 
components, C1q and C3 appeared within one day after sciatic nerve crush in WT animals. MAC 
was found as early as 24h PI. The degeneration was quite profound at 72h PI and sensory 
recovery took almost 4 weeks. The C6-/- rats displayed a slower WD than the WT animals. C6-/- 
animals also showed a decreased amount of infiltrated and activated macrophages in affected 
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Complement activation in neurodegenerative disorders 

nerve (Ramaglia et al., 2007). Surprisingly, regeneration was faster in C6-/- animals compared to 
WTs; Time to full recovery in the C6-/- animals was approximately 2-3 weeks in contrast to WTs in 
which the recovery time was approximately 3-4 weeks. Additionally, at the end of the 
experiment the regenerated nerves of the C6-/- showed a better morphology: they exhibited 
more large myelinated fibers and smaller inter axonal spacing, resembling uninjured controls 
rather than WT animals. When the C6-/- animals were reconstituted with functional C6, WD, 
regeneration and morphology returned to pattern found in WT animals (Ramaglia et al., 2009b). 
A delay in WD was also found when complement inhibition was obtained by pharmacological 
inhibition with a recombinant soluble complement receptor 1 (sCR1), which resulted in 
protection against early axon loss during nerve degeneration (Ramaglia et al., 2008b).  

Another study demonstrated that mice lacking the complement regulator CD59a, which 
regulates MAC deposition, showed an exacerbated WD phenotype (Ramaglia et al., 2009a) after 
nerve crush. This was characterized by a more rapid degeneration and more influx and presence 
of activated macrophages in the damaged nerves. 

The findings on the modifying role of the complement system in neurodegeneration are 
supported by various genetic studies. This demonstrates how regulation of complement 
activation and the activation state of the complement system affect degeneration and 
regeneration of the nerve. Variations in complement activation state might affect the 
susceptibility to and the outcome of peripheral nerve disease. Polymorphisms in complement 
inhibitors can affect their regulatory capacity (Ferreira et al., 2010). For example, age-related 
macula degeneration (ARMD) can be triggered by an inappropriate activation of the 
complement system (Anderson et al., 2010), linked to a single amino acid polymorphism in the 
CFH (Y402H), as shown by GWAS  (Haines et al., 2005). Studies done on the Y402H 
polymorphism in a population of ARMD patients showed that it may account for a substantial 
portion of the ARMD in individuals (Despriet et al., 2006). Especially, when the Y402H mutation 
coincides with mutations in other genes of the complement system, for example C3. The C3 
polymorphisms R102G and P314L are also associated with ARMD outcome (Despriet et al., 2009). 
In contrast, the presence of isoleucin on codon 62 (Ile62) in CCP1 domain of CFH is protective for 
the development of ARMD. In contrast the presence of a valine on codon 62 (Val62) is associated 
with a poor prognosis (Tortajada et al., 2009). 

Neuro-inflammation 

Not only complement is activated during the disease or damage processes of the 
nervous system. It is known is that the complement system can act as a switch between the 
innate and adaptive immune systems. Induction of the adaptive immune response results from 
signaling via complement factors and their receptors on specific cells, resulting in production 
and secretion of interleukins, chemokines and cytokines, secondary complement effects. One of 
the effects of complement activation is the attraction and activation. Other effects that 
complement activation can have is the induction of antigen presentation, the attraction of 
leukocytes and trigger activation of these cells as well as the production of various inflammatory 
factors such as cytokines, chemokines and interleukins, via direct and indirect signaling. 

A genetic study in the rat nerve crush model has demonstrated production of various 
interleukins (Ruohonen et al., 2005), amongst which IL1, IL2, IL12, IL17 and IL18 (Menge et al., 
2001) as well as an array of cytokines, for example Ccl2, also known as MCP1, a powerful 
macrophage attractant. All these factors contribute to or are an indication of the evoking of an 
adaptive immune response. 
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Benefits of complement inhibition? 

We have previously described that inhibition of the terminal complement complex 
(MAC) in crush injured nerves of rats resulted in a less severe degeneration and improved 
regeneration. It is unclear why the inability to form MAC causes those effects, but there are 
several possible explanations. One is that long term (over)activity of the complement system, 
possibly induces collateral damage secondary to the initial physical damage. Another 
explanation is that reduction in influx of hematogenous macrophages results in a more subtle 
clearance of myelin by Schwann cells, which contributes to minimize secondary damage. Along 
the same line, we can argue that the lack of macrophage activation in the degenerating C6-/- 
nerve is also another reason for the faster recovery. Maybe the macrophages destroy too much 
of the structure of the peripheral nerve that would give guidance to the regenerating axons.  

In this thesis we investigate the mechanism via which complement deficiency results in 
improved regeneration of peripheral nerves after injury.  

In chapter 2 of this thesis we describe the role of macrophages in degeneration of the 
peripheral nerve after crush injury. We wanted to determine whether macrophages are 
responsible for the effect that MAC has on degeneration and regeneration of the peripheral 
nerve after crush injury or if MAC itself is responsible for this effect? To determine the 
attribution of macrophages to WD we used a sciatic nerve crush injury model in WT rats. In 
these rats we depleted the hematogenous macrophages by administration of clodronate-
containing liposomes. This study showed that following sciatic nerve crush injury myelin 
clearance was delayed in nerves of macrophage-depleted animals. Macrophage depletion had 
no effect on the axonal degeneration after injury. We found that at 72h after the crush injury all 
nerves showed complement activation, with or without the presence of macrophages. This 
indicates that after crush injury the complement system is activated regardless of macrophage 
presence. However, the amount of C9 deposition was lower in macrophage-depleted animals 
than PBS treated animals. The levels of C9 deposition positively correlated with the amount of 
macrophages in the nerve at 5 mm distal of the crush. This suggests that macrophage activation 
contributes to MAC deposition in neurodegeneration.  

In chapter 3 we analyzed expression profiles of uninjured and crushed sciatic nerves 
and their DRGs from WT and C6-/- rats. We isolated mRNA from the uninjured and injured nerves 
and DRGs at 72 h PI. A microarray analysis was used to determine the changes in gene 
expression after crush injury. We used mRNA from DRGs to analyze the changes in sensory 
neuron gene expression and isolated mRNA of the sciatic nerve that represents the changes in 
gene expression at the crush site. Many biological pathways are regulated after crush. We 
focused our analysis to the pathways and genes associated with the immune system and 
inflammatory responses. Additionally we looked at changes in genes associated with neurite 
outgrowth and extracellular remodeling. This genetic analysis revealed a difference between WT 
and C6-/- animals in their response to damage. The data showed that WT animals display an M1 
macrophage phenotype and presence of Th1 cells. Both associated with a pro-inflammatory 
response. C6-/- animals showed an M2 macrophage response to nerve crush. Presence of IL10 
suggests a role for Th2 cells. Additionally, markers for pro-inflammatory Th17 cells suggest the 
C6-/- animals use T cell driven clearance of damaged structures rather than macrophage-driven 
clearance of damaged structures. Presence of CD25 in C6-/- animals indicates that regulatory T 
cells are also present in the damaged nerves, probably to inhibit a pro-inflammatory T cell 
response.  

14 



Complement activation in neurodegenerative disorders 

Next to the analysis of neurodegeneration and regeneration by morphological and 
molecular techniques, we developed a model for ex vivo analysis of nerve function.  This new 
method to study functional changes during the degeneration and regeneration process is 
described in chapter 4. We compared the new method of ex vivo electrophysiology with 
traditional methods to study peripheral nerve degeneration and regeneration after injury. We 
delivered a crush with a standardized intensity and measured the ability of the nerve to 
generate a compound action potential along its entire length at several time points PI. The 
findings were compared with morphological data obtained by immunohistochemistry and with 
functional recovery data obtained using an in vivo test for sensory recovery. We concluded that 
our method corresponds with findings obtained with traditional methods. Our method, however, 
is a good addition to the current tools to study the degeneration and subsequent regeneration 
of peripheral nerves after injury, because it provides more detailed information on early 
functional recovery and allows researchers to monitor the functional recovery along the entire 
length of the nerve starting as early as 48 h PI (Sta et al., 2014). 

This method is used in chapter 5 to determine whether the observed effect of faster 
sensory recovery in C6-/- rats after crush injury is caused by the inability to form MAC or if it is 
attributable to an intrinsic difference in regrowth properties between the two rat strains. We 
used a sciatic nerve crush injury model in which the activation of the complement system is 
minor, while still sufficient damage is delivered to induce WD. In this way, the crush delivered in 
this experiment could be used to determine the contribution of C6 status and genetic 
background on axonal regrowth. We found no difference in regrowth properties, onset and 
propagation between WT and C6-/- animals. WT and C6-/- animal showed similar morphology 
throughout the degeneration and regeneration process. The functional characteristics of the 
nerves and sensory recovery were similar throughout the experiment as well.  The data 
presented in this chapter shows that complement C6 deficiency on its own does not alter axonal 
regrowth after sciatic nerve injury.  This proves that the faster recovery after nerve crush in the 
C6-/- animals previously observed is due to the inability to form MAC and not due to an 
underlying trait that causes C6-/- peripheral nerves to regenerate faster after injury.     

In chapter 6 we determined the effect of C6 deficiency on the degeneration and 
regeneration of peripheral nerves after a transection-resuture injury. A transection-resuture 
injury differs from a crush injury, because transection disrupts the epineurium and the blood-
nerve barrier. The area of initial damage to the axons and myelin is much smaller in the 
transection-resuture (0.1 mm wide), than in the crush injury (2.0 mm wide).   

In this model WD progressed slowly from the site of injury distally. At 72 h PI, 
degradation of myelin and axons was observed at and right adjacent to the transection site, but 
had not spread further distally. The influx of blood-derived cells was also limited to the 
transection site, but the numbers of cells were very high. The complement system was less 
activated in transected-resutured nerves than in crush-injured nerves. Functionally and 
morphologically WT and C6-/- crushed nerves recovered equally well. 

The complicated role of complement in the central nervous system 

In the CNS complement activation is also observed. In the CNS complement activation 
has a dual role. In the healthy central nervous system, complement activation is necessary for 
synaptic remodeling, especially during the embryonic development (Stevens et al 2007a). 
Complement activation is also observed during various neurodegenerative diseases of the CNS, 
such as Alzheimer’s disease (AD) (Eikelenboom et al., 1988; Farkas et al., 2003; Kolev et al., 
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2009; Nerl et al., 1982; Veerhuis et al., 1998; Webster et al., 2000; Zhou et al., 2008), Parkinson’s 
disease (PD)(Goldknopf et al., 2006), Huntington disease (HD), amyotrophic lateral sclerosis 
(ALS)(Nerl et al., 1984; Goldknopf et al., 2006; Morgan et al., 1984; Sta et al., 2011; Woodruff et 
al., 2008), multiple sclerosis (MS)(Morgan et al., 1984), traumatic brain injury (TBI) and age 
related macular degeneration (ARMD)  (Camara-Lemarroy et al., 2010; Zipp and Aktas, 2006). 
The activation of complement during neurodegeneration in the CNS is either neuroprotective 
or destructive (Sjoberg et al., 2009). This has been described in various animal models 
mimicking neurodegenerative diseases, in which complement activation was found at different 
stages of disease progression (Alexander et al., 2008; Martini and Toyka, 2004; Morgan and 
Gasque, 1996; Ramaglia and Baas, 2009). A short overview of the animal models and the findings 
on complement timing are shown in table 1. 

The protective and destructive nature of complement activation in neurodegenerative 
disorders is illustrated by a mouse model of AD (Alexander et al., 2008).  During the early stages 
of the disease, complement activation is beneficial. In the mouse model for AD C1q and C3 
target amyloid beta plaques. Maier et al. (2008) found that deficiency for C3 accelerates amyloid 
plaque deposition and modifies microglia and macrophage phenotypes.  

In later stages of AD, chronic complement activation is associated with more 
neurodegeneration (Alexander et al., 2008). In addition, mice that received C5aR antagonists 
showed better memory scores and less plaque deposition (Fonseca et al., 2004b). Similar 
findings were obtained in the SOD1-mutant rat, a model of ALS where C5aR antagonist 
treatment increased neuronal survival (Woodruff et al., 2008). In contrast, deficiency for C1q did 
not alter neuronal survival in a SOD1 G37R mutant mouse (Lobsiger et al., 2013).  

Complement activation in the nervous system is not always destructive, it helps to 
maintain homeostasis in the brain (Nayak et al., 2010). Additionally, it has been described that 
C1q plays an important role in the developing brain, where it is involved in synapse remodeling. 
This process is necessary to decrease the amount of initial synapses formed during 
development (Yuzaki, 2010; Fourgeaud and Boulanger, 2007). For example, mice with a deletion 
in the C1q gene (C1q-/-), showed abnormal projection of retinal ganglion cells (RGCs) on the 
neurons of the lateral geniculate nucleus (LGN). Normally, the LGN neurons are innervated by 
only 1-2 RGCs, whereas in the C1q-/- mouse the embryonic situation is maintained, LGN neurons 
that are innervated by multiple (ten or more) RGCs (Chu et al., 2010; Stevens et al., 2007; 
Fourgeaud and Boulanger, 2007). Similar results were obtained from C3 deficient animals. The 
findings in the animal models are also true for the human diseases. Studies showed that brain 
and spinal cord tissue of ALS patients, both sporadic (sALS) and familial (fALS) showed positivity 
for complement components C1q, C3 and MAC. We also found that C1q and C4 were produced 
by neurons and microglia inside the spinal cord of these patients (Sta et al. 2011 (chapter 7). 
Additionally, it is shown that remaining muscle endplates of deceased ALS patients showed 
positivity for MAC (unpublished data:  N. Bahia El idrissi et al. 2014). In AD patients depositions 
of C1q and C3 were found on plaques in brain, Complement activation is also observed spinal 
cord of MS patients and in brain from epileptic patients.  

The complement system is able to trigger the adaptive immune response in the CNS as 
well; various studies report evidence of an adaptive immune response during neurodegenerative 
disease. For example: in MS evidence of a massive macrophage/phagocyte influx is observed in 
the lesions of patients’ spinal cord tissue (Vogel et al., 2014). 
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Animal model Disease mimic  Complement  References 

Mouse (SOD1 
G93A) 

Amyotrophic 
lateral 
sclerosis (ALS) 

- C1q, C3 found in spinal cord during 
asymptomatic and symptomatic stages of the 
disease.  

- Unable to detect MAC during any stage of the 
disease in the spinal cord. 

- MAC positivity observed on neuromuscular 
junctions in the SOD1 mouse model. 

(Heurich et al., 2011), 

Unpublished results M. 
Sta 

El Baha al Idrissi et al., 
2014 (unpublished) 

Mouse (SOD1 
G37A) 

ALS No improvement of neuronal survival in 
absence of C1q, during disease progression. 

(Lobsiger et al., 2013) 

Rat (human 
SOD1 (G93A)) 

ALS - Inhibition of complement activity by 
treatment with C5aR antagonist increases 
neuronal survival. 

(Woodruff et al., 2008) 

Rat (PVG), mouse 
(BalbC) 

Traumatic 
brain injury 
(TBI) 

- Brains show positivity for C1q, C3 and MAC as 
early as 24h PI. 

- Inhibition of complement improves neuronal 
survival after TBI. 

(Fluiter et al., 2014) 

(Leinhase et al., 2006) 

Mouse (C57 Bl6) 
with multicopy 
PMP22 

Chronic 
demyelinating 
poly 
neuropathy 

- Nerves are positive for C1q, C3 and MAC. (de Jonge et al., 2004) 

Mouse Alzheimer’s 
disease 

-  C1q is found on plaques in preclinical AD 

- Absence of C1q is neuroprotective in AD 

- Early and late phase of the disease C3 
deposition on amyloid beta plaques, 

- C3 deposition protective during early phases; 
absence of C3 exacerbated disease progression. 
During late stages of disease presence of 
complement is associated with rapid 
progression.  

- Treatment of mice with anti-C5aR antagonists 
is protective.  

(Alexander et al., 2008; 
Fonseca et al., 2004a; 
Fonseca et al., 2004b) 

(Alexander et al., 2008; 
Maier et al., 2008; 
Zhou et al., 2008) 

(Fonseca et al., 2004b) 

Mouse - 
Experimental 
autoimmune 
encephalitis 
(EAE) 

Multiple 
sclerosis (MS) 

- Complement positivity was observed in the 
affected areas.  

- MBL mediated complement activation 

- A key factor in the neurodegenerative 
processes ongoing in disease and trauma.  

- Genetic deletion of inhibitors accelerates 
disease progression. 

(Ingram et al., 2009) 

(Kwok et al., 2011) 

(Hundgeburth et al., 

2013; Rus et al., 2005) 

(Ramaglia et al., 2012) 

Table 1: Examples of Complement system activation in animal models of neurodegenerative diseases. 

In the cerebrospinal fluid of relapsing remitting (RR) MS patients, regulation of IL1beta, 
IL6, IL12, IL4 IL10, IL17, TNF-alpha and IFN-gamma is reported. These cytokines are associated 
with the disease state in RR MS patients. IL6, IL12, IL4 and IFN-gamma are upregulated in RR MS 
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patients; IL10 and TNF alpha are associated with the inactive phase of the disease (Kallaur et al., 
2013). 

Uncertainties and our research: 

In this thesis project, we studied complement activation in a neurodegenerative disease 
of the CNS. We studied whether complement activation was associated with the progression 
rate, motor neuron loss, in sporadic amyotrophic lateral sclerosis (sALS). 

ALS is a motor neuron disease, hallmarked by the progressive loss of motor neurons in 
the spinal cord and motor cortex. Until now the mechanisms of the disease are largely unknown. 
Some genetic mutations are associated with the development of ALS, such as mutations in 
superoxide dismutase 1 (SOD1), FUS, DCTN1, VAPB, VCP, ANG, FIG4, C9orf72, OPTIN, TARDBP, 
SQSTM1, UBQLN2, PFN1, DCTN1, ERBB4, UNC13A, Alsin, SETX, SPG11, SigMAR1, CHMP2B, DAO 
(for a full list of known genes, see review Finsterer et al 2014). Mutations found in familial ALS 
(fALS) are associated with increased tendency to form misfolded or aggregated proteins 
(Trippier et al., 2012) as well as genes that are associated with RNA-processing proteins (Verma 
and Tandan, 2013; Verma, 2013). Other factors also play a role in disease development, like 
glutamate excitotoxicity (Milanese et al., 2013). Findings in SOD1 mutant rats showed that 
activation of the complement system occurs and that inhibiting signaling of the complement 5 
protein and its receptor improved motor neuron survival (Woodruff et al., 2008).  In contrast, 
studies in a SOD1 G37R mutant mouse showed that there was no effect of the depletion of C1q, 
and the inhibition of the classical complement activation pathway, on the motor neuron 
degeneration and synapse loss. Additionally, this study showed that depletion of C3 did not 
affect the progression of motor neuron degeneration either (Lobsiger et al., 2013). So there is no 
simple explanation for the role of complement in ALS in animal models. 

In chapters 7 and 8 we discuss the activation of the innate and adaptive immune system 
in sALS patients, as well as findings on the expression and presence of toll-like receptors (TLRs) in 
ALS patients. TLRs, first described in fruit flies, are part of the innate immune system and trigger 
adaptive immune responses specific for the type of infection. TLRs are so called pattern 
recognition receptors (PRRs). The different TLRs all recognize their own specific target for 
example some TLRs recognize single stranded RNA, whereas others recognize bacterial factors 
such as Lipo-poly-saccharide (LPS) (Medzhitov and Janeway, Jr., 2000; Medzhitov, 2013; Iwasaki 
and Medzhitov, 2004; Barton and Medzhitov, 2002; Barton and Medzhitov, 2003). Because all 
TLRs have their specific target, determining which TLRs are activated might be a good tool to 
predict what process or infection with what pathogenic agent triggers ALS. Our findings in the 
studies of the innate and adaptive immunity in ALS showed that there was evidence of 
complement activation in the spinal cord and motor cortex of all sALS patients. Presence of C1q, 
C3c and C5b-9 was observed on motor neurons in spinal cord and motor cortex. We found that 
C1q and C4 are produced by neurons and microglia in the ALS patients. Additionally, we found 
evidence of a cellular adaptive immune response in the sALS patients. Immature and mature 
dendritic cells, CD3+, CD8+ positive T lymphocytes, HLA-DR and CD68+ cells were found in spinal 
cord and motor cortex (Sta et al., 2011). 

We found higher levels of complement activation in fast progressing ALS compared to 
cases with a slow progression. In both forms, complement activation is a general indicator of 
neurodegeneration. We also found that the presence of adapted immune cells were associated 
with disease progression. Dendritic cells inside the spinal cord were associated with a rapid 
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progression of the disease, whereas the presence of CD8+ T cells was higher in slowly 
progressing ALS patients. 

In the last chapter, chapter 9, of this thesis we discuss our findings against the 
background of what we know about complement in neuronal degeneration and regeneration. 
How our data contribute to the knowledge of the function of complement activation during 
neurodegeneration and how these processes can be influenced by complement deficiency or 
inhibition. There are more indications that the amount of initial complement activation is 
important for the outcome of disease progression (Lobsiger et al., 2013). There are indications 
that in a crush injury model, the amount of initial complement activation is, at least partially, 
dependent on the amount of myelin and axonal damage in the nerve. We should consider the 
factors amount and timing of complement activation before using complement inhibition to 
promote peripheral nerve regeneration, since it is only applicable in a case of substantial and/or 
chronic activation of the complement system. In summary: we conclude that controlling 
complement activation might provide a powerful tool to delay neurodegenerative diseases, by 
allowing early activation and inhibition at later stages. We speculate that variation in the activity 
of complement inhibitors will affect disease outcome.  

Amount and timing 

The data presented in this thesis combined with the existing knowledge on complement 
in the nervous system suggest that the amount and timing of complement activation affects the 
outcome of neuronal degeneration and regeneration. From our work and that of others, we 
propose the following model: Early complement activation in neurodegenerative diseases slows 
down the disease progression because the amount of complement activation is low. Long-term 
activation of the complement system, or complement activation at a later stage in the disease is 
almost always associated with poorer outcome. Thus the timing of complement activation is 
important, because during later stages of disease, more target areas are available which might 
result in a massive over-activation of the complement system. Additionally, chronic activation of 
the complement system will trigger unwanted responses of the adaptive immune system or 
other cellular responses that lead to collateral damage (Zipfel, 2009; Morgan, 2000).  

Our hypothesis predicts that it is important to prevent long term activation of the 
complement system. This is supported by the findings that defects in regulatory molecules of the 
complement system, which result in excess activation, are associated with susceptibility for 
neurodegenerative disease (Alexander et al., 2008; Morgan and Gasque, 1996; Morgan et al., 
1997). The findings on ARMD show that in those cases, where there is a deficiency for one of the 
inhibitors of the membrane attack complex, like factor H, disease progression is more severe 
(Despriet et al., 2006; Ferreira et al., 2010).  

The main message of this hypothesis is: The timing, duration and amount of 
complement activation should be considered if complement inhibition is used in therapy for 
neurodegenerative disorders. 

Implications for future treatments 

Therapeutic intervention in the complement cascade is possible. There are many 
separate targets and inhibition can be done at several stages in the cascade. In view of the 
important role of the complement system in the defense against infections, complete inhibition 
is not preferable. In fact, individuals deficient for components of the classical, lectin and 
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alternative pathway, C3 or C5 have a compromised immune system. However, individuals with a 
deficiency in components of the terminal pathway (C6, C7, C8 and C9) have no complaints, 
except a slightly increased susceptibility for meningitis.  

Thus for therapeutic intervention, one could target all enzymatic cleaving steps to 
inhibit complement activation. A prime target is at the terminal part of the complement cascade, 
the step of MAC formation. This will only inhibit MAC formation while retaining all the upstream 
properties of complement activation. Complement activation as described above has several 
functions, like attracting and activating macrophages and bridging between the innate and 
adaptive immune systems. Inhibiting just the terminal part of the complement cascade is 
therefore less intrusive for patients. An additional advantage is that all three the complement 
activation pathways are inhibited, because the final common pathway of complement activation 
is MAC formation. 

Future studies should focus on the genetic variation in complement regulators and their 
effect on the disease progression. This will not only provide more insight on the contribution of 
complement regulators on neurodegeneration, but also allow a personalized approach to 
complement targeted therapies to improve patients’ conditions. A condition where complement 
inhibition might be directly applied to is traumatic brain and nerve injury. In these cases 
complement inhibition might prove especially powerful to improve the outcome of neuronal 
regeneration, since substantial initial damage may occur when an overshoot of complement 
activation is present. 
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Abstract 

Background: Deficiency for complement component C6 results in slower Wallerian degeneration 
(WD) and rapid nerve regeneration after crush injury in rats. C6 is essential for the formation of 
the membrane attack complex. C6 deficient rats are unable to form this complex, but retain 
upstream complement effector functions. Though capable to attract macrophages to the 
damage site, C6 deficient animals show significantly lower amounts of activated macrophages in 
the damaged nerve compared to WT animals.  

Hypothesis: The lowered amount of activated macrophages in injured peripheral nerves is 
responsible for the delayed WD in C6-/- rats. 

Method: WT animals were depleted of circulating macrophages by treatment with clodronate-
containing liposomes before and after the sciatic nerve crush injury. PBS-containing liposomes 
and PBS were used as controls.  

Results: Macrophage-depleted animals showed delayed myelin clearance, but the extent of 
axonal damage was unchanged compared to animals treated with PBS or liposomes only. In 
addition, depletion of macrophages reduced the amount of complement deposition in the 
injured nerves.  

Conclusion: Activated macrophages in the nerve are responsible for rapid myelin clearance 
during WD and increase complement activation in the injured nerve. However, macrophage 
depletion did not delay axonal degeneration during WD.   
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Introduction 

After injury, peripheral nerves undergo Wallerian degeneration (WD), a process in 
which the nerve degenerates completely from the first node of Ranvier proximal of the damage 
site, all the way to the distal end (Waller, 1850). During WD the nerve undergoes profound 
changes: axons degenerate, myelin is removed and Schwann cells dedifferentiate. Furthermore, 
macrophages are attracted to the nerve and activated to remove debris (Hirata and Kawabuchi, 
2002). The dedifferentiated Schwann cells will align inside the endoneurial tube, where they 
provide a framework along which new axon sprouts can grow (Chen et al., 2005). Eventually, 
Schwann cells proliferate, engage in a one to one relationship with an axon and start the 
remyelination process.  

The complement system, part of innate immunity, is activated during WD (Alexander et 
al., 2008; Bonifati and Kishore, 2007; de Jonge et al., 2004; Morgan et al., 1997; Ramaglia and 
Baas, 2009). The complement system is a cascade of self-cleaving proteases. The cleaved 
complement proteins have several effector functions (for a full description see (Ricklin et al., 
2010)); they opsonize damaged structures (e.g. C3b), attract phagocytes (e.g. C3a and C5a), and 
form the membrane attack complex (MAC), a pore-forming structure, also known as the 
terminal complement complex or C5b-9. It is thought that activation of the complement system 
facilitates efficient clearance of the debris in the degenerating nerve.  

We previously showed that in a rat sciatic nerve crush injury model WD was delayed 
when complement activation or MAC formation was prevented (Ramaglia et al., 2007; Ramaglia 
et al., 2008). Deletion or inhibition of complement protected the injured nerve from loss of 
myelin and axonal damage. In addition, the number of macrophages in the damaged nerves was 
reduced and the macrophages were not activated as measured by the absence of the 
cd11b/cd18 surface marker. Despite the delayed clearance of myelin debris, the complement 
inhibited or C6 deficient animals showed fast regeneration (Ramaglia et al., 2009); a surprising 
finding, in view of the notorious inhibitory properties of myelin debris on axonal outgrowth 
(Shen et al., 1998).  

Furthermore, the morphology of the regenerated nerves in the complement inhibited 
or deficient animals was improved, showing more large caliber fibers and better myelination of 
the nerve fibres (Ramaglia et al., 2009). 

The mechanism that is responsible for the improved regeneration of injured nerves in 
these complement inhibited or deficient animals is not well understood. Possible explanations 
for the observed improved regeneration are: 1) complement-mediated damage to the nerves is 
reduced or 2) macrophages-mediated damage to the nerves is reduced in the complement 
deficient animals.  

In this study we addressed the role of infiltrating macrophages during post-traumatic 
WD. Therefore, we depleted complement sufficient rats of hematogenous macrophages 24 
hours prior to and 18 hours after crush injury of the sciatic nerve by intravenous administration 
of clodronate containing liposomes. Nerve degeneration was studied by quantifying the amount 
of myelin and axonal damage, complement activation and macrophages. To exclude effects from 
liposomes, we included control groups, which received either PBS-containing liposomes or PBS 
alone. Furthermore, the spleen and lymph nodes were analyzed for the presence of 
macrophages in order to determine the effect of clodronate on peripheral macrophages.  
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These experiments allowed us to determine the role of macrophages in post-traumatic 
sciatic nerve degeneration. Our findings suggest that macrophages are responsible for rapid 
myelin clearance, but macrophage depletion does not alter axonal damage and clearance. 

Materials and methods 

In vivo depletion of macrophages: 

The experiment was approved by the Animal Ethical Committee of the AMC (DNL1000 – 
100729). 24 Wild type PVG rats (HSD, Germany) were injected intravenously with 2ml of the 
treatment solution. For depletion of macrophages a solution of liposomes containing 
dichloromethylenediphophonate (also known as clodronate)(ClodLip b.v., 
clodronateliposomes.com, the Netherlands) was used (9 rats), as a control for the liposomes a 
PBS liposome solution (ClodLip b.v.) was used (9 rats). Six rats, treated with PBS only were 
included as placebo group. Intravenous injections were given twice; 24 hours (hrs) before and 18 
hrs. after crush injury. Crush injury: the sciatic nerve of the right hind leg was crushed under 
isoflurane anesthesia and temgesic analgesia, by crushing for 3 times 10 seconds (Ramaglia et al., 
2007). Animals were housed in filter top Perspex cages with food and water ad libitum. To 
determine the extent of nerve degeneration, 3 animals per group were killed at 3 days (d) after 
crush; left and right sciatic nerves, spleen and lymph nodes from the groin and thorax were 
processed for paraffin embedding. The effectivity of the treatment was assessed by 
immunohistochemical analysis for CD68+ cells which confirmed reduction of macrophages in 
spleen and lymph nodes. Immunohistochemical analysis was done to verify whether the 
depletion of macrophages with the clodronate liposomes was successful.  

Immunohistochemistry 

Paraffin embedded tissue was processed. Sections of 6µm for nerve, 5µm for lymph 
node and 3µm for spleen were mounted on Superfrost slides and kept to dry overnight at 37°C. 

Antigen Type Dilution Art. #/ company 

Rat-CD68 (ED1) Mouse monoclonal 1:100 AbD Serotec (Oxford, United Kingdom) 

MBP Rabbit polyclonal 1:100 DAKO (Glostrup, Denmark) 

Phosphorylated 
neurofilament (SMI31 clone) 

Mouse monoclonal 1:10000 Covance Inc. (Rotterdam, the Netherlands) 

C9 Rabbit polyclonal 1:300 B.P. Morgan (Cardiff, UK) 

Table 1: Primary antibodies used for immunohistochemistry. 

Sections were deparaffinized and endogenous peroxidase activity was blocked using 
methanol/0.3% H2O2. Slides were washed and antigens were retrieved by heat in Tris/EDTA 
buffer [100 mM Tris, 10mM EDTA pH 6.5] for 13 minutes (’) in microwave. Antigen was targeted 
with primary antibodies (see table 1) for 90’ at room temperature (RT). The primary antibody 
was detected by incubation with a secondary antibody, either biotinylated (DAKO, Glostrup, 
Denmark) or directly fluorescent labeled (Invitrogen, Carlsbad, USA), for 30’ at RT. In case of a 
biotinylated secondary antibody, slides were washed and incubated with streptavidin-HRP 
(DAKO) for 20’ at RT. Detection was done by incubating the slides with 0.05% 3-amino-9-
ethylcarbazole in acetate buffer (pH 5) for 5 minutes, followed by a counterstain with 
hematoxylin for 30 seconds. Slides were mounted in Kaiser’s glycerin gelatin (Merck, Darmstadt, 
Germany). In case of a directly fluorescent labeled secondary antibody, slides were 
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counterstained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich, St 
Louis, USA) and enclosed in Vectashield Hard Set mounting medium (Vector Laboratories Inc., 
Burlingame, USA).   

Quantification of sections 

To determine the amount of CD68 positive cells per area, we stained and analyzed 5 
non- consecutive sections, with a minimum interspace of 30µm to avoid double counting. CD68+ 
cells that contained a nucleus in the same plane were counted manually per nerve section. The 
area analyzed was measured in square microns using ImagePro Plus 7.0 “measurement” tool. 
Per section, the total amount of CD68+ cells per mm2 was calculated [total count of CD68+ cells 
per section/ area of the section]. Per nerve, all CD68/mm2 were averaged and used for statistical 
analysis.   

Quantification of C9 positivity: Low magnification pictures of sections stained with the 
C9 antibody were processed in ImagePro, using the measurement setting “percentage positive 
per area”. The nerve area was encircled and the color, which identified C9 positivity, was 
assigned. The percentage of positive area was calculated and exported to Excel for statistical 
analysis.  

Statistics 

For statistical analysis on macrophage count we performed a one way ANOVA with 
Bonferonni correction for multiple testing, assuming normal distribution. Changes were 
considered statistically significant if P < 0.05. To calculate the correlation between the amount of 
C9 deposition and the amount of CD68+ macrophages we used the Pearson’s Rho correlation 
coefficient.  

Results 

Clodronate liposome treatment depletes macrophages in peripheral lymphoid organs 

Animals received intravenous injections of clodronate-containing liposomes, PBS-
containing liposomes or PBS alone 1 day prior to the crush and 18 hours after the crush. Nerves 
were harvested at 3 days post-injury (d PI). The efficiency of the macrophage depletion was 
assessed by the reduction of macrophages in spleen and lymph nodes. The 
immunohistochemical assessment of spleen (Fig. 1) and lymph nodes (not shown) showed 
macrophage depletion in clodronate treated animals was successful. The amount of observed 
CD68+ cells is much lower in clodronate treated animals (1C) compared to PBS (1A) and PBS 
liposome (1B) treated animals. A similar decrease of CD68+ cells was observed in the lymph 
nodes (not shown).   

Clodronate liposome treatment decreases influx of blood-derived macrophages in the injured 
nerve 

To determine the amount of infiltrated and phagocytic (activated) macrophages inside 
the injured peripheral nerve at 5 mm distal of the crush site, we stained for macrophages and 
myelin (Fig. 2). PBS only treated animals showed enlarged and foamy macrophages with 
inclusions of myelin positive debris, as shown by the colocalization of the CD68 and the MBP 
signals, indicating phagocytosis of myelin by active macrophages (arrows, 2B). Similar amounts 
of CD68+ cells and signs of phagocytosis (arrows, 2C) were observed in animals treated with PBS 
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liposomes. In contrast to the two control groups, animals treated with clodronate liposomes 
showed reduced amount of CD68+ cells with a small and quiescent morphology, lacking signs of 
phagocytosis (arrow: Fig. 2D).  

Figure 2: Cross sections of sciatic nerves stained for myelin (MBP; Green) and macrophages (CD68; Red) 5mm distal of 
crush injury site. A) Uninjured nerve, does not show any CD68 staining and shows normal myelin; B) Injured nerve of PBS 
treated animals, many CD68 positive (+) cells are found, containing myelin (arrows); C) Injured nerve of PBS liposome 
treated animal, shows CD68+ cells containing myelin (arrows). The amount of damaged myelin is consistent with the 
quantification shown in figure 2 (B > C > D); D) Injured nerve of clodronate liposome treated animal, some CD68+ cells are 
found, but much smaller in size than those found in B and C. Additionally, the CD68+ cells in the clodronate liposome 
treated animals did not contain myelin (arrow).  

Quantification of the amount of macrophages at 3 d PI, showed a robust and significant 
(77%, P < 0.01) reduction in the amount of CD68+ cells in the nerves of clodronate liposome 

Figure 1: CD68 in spleen sections at 
3 d PI. A) WT spleen. B) PBS 
liposome spleen and C) Clodronate 
liposome spleen. A-B) show CD68+ 

cells throughout the section. Spleens 
from animals treated with 
clodronate liposomes showed a 
dramatic decrease in nuclei, and few 
CD68+ cells.  
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treated animals (88 ± 39 CD68+ cells/mm2) compared to PBS (387 ±  201 CD68+ cells/mm2) and 
PBS liposome  (290 ± 82 CD68+ cells/mm2) treated controls (fig. 3). PBS loaded liposomes had no 
significant effect on the amount of activated macrophages in the nerve. 
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Figure 4: Cross sections of sciatic nerves stained for myelin (MBP; Green) and neurofilament (SMI31, Red), 5mm distal 
of crush injury site at 3 d PI. A: uninjured nerve, same level as injured nerve sections. Normal dense, dotted 
neurofilament, ensheathed with ring-shaped myelin is visible within the nerve area. B) Injured nerve of PBS treated rat; C) 
Injured nerve of PBS containing liposome treated rat; D) Injured nerve of clodronate containing liposome treated rat. In 
all injured nerves similar axonal damage is found, swollen and damaged neurofilament (red arrows). Damaged myelin is 
observed in all injured nerves (B, C, D: white arrows), but the amount of myelin loss is different; PBS and PBS liposome 
treated animals show reduced myelin staining compared to clodronate treated animals, indicating that myelin clearance 
is reduced in clodronate treated animals. 

Figure 3: Quantification of the amount of 
CD68+ cells in 5 non-consecutive sections of 
sciatic nerves 5mm distal of the crush site. 
Bars represent absolute count of positive cells 
divided by the scored surface area of the 
nerve per treatment condition. One-way 
ANOVA showed clodronate liposome treated 
animals had significantly less CD68+ cells per 
mm2 compared to controls (* = p < 0.01). 
Residual intraneural CD68+ cell count in 
clodronate liposome treated animals indicates 
that clodronate liposomes likely did not affect 
the resident endoneurial macrophage 
population but depleted blood and lymphoid 
organs from hematogenous macrophages 
without crossing the blood-nerve-barrier. 
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Macrophages are responsible for rapid myelin clearance 

To determine the contribution of macrophages to axonal damage and myelin clearance, 
crushed nerves were analyzed for the presence and morphology of neurofilament, as a marker 
of axons, and MBP as a marker of myelin, (Fig. 4) in nerve sections at 5 mm distal of the crush at 
3 d PI. In PBS (4B) and PBS liposome treated (4C) animals we found a decrease in the amount of 
myelin staining compared to controls (4A). Myelin that is still found in these nerves is partly 
collapsed (white arrows Fig. 4). We also observed damaged axons as indicated by the annulated 
neurofilament staining, consistent with collapsed axonal content (red arrows Fig. 4). 

Similar axonal damage was observed in the macrophage depleted animals (4D). 
However, in macrophage depleted animals less myelin degradation was found in the injured 
nerves compared to animals treated with PBS or PBS liposomes.  

Complement activation depends partly on presence of macrophages 

To determine the amount of complement activation in the injured nerves we stained 
for C9 a marker for the membrane attack complex (MAC) in tissue (Fluiter et al., 2014) and we 
quantified the amount of C9 immunoreactivity per area. All injured nerves showed C9 deposition. 
The amount of C9 deposition differed between PBS treated compared to macrophage-depleted 
animals at 3 d PI. Quantification of the C9 staining showed that the amount of C9 deposition was 
slightly reduced in macrophage depleted animals injured nerves compared to both control 
groups (Fig. 5). In addition, a trend was observed found between the C9 positivity (Fig. 5) and 
the amount of activated macrophages in the nerves at 3 d PI (Fig. 3), in which it seems positively 
correlated, calculation of R2 showed a coefficient of 0.96. 
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Discussion 

Our findings show that macrophages are responsible for rapid myelin clearance in the 
injured nerves, but do not affect the amount of axonal damage during WD.  

 Initial activation of the complement system was similar in all animals. All injured nerves 
showed C9 deposition at 3 d PI. However, the amount of C9 deposition remained low in 
macrophage depleted animals. More C9 deposition was found in animals treated with PBS. It is 

Figure 5: C9 deposition on cross sections of sciatic 
rat nerve. C9 is deposited in all injured nerves and 
the amount of C9 deposition differs from uninjured 
nerves (P < 0.05). All injured nerves show a basal 
level of C9 staining, which is (27% ± 8% C9 
positivity per area, macrophage depleted animals). 
C9 deposition is higher in PBS treated animals (54% 
± 6% C9 positivity per area). The amount of C9 
positivity per area is highly variable in PBS 
liposome treated animals (43% ± 32% C9 positivity 
per area), as indicated by the error bar (SEM). The 
difference in C9 deposition between PBS and 
clodronate liposome treated animals is significant 
(P<0.05), however the difference between either 
PBS or clodronate liposome treated animals is not 
significantly different from PBS liposome treated 
animals, although a trend is visible in the averages. 

36 



Macrophage depletion delays myelin clearance after peripheral nerve injury 

known that macrophages themselves are attracted by complement activation and become 
activated via complement and downstream effects of complement. Previous studies showed 
that in the absence of C9 (MAC) there was reduced influx and activation of macrophages. We 
found that in WT animals the amount of C9 deposition positively correlates with the amount of 
activated macrophages present in the injured nerve at 3 d PI (Fig. 3 and 5). We propose that in 
addition to being attracted and activated by complement, once activated, macrophages induce 
more complement activation in the injured nerves. The complement activation can be induced, 
either directly or indirectly, by exposing more complement activating epitopes.  

We found no difference in axonal damage after sciatic nerve injury between all 
treatment groups. This indicates that axonal damage after peripheral nerve injury is not directly 
mediated by macrophages.  

Previous studies comparing WD in WT and C6-/- rats showed that the C6-/- rats had a 
delay in both axonal and myelin degeneration during WD, as well as a lack of activated 
macrophages in the nerve 5 mm distal of the crush area at 3 d PI. Comparing the findings of the 
previous study to the current findings in the macrophage depleted animals we can conclude: the 
delay in WD observed in the C6-/- animals is only in part due to the lack of activated macrophages, 
which are responsible for rapid myelin clearance. The observed delay in axonal degradation in 
the C6-/- animals is not caused by the lack of activated macrophages but might be due to the 
inability to form MAC.  

Figure 6: Schematic representation of the events after peripheral nerve damage. Damage induces slow axonal 
degeneration and triggers Schwann cells to dedifferentiate and proliferate; damage induces complement activation as 
well. Upstream components of activated complement system attract macrophages and induce influx. Downstream 
components of activated complement, MAC, induce macrophage activation and rapid axonal degeneration. Activated 
macrophages are responsible for rapid myelin degradation, myelin clearance and induce more MAC deposition. 
Dedifferentiated, proliferated Schwann cells can display phagocytic properties, they can degrade and clear myelin too, 
but this process is slow.  

A schematic representation of the events, which occur after damage of the peripheral 
nerves by the key players, macrophages, complement and Schwann cells, is shown in figure 6. 
The complement system, specifically MAC, directly attacks the axons, resulting in axonal damage. 
This is underscored by the differences found in WD between wild type and complement 
deficient animals (Ramaglia et al., 2007). The difference in myelin clearance between WT and C6-

/- animals previously found is partly dependent on activation of the complement system and 
especially MAC formation. Activation of the complement system is most likely responsible for 
the attraction (via the upstream components C3a and C5a) and activation of macrophages (via 
the MAC). Rapid clearance of myelin is done by macrophages. Additionally, the presence of 
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activated macrophages results in more complement activation and more axonal damage as 
consequence of complement activation. The delayed WD observed in C6-/- rat reported in the 
study by Ramaglia et al. (2007) might be the result of the absence of activated macrophages, 
normally responsible for rapid myelin clearance. In the C6-/- animals other cell types like 
Schwann cells, must be responsible for myelin clearance (Fernandez-Valle et al., 1995; Gray et 
al., 2007; Hirata and Kawabuchi, 2002; Kobsar et al., 2006). Contributing to the reported 
difference in degeneration between WT and C6-/- animals is that activated macrophages 
themselves appear to induce more complement activation.  

Propagation of damage and degradation in injured sciatic nerves is initiated by 
complement activation; rapid degradation of axons is mediated by MAC. Inhibition of the 
complement system at the level of MAC formation, decreasing macrophage influx and inhibition 
of rapid axonal degradation might therefore be the most powerful tool to inhibit post-traumatic 
peripheral nerve degeneration. 

----------------------------------------------------------------------------------------------------------------------------- 
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Abstract 

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

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

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

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

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

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

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

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

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

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

Materials and methods 

Animals 

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

Surgery and nerve crush 

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

Tissue processing 

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

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

Microarray 

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

Gene profiling 

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

Quantative PCR (qPCR) 

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

C3 NM_016994 accctgattggagctaatgg tcacatccacccacactgag 10 

CD68 NM_001031638 acggacagcttacctttgga aatgtccactgtgctgcttg 21 

PTGDS NM_013015 attgttttcctgccccaac gacagagcacgggagtcct 9 

MBP NM_017026 atcccaaggaaaggggaga cttgccatgggagatcca 69 

PMP22 NM_017037 ggagctccaccagagaacat ctcacagcagaccagactcg 20 

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

Immunohistochemistry 

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

Target Antibody (clone) dilution development 

Complement factor H sh pAb 1:100 AP  

IBA1 m mAb 1:100 AP* 

Ccl5/RANTES r pAb 1:500 AP 

MCP1 g pAb 1:200 HRP 

CD4 m mAb 1:100 HRP 

MMP9 r pAb 1:400 HRP** 

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

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

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

Microscopy 

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

Results 

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

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

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

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

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

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

Structure Comparison Genes # 

 DRGs WTc vs WT72 3394 

C6c vs C672 4002 

Sciatic nerves WTc vs WT72 15318 

C6c vs C672 14790 

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

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

Complement gene expression 

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

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

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

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

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

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

C1qa 4.88 0.00E00 4.03 0.00E00 

C1qb 5.24 5.81E-01 2.63 0.00E00 

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

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

C2 2.07 4.92E-05 2.35 1.11E-24 

C3 4.50 0.00E00 6.00 0.00E00 

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

C4 5.43 0.00E00 2.35 0.00E00 

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

Cfd 2.27 0.00E00 2.66 0.00E00 

Cfh 2.56 3.46E-21 2.82 2.00E-04 

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

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

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

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

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

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

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

C3 4.44 6.38E-19 3.59 5.51E-11 

C3ar1 10.10 1.54E-21 8.15 3.46E-32 

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

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

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

Cd59 -3.92 2.89E-05 -3.02 0.00E00 

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

Cfh 3.70 8.36E-08 2.82 2.00E-05 

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

Serping1 -3.14 1.52E-36 -4.42 0.00E00 

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

Expression of chemokines, cytokines and interleukins 

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

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

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

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

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

Fos -4.97 8.71E-03 3.76 0.00E00 

Jun 3.78 0.00E00 4.86 0.00E00 

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

Camk1g -3.01 9.49E-14 -4.32 0.00E00 

Camk2a *** *** -2.32 0.00E00 

Ccl2 6.64 0.00E00 4.23 0.00E00 

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

Ccr5 3.04 0.00E00 4.23 0.00E00 

Ccl7 3.28 0.00E00 2.86 3.52E-37 

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

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

Plcg2 2.41 1.00E-05 2.41 3.61E-12 

Ppp1r12a 2.02 6.08E-12 2.35 1.24E-14 

Rras2 2.00 2.21E-02 2.00 2.01E-12 

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

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

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

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

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

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

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

Ccl2 10.74 0.00E00 6.52 0.00E00 

Ccl4 4.15 1.25E-11 4.18 2.5E-02 

Ccr5 11.47 9.72E-13 8.85 0.00E00 

Ccl7 7.33 1.34E-26 8.86 0.00E00 

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

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

Cxcr4 8.70 4.78E-34 8.73 2.55E-18 

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

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

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

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

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

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

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

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

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

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

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

DRG WTc vs WT72 C6c vs C672 

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

Il1b 2.65 2.67E-16 2.78 4.09E-37 

Il1r2 22.78 0.00E00 17.59 1.65E-30 

Il1ra 3.55 2.24E-08 4.21 4.03E-09 

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

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

Il6 13.30 0.00E00 16.67 0.00E00 

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

Il13ra1 3.17 3.23E-24 3.11 0.00E00 

IL18 2.03 3.48E-16 2.33 4.17E-30 

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

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

IL24 100 0.00E00 93.49 0.00E00 

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

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

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

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

Il1b 16.95 2.89E-18 27.13 2.14E-13 

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

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

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

IL1rl1 98.46 0.00E00 100 0.00E00 

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

Il1ra 16.38 2.24E-29 23.11 4.06E-17 

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

Il4ra 54.61 7.90E-17 8.47 1.73E-34 

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

Il6 6.72 2.87E-15 4.56 6.42E-12 

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

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

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

IL10ra 11.48 2.20E-06 18.55 2.06E-41 

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

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

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

Il13ra1 3.89 3.89E-34 2.82 3.33E-20 

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

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

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

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

Il17re -2.07 3.44E-07 -6.77 0.00E00 

Il18 11.67 0.00E00 7.23 0.00E00 

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

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

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

Il21r 9.55 3.93E-17 10.35 0.00E00 

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

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

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

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

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

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

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

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

Extracellular matrix alterations 

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

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

Cellular response to damage 

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

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

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

Acta1 -14.40 0.00E00 66.78 0.00E00 

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

Actn3 -5.97 0.00E00 15.65 0.00E00 

Arghgap9 3.99 7.10E-19 4.23 0.00E00 

Btk 4.13 5.00E-05 8.89 5.74E-12 

CD44 2.19 1.31E-09 2.93 1.18E-03 

Cld4 84.20 0.00E00 69.63 0.00E00 

Cldn7 3.53 1.32E-20 2.93 1.68E-03 

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

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

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

Cybb 3.07 3.14E-01 5.41 4.34E-28 

Icam21 2.09 0.00E00 *** *** 

Itgal 5.87 7.71E-02 6.66 8.66E-38 

Itgam 7.33 5.59E-03 7.61 4.28E-15 

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

Itgb2 3.37 7.33E-01 4.38 1.31E-09 

Mmp2 2.04 0.00E00 *** *** 

Mmp3 5.61 1.70E-04 24.42 8.40E-16 

Mmp9 *** *** 7.37 0.00E00 

Mmp12 9.48 0.00E00 13.33 1.54E-39 

Mmp13 *** *** 3.37 0.00E00 

Mmp16 4.88 0.00E00 5.48 0.00E00 

Plcg2 2.41 1.00E-05 2.41 3.61E-12 

Rac2 3.11 1.42E-06 4.05 3.00E-05 

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

Spn 2.77 3.17E-15 4.41 5.94E-26 

Timp1 5.34 0.00E00 6.07 1.59E-30 

Vav1 3.80 7.36E-19 5.98 7.21E-17 

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

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

Spn 4.40 3.53E-05 2.48 1.49E-02 

CD44 8.72 5.58E-06 3.83 2.00E-05 

Cdc42 2.18 2.25E-03 5.67 7.15E-11 

Cttn 2.98 5.00E-05 4.65 7.25E-14 

Ctnnb1 4.10 5.00E-05 7.24 2.25E-11 

Cxcr4 8.70 4.78E-34 8.73 2.55E-18 

Cyba 5.87 0.00E00 4.91 0.00E00 

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

Fert2 3.95 2.46E-12 3.43 2.01E-34 

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

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

Itgal 11.62 2.70E-04 10.21 2.94E-03 

Itgam 13.90 0.00E00 11.29 0.00E00 

Itgb2 38.96 9.11E-03 18.16 0.00E00 

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

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

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

Mmp9 79.38 0.00E00 83.75 0.00E00 

Ncf1 17.54 6.76E-16 9.22 9.46E-26 

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

Rac1 *** *** 2.92 0.00E00 

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

Rhoh *** *** 2.32 0.00E00 

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

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

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

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

Table 11: Leukocyte extravasation pathway gene regulation in sciatic nerves. Comparison of expression of genes 
involved in leukocyte extravasation pathway. 

63 



Part I: chapter 3 

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

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

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

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

Cd86 3.32 1.12E-35 6.16 1.09E-08 

Fcer1g 4.48 3.26E-27 4.39 0.00E00 

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

RT1Da 3.08 3.97E-12 2.35 3.07E-15 

Il6 13.30 0.00E00 16.67 0.00E00 

Il18 2.72 9.30E-03 2.96 2.83E-24 

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

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

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

Stat4 28.17 1.29E-29 6.84 1.10E-04 

Tgfb1 2.18 2.79E-32 2.45 0.00E00 

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

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

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

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

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

Regrowth signaling 

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

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

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

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

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

Cd86 3.06 1.03E-04 3.06 3.60E-04 

IL6 6.72 2.87E-10 4.55 6.42E-07 

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

Il18 11.67 0.00E00 9.12 0.00E00 

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

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

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

Il21r 9.55 3.93E-12 10.34 0.00E00 

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

Stat3 2.60 0.00E00 2.35 3.60E-04 

Tgfb1 2.75 6.51E-16 3.17 5.91E-19 

Tnf 5.56 2.82E-03 4.50 4.75E-03 

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

Discussion 

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

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

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

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

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

The gene expression analysis showed that chemokine signaling was altered in the 
response to damage. After injury there is a rapid recruitment of monocytes and macrophages to 
the site of injury and damaged nerves by Ccl2 (MCP1) and Ccl7. However, staining for Ccl2 
protein (Fig. 8) showed that the C6-/- injured nerves were virtually negative for Ccl2. Although 
mRNA levels were upregulated, the lack of positivity for Ccl2 protein indicates that the 

68 



Gene expression in peripheral nerves and DRG after crush injury 

translation into protein is regulated in C6-/- nerves at 3 d PI. The absence of Ccl2 protein results 
in reduced attraction of macrophages to the site of injury in the C6-/- nerves. This can explain 
previous findings, where low amounts of CD68/ED1 positive cells were observed in the C6-/-

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

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

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

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

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

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

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

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

Background: Peripheral nerve damage induces a sequence of degeneration and regeneration 
events with a specific time course that leads to (partial) functional recovery. Quantitative 
electrophysiological analysis of degeneration and recovery over time is essential to understand 
the process. 

New method: The presented ex vivo neurophysiological method evaluates functional recovery 
of the propagation of the compound action potential after crush injury of the rat sciatic nerve. A 
32-channel electrode array was used to monitor compound action potential propagation at time 
points between 1 hour and 35 days after semi-quantitative crush injury of the rat sciatic nerve. 

Results: The compound action potential was characterized by four measures: the latency, the 
duration, the amplitude and a measure that combined time and location. These four parameters 
reflected the subsequent steps in early axonal degradation, the transition to rapid degeneration 
followed by sprouting and the long period of remyelination that accompanied regeneration. 

Comparison with existing methods: The neurophysiology measures of the compound action 
potential were compared with the morphology of the nerve at representative time points and 
analysis of functional recovery of action potential propagation was compared with a behavioral 
test: the foot flick test. 

Conclusions: Our data suggests that the ex vivo electrophysiological method is complementary 
to the classical behavioral foot flick test in that it allows a detailed time analysis of the 
degeneration and early regeneration phases at a high spatial and temporal sensitivity. The 
results were well-matched with observations made with immunohistochemical and 
morphological methods. 
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Introduction 

Peripheral nerve injury is a common trauma and although peripheral nerves have the 
capacity to regenerate, functional recovery in humans after nerve injury is often poor (Wood et 
al., 2011). Damage to the peripheral nerve is followed by Wallerian degeneration (WD), a 
process during which myelin is removed from the axons and axons disintegrate distal to the site 
of injury (Bradl and Linington, 1996; Chen et al., 2007; Koltzenburg and Bendszus, 2004; Misgeld, 
2005; Stoll et al., 1989b; Stoll et al., 1989a). In the regeneration phase, the axon stumps located 
just proximal to the injured site grow sprouts (Verma et al., 2005); that extend distally along the 
basal lamina and ideally re-innervate their original target (Tomita et al., 2007). At the same time, 
remyelination engages the new axons in a one-to-one relationship with Schwann cells (Chen et 
al., 2005; Chen and Strickland, 2003). Regeneration as well as degeneration are studied with a 
wide range of (semi-quantitative) morphological, behavioral and electrophysiological techniques 
(Mazzer et al., 2008; Schiaveto de Souza et al., 2004). Morphological parameters such as axon 
diameter and the presence of myelin and neurofilament can be quantified during all phases of 
nerve recovery and they distinguish between normal and degrading myelin and axons. 
Remyelination can be visualized as well (Moore et al., 2012). Functional recovery is most often 
evaluated using behavioral assays such as the analysis of the walking track or the foot flick test 
which measures the propagation of sensory information from the periphery (Bain et al., 1989; de 
Medinaceli  et al., 1982).  

In animals with autotomy or contracture of the hind limbs, walking track analysis is 
difficult to perform as it relies on toe spread and print length to calculate the sciatic function 
index. Functional recovery measurements that rely on behavioral parameters can, in most 
instances, only provide information after the animal has regained sufficient nerve function in the 
extremities to perform the motor/sensory task. They provide little information during 
degeneration and early regeneration. In our behavioral experiments the foot flick test is used 
prior to and after inflicting the nerve injury but no functional response will be measured until at 
least a few axons have reached the foot sole (de Koning et al., 1986). 

Neurophysiological tools enable to quantify signal propagation in the nerve in vivo as 
well as ex vivo (Cragg and Thomas, 1957; Cragg and Thomas, 1964; Korte et al., 2011; Krarup et 
al., 1988; Krarup and Loeb, 1988; Kuypers et al., 1999; Loffredo et al., 2009; Martins et al., 2005; 
Wood et al., 2011). Continuous neurophysiological in vivo monitoring allows a longitudinal 
evaluation of the regeneration, but the spatial resolution is poor, since at best three or four 
electrodes can be implanted (Korte et al., 2011; Oguzhanoglu et al., 2010; Smit, 2006). Another 
drawback is that many in vivo electrophysiological methods require repeated anesthesia 
exposing the animal to substantial stress. Ex vivo methods can attain a higher spatial resolution 
using multi electrodes but are destructive, Jacobson and Guth, were among the first to describe 
an electrode grid for ex vivo electrophysiology (Jacobson and Guth, 1965).   

In this study, we analyzed the relations between electrophysiological, behavioral and 
morphological parameters of rat sciatic nerves after an induced crush injury. The measurements 
were performed at relevant time points during degeneration and regeneration, covering the 
changes that occurred from 1 hour to 35 days after the crush. Each time point was obtained in a 
separate group of animals. Evoked compound action potentials were recorded ex vivo at 32 
points at 1.8 mm intervals as they propagated along a crushed sciatic nerve. This allowed us to 
localize the crush site and we could determine the efficacy of the crush. We related the 
electrophysiological measurements to morphological and immuno-histochemical observations 
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made in the injured sciatic nerves. The functional recovery of nerve propagation was compared 
to the outcome of a traditional behavioral test for sensory recovery: the foot flick assay (de 
Koning et al., 1986; van der Hoop et al., 1988). 

Materials and methods 

 Animals and experimental design 

Twelve-week old male wild type (WT) WT Piebold Virol Glaxo (PVG) rats (Harlan, 
UK)(www.harlan.com, 2013) of approximately 250 g were used in this study. Care and use of the 
animals in this study was approved by the Animal Care and Use Committee of the Academic 
Medical Center (AMC) of the University of Amsterdam and were according to European 
guidelines. Animals were housed in standard cages under standard conditions and received food 
and water ad libitum. 

Nerve crush 

For the crush injury, animals were anesthetized (2.5% Vol Isofurane, 2L/min O2). The 
left sciatic nerve was exposed and crushed above the splicing between the m. semimembranosus 
and m. vastus lateralis, 9.6 mm above the trifurcation. Calibrated force was exerted three times 
for a period of 10 s each with in-house modified anatomical forceps on which strain gauges were 
mounted, coupled to a read-out amplifier that provided feed-back to the experimenter. The 
forceps force was calibrated by applying force on a thin fluid-filled tube connected to a pressure 
meter; nerves were crushed by about 5.34 N over the 1.5 mm size of the forceps. The right 
sciatic nerve served as a control and was treated in the same way except for the crush. Crush 
and control site were marked with non-toxic dye (East India Ink, Talens, NL). After surgery, the 
wounds were closed and animals received subcutaneous injections of 0.05 mg/kg Temgesic (0.3 
mg/ml buprenorfin hydrochlorid; Reckitt Benckiser, RB pharmaceuticals, Slough Berkhire, UK) for 
three consecutive days after surgery. Animals were tested at eleven time points after the crush 
injury (early degeneration: 1, 3, 6 hours post injury (h PI); rapid degeneration: 1, 2, and 3 days PI 
(d PI); regeneration: 7, 14, 21, 28 and 35 d PI. Time points were chosen as in previous studies: at 
3 d PI and 7 d PI the degeneration is most intense; earlier time points have not been extensively 
studied before (Ramaglia et al., 2007; Ramaglia et al., 2008). 

Sensory recovery 

Sensory recovery was assessed in vivo with a foot flick test. An electrical stimulus was 
given at a fixed position on the rat’s paw (de Koning et al., 1986). The threshold stimulus current 
for paw retraction was determined in the intensity range from 20 to 50 µA. The same foot flick 
assay was applied to the control leg. Threshold values are expressed as a percentage of normal 
value in control. To avoid conditioning, animals were tested with and without current, and also 
the response to the sound of the switch was tested (van der Hoop et al., 1988). These tests prior 
to the actual measurement were also performed to prevent confounding due to hyperalgesia 
and allodynia; animals were not tested if hyper responsiveness or hypo responsiveness occurred. 
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Figure 1: Schematic representation of the electrode grid and nerve sections. A: Schematic overview of the 32 electrode 
grid and the placement of the sciatic/tibial nerve (yellow line) on the grid. The crush site was always placed in between 
electrode 16 and 17 (e-16/17), indicated by the black bar on the nerve. The stimulating electrodes for sciatic stimulation 
were the two most proximal electrodes on the left hand side and for tibial stimulation the two most distal electrodes on 
the right hand side were used. B: Schematic overview of the nerve sections studied with immunohistochemistry and 
quantification of neurofilament and myelin. To study morphology in the regeneration phase, nerves were divided into 5 
mm sections, starting from the distal edge of the crush site (dark spot) in distal and proximal direction. 1 = proximal, 2 = 
crush area, 3 = close distal and 4 = far distal. Direction of sectioning is indicated by the arrows below. 6 µm sections were 
used for histological analysis. C: Picture of the ex vivo recording set up with a nerve placed on the 32 electrode grid. 

Ex vivo electrophysiology 

After crush the animals were allowed to recover for 1 hour to 28 days before they were 
killed with 300 µl 20% Pentobarbital sodium (Produlab pharma, Raamsdonksveer, The 
Netherlands) cardially injected under deep isoflurane anesthesia. Both left and right hind leg 
sciatic and tibial nerves, still connected at the trifurcation, were dissected. Excess fat and 
connective tissue were removed and the nerves were transferred within 12 minutes after death 
into a 0.9% saline solution at room temperature. Nerves were kept in saline solution until the 
start of the recording session on the electrode array.  

Compound action potentials (CAPs) were recorded with a custom-made 32-channel 
silver-wire electrode-array (inter electrode distance 1.8 mm) in an airtight, moisturized holder 
(Fig. 1A, C). Two electrodes of choice (mostly the electrodes on the most proximal or most distal 
side of the nerve) were used to apply a biphasic voltage stimulus (Fig. 1A). The orientation of the 
nerve on the electrode-array was standardized in that the marked crush site was put between 
electrode 16 and 17 (Fig. 1A). 

Electrical stimulation and simultaneous CAP recording was done by custom-made 
software (MATLAB, The MathWorks, Inc., Natick, MA) that controlled a data acquisition system 

81 



Part I: chapter 4 

(NI-6259, National Instruments, Austin, TX) with digital-analog conversion for the stimulation 
(500 kHz sampling rate) on two electrodes of choice (Fig. 1A) and analog-digital conversion for 
recording (25 kHz sampling rate) on the remaining 30 channels. 

Charged-balanced biphasic rectangular voltage pulses with phase durations of 100 µs 
and an interphase gap of 100 µs were used for stimulation . Stimuli of different intensities were 
applied while the CAP was simultaneously recorded from each electrode against a chosen 
common reference (one of the electrodes) as it propagated over the nerve (Fig. 2A). Stimulus 
intensity varied between 0 and the intensity required to evoke a CAP of maximal amplitude 
(Vmax). We used the following values for Vmax: injured sciatic: 0.60 ± 0.30 V, uninjured sciatic: 0.71 
± 0.30 V, injured tibial: 0.99 ± 0.53 V and uninjured tibial: 0.73 ± 0.28 V. It took about 30 minutes 
to complete a full isolated nerve measurement protocol. No decline in response was seen during 
these measurements (Cappaert et al., 2013).  

CAP data processing 

The analysis of CAP propagation along the nerve was performed with custom-made 
software, written in MATLAB (Mathworks, Natick, USA). The scaled response to a sub-threshold 
stimulus was subtracted from each recording to suppress the stimulus artifact. To improve the 
signal to noise ratio, CAP recordings were averaged over five trials and they were filtered using a 
2-dimensional convolution with a rectangular space-time kernel (3.6 mm by 200 µs). 

To enhance the detection of the propagating wave front, we estimated the second 
order spatial derivative of the compound action potential (dCAP, Fig. 2B) at electrode k, using 
three adjacent electrodes (k-1, k, k+1) and assuming an identical inter-electrode distance Δx: 

 (1) 

dCAP is plotted as a function of position and time using a color-coded amplitude scale 
(yellow/red colors Fig. 2C). The distance between the contour levels is based on the standard 
deviation in the signal determined in a 300 ms time window before the stimulus pulse (Fig. 2C). 

Tissue processing 

Directly after the CAP recordings nerves were post-fixed in 4% paraformaldehyde and 
used for paraffin embedding. Nerves harvested at degeneration time points (0, 1, 3, 6 h PI and 1, 
2, 3 d PI) were embedded longitudinally to visualize the events around the crush. Nerves 
harvested at regeneration time points (7, 14, 21, 28 and 35 d PI) were embedded for cross 
sections. Before embedding of the cross sections, the nerves were divided into 5 mm sections, 
starting from the crush site, both proximally and distally. Nerve sections were embedded with 
their distal ends at the cutting plane (Fig. 1B).  
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Immunofluorescence 

Sections (6 µm) were deparaffinated using xylene and rehydrated in a decreasing 
ethanol range, with as final step aquadest. Antigen retrieval in the microwave was performed on 
all sections, for 3 minutes at 800W and 10 minutes at 440W in 10mM Tris/ 1mM EDTA (pH 6.5). 
Aspecific binding of antibodies was reduced using 10% normal serum in Tris buffered saline (TBS) 
of the secondary antibody host for 30 minutes. Primary antibodies were diluted in 1% bovine 
serum albumin (BSA) and incubated for 90 minutes (polyclonal rabbit anti-MBP (1:100), 
DakoCytomation, Glostrup, Denmark); monoclonal mouse anti-SMI31 (1:1000), (Covance, 
Rotterdam, NL). Primary antibodies were detected with directly conjugated goat-anti-rabbit-FITC 
or sheep-anti-mouse-Cy3 (Sigma-Aldrich, Saint Louis, MI). As a nuclear counterstain 4.6-
diamidine-2-phenylindole, dihydrochloride (DAPI) (blue, 280 nm) was used. Sections were 
mounted in vectashield (VECTOR, Burlingame, CA). A slide with only the secondary antibodies 
was used as a control in each staining. 

Microscopy and quantification 

Immunofluorescence was determined on a fluorescent microscope (Vanox AHBT3, 
Olympus) using 488 nm excitation for FITC, 568 nm excitation for Cy3 and 350 nm excitation for 
DAPI. Representative micrographs were taken at 20x and 40x magnification with a digital camera 
(DP12 camera, Olympus). Percentage of positivity for neurofilament and myelin staining in the 
cross sections of the regenerated nerves was quantified using the positive/area option in 
ImagePro 7.0 software (Media Cybernetics, Rockville, MD). 

Figure 2: Compound action potential 
propagation in an uninjured nerve. A: 
Compound action potential propagation as 
recorded from 30 electrodes as a response 
to a short biphasic stimulus given on 
electrode 1 and 2 (see Fig. 1A for lay-out 
details). During the stimulus (total duration 
300 
is indicated by the grey bar below the 
traces. B: Second order spatial derivative of 
the compound action potential (dCAP) 
profile given in A for the uninjured nerve. 
Note the early negative wave front that 
indicates the local start of the compound 
action potential. C: The data given in B 
represented in a color-coded time-space 
plot of the dCAP.  Stimulation was given at 
time point 1 ms and at location 0 mm. For 
clarity the stimulation artifact is blanked as 
in 2A and B and indicated by the grey 
horizontal bar below the graph. The 
compound action potential wave front 
propagates over the nerve, starting at the 
electrodes where the stimulus is given; 
decrease in amplitude and widening over 
time indicates dispersion.  
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Statistics 

All values are given as mean and the standard error of the mean (SEM). Direct 
comparisons are made with Student t-test unless otherwise mentioned. P < 0.05 is assumed to 
indicate a significant difference. 

Results 

Nerve morphology 

One hour after the crush (1 h PI) there was acute loss of myelin (MBP) and axons (NF) at 
the crush site (Fig. 3B), but there was no sign of cell infiltration in the damaged crush area and 
the distal and proximal parts of the nerve were still intact (Fig. 3A; supplementary Fig. 1A). At 3 h 
PI a thickening of the nerves was observed distal from the crush site, as well as strong swelling of 
the crush site (Fig. 3C). This swelling was decreased at 6 h PI (Fig. 3D), while the entire part of 
the nerve distal from the crush site remained swollen compared to the uninjured nerves. Early 
signs of myelin and axonal degeneration were found distal from the crush site. At 3 h PI 
accumulation of phagocytes was observed within the epineurium. Influx of cells was observed 
from 6 h PI onward (supplementary Fig. 1B).  

Figure 3: Neurofilament and myelin changes in the early degeneration phase. Representative photomicrographs of 
neurofilament (SMI31: red) and myelin basic protein (MBP: green) staining in the early degeneration phase. The nuclei 
are stained blue. The scale bar in A represents 30 µm: all images are taken at the same magnification. A: Proximal part of 
the nerve (portion 1 as indicated in Fig. 1B) at 1 h post injury (PI) showed normal morphology; myelin is located around 
the neurofilament. B: The crush site (portion 2 as indicated in Fig.1B) at 1 h PI showed slight changes compared to the 
control situation. Some axons were still surrounded by myelin, some axons showed axonal damage; myelin changes were 
observed at the crush edge. C: The crush site at 3 h PI. Notice the space in-between the axons, indicating swelling of the 
nerve. There was loss of normal morphology and presence of myelin ovoids. D: The crush site at 6 h PI: The swelling of 
the crush site was reduced within the crush area but other changes were similar to changes at 3 h PI (see C).  
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In the rapid degeneration phase (1 – 3 d PI) the nerve degenerated at the crush site as 
well as at the far distal nerve end. In the rapid degeneration phase substantial MBP and NF loss 
were found around the crush site. The loss of axons and myelin progressed further distal from 
the crush site compared to the early degeneration phase (Fig. 4) and a large fraction of the nerve 
was affected at 3 d PI. The changes in myelin and axons were also found just proximal of the 
crush site, showing ruffled myelin as well as unmyelinated axons. Progression further proximal 
from the nerve terminal was not observed. The numbers of infiltrated cells increased over time 
and concentrated within the crush area and further distal along the nerve (supplementary Fig. 
1C, D).  

Figure 4: Neurofilament and myelin changes in the rapid degeneration phase. Representative photomicrographs of 
neurofilament (SMI31: red) and myelin basic protein (MBP: green) staining in the rapid degeneration phase. The nuclei 
are stained blue. Scale bar in A represents 200µm; all images are taken at the same magnification. The insets are 
magnification (2.5x) of the panel.  A: The proximal part of the nerve (portion 1 as indicated in Fig.1B) at 1 day post injury 
(PI) showed normal morphology of axons and myelin. B: Crush site (portion 2 as indicated in Fig.1 B) at 1 day PI showed a 
lack of neurofilament positivity in the crush site, damaged axons as well as myelin degradation. Notice the large amount 
of nuclei inside the crush area (blue staining indicated by a plus sign) and some unmyelinated axons (*). C: Crush site at 2 
days PI, showed small calibre unmyelinated axons (*) which might represent newly growing axons in the crush area. 
Myelin debris was not completely cleared yet. At this time point, there was still an increase of nuclei inside the crush 
area (+). D: Crush site at 3 days PI. The myelin debris was almost entirely cleared and the crush area was negative for 
myelin. The amount of nuclei inside the crush area remained high (+).  

The regeneration phase (7 – 35 d PI) was characterized by axonal outgrowth observed 
as early as 7 d PI (Fig. 5A), although myelin debris was still present. Numbers of infiltrated 
phagocytes remained high until 35 d PI and peaked at 14 d PI (supplementary Fig. 1 E-I). The 
number of new axons and their diameter increased with time (compare Fig. 5B, C, D-E; new 
axons indicated by *). Remyelination was first found in the former crush area at 21 d PI (Fig. 5C). 
A similar sequence of events was observed in the areas distal of the crush site (supplementary 
Fig. 2), indicating a wave like pattern of degeneration, followed by axonal sprouting, enlarging of 
the axons and remyelination. 
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Figure 5: Neurofilament and myelin changes in the regeneration phase. Representative photomicrographs of 
neurofilament (SMI31: red) and myelin basic protein (MBP: green) staining in the crush area (portion 2 as indicated in Fig. 
1B) in the regeneration phase. The nuclei are stained blue. Scale bar in A represents 15.55µm; all images are taken at the 
same magnification. A: Myelin debris (D) was still found at the crush site at 7 d PI. Some new axons were observed 
(concentrated red dots, indicated with *) as well as degrading axons (large diffuse stained red structures, indicated with 
D). B: New axons (*) were found at the crush site at 14 d PI, as well as myelin debris (D) and remyelination (arrow). C: At 
21 d PI the remyelination process started (arrows) and the new axons (*) became thicker. There were more new sprouts 
found in clusters as well. D: Most new axons were myelinated (arrows) at 28 d PI and some clusters of unmyelinated 
axons were still observed (*). E: Compared to 28 d PI, 35 d PI showed no additional axonal changes, except for the 
amount and thickness of myelination (arrows) some axons remain unmyelinated (*). 

Recovery of sensory function 

Recovery of sensory function was monitored weekly using a foot flick test (Fig. 6). The 
first sensory recovery occurred at 17 d PI, but remained fairly small until 24 d PI. After 24 d PI, a 
rapid recovery of sensory function was observed in the animals. At 35 d PI animals showed a 
sensory recovery of 96 ± 4%, which is not distinguishable from control. 

Nerve conduction 

Stimulation at the proximal end of the nerve results in propagation of the induced CAP 
from the most proximal to the most distal part of the nerve (Fig. 2). During stimulation (total of 
300 µs) the signals in Fig. 2 and 7 are blanked for clarity. Figure 2 also illustrates the relation 
between the CAP (Fig. 2A) and its second order spatial derivative (here after called dCAP) in 
which the moving wave front can be more easily detected (Fig. 2B). Stimulation at the distal end 
of the nerve evoked a similar pattern, which started in the most distal part and traveled into the 
opposite direction. After crushing the nerve, the propagation pattern changed (Fig. 7A): At 1 – 
24 h PI the dCAP propagated along the proximal electrodes after stimulation at the most 
proximal electrode, but disappeared around the crush site. Stimulation at the most distal 
electrode evoked a propagating dCAP response only in the distal part of the nerve which did not 
propagate to the proximal part. We determined for each nerve at which electrode the dCAP 
disappeared in response to proximal (Fig. 7) and distal stimulation. In this way we could precisely 
localize the crush gap: the section of the nerve that can no longer propagate activity after the 
crush (Fig. 6). 

In the early degeneration (1 – 6 h PI), the dCAP did not propagate at all over the crush 
site (Fig. 6 and 7A). During the beginning of the rapid degeneration phase (24 h PI) the distal and 
proximal part (Fig. 6) of the nerve could still initiate and propagate the dCAP. Later on in the 
rapid degeneration phase (48 and 72 h PI) the dCAP could no longer be evoked in the distal part 
of the nerve and no recovery of dCAP inducibility by distal stimulation was observed during the 
regeneration phase (7 – 28 d PI; Fig. 6). However, by stimulation of the proximal part, the dCAP 
propagated further along the nerve with increasing time PI (Fig. 6 and 7B-D). The mean 
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regeneration rate was 0.2 mm/day based on a calculation that assumed a constant increase of 
the regenerated distance over time.  

Figure 6: Comparing ex vivo electrophysiology with foot flick test results. Change of the crush gap (represented in blue; 
left y-axis) and the normalized foot flick response (represented in red; right y-axis) after the crush. Error bars represent 
the SEM. The solid blue line shows the distance dCAP reached by sciatic stimulation (at – 24 mm); the dotted blue line 
shows the distance dCAP reached by tibial stimulation (at + 24 mm). The crush site is indicated by the dotted black line at 
distance 0 mm. Area between the two lines shows the crush gap, the section of the nerve that can no longer be activated 
by distal and proximal stimulation after the crush. A conduction block was observed at the crush site at time points 1 – 
24 h post injury (PI). Restoration of the CAP propagation in the damaged nerves was observed as early as 48 h PI, as the 
CAP response evoked in the proximal part propagated further along the nerve, crossing the crush site. Foot flick analysis 
(red line) showed that sensory recovery starts slowly at 7 d PI and only rapidly increased after 24 d PI. At 35 d PI sensory 
recovery was almost completed.  

Figure 7: Color coded space-time representation of dCAP propagation at different stages of 
degeneration/regeneration. The second order spatial derivative of the compound action potential (dCAP) as a function 
of space and time illustrates its propagation. The dCAP space-time profile in a crushed nerve recorded at 6 h PI, 3 d PI (B) 
14 d  PI (C) and 28 d PI (D). Amplitude is color coded as indicated by the bar at the right. The crush site is marked by a 
black dashed horizontal line. During the stimulus the signal is blanked. The compound action potential now clearly 
crosses the crush and propagates further into the distal portion of the crushed nerve site indicating recovery. 
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Properties of the dCAP 

During the degeneration and regeneration phases the shape of the dCAP changed. 
During the early degeneration (1 – 6 h PI; Fig. 8A, D, G, J) in a small proximal and distal region 
around the crush site, we found an increase in peak latency and a small decrease in dCAP width, 
dCAP peak amplitude and a related, slightly more stable amplitude measure, area under the 
dCAP curve (indicated as "surface"). This could indicate axonal loss at both sides of the crush. In 
the rapid degeneration phase (1 – 3 d PI; Fig. 8B, E, H, K) the peak latency increased even more 
but the peak amplitude and "surface" around the crush were not different from control. The 
part of the nerve more proximal to the crush showed an increase in dCAP peak amplitude, 
"surface" and dCAP width. This could indicate the switch from degeneration to regeneration. In 
the regeneration phase (Fig. 8C, F, I, L), the latency and the dCAP width are still larger than in 
controls. The dCAP peak amplitude and "surface" are hardly different from control. 

Figure 8: dCAP properties. The latency, peak amplitude, the width and the surface of the dCAP are determined 
measured with sciatic stimulation: A-C: The latency of the peak amplitude dCAP; D-F: The surface of the dCAP response; 
G-I: The peak amplitude of the dCAP and J-L: The width of the dCAP response. The left column (A, D, G and J) shows the 
results in the early degeneration phase (0-6 h post injury (PI)), the middle column (B, E, H and K) shows the results of the 
rapid degeneration phase (1- 3 d PI) and the right column (C, F, I and L) shows the results of the regeneration phase (7- 
35 d PI). In all graphs the black line represents the values measured on an uninjured control nerve. The error bars 
represent the SEM. 
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Relation between neurophysiological and immunohistochemistry parameter 

We quantified the percentage positivity per area for neurofilament and myelin staining 
in each 5 mm section. dCAP data was collected from all electrodes within the same 5 mm 
sections and the mean values of maximal dCAP amplitude and the "surface" were determined. 
As to be expected, higher values for neurofilament and myelin staining were indicative of a 
higher CAP signal. The variation on both techniques was so large that within a single distal 
section no clear correlation could be detected. The maximum electrode reached with proximal 
stimulation slowly increased over recovery time. There was no direct correlation between this 
time course and the steep increase observed in the foot flick response.  

Discussion 

Peripheral nerve injury in humans most often results in severe disability. Understanding 
and wherever possible facilitating regeneration is therefore of high relevance and animal models 
of degeneration/regeneration after nerve injury are a valid tool to this aim. The approach 
presented here focuses on functional aspects of action potential propagation in particular at the 
early stages of regeneration, around the injury site. The usual behavioral paradigms for 
regeneration provide little information in that stage since they measure recovery at the end of 
the extremities and therefore need substantial functional recovery before any response can be 
detected (Bain et al., 1989; de Koning et al., 1986; de Medinaceli  et al., 1982; van der Hoop et 
al., 1988). Immunohistochemistry on the other hand provides considerable information about 
ongoing processes, but gives no insight in their relevance for actual functional recovery. 

We followed degeneration and regeneration of the sciatic nerve after a well-defined 
crush injury with a neurophysiological ex vivo method that uses a medium resolution electrode 
array. Stimulation on two electrodes induced a compound action potential (CAP) in the nerve 
fiber that was simultaneously monitored on all other 30 electrodes. Although we realize that 
many factors are involved in the shape of this extracellularly recorded representation of the 
action potentials, it appeared to be quite reproducible and could be quantified with the 
following characteristic parameters: the latency, the amplitude, the width and the “surface”. We 
used the second derivative in space (dCAP) instead of the CAP which locates the moving wave 
front more precisely. The latency (from the moment of stimulation) is dependent on the 
distance to the stimulus electrode and directly reflects propagation speed. In the control 
situation, we see slowing of speed at the distal part of the nerve where the fibers taper. Besides 
the clear effect of nerve fiber diameter on propagation speed, it should also reflect the degree of 
myelination. 

The amplitude of the recorded response at least scales with the number of activated 
fibers. The width of the response, in particularly when it is substantially wider than a single 
action potential, originates from the dispersion in the fiber bundle, e.g., the variation in 
propagation speed; it is expected to increase with distance traveled. In addition to these 
parameters we also used the "surface", which is the time integral under the curve. This 
parameter is strongly related to the amplitude, but is less affected by noise and by dispersion. 

In the early degeneration (1 – 6 h PI) phase, it was still possible to induce a propagating 
dCAP in both the distal and the proximal part of the nerve. The properties of the dCAP were 
different from those in the control situation: smaller amplitude and “surface”, smaller width and 
longer latency. These changes indicate that the number of axons in the nerve section just 
proximal to the crush is smaller and/or that the axons have less myelin coating. The latter was 
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confirmed by our morphological data where the crushed nerves showed axonal and myelin 
degeneration and swelling of the crush location as has been often reported (Koltzenburg and 
Bendszus, 2004; Lichtman and Fraser, 2001; Misgeld, 2005; Misgeld and Kerschensteiner, 2006; 
Ramaglia et al., 2007).  

During the rapid degeneration phase (1 – 3 d PI) myelin and axonal losses expanded 
further distally. This is corroborated by the neurophysiological results: CAPs could no longer be 
evoked in the distal part of the nerve after 2 d PI. dCAP induction from the proximal end was still 
possible; propagation occurred although the dCAP just proximal to the crush site showed a 
higher amplitude, width and “surface” than controls. Compared to the early degeneration, the 
latency of the CAP increased even further. The increased CAP amplitude and “surface” most 
likely reflect the outgrowth of new axons. The individual axons in the proximal stump initiate 
approximately 5 sprouts during the recovery (Aitken et al., 1947; Mackinnon et al., 1991; 
Wolthers et al., 2005; Wood et al., 2011). These newly sprouted axons are known to have a 
smaller diameter than the surviving axons (Cragg and Thomas, 1957; Gutmann and Sanders, 
1943) and many are not yet myelinated, which would explain the larger width and longer latency 
of the CAP at this time point. This increased variation in the diameter of the axons and the 
variance in myelination, increase the variation in conduction speed and thus the width of the 
CAP.  

The fast degenerative phase is followed by a long-lasting phase of regeneration (7 – 28 
d PI) in which immunohistochemical, functional and neurophysiological results all support the 
slow extension of nerve fibers in distal direction (Li et al., 2008;Mackinnon et al., 
1991;Sunderland, 1947). In this phase the CAP propagates further and further across the crush 
site and the sensory function shows signs of recovery (Ikeda and Oka, 2012; Varejao et al., 2004). 
The histological data showed outgrowth of axons. The increase in MPB staining indicates gradual 
remyelination. The propagation velocity was reduced proximal to the crush site in the 
regeneration phase (Cragg and Thomas, 1961; Kuypers et al., 1999; Walbeehm et al., 2003), but, 
by the end of this phase, the latency tends to reach control values. That these values are not 
completely reached can be understood because the regenerated axons only regain their full 
diameter once they reach their target (Gordon and Stein, 1982b; Gordon and Stein, 1982a; 
Wood et al., 2011) and they also still have shorter internode distances (Ikeda and Oka, 2012; 
Korte et al., 2011; Wood et al., 2011). 

In this study we extrapolated a regeneration rate of 0.2 – 0.8 mm/day, which is lower 
than the rates reported by other studies: 1-3 mm/day (Gutmann et al., 1942; Sunderland, 1947; 
Wood et al., 2011). However, this is the recovery rate based on the findings on the ex vivo 
physiology, the restoration of the ability to propagate a dCAP. It reflects full functional recovery 
of the nerve bundle. The measurements used to calculate recovery speed in other studies reflect 
findings on behavioral tests. Additionally, it is known that the recovery time depends on the 
inflicted amount and type of nerve damage (Mazzer et al., 2008; Sarikcioglu et al., 2007), for 
example the regeneration time in a transection suture injury model is found to be 0.2-1 mm a 
day (Al-Majed et al., 2000). This could indicate that the damage inflicted on the nerve is quite 
severe in our experiment. 

It is tempting to correlate the neurophysiological assay with the outcome of the foot 
flick test. Until now, it was hard to obtain significant correlations between these parameters in 
the same study (Kanaya et al., 1996; Martins et al., 2005; Munro et al., 1998; Oliveira et al., 2001; 
Wolthers et al., 2005). Other studies did find correlations, but generally only between the same 
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class of evaluation methods (Kanaya et al., 1996; Martins et al., 2006; Munro et al., 1998; 
Oliveira et al., 2001; Wolthers et al., 2005). The explanation most likely lies in the fact that both 
types of evaluation have a highly non-linear relation to the time course of regeneration. The 
neurophysiological method is quite sensitive in early regeneration but not very distinctive in the 
late phase, where signals are large. The opposite is true for the behavioral test, which has hardly 
any sensitivity in the early phase, but is quite sensitive in the late phase, once neural 
connectivity has been re-established. Therefore we conclude that these two methods to 
evaluate degeneration and regeneration are complementary and should each be used in their 
optimal time window. In all instances (semi-quantitative) morphological data provides additional 
information, but needs the various modalities of functional evaluation in order to determine 
relevance. The  ex vivo electrode grid method provides detailed information on functional 
recovery in the early stages of degeneration and regeneration around the site of injury and along 
the entire length of the nerve, which makes it a useful tool to study the effects of modifiers for 
neurodegeneration and regeneration on the functionality of the nerve.   
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Supplementary figure 1: Phagocyte infiltration in the injured nerves over time (1h – 35 d PI). A-B representative 
photomicrographs of nerves at 3 and 6 h PI, phagocytes (CD68 positive cells; brown) are found in the perineurium, insert 
in A, but not inside the nerve at 3 h PI. Cells invade the nerve area at 6 h PI (B). C-I: representative photomicrographs of 
myelin (MBP: green) and phagocytes (CD68: red) at 1 – 35 d PI, nuclei are stained blue. Phagocytes accumulate inside the 
nerve and numbers increase over time (C, D, E, F) and peak at 14 d PI. Phagocytes show signs of myelin phagocytosis 
shown by colocalization of the CD68 with MBP (yellow). Phagocyte numbers decrease a little, but are still present in the 
injured nerves up to the end of the experiment at 35 d PI (G, I). 
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Supplementary figure 2: Morphological changes in different nerve portions at 14 and 28 d PI. Representative 
photomicrographs of neurofilament (SMI31: red) and myelin basic protein (MBP: green) staining in the crush area 
(portion numbers as indicated in Fig. 1B) in the regeneration phase. The nuclei are stained blue. Scale bar in A represents 
15.55µm; all images are taken at the same magnification. A) Nerve at 14 days post injury (d PI). Normal axonal and 
myelin morphology is shown proximal of the crush (1). The crush area (2) and distal nerve portions (3, 4) showed 
unmyelinated axons organized in groups (*) and the initiation of remyelination of new axons at the crush area (2: 14 d PI), 
indicated with an (arrow). B) Nerve at 28 d PI. Normal axonal and myelin morphology was found proximal of the crush 
(1). Remyelination was observed in the crush area (2) and all distal portions of the nerve (arrows) (3, 4). Some clusters of 
unmyelinated fibres were still found in the regenerated nerve (3: 28 d PI indicated by *). 
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Abstract 

Peripheral nerve injury leads to Wallerian degeneration, followed by regeneration, in which 
functionality and morphology of the nerve are restored. We previously described that deficiency 
for complement component C6, which prevents formation of the membrane attack complex, 
slows down degeneration and results in an earlier recovery of sensory function after sciatic 
nerve injury compared to WT animals. In this study, we determine whether C6-/- rats have an 
intrinsic trait that affects sciatic nerve regeneration after injury. To study the contribution of 
complement activation on degeneration and regeneration with only minimal effect of 
complement activation, a crush injury model with only modest complement deposition was used. 
We compared the morphological and functional aspects of crushed nerves during degeneration 
and regeneration in C6-/- and WT animals. Morphological changes of myelin and axons showed 
similar degeneration and regeneration patterns in WT and C6-/- injured nerves. Functional 
degeneration and regeneration, recorded by ex vivo electrophysiology and in vivo foot flick test, 
showed that the timeline of the restoration of nerve conduction and sensory recovery also 
followed similar patterns in WT and C6-/- animals. Our findings suggest that C6 deficiency by itself 
does not alter the regrowth capacity of the peripheral nerve after crush injury.  

98 



C6 deficiency does not alter intrinsic regeneration speed after peripheral nerve crush injury 

Introduction 

The peripheral nervous system has the ability to regenerate after damage. Injured 
peripheral nerves undergo a process called Wallerian Degeneration (WD). During WD the nerve 
degenerates from the first node of Ranvier proximal of the damaged site towards its target 
muscle; myelin and axons degenerate and are removed by phagocytes (Bruck et al., 1996; Friede 
and Bruck, 1993; Hirata et al., 1999; Hirata and Kawabuchi, 2002; Stoll et al., 1989; van der Goes 
et al., 2005). WD is followed by regeneration during which Schwann cells align to form a conduit, 
along which sprouting axons will regrow from the proximal nerve stump towards the muscle, 
remyelinate and finally form a new functional nerve (Chen and Strickland, 2003; Guenard et al., 
1994). The regenerative process is slow, with a maximum regrowth rate of 2 mm/day and 
additional problems such as hyper or hypo innervations and misdirection can also influence the 
functionality of the regenerated nerve (Sunderland, 1947; Wood et al., 2011).  

The innate immune system, in particular the complement system, is activated within 
the first hours after injury (Alexander et al., 2008; Morgan et al., 1997a; Morgan et al., 1997b). 
Complement activation results in attraction and activation of blood-derived phagocytes and the 
formation of the membrane attack complex (MAC), a barrel shaped, pore forming, structure 
which consists of C5b, C6, C7, C8 and multiple C9 (C5b-9).  

Complement activation as well as the recruitment and activation of blood derived 
phagocytes are responsible for rapid myelin clearance (Bendszus and Stoll, 2003; Bruck et al., 
1996; Hirata and Kawabuchi, 2002). Previous studies showed that complement C6 deficient rats 
(C6-/-), which are unable to form MAC (C5b-9), have a much slower WD after a sciatic nerve crush 
compared to wild type (WT) animals (Ramaglia et al., 2007). Surprisingly, the slower WD resulted 
in an earlier functional recovery. Reconstitution of functional complement C6 diminished the 
protective effect of complement inhibition on functional recovery (Ramaglia et al., 2009). 

It is still unclear how complement inhibition results in a more rapid functional recovery 
in C6 deficient animals. In this study, we tested whether the observed effect of complement C6 
deficiency on nerve regeneration is the result of the inability to form MAC, or if there is an 
underlying intrinsic difference in regrowth properties of the nerves in the C6 deficient animals 
that results in for example faster neurite outgrowth or axon elongation. To this end, we used a 
model with only modest activation of the complement system. In this way we could study nerve 
de- and regeneration in an experimental setting that excluded confounding effects of high levels 
of complement activation, MAC deposition, in WT animals, while still sufficient damage was 
delivered to induce WD. To this end we developed a crush injury model with only modest 
complement activation. We ensured reduced complement activation by using a standardized 
crush injury model but with a small pair of tweezers (1.5 mm wide vs 2.0 mm wide, which was 
used in previous experiments, see Ramaglia et al., 2007 and Ramaglia et al., 2009). The smaller 
crush size reduces the amount of complement activation, possibly by exposing less complement 
activating molecules. This model can be used to determine the contribution of C6 status and 
genetic background on axonal regrowth.  

We studied the degeneration by morphological analysis of axons and myelin as well as 
complement deposition at 5 mm distal of the crush area. The morphology of the regenerated 
nerves was also studied in the distal tibial nerves over time. Sensory recovery was measured in 
vivo with a foot flick test. Additionally, both the degeneration and regeneration phase were 
studied by ex vivo electrophysiology (Sta et al., 2014). The ex vivo electrophysiology allowed us 
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to visualize functional degeneration and regeneration over time, by measuring nerve conduction 
over the entire length of the nerve.   

Materials and Methods 

Animals 

Twelve-week old male wild type (WT) Piebold Virol Glaxo (PVG) rats (Harlan, UK) 
(www.harlan.com, 2013) and C6-/- PVG rats (Animal Research Institute Amsterdam, Academic 
Medical Center (AMC), University of Amsterdam, the Netherlands) of approximately 250 g were 
used in this study. Care and use of the animals in this study were approved by the Animal Care 
and Use Committee of the AMC and accorded with national guidelines. Animals were housed in 
standard cages with 12h light: 12h dark cycle, and received food and water ad libitum. 

Genotyping of PVG C6-/- rats 

C6-/- animals carry a 31 base pair deletion in exon 10 of the C6 gene . Breeding couples 
were genotyped according to Ramaglia et al. (2007) to confirm the homozygous deletion in the 
C6 deficient group of rats.  

Crush experiment 

For the crush injury, animals were anesthetized (2.5% Vol Isoflurane, 2L/min O2). The 
left sciatic nerve was exposed and crushed with a “1.5 mm” wide pair of tweezers above the 
intersection of the musculus semimembranosus and the musculus vastus lateralis, about 9.5 mm 
above the trifurcation of the sciatic nerve.  Calibrated force of 5.3 N was exerted three times for 
a period of 10 s each; in between the crushes the nerve was released. The right sciatic nerve 
served as a control and was exposed for 30 seconds. This crush procedure is similar to the 
procedure previously described by Ramaglia et al. (2007, 2008 and 2009) with a few exceptions: 
1) the force is calibrated and 2) The crush and control sites were marked with black dye (East
India Ink, Talens, the Netherlands) in contrast to previous experiments where, sutures trough 
the epineurium were used to mark crush and control sites. After surgery, the wounds were 
clipped closed, and buprenorfin hydrochlorid (Temgesic; Reckitt Benckiser, RB pharmaceuticals, 
Slough Berkhire, UK), a synthetic opioid, was administered by subcutaneous injections of 0.05 
mg/kg for three consecutive days after surgery. Previous experiments did administer Temgesic 
after injury, when needed. This synthetic opioid does not affect the inflammatory processes 
following peripheral nerve damage. Animals were tested at eleven time points after the crush 
injury (early degeneration: 1, 3, 6 hours post injury (h PI); rapid degeneration: 1, 2, and 3 days PI 
(d PI); regeneration: 7, 14, 21, 28 and 35 d PI.  

In vivo functional test 

Sensory recovery was assessed in vivo with a foot flick test twice a week from 3 d PI 
until 35 d PI. An electrical stimulus was given on a fixed position on the rat’s foot sole (de Koning 
et al., 1986). The stimuli ranged from 20 – 50 µA, in twelve fixed steps of 2.5µA each. The 
minimal current needed to elicit a retraction of the paw was recorded. The same test applied to 
the uninjured leg was used for normalization. To control for learned responses, trials included 
application of electrodes without current as well as desensitizing the animal to the sound of the 
switch (van der Hoop et al., 1988). These tests were also conducted prior to the experimental 
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measurement to prevent confounding responses due to hyperalgesia and allodynia. Animals 
were not tested if hyper responsiveness or hypo responsiveness occurred. 

Ex vivo electrophysiology 

After crush, the animals were allowed to recover for 1 hour to 28 days before they were 
killed with 300 µl 20% Pentobarbital sodium (Produlab pharma, Raamsdonksveer, The 
Netherlands) cardially injected under deep isoflurane anaesthesia. Both left and right hind leg 
sciatic and tibial nerves still connected at the trifurcation, were dissected. Excess fat and 
connective tissue were removed and the nerves were transferred within 12 minutes after death 
into a 0.9% saline solution at room temperature. Nerves were kept in saline solution until the 
start of the recording session on the electrode array. 

Compound action potentials (CAPs) were recorded with a custom-made 32-channel 
silver-wire electrode-array (inter electrode distance 1.8 mm) in an airtight, moisturized holder 
(Cappaert et al., 2013; Sta et al., 2014).  Electrical stimulation and simultaneous CAP recording 
was done by custom-made software written in MATLAB (The MathWorks, Inc., Natick, MA) that 
controlled a data acquisition system (NI-6259, National Instruments, Austin, TX). Charged-
balanced biphasic rectangular voltage pulses (500 kHz sampling rate) with phase durations of 
100 µs and separated by an interphase gap of 100 µs were used for stimulation (Cappaert et al., 
2013). Stimulus intensities varied between 0 and Vmax: the intensity required to evoke a CAP of 
maximal amplitude. Vmax varied slightly between nerves and ranged between 0.4 – 0.9 V in the 
uninjured sciatic nerves and between 0.3 – 0.8 V in the injured sciatic nerves. The CAP was 
simultaneously recorded (25 kHz sampling rate) from the remaining 30 channels against a 
chosen common reference (one of the electrodes) as it propagated over the nerve. It took about 
30 minutes to realize a complete isolated nerve measurement protocol and no decline in 
response was seen during the measurements period (Cappaert et al., 2013).  

CAP data processing 

The analysis of CAP propagation along the nerve was performed with custom-made 
software, written in MATLAB (Cappaert et al., 2013). The scaled response to a sub-threshold 
stimulus was subtracted from each recording to suppress the stimulus artefact. CAP recordings 
were averaged over five trials and they were filtered using a 2-dimensional convolution with a 
rectangular space-time kernel (3.6 mm by 200 µs). 

To enhance the detection of the propagating wave front, we estimated the second 
order spatial derivative of the compound action potential (dCAP) at electrode k, using three 
adjacent electrodes (k-1, k, k+1) and assuming an identical inter-electrode distance Δx: 

   (1) 

Tissue processing 

Immediately after the CAP recordings, nerves were post-fixed in 4% paraformaldehyde 
and processed in paraffin for histology. Nerves harvested at degeneration time points (0, 1, 3, 6 
h PI and 1, 2 and 3 d PI) were embedded longitudinally to visualize the degenerative changes 
around the crush site. Additional crushed nerves were harvested at 3 d PI and embedded for 
cross sections to study pathological changes and complement deposition at 5 mm distal from 
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the crush site. Nerves harvested at regeneration time points (7, 14, 21 and 28 d PI) were divided 
into 5 mm sections, starting from the crush site in proximal and distal direction before 
embedding.  

Immunohistochemistry 

To study pathological changes and complement deposition in the nerves, nerve sections 
were stained by a three-step immunoperoxidase method or a two-step immunofluorescence 
method at room temperature. For immunoperoxidase method, after deparaffination and 
rehydration, the endogenous peroxidase activity was blocked with 0.3 % H2O2 in methanol for 20 
minutes. In all cases antigen retrieval in the microwave was performed for 3 minutes at 800W 
and 10 minutes at 440W in 10mM Tris/ 1mM EDTA (pH 6.5). Aspecific binding of antibodies was 
blocked using 10% Normal Goat Serum (DAKO) or 10% BSA fraction 5 (Roche, Mannheim, 
Germany) in PBS for 30 minutes. Primary antibodies were diluted in Normal Antibody Diluent 
(ScyTek laboratories, Logan, UT) and incubated for 60 minutes. For the immunoperoxidase 
method, sections were incubated with either biotinylated goat anti-mouse or goat anti-rabbit, 
diluted 1:200 in Normal Antibody Diluent for 30 minutes followed by an additional 30 minutes 
incubation in horseradish peroxidase (HRP)-labeled streptavidin, diluted 1:400 in Normal 
Antibody Diluent. Detection of the HRP was done by incubating the slides in 0.05% 3-amino-9-
ethylcarbazole in acetate buffer (pH 5) for 5 minutes, followed by the counterstain with 
hematoxylin for 30 s. Slides were dehydrated and mounted in Kaiser’s glycerin gelatin (Merck, 
Darmstadt, Germany). For the immunofluorescence staining, primary antibodies were detected 
with either FITC (green, 490 nm)-conjugated goat anti-rabbit or Cy3 (red, 554 nm)-conjugated 
sheep anti-mouse (Sigma-Aldrich, Saint Louis, MI). As a nuclear counterstain, 4.6-diamidine-2-
phenylindole (DAPI) dihydrochloride (blue, 350 nm) was used. Sections were air dried and 
mounted in vectashield (Vector, Burlingame, CA, USA). In all stainings, a section incubated in the 
secondary antibodies alone was used as control. Primary antibodies used were: SMI31 for 
neurofilament (NF; 1:1000 Covance, Rotterdam, the Netherlands), Myelin basic protein for 
myelin (rabbit - anti MBP; 1:100; DakoCytomation Glostrup, Denmark), C1q (sheep - anti C1q; 
1:100; DakoCytomation, Denmark) and C9 (rabbit - anti C9; 1:300; B.P. Morgan, United Kingdom) 
for MAC (Fluiter et al., 2014). All controls shown in the figures are from rats not carrying the C6 
gene mutation (WTs). 

Microscopy 

Light microscopic analysis of peroxidase-stained sections was done using an Olympus BX 
41 microscope and Cell D software (Olympus, Shinjuku, Japan). Images were captured by a U-
CAMD3 digital camera (Olympus, Shinjuku, Japan).  

Immunofluorescence was visualized on a DM4000B microscope (Leica, Wetzlar, 
Germany) using 490nm excitation for FITC, 554nm excitation for Cy3 and 350nm excitation for 
DAPI. Images were captured with a DFX345 FX digital camera (Leica, Wetzlar, Germany).  

Quantification analysis of immunohistochemistry 

The amount of immunoreactivity for complement components C1q and C9 per area was 
quantified using Image Pro 7.0 software (Media Cybernetics, Rockville, MD, USA) on images of 
stained sections captured as described above. For each image, the nerve area was encircled and 
the amount of immunoreactivity was quantified using the objects/per area function.  
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Statistics 

All values are given as mean and standard error of the mean (SEM) unless otherwise 
mentioned. Multiple comparison of group means was done with a one or two-way ANOVA test 
with Bonferroni post hoc analysis. P < 0.05 was assumed to indicate a significant difference. 
Normality tests performed on the complement quantification data was done by the D’Agostino 
& Pearson omnibus normality test to reveal the type of distribution. All data passed the test and 
can be assumed to follow a normal distribution.  

Results: 

Reduced complement activation in the 1.5 mm crush injury model 

Immunohistochemistry for C9, a key component of MAC (C5b-9) was performed on 
cross sections of injured sciatic nerves crushed with either the 1.5 mm wide tweezers used for 
this experiment or in sections of nerves crushed with the 2.0 mm wide tweezers taken out at 3 d 
PI. The material of the 2.0 mm crush was freshly sectioned from tissue blocks available from an 
earlier series of experiments by Ramaglia et al. (2007, 2008, 2009). The C9 deposition density 
was quantified per area in these sections. The D’Agostino & Pearson omnibus normality test 
showed that all the data was normally distributed (P < 0.05). The WT “1.5 mm” crushed nerves 
showed less C9 deposition in the injured nerve at 5 mm distal of the crush area than WT nerves 
crushed with the “2.0 mm” wide pair of tweezers (“1.5 mm”: crushed WT: 2.9 ± 0.6 % ; “2.0 mm” 
crushed WT: 4.9 ± 0.7 % ; *: P< 0.05). As expected we did not find C9 deposition in the C6-/- 
nerves, as animals are unable to form MAC. Free C9 is soluble, it could not be detected in the 
sections, because it washes out during the immunohistochemistry procedure.  

Axon and myelin changes during degeneration in the 1.5 mm crush injury model 

To visualize axon and myelin changes of the injured rats’ sciatic nerves at 3 d PI, we 
performed double immunofluorescence staining of nerve sections at 5 mm distal from the injury 
site, using the neurofilament (NF) marker SMI31 for axons and the myelin basic protein (MBP) 
marker of myelin. We compared entire nerve sections, representative high magnification cut 
outs are shown in (Fig. 2) to visualize the events in more detail. WT crushed nerves (Fig. 2B) 
showed morphological changes in myelin and neurofilament staining compared to uninjured 
nerves (Fig. 2A), including collapsed myelin (arrows) and loss of neurofilament staining (arrow 
heads). At 3 d PI, degeneration of C6-/- crushed nerves (Fig. 2C) was similar to that of WT animals 
showing similar collapsed myelin (arrows) and loss of neurofilament staining (arrowheads).   

Complement activation during degeneration 

To determine the extent and location of complement activation in relation to axons at 3 
d PI, we performed double immunofluorescence staining with the complement markers C1q or 
C9 and the neurofilament marker SMI31 in nerve sections at 5 mm distal from the injury site. 

C1q deposition was detected on all WT and C6-/- crushed nerves. Co-localization of C1q 
staining with immunoreactivity for neurofilament showed that C1q deposits on axons (yellow; 
Fig. 3A-B). In addition, we observed C1q immunoreactivity in areas surrounding the axons. 
Quantification of the amount of C1q reactivity in the nerves (Fig. 3C) showed that the amount of 
C1q is higher in both crushed nerves in comparison to the uninjured controls (P < 0.001), 
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whereas the WT and C6-/- crushed nerves did not differ in the amount of C1q deposition, 
indicating that complement activation is initiated in both WT and C6-/- nerves. 

C9 deposition was only found in crushed WT nerves (Fig. 3D), while C6-/- crushed nerves 
were negative for C9, as expected (Fig. 3E). Co-localization of C9 staining with neurofilament 
showed that C9 deposits on axons in WT nerves (yellow Fig. 3D). C9 staining was also found 
throughout the crushed nerve cross section in WT, for example on the interior of the blood 
vessels (not shown). C9 deposition was higher in WT crushed nerves compared to uninjured 
nerves (P < 0.001) and C6-/- nerves (P < 0.001) (Fig. 1, “1.5 mm”). No difference in C9 deposition 
was observed between the C6-/- crushed nerves and uninjured controls. 

Figure 2: Morphological changes at 3 days post injury (d PI) at 5 mm distal of the crush site. Representative 
photographs of cross sections of the sciatic nerve with double immunofluorescence staining for neurofilament (SMI31 - 
red) and myelin basic protein (MBP - green). Nuclei are stained with DAPI (blue). Scale bar in (A) is 40 µm and applies to 
all panels. Cross sections of uninjured WT sciatic nerve (A) and crushed WT (B) and C6-/- (C) nerves at 3 d PI. Uninjured 
nerves show the typical punctuate morphology of axons and annulated appearance of myelin in cross sections (A). 
Crushed nerves show signs of degeneration, including collapsed myelin (arrows in panel B and C), loss of axons (arrow 
heads in panel C) and axonal swelling.  

Figure 1: Comparison of C9 deposition in the 
1.5 mm and prior used (2.0 mm) crush injury 
models. Quantification of the percentage of 
the nerve area positive for C9 deposition in 
cross sections of 1.5 mm crushed nerves and 
freshly cut, stained and analyzed sections of 2.0 
mm crushed nerves obtained from material 
from previous experiments by V. Ramaglia 
(2007, 2008 and 2009). Values are shown as 
mean ± SEM. Groups are divided as follows: the 
control group is indicated as “uninjured” and 
contains measurements of all uninjured control 
nerves, pooled from WT and C6-/- animals, 
crushed nerves are described as either “WT” or 
“C6-/-” according to animal type.  C9 deposition 
is smaller in WT injured nerves crushed with a 
1.5 mm wide tweezers used in this study (2.9 % 
± 0.6 %), compared to C9 deposition in WT 
injured nerves (4.9 % ± 0.7 %) (*: P < 0.05) 
crushed with a 2.0 mm wide tweezers used in 
all previous studies (Ramaglia et al., 2007; 
Ramaglia et al., 2008; Ramaglia et al., 2009). 
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Morphology of the regenerated tibial nerves 

To study the axonal and myelin changes of the regenerated nerves, a double staining 
for myelin (MBP, green) and axons (SMI 31, neurofilament, red) was performed on the distal 
tibial nerve after crush injury (Fig. 4). In WT animals at 7 d PI (Fig. 4A) the degeneration of myelin 
and axons was still evident in the distal tibial nerve. Collapsed myelin was still present (Fig. 4A, 
asterisk). At 7 d PI the C6-/- nerves showed similar changes in myelin and axonal degeneration as 
observed in the WT nerves, but in contrast to the WT nerves also axonal debris could still be 
found in the C6-/- distal tibial nerves at 7 d PI (Fig. 4E). At 14 d PI most of the myelin debris was 
removed and few very small unmyelinated fibers could be seen in WT nerves (arrows Fig. 4B).  

Figure 3: Complement deposition in the nerves at 3 days post injury (d PI) at 5 mm distal of the crush site. A, B, D, E: 
representative photographs of double immunofluorescence staining for neurofilament (NF- yellow; SMI31 - red; A, B, D, 
E) and C1q (green; A, B) or C9 (green; D, E). Nuclei are stained with DAPI (blue; A, B, D, E), scale bar in (A) is 50µm and 
applies to all panels. Quantification of the percentage of complement C1q (C) and C9 (Fig. 1) positivity per nerve area at 
3 d PI shown as mean ± SEM. Dots represent individual measurements. A and B show that C1q co-localizes with NF 
(yellow) and that C1q is also found on the interior of blood vessels. Quantification of the amount of C1q deposition 
showed an increase in C1q deposition in the nerves after injury (P < 0.001), but no differences between injured WT and 
C6-/- nerves (uninjured: 0.01 %; WT: 3.7 % ± 0.5 %; C6-/-: 3.4 % ± 0.4 %). C9 deposition was only found in WT crushed 
nerves (D) and not in C6-/- nerves (E). C9 colocalizes with NF (yellow) and the interior of blood vessels. Additional C9 
staining was also found in other nerve areas (D). Quantification of the amount of C9 deposition shows that there is an 
increase in C9 deposition in injured WT nerves (2.9 % ± 0.6 %) compared to the uninjured nerves (0.06 % ± 0.03 %) and 
C6-/- injured nerves (0.1 % ± 0.03 %) (P < 0.001). Injured C6-/- nerves do not show a difference in C9 deposition compared 
to uninjured nerves (E and graph shown in Fig. 1 (1.5 mm wide)).
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Figure 4: Morphology of regenerated distal tibial nerves in the crushed nerves at 7, 14, 21 and 28 days post injury (d 
PI). Representative photographs of double fluorescent staining for neurofilament (NF; SMI31; red) and myelin (MBP; 
green), nuclei are stained with DAPI (blue). Scale bar in (A) is 25 µm and applies to all panels. A-D: WT nerves. E-H: C6-/- 
nerves. At 7 d PI (A, E) myelin (asterisk A, E) and axonal debris can be found in the distal tibial nerves of both WT and C6-/- 

animals. Fibers positive for NF but negative for MBP are found in WTs at 7 d PI (arrows A). At 14 d PI (B, F) most debris is 
cleared from the distal tibial nerves in WT and C6-/- nerves although little myelin debris (asterisk B, F) remains detectable. 
In both animal types small NF positive fibers negative for MBP could be found (arrows B, F). At 21 d PI (C, G) axons 
surrounded by the MBP-positive myelin can be detected. Neurofilament-positive axons lacking the MBP-positive myelin 
sheath are still found in WT and to lesser extend in C6-/- animals (arrows C, G). At 28 d PI (D, H) most fibers show 
myelination, although in both animals small NF positive MBP negative fibers are still present (arrows: D, H). 

The C6-/- nerves showed many small unmyelinated fibers at 14 d PI (Fig. 4F). However, it 
is unclear which of these fibers were new and which ones were degenerating or debris, as 
myelin debris was still present in the C6-/- nerves. At 21 d PI the WT nerves contained many very 
small fibers and most of the axonal fibers showed signs of remyelination (Fig. 4C). In the C6-/- 
nerves similar morphology was observed at 21 d PI (Fig. 4G). At 28 d PI myelination of small 
fibers was found throughout the distal tibial nerve in WT animals and only few unmyelinated 
fibers were present (Fig. 4D). The C6-/- nerves showed a similar morphology compared to the WT 
nerves: Most of the fibers showed myelination and only a few unmyelinated fibers were present 
in the distal tibial nerve (Fig. 4H). Altogether the morphology of the regenerated tibial nerves 
indicates that WT and C6-/- animals regenerate similarly over time.  

In vivo functional recovery 

During the regeneration phase we monitored recovery of sensory function using the 
foot flick test at fixed time points (Fig. 5A). Values are expressed as percentage of normal 
function, measured on the uninjured control legs. Comparison of the reactivity of the animals to 
the foot flick test showed a similar onset of recovery in WT and C6-/- animals which started at 24 
d PI. Subsequently, the sensory reactivity recovered over time (Fig. 5A). At 35 d PI WT and C6-/-

animals both showed almost full sensory recovery. 
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Figure 5: Functional recovery of crushed nerves. A) Sensory recovery measured with foot flick test. Values are expressed 
as percentage of normal function in uninjured nerves (100%) as mean ± SEM. B) Restoration of nerve conduction 
measured by ex vivo electrophysiology; WT (blue line) and C6-/- (red line); Crush site is shown at distance 0 mm (dotted 
black line); Error bars represent the SEM. The foot flick test (A) in WT and C6-/- rats up to 5 weeks after crush injury 
showed a similar recovery pattern in C6-/- and WT nerves. B) Ex vivo electrophysiology shows the distance the dCAP 
reached in response to proximal sciatic stimulation during the degeneration and regeneration. The crush location is 
positioned at 0 at the vertical axis, distance proximal of the crush are (-) and distal of the crush site are (+) on the vertical 
axis. The dCAP propagates further along the nerve with increasing PI times. WT and C6-/- show a similar dCAP restoration 
pattern. 

Axonal propagation measured with ex vivo electrophysiology 

We also examined the functional recovery in crushed nerves by ex vivo 
electrophysiology. To determine early changes in functional degeneration and recovery and 
monitor regeneration time, the nerves were electrically stimulated at the proximal end with 
maximal intensity (Vmax) and the propagation of the CAP along the nerve was measured at fixed 
time points PI (Fig. 5B). We determined for each nerve how far along the nerve the CAP could 
propagate in response to proximal stimulation. In this way we localized the extent of the 
damage inflicted by the crush and it allowed us to visualize axonal regeneration over time. 
During the degeneration phase (0 – 6 h PI and 1 – 3 d PI; Fig. 5B) we did not observe differences 
in CAP propagation between WT and C6-/- animals: The CAP propagated over the crush (0 mm) 
as early as 2 d PI. This indicates that the onset of functional regeneration starts as early as 2 d PI. 
At 3 d PI the CAP propagates further distally along the nerves in WT and C6-/- animals. 

Monitoring the CAP propagation during the regeneration phase showed that CAP 
propagation continues further distal along the nerves with increasing time PI (Fig. 5B). Findings 
on CAP propagation suggest that axonal outgrowth starts as early as 2 d PI and continues over 
time. Overall, we could not detect differences in functional recovery of the injured nerves 
between C6-/- and WT animals.  

Discussion 

The data presented in this study shows that, in a setting of limited post-traumatic 
complement activation, axonal regrowth is morphologically and functionally similar between WT 
and complement C6 deficient PVG rats.  Therefore we conclude that C6 deficient animals do not 
have an intrinsic trait that causes their peripheral nerves to regenerate faster after injury.  
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Previously we observed that C6-/- animals recover earlier than WT after nerve crush (2.0 
mm tweezers)(Ramaglia et al., 2009). A key difference between this study and previous studies is 
that the crush induced with a 1.5 mm tweezers induces low initial complement activation, in 
comparison with the 2.0 mm crush model. The 1.5 mm crush induced only low levels of C9 
deposition in MAC, in contrast to the amount induced by the 2.0 mm crush. By using the 1.5 mm 
tweezers, we measured the internal capacity of crush injured nerves to regenerate, in a model in 
which the difference in MAC deposition levels between WT and C6-/- animals is small. In previous 
experiment using the 2.0 mm tweezers, WT animals show high levels of MAC deposition, whilst 
C6-/- animals are unable to form MAC, the difference is therefore large (Ramaglia et al., 2007; 
Ramaglia et al., 2008).  

In this study we choose to use the 1.5 mm crush injury paradigm since the difference in 
complement activation and MAC deposition is a possible confounding factor. In the present 
study we found no differences in axonal outgrowth between WT animals and C6-/-animals 
following the 1.5 mm sciatic nerve crush injury. This indicates that the earlier regeneration of  
C6-/- nerves observed after the 2.0 mm injury is likely linked to the difference in MAC deposition 
between WT and C6-/- animals and not caused by an inherent difference between the two strains. 

Monitoring axonal outgrowth over time in the “1.5 mm” crush injury by ex vivo 
electrophysiology did not detect relevant difference in the functional recovery of the sciatic 
nerve after crush injury in WT and C6-/- animals. Early signs of restoration of CAP propagation 
were observed in both strains as early as 2 d PI. In addition, the extent of distal CAP propagation 
along the nerve increased as a function of time PI (Fig. 5B). Sensory recovery in vivo also showed 
a similar regeneration pattern in WT and C6-/- animals. The onset of recovery occurred at the 
same time PI in WT and in C6-/- animals. Both animal types showed full sensory recovery two 
weeks after the crush (Fig. 5A). These findings suggest that functional recovery in the nerves is 
not influenced by the C6 status of the nerves.  

Also morphological analysis of the degenerating and regenerating nerves showed 
similar patterns in both strains. Collapsed myelin and axonal damage was observed in WT and 
C6-/- nerves at 3 d PI. Therefore we conclude that deficiency for C6 does not alter the 
degeneration process of peripheral nerves, when initial complement activation is low. 
Morphological analysis of the distal tibial nerves at 7 d PI showed similar clearance of myelin and 
axonal debris in the regeneration phase. Similar onset of axonal regrowth was observed from 14 
d PI onward. Remyelination of axons was observed in the distal tibial nerves of WT and C6-/- 
animals at 21 d PI. The lack of difference in regeneration morphology underscores our findings 
on functional recovery and suggests that C6 deficiency on its own does not alter the 
regeneration properties of the peripheral nerve.  

We conclude that the C6 status in PVG rats is not sufficient to alter axonal regrowth 
speed. Our findings suggest that the previously observed beneficial effect of C6 deficiency on 
peripheral nerve regeneration is due to the inhibition of post-traumatic MAC formation and it 
does not depend of other C6 functions or intrinsic properties of the C6-/- nerve. Therefore we 
conclude that accumulation of MAC deposition in the nerve is unfavorable for peripheral nerve 
regeneration. We propose that high levels of MAC at the crush site alter the environment and 
delay outgrowth of the regenerating nerve. A possibility is that a more hostile environment (pro-
inflammatory) is induced either directly by MAC formation or the increased influx of 
macrophages (Ramaglia et al., 2007; Ramaglia et al., 2008; Ramaglia et al., 2009).  
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The beneficial effect of the inhibition of the complement system was absent in this 
model, with mild complement activation. Therefore these results also indicate that inhibition of 
complement activation to promote peripheral nerve regeneration is only applicable in case of 
substantial activation of the complement system.  
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Abstract 

Complement activation and deposition of the membrane attack complex (MAC) are 
essential for rapid degeneration of peripheral nerves after crush injury. Deficiency for 
complement component 6 (C6-/-), which is essential to form MAC, slows down degeneration, but 
facilitates regeneration in a rat sciatic nerve crush model. Inhibiting MAC might therefore be 
used as a therapy to improve nerve regeneration after peripheral nerve trauma.  

In this study we determined the effect of C6 deficiency on degeneration and 
regeneration in sciatic nerve transection-resuture injury in a rat model. This lesion differs from 
crush injury, the integrity of the nerve and blood nerve barrier is abolished, which eases influx of 
hematogenous factors. Even though the area of initial damage is smaller, in terms of 
micrometers compared to millimeters in the nerve crush model, recovery is much slower and 
incomplete. This is probably due to the fact that the contact with the distal nerve is completely 
lost, whereas in the crush injury model a part of the connection between proximal and distal 
part of the nerve is still intact, facilitating outgrowth of axons through the damaged area.  

 In this study we compared degeneration and regeneration of the nerve in WT and C6-/- 
animals and observed a similar degeneration and regeneration process. Low levels of 
complement activation were observed in WT and C6-/- animals after injury. A massive influx of 
phagocytes and cells was found in the transection area at 3 days post injury (d PI). Clearance of 
myelin and axonal debris was observed mainly in the transection area. Regeneration was slow in 
both animal groups and never reached full recovery. Signs of axonal regeneration and 
remyelination were observed at 8 weeks post injury (wk PI) in the distal tibial nerves. 
Morphologically no differences were observed between WT and C6-/- animals. Functional tests 
showed that the regeneration process started earlier in WT animals, but towards the end the 
difference between the groups diminished.   

Interpretation: transection injury results in low levels of complement activation, since 
the initial area of damage is small. The massive influx of cells rapidly clears the remaining 
activation epitopes. Due to the very low level of complement activation levels in the WT animals 
the previously observed beneficial effect of complement inhibition on nerve regeneration was 
not present.  

Conclusion: the type of nerve injury and committant complement activation should be taken 
into account before complement inhibition as a therapeutic target in nerve regeneration is 
considered.  

112 



Functional recovery after transection-resuture injury of the sciatic nerve is not influenced by the terminal complement pathway in rats 

Introduction 

Injured peripheral nerves undergo a process called Wallerian Degeneration (WD), 
during which the nerve degenerates from the first node of Ranvier proximal of the damaged site 
all the way to its target (Waller, 1850). Myelin and axons degenerate and are removed from the 
nerve by phagocytes (Friede and Bruck, 1993; Omura et al., 2005). After WD the nerve can 
regenerate by new axons sprouting from the proximal nerve stumps guided by extracellular 
matrix proteins secreted by dedifferentiated Schwann cells (Chen et al., 2005; Tomita et al., 
2007). Finally, the Schwann cells will engage in a one to one relationship with the newly grown 
axons and start remyelination. This results in a regenerated functional nerve.  

 However, this regeneration process is slow. Growing axon sprouts have a maximum 
speed of 2.5 mm a day (Sunderland, 1947; Wood et al., 2011). In an adult human, the distance 
the nerve has to span from the spinal cord to the foot is over 750 mm. Thus, if a nerve is 
damaged close to the spinal cord, regrowing at maximum speed recovery will take 300 days. 

Not only is the process slow, often the regenerated nerve does not function properly, 
being either slower in nerve conduction or less sensitive than the undamaged nerve (Cragg and 
Thomas, 1964; Walbeehm et al., 2003). This is partly due to the smaller distance between the 
nodes of Ranvier in new grown nerves, but more often a result of improper remyelination.  

During WD the complement system is activated, a scheme of the complement system is 
shown in chapter 1, Fig. 1. The classical pathway is involved in activation since C1q binding is 
seen on damaged cell products. This results in conversion of C3, results in C3 convertase and C5 
cleaving. C5b will bind to the damaged cell membrane and serves as an anchor for MAC. Upon 
binding of C5b to the target membrane, C6, C7, C8 and C9 are recruited and together compose a 
barrel-shape structure that forms a pore in the target membrane, MAC. The alternative pathway 
serves as an enhancer of complement activation (for detailed review of the complement system 
see (Ricklin et al., 2010 or Alexander et al., 2008). 

Previous studies showed that MAC formation after crush injury is important for WD, 
which was thought to be a prerequisite for regeneration (Ramaglia et al., 2007). However, 
regeneration of the sensory and motor function was more efficient in complement C6 deficient 
animals. Both functional and neuropathological examinations showed that the nerves of 
complement deficient animals recovered faster. Reconstitution of C6 deficient animals with C6, 
restoring complement function of the complement system, resulted in a delay in regeneration 
after crush injury, i.e. a shift towards the WT phenotype (Ramaglia et al., 2009). The results 
obtained from these studies indicate that the inhibition of MAC after peripheral nerve trauma 
can speed up nerve regeneration and ultimately improve regeneration outcome. 

To determine whether inhibition of MAC formation after peripheral nerve trauma 
always improves recovery we studied a different type of injury, the transection-resuture injury.  
This type of injury is very severe; the regeneration of the nerves is often incomplete and slow. 
Furthermore, the regenerated nerve fibers are often misdirected and reinnervate a “wrong” 
target (Evans et al., 1991; Tomita et al., 2007).  

In this study we analyzed the effect of complement C6 deficiency a transection-resuture 
injury. We compared WT and C6-/- animals at 3 d PI, 8 and 12 wk PI to determine how the 
inability to form MAC influenced degeneration and regeneration. In the nerve transection model 
the sciatic nerve was cut with micro scissors at the sciatic notch, immediately after transection 
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the nerve was re-aligned and the epineurium resutured, with three filaments carefully placed in 
the epineurium. Resuturing of the nerve after transection will improve axonal guidance, without 
not fully restoring it. The differences between transection and crush injury are: the area of initial 
damage is smaller in transection injury compared to the crush injury. Another difference is that 
the integrity of the epineurium is disrupted in a transection injury, which severs axonal guidance 
and opens the blood-nerve-barrier. To study degeneration, we examined nerve morphology at 3 
d PI. Activated macrophages are responsible for rapid clearance of debris from the degenerated 
nerves (unpublished data M. Sta et al. (chapter 2)), and (Bruck et al., 1996; Friede and Bruck, 
1993). Presence and localization of phagocytes were determined with quantitative 
immunohistochemistry (Bradl and Linington, 1996; Ramaglia et al., 2009). To study regeneration 
we performed in vivo functional tests. Sensory recovery was measured by the foot flick test and 
motor function recovery was determined using an alternative cat-walk test to determine a 
sciatic function index (SFI). Additionally, morphology of the regenerated tibial nerves was 
studied in semi-thick sections at two heights in the tibial nerves at 8 and 12 wk PI.   

Materials and methods 

Animals 

Care and use of the animals in this study were approved by the Animal Care and Use 
Committee of the Academic Medical Center (AMC) and conform the protocols described 
100763-101 en 100763-105 part of reference protocol DNL 1000/100663, which is conform 
national guidelines. For these experiments WT Piebald Virol Glaxo (PVG) (HSD/ola Harlan, UK) 
(www.harlan.com, 2013) and C6-/- PVG (ARIA, AMC, the Netherlands) 12 weeks old ± 250 g male 
rats were studied. Animals were allowed a one week acclimatization period, were housed 
together in standard pertex cages under standard conditions and received food and water ad 
libitum. During the experiment animals were weighed and checked daily.  

Genotyping of PVG C6-/- rats 

Breeding couples were genotyped to check if all animals had the homozygous C6 
deficient genotype. C6-/- animals carry a 31 basepair (bp) deletion in the C6 gene. Rat genomic 
DNA was prepared by proteinase K degradation of ear biopsies. Genotyping was performed by 
PCR (Ramaglia et al., 2007).  

Surgery 

Animals were anesthetized using 2.5% Vol isoflurane, 1L/min O2 and temgesic 0.1 
mg/kg. An incision was made at the height of the sciatic notch, gluteal muscle was split and the 
sciatic nerve exposed. The nerve was cut with Vannas scissors # 9600, 5 mm x 0.5 mm with 
straight, pointed blades (Moria, France), making sure there was as little compression of the 
nerve as possible. The nerve stumps were immediately realigned and reconnected with 3-4 
sutures using Ethicon 0-10 wire. Muscles were massaged back into place and the wound was 
closed with surgical clips. Animals received 0.1 mg/kg temgesic for three days after surgery.  

Degeneration 

Animals were kept for 3 days (7 WT, 7 C6-/-) after nerve transection. At 3 d PI animals 
were terminated and both sciatic nerves, dorsal root ganglions (DRGs) L4 and L5 of transected 
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nerve and L5 of control nerve and the spinal cord 2 cm from the last rib down were harvested. 
Tissues were post fixed in 4% paraformaldehyde solution and further processed for analysis. 

In vivo functional tests 

Animals were kept for 8 or 12 weeks (8 wk: 8 WT, 8 C6-/-; 12 wk: 8 WT, 8 C6-/-). Functional tests 
were done weekly. Sensory recovery was assessed in vivo with a foot flick device. An electrical 
stimulus, with a variable stimulus intensity ranging between 20 and 50 µA, is given on a fixed 
position on the rat’s foot (de Koning et al., 1986). The stimulus intensity was gradually increased 
in 12 steps and the minimum current necessary to let the rat retract its paw after the stimulus 
threshold had been recorded. Intensity at which the foot was retracted was used as read out 
and normalized and plotted as mean ± SEM. The same foot flick assay was applied to the control 
leg, whose response was set to 100%. Before measurement, a check was done to determine 
proper function of the machine and responsiveness of the animal. Additionally, to avoid learned 
responses, animals were tested with and without current as well as the response to the sound of 
the switch (van der Hoop et al., 1988). Motor recovery was monitored from week 3 onward, by a 
footprint test. Rats had to walk on an ink pad and then on a sheet of paper. Parameters of the 
footprint were measured, print length (PL), toe spread (1st-5th toe) (TS) and intermediary toe 
spread (2nd-4th toe) (IT) for both the uninjured “normal” leg (N) and the injured “experimental” 
leg (E) . SFI was calculated using the following formula: 

-38.8 x [(EPL-NPL)/NPL] + 109.5 x [(ETS-NTS)/NTS] + 13.3 x [(EIT-NIT)/NIT] 

Normal SFI is acquired by analyzing the SFI before afflicting the injury and values were -9%. 

Due to the development of neuropathic pain, some rats showed autotomy of the toes, 
these rats were immediately excluded from the experiment. Autotomy was prevented using 
Byte-X on the toes daily from week 8 onward.  

Tissue processing 

Animals sacrificed by exsanguination under deep isoflurane anesthesia, subsequently 
animals were perfused with 2% paraformaldehyde solution. Harvested tissues were post-fixed in 
4% methanol buffered paraformaldehyde solution for immunohistochemistry and 
immunofluorescence, and processed for paraffin embedding. Nerves were embedded for 
transverse or longitudinal sectioning. 6µm sections were used. Cross sections were obtained at 
the transection site and at 5 mm distal of it.  

For semi-thin sections, nerves were post fixed in MacDowells fixative (2% 
paraformaldehyde solution in sodium cacodylate buffer, with glutaraldehyde) and processed for 
EM by rinsing in sodium cacodylate buffer, washing in water and incubating in osmium tetroxide 
for 1 hour. Nerves were dehydrated in increasing % of ethanol, 70%, 80%, 90%, 96% and 100%. 
After dehydration nerves were transferred to polypropylene oxide, and polypropylene oxide and 
epon (1:1) and pure epon overnight. The nerves were cut in two, embedding the far distal and 
the middle parts of the tibial nerve for sectioning; epon was hardened for 72 hours at 60°C. 
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Semi-thin (1µm) sections were made and stained with thionine and examined light 
microscopically.  

Immunohistochemistry 

Sections were stained using a three step immunoperoxidase method at room 
temperature (RT). After deparaffination and rehydration the endogenous peroxidase activity 
was blocked with 1%H2O2 in methanol for 20 minutes. Antigen retrieval in the microwave was 
performed on all sections, for 3 minutes at 800W and 10 minutes at 440W in 10mM Tris/ 1mM 
EDTA (pH 6.5). Aspecific binding of antibodies was blocked using 10% normal serum in Tris 
buffered saline (TBS) of the secondary antibody host for 30 minutes (Dako Cytomation). Primary 
antibodies we diluted in 1% bovine serum albumin (BSA) and incubated for 90 minutes. Sections 
were incubated with biotinylated goat anti mouse or goat anti rabbit 1:200 in 1% BSA for 30 
minutes and 30 minutes in horseradish peroxidase labelled streptavidin, 1:400 in 1% BSA. 
Detection was done by incubating the slides with 0.05% 3-amino-9-ethylcarbazole in acetate 
buffer (pH 5) for 5 minutes, followed by a counterstain with hematoxylin for 30 seconds. Slides 
were mounted in gelatin.  

For immunofluorescence, no blocking of endogenous peroxidase activity was done. 
Primary antibodies were detected with directly conjugated goat-anti-rabbit-FITC (green, 488nm) 
or sheep-anti-mouse-Cy3 (red, 568 nm) (Sigma-Aldrich, Saint Louis, MI, USA). As a nuclear 
counterstain 4.6-diamidine-2-phenylindole, dihydrochloride (DAPI) (blue, 350 nm) was used. 
Sections were mounted in vectashield (VECTOR, Burlingame, CA, USA). For all stainings, a slide 
on which only the secondary antibodies were used was employed as a control. 

Quantification of cells 

Five non-consecutive 6µm sections were used for analysis. Between the sections an 
inter-space of 30µm was used. Per section, positive cells containing nuclear staining were 
counted in the entire nerve area by two individual researchers. The surface of the nerve area 
was calculated with ImagePro 7.0 software (Media Cybernetics, The Netherlands) using the area 
measurement tool in mm2. Positive cells were divided between the area to calculate the amount 
of positive cells per mm2.  

Results 

Degeneration 

Morphology 

We studied morphology of the transected nerves at 3 d PI, in transversal and 
longitudinal sections of injured nerves, stained for myelin basic protein (MBP, green) and 
neurofilament (NF, red). In the transected nerves, 3 d PI, damage of myelin and axons is found 
directly in and around the transection area (Fig.1D for localization in a longitudinal section of the 
transected-resutured nerve). A massive influx of cells, swelling of the axons and collapsed myelin 
sheaths (arrows) are observed in the distal area adjacent to the transection area of WT (Fig.1B) 
and C6-/- animals (Fig.1C). The C6-/- animals seem to show more remaining myelin debris. In 
figure 1 A we show an uninjured control nerve, in these nerves myelin surrounds the 
neurofilament (asterisk). WT and C6-/- transected nerves, both retained some axons which 
displayed normal morphology (asterisks in Fig. 1 B and C). Analysis of the longitudinally 
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sectioned injured nerve (Fig.1D) showed that most axonal and myelin damage was found in the 
transection site, with some spreading into the distal stump. 

Figure 1: Morphology of the transected nerves at 3 d PI. Cross and longitudinal sections stained for neurofilament 
(Smi31; red) and myelin (MBP; green). Representative photomicrographs of uninjured (A), transected WT (B) and C6-/- (C) 
nerves (D) longitudinal section of the transection site. Normal myelin and axons are found in the uninjured nerve, shown 
in A, myelin surrounds the axon (*). Only the nodes of Ranvier are unmyelinated (insert a). B and C cross sections in the 
transection site. Transected nerves (B, C) show collapsed myelin (arrows) and axonal swelling. DAPI staining for nuclei 
showed a massive amount of nuclei present in the transection area. No difference in the amount of axonal and myelin 
damage can be found between WT (B) and C6-/- (C) animals, although it looks like the C6-/- animals have more debris 
inside the nerve. Scale bar (A) equals 50µm. The longitudinal sections shows a massive influx of nuclei in the transection 
area (T) and also shows the changes in axonal and myelin morphology just distal and proximal of the transection site. It 
can be seen that most of the visible damage is around the transection site. Some changes in morphology distally suggest 
the damage has spread. 

The mild decrease in axonal and myelin staining indicates that, in contrast to the 
situation in a crush injury, the damage in the transected nerves spreads only slowly. At 3 d PI the 
damage did not reach the point of 5 mm distal of the injury site (not shown), 5 mm distal of the 
lesion is the area where in crush injury most damage was visible. 

Complement activation 

The complement system (Fig. 2) was activated in both the WT and C6-/- nerves, although 
only moderately. The amount of C1q deposition in the C6-/- nerves (Fig. 2B) was similar to the 
levels found in the WT (Fig. 2A) animals (Fig. 2 C). No C1q immunoreactivity was observed in 
uninjured nerves (Insert a in Fig. 2A) and at 5 mm distal of the transection area in the injured 
nerves (not shown). 

C9 deposition, as a marker for the presence of MAC, was also analyzed by 
immunohistochemistry. We found some C9 staining in WT animals (Fig. 2D), and as expected 
very little in C6-/- animals (Fig. 2E). Analysis of cross sections at different positions in the 
transected nerves showed that C9 was present close to the transection site (Fig. 2 D) and 
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reduced in the C6 deficient animals (Fig. 2E). There was no C9 deposition detectable at 5 mm 
distal of the transection site (not shown). Differences in C9 deposition near the transection site 
between WT and C6-/- animals were significant (p < 0.001) (Fig. 2F).  

Figure 2: C1q and C9 positivity in transected nerves 3 d PI. Representative photomicrographs of cross sections of WT (A, 
E) and C6-/- (B, F) transected nerves, stained for C1q (A, B) and C9 (E, F), scale bar in A equals 100µm. Quantification of 
the amount of positivity per area for complement factors C1q (C) and C9 (G). Error bar shows SD. Statistical analysis is 
done using one-way ANOVA and Bonferroni correction, significance is indicated with asterisks. In all nerves activation 
and deposition of complement components is relatively low. The WT nerve shows positivity for C1q (A), as well as 
deposition of C9 (E). The C6-/- nerve shows positivity for C1q (B), but not for C9 (F). No difference was found in the 
amount of C1q deposition (C) between WT and C6-/-, both are significantly higher than C1q levels in the uninjured nerve. 
The C9 deposition (G) was significantly higher in WT animals compared to control and C6-/-. There was no difference 
between the C9 deposition in C6-/- nerves compared to the control nerves.    

Phagocytes 

Although, not much complement activation is found and damage progression distally is 
little, there is a massive influx of cells at the injured site (Fig. 3). The distal spread of the influx is 
quite limited: only a few cells were found within the nerve at 5 mm distal of the injury. A large 
proportion of these invaded cells were CD68 positive. Quantification of the amount of CD68 
positive cells showed no differences between the WT (Fig. 3A) and C6-/- (Fig. 3B) animals in 
macrophage numbers in the transection area (quantification graphs Fig. 3C).  

Regeneration 

In vivo functional tests 

We studied the regeneration process in vivo with two functional tests. For sensory 
recovery we used foot flick analysis (Fig. 4A) to calculate the percentage of sensory recovery 
where the uninjured nerve response is set to 100%, and for motor function recovery we used a 
print test to calculate the SFI (Fig. 4B). The foot flick analysis showed that the regeneration 
process starts a bit earlier in WT, which was significant between 6-8 weeks after injury (asterisks, 
Fig. 4A).  
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There were no significant differences between the WT and the C6-/- animals in terms of 
speed and degree of functional recovery. For both genotypes, the in vivo regeneration tests 
showed overall poor recovery. The animals never attained normal values. For motor function, as 
measured by SFI, WT and C6-/- animals recovered to only 30% of normal function, shown by the 
dotted line at -9 (Fig. 4B). A major problem in this test was the development of neuropathic pain, 
due to which animals avoided using their paw. This occurred at week 8, 9 and 10. At these time 
points we also observed autotomy of the toes in some rats, which were immediately excluded 
from the tests.  

Figure 3: Macrophages (CD68; ED1; red) and myelin (MBP; green) positivity at 3 d PI. Representative photomicrographs 
of transection area of WT (A) and C6-/- (B) nerves, stained for CD68 (red) and MBP (green), nuclei are blue (DAPI), scale 
bar equals 400µm. Quantification of the amount of CD68+ cells in the transection area (C). Error bar shows SD. Statistical 
analysis used a one-way ANOVA with Bonferroni correction, significance is indicated by asterisks. In both WT and C6-/- 
there are CD68+ cells present in the transection site, some of which progressed further inside the nerve area. The WT 
nerve seems to be more positive for CD68, compared to the C6-/- nerve (B). In the inlays in both A and B there is a 100 
times magnification of the CD68+ cells. As can be seen there is no evidence for phagocytosis of myelin by these CD68+ 
cells, since there is no colocalization of CD68 with MBP. Furthermore, there is a massive influx of mononuclear cells 
inside the transection area; however most of these cells are not positive for CD68+. Quantification of the amount of 
CD68+ cells (C) showed that both WT and C6-/- animals have higher numbers of CD68+ cells than in the controls, no 
difference between WT and C6-/- was found.  
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Morphology of the regenerated nerves 

The tibial nerve was studied at two positions to analyze the morphology of the 
regenerated nerves. The proximal part (supplementary Fig. 1) located in the middle of the tibial 
nerve, halfway of the calf muscle, and the distal part, located at the ankle of the animal (Fig. 5 
and supplementary Fig. 1), were analyzed at 8 and 12 wk PI to follow the regeneration process. 
For comparison, the uninjured distal portions of the nerves are also shown in figure 5 (A, B). The 
proximal parts of the tibial nerve (supplementary Fig. 1B, D) at 8 wk PI showed signs of 
regeneration: new axons, some of which were already thinly myelinated. Inter-axonal space was 
quite large and a lot of cell nuclei could still be seen. There were no differences in the amounts 
of myelinated and unmyelinated regenerated axons. The distal portion of the tibial nerves (Fig. 5 
B, D) also showed myelinated axons like those found in the proximal part of the nerve, only with 
a smaller diameter.   

Figure 4: Regeneration of transected nerves. 
In vivo functional tests of regenerating 
transected nerves. Sensory recovery (A), motor 
recovery (B) were measured in vivo and 
plotted, error bars represent the SEM. WT 
continues line, C6-/- dotted lines. Sensory 
recovery starts between 4 and 5 weeks (wk) PI 
in WT and between 5 and 6 wk PI in C6-/- 
animals. This difference is significant (P < 0.05 
indicated by asterisks) and remains the same 
until a plateau was reached at 9 wk PI. Sensory 
recovery reaches only 65-45% of normal 
function (100%). Motor function recovery 
starts in both animal types between the 4th 
and 5th wk PI. No differences between motor 
function recovery were observed between the 
WT and C6-/- animals. Both nerves never reach 
full recovery, the SFI index remains closely 
around the -55 whereas a value of -10 is 
measured on uninjured legs. Functional 
recovery shows a dip at week 8, 9 and 10. 
Most likely this is due to the development of 
neuropathic pain. Animals with visible signs of 
neuropathic pain and or autotomy were 
excluded from trials.  
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At 12 wk PI we found that the nerve fibers in the proximal part of the tibial nerve 
(supplementary Fig. 1 C,E) were larger in diameter, more regenerated myelinated fibres were 
found and the inter axonal space was smaller than at 8 wk PI. Furthermore, there were fewer 
visible nuclei between the axons. Also in the distal part of the tibial nerves at 12 wk PI (5 C, E), 
more regenerated myelinated fibres were found, although the diameter of the axons was 
slightly smaller than of those found in the proximal tibial nerve, the inter axonal space was also 
smaller. There were no morphological differences between the regenerated nerves of WT and 
C6-/- animals at either 8 and 12 wk PI.  

Discussion 

There are two major findings in this study. First there is no significant difference in 
neuronal degeneration and regeneration in WT and complement deficient rats after transection-
resuture injury. Second; the induction of complement activation is only minor. These findings 
differ from findings we observed in prior crush injury studies of the sciatic nerve, where strong 
complement activation was seen (Ramaglia et al., 2009).   

These findings can be explained by the fact that there are differences between 
transection and crush injuries. In a transected nerve, the integrity of axons, myelin, epineurium 
and blood-nerve-barrier is disrupted, exposing the axon to a different environment and the 
physical separation of the two nerve ends will have a severe impact on regeneration. The 
regenerating axonal growth cone must pass this barrier. In a crush injury the epineurium 
remains intact, providing a barrier between blood and nerve and a tube in which new axon 
sprouts can grow in the right direction. 

Another striking difference between crush injured and transected nerve is the initial 
damage inflicted on axons and myelin. The damaged area in a transection, although it is a severe 
injury, is only small. The distance over which the axons and myelin are damaged, is in terms of 
micrometers versus the millimeters damaged in a crush injury. This reduces the amount of 
exposed molecules that can induce complement activation. In this way the level of complement 
activation and cellular infiltration will be much less than in a crush injury. In the crush model 
most damage and complement positivity was observed at 5 mm distal of the crush area 
(Ramaglia et al., 2007), whilst in the transection-resuture model most positivity was observed at 
and distal, next to the transection site at 3 d PI. 

Even in the transection area, the amount of complement activation is low. In contrast to 
crush injured nerves, WT and C6-/- transected nerves show low levels of C1q deposition and the 
amount of C9 or MAC deposition was also low in WT animals at 3 d PI.  

In a crush injury model, the complement system is likely an important trigger for the 
attraction and activation of endoneurial and hematogenous cells. In the transection injury model 
we do observe a massive influx of these cells, even when the level of complement activation is 
low. The disruption of the blood-nerve barrier might explain why there is such a massive influx 
of blood derived cells in the nerve transection area, whilst there is only little complement 
activation observed in the nerves. In addition, the nerve is exposed to cellular and humoral 
components straight from the bloodstream.  

The low levels of complement activation observed in the transection-resuture model 
might explain why the effect of C6 deficiency and the inability to form MAC have no beneficial 
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effect on the degeneration and regeneration of these nerves, an effect previously observed in a 
small surface crush injury model (Chapter 4).    

We observed an earlier onset of sensory recovery in the WT animals, although the 
differences between WT and C6-/- were lost over time. The restoration of motor function did not 
differ between WT and C6-/- animals. In contrast to the observations in the crush injury model 
(Ramaglia et al., 2009), animals did not regain full functional recovery at 12 weeks after a 
transection injury. The sensory recovery seems to show a small dip after week 10, this might be 
explained by the development of neuropathic pain. Animals showed contraction of the muscles 
and avoided use of the injured paw. We observed autotomy of the toes in some animals as well 
around week 10; these animals were excluded from the trial.  

Figure 5: Morphology of the regenerated transected nerves. Representative photomicrographs of semithin cross 
sections of the distal tibial nerve of the transected nerves at 8 (A, B, D) and 12 (C, E) weeks PI (wk PI). The scale bar in A 
equals 20µm. Uninjured nerve (A) show a thick myelin sheath surrounding large axonal fibres. The inter-axonal space is 
small and few cells are found inside the nerve area. The regenerated WT nerves (B, C) show at 8 wk PI (B) some 
regenerated fibres, although these are small, most of them are myelinated. Inter-axonal space is large and many nuclei 
are visible, at 12 wk PI (C) the number of axons, the diameter and the myelin layer are increased compared to 8 wk PI. 
The inter-axonal space is smaller. In the C6-/- nerves at 8 wk PI (D) we found similar changes than in the WT nerves. Same 
is true for the nerves at 12 wk PI (E).  

It is interesting how the differences in complement activation between crush-injured 
and transected nerves could result in such diverse outcomes. Maybe the difference in damaged 
surface area explains why complement activation is so low in transected nerves. We previously 
showed (chapter 4) that the amount of complement activation is related to the amount of initial 
damage to the nerve. In the transection-resuture model the area of initial damage is small, in the 
range of micrometers instead of millimeters indicating that the amount of exposed complement 
activation molecules is also small. Additionally, massive influx of phagocytes and other 
mononuclear cells in the transection area was observed, which might be responsible for rapid 
clearance of these molecules (Hirata and Kawabuchi, 2002; Stoll et al., 1989). This rapid loss of 
complement activation molecules may be the reason why complement activation levels remain 
low during degeneration.  
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We can conclude that in case of low levels of initial complement activation no beneficial 
effect of complement C6 deficiency on the regeneration of peripheral nerves is observed. 

The data from the transection-resuture model also suggest that a little complement 
activation might even be beneficial, as shown by the slightly earlier start of sensory regeneration 
in the WT animals. That initial complement activation is beneficial for proper WD and 
regeneration of the nerves has also been shown by other studies (Camara-Lemarroy et al., 2010; 
Kosins et al., 2012), where the depletion of C3 resulted in poor regeneration of injured 
peripheral nerves . Addition of a botulinum-derived C3 peptide promoted functional motor 
recovery in crush-injured and transected peripheral nerves (Huelsenbeck et al., 2012).  

Taken together these data and the knowledge obtained from crush injury models (de 
Jonge et al., 2004; Maurer et al., 2002; Ramaglia et al., 2007; Ramaglia et al., 2008; Ramaglia et 
al., 2009), leads us to pose that, complement inhibition can have a positive effect on nerve 
regeneration, but only if there is enough damage. One should therefore take the type of injury 
into account before using complement inhibition as an intervention for enhancing post 
traumatic nerve regeneration. 
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Supplementary figure 1: Morphology of the regenerated transected nerves, proximal and distal tibial 
nerves at 8 and 12 wk PI (Fig. 5 extended). Representative photomicrographs of semithin cross sections of the 
proximal (left) and distal (right) tibial nerve of the transected nerves at 8 and 12 wk PI. The scale bar in A equals 
20µm. A: uninjured nerve of WT. In proximal and distal uninjured tibial nerves (A) thick myelin sheath surrounding 
large axonal fibres are found. The inter-axonal space is small and few cells are found inside the nerve area. B, C: 
show regenerated WT nerves at 8 wk PI (B) and 12 wk PI (C). At 8 wk PI regenerated fibres are found in the 
proximal part of the tibial nerve (left), although some are large, most are small. Most fibres are myelinated. In the 
distal portion of the nerve a similar situation is found, however the axon diameter appears to be smaller. Inter-
axonal space is large and many nuclei are visible, at 12 wk PI (C) the number of axons, the diameter and the myelin 
layer are increased compared to 8 wk PI in both proximal (left) and distal (right) portions of the tibial nerve. The 
inter-axonal space is smaller. D,E: show regenerated C6-/- nerves at 8 wk PI (D) and 12 wk PI (E). In the C6-/- nerves 
at 8 wk PI (D) we found similar changes than in the WT nerves. Same is true for the nerves at 12 wk PI (E). 
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Abstract 

Increasing evidence suggests a role for the immune system in amyotrophic lateral 
sclerosis (ALS). To determine the extent of the immune activation in ALS we analyzed the 
expression and cellular distribution of components of innate and adaptive immunity in spinal 
cord (SC) and motor cortex (MCx) from patients with rapid and slow progressive sporadic ALS 
and controls. High levels of classical complement pathway, C1q and C4 mRNA and protein were 
found in all ALS samples. Furthermore, we found higher numbers of activated microglia, reactive 
astrocytes, dendritic cells (DCs) and CD8+ T-cells in ALS than in control tissue. In addition, rapid 
ALS cases had more dendritic cells than slow ALS cases, whereas slow ALS cases had more 
activated microglia than rapid ALS cases.  

Our findings demonstrate a persistent and prominent activation of both innate and 
adaptive immunity in ALS. We propose a complement-driven immune response which may 
contribute to the progression of the inflammation and ultimately lead to motor neuron injury. 
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Introduction  

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative disease 
affecting both upper and lower neurons. The disease has an incidence rate of approximately 
1:100,000. Of all cases about 90% are sporadic and 10% familial.  

In the last decades, increasing numbers of experimental and clinical observations have 
reported inflammatory reactions in ALS tissue, which indicate the involvement of both the 
innate and adaptive immune responses (for reviews see (McGeer and McGeer, 2002; Moisse 
and Strong, 2006; Weydt et al., 2002). Impairment of the blood-brain barrier (BBB) facilitates 
the influx of adaptive immune cells and diffusion of plasma derived complement components 
(Humayun et al., 2009; Zipp and Aktas, 2006). Activation of the complement system, a major 
component of the innate immune response, is found in many neurodegenerative diseases 
(Goldknopf et al., 2006; Zipp and Aktas, 2006). The complement system is a self-amplifying 
cascade of proteases (Tomlinson, 1993). Activation results in 1) attraction and activation of 
phagocytes (Frank and Fries, 1991; Schraufstatter et al., 2002); 2) opsonisation; and 3) 
formation of the membrane attack complex (MAC or C5b-9) (Bhakdi and Tranum-Jensen, 1991). 
In the central nervous system (CNS) some complement factors, including C1q, C4 and C6 are 
locally produced (de Jonge et al., 2004; Lobsiger et al., 2007; Padilla-Docal et al., 2009; Tsuboi 
and Yamada, 1994), whereas others are derived from the blood.  

Activation of an inflammatory response is also observed in rodent models of ALS 
(McGeer and McGeer, 2002), involving the activation of microglia and astrocytes, which are a 
major source of pro-inflammatory molecules (Ferraiuolo et al., 2007; McGeer and McGeer, 
2002). In addition, upregulation of Complement 1q (C1q) is reported in spinal cord of superoxide 
dismutase-1 (SOD1) G93A mutant mice (Ferraiuolo et al., 2007). Inhibition of complement 
receptor 5a signaling prolonged survival of the SOD1 G93A mutant mice and rats (Humayun et al., 
2009; Woodruff et al., 2008a; Woodruff et al., 2008b).  

In view of these results we measured both the innate and adaptive immune response in 
human sporadic ALS and controls. Attention has been focused, in particular, on the activation of 
the complement cascade.We studied the inflammatory response in sixteen ALS cases. The ALS 
group was subdivided into rapid progressing (survival ≤ 18 months) and slow progressing ALS 
(survival ≥ 48 months). Immunohistochemistry and in-situ hybridization was performed to study 
the distribution of inflammatory cells and complement system components in ALS spinal cord 
(SC) and motor cortex (MCx), at both the protein and mRNA level. 
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Materials and Methods 

Subjects 

Tissue from the 16 ALS and 10 control cases used in this study was obtained from the 
department of Pathology of the Academic Medical Center (University of Amsterdam) and the 
Netherlands ALS tissue bank. The clinical and neuropathological features are summarized in 
Table 1. All cases were reviewed independently by two neuropathologists and diagnosed 
according to the standard histopathological criteria (Chou, 1995). The cases were separated into 
two groups, depending on the duration of the disease. One group included 6 cases with a rapid 
disease progression (survival ≤ 18 months) and one group included 10 cases with a slow disease 
progression (survival ≥ 48 months).  Control tissue was obtained from 10 patients who had died 
from a non-neurological disease. Informed consent was obtained for the use of brain tissue and 
for access to medical records for research purposes. All autopsies took place within 12 hours 
after death.  

Tissue preparation and immunohistochemistry  

Upon removal of the spinal cord, 0.5 cm thick slices were prepared from the cervical 
(C7), thoracic (T4 and T8) and lumbar (L1) levels, then stored at -80oC; the remainder of the cord 
was fixed in 10% buffered formalin. Primary motor cortex regions responsible for bulbar, arm 
and leg motor control were treated in the same fashion. In this study, motor cortex regions 
responsible for the primary site of onset were used (shown in table 1). The ALS group consisted 
of 6 rapid ALS and 10 slow ALS cases.  

Paraffin-embedded tissue was sectioned at 6 µm and mounted on organosilane (3-
aminopropylethoxysilane; Sigma, Zwijndrecht, The Netherlands) -coated slides. Cryosections (6 
µm thick) were air-dried overnight and fixed for 10 minutes in acetone. Representative sections 
of all specimens were stained with hematoxylin and eosin, Klüver-Barrera and Nissl stains.  

Paraffin or cryosections were immunostained using the primary antibodies summarized 
in Table 2. For the majority of the antibodies heat-induced antigen retrieval (in 10 mM sodium-
citrate buffer pH 6.0), was required. Immunoreactivity to the primary antibodies was detected 
with either power vision (Immunologic, Duiven, the Netherlands) or two step directly labeled 
secondary antibodies (hydrogen peroxidase conjugated, avidin-alkaline phosphatase conjugated 
(Dako, Glostrup, Denmark); or conjugated to an AlexaFluor-488 or AlexaFluor-568 (Invitrogen, 
Carlsbad, USA). Diaminobenzidine (DAB) (Dako, Glostrup, Denmark) was used for peroxidase 
staining in conjuction with hematoxilin as counterstain for nuclei. Fast blue BB (Sigma Aldrich, St 
Louis, USA) was used for alkaline-phosphatase staining. 

For the immunofluorescent staining fluorophores AlexaFluor-488 (activation 488 nm 
emission green and AlexaFluor-568 (activation 568 nm, emission red) were used. Slides were 
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counterstained with 4,6-diaminodine-2-phenylindole (DAPI) (Sigma Aldrich, St Louis, USA) and 
enclosed in vectashield mounting media (Vector Laboratories Inc, Burlingame, USA).   

Cases Gender Site of onset Age (years) Disease 
duration 
(months) 

Rapid ALS 

(survival ≤ 18 months) 

1 F Arm 56 7 

2 F Leg 70 7 

3 M Arm 50 13 

4 M Bulb 61 16 

5 M Leg 55 18 

6 M Leg 58 8 

Slow ALS 

(survival ≥ 48 months)  

7 F Arm 39 130 

8 M Bulb 40 72 

9 M Arm 41 96 

10 M Leg 35 48 

11 M Arm 50 54 

12 M Arm 55 48 

13 F Bulb 63 72 

14 F Bulb 65 51 

15 M Arm 67 90 

16 F Bulb 68 52 

Controls 17 M n/a 30 n/a 

18 M n/a 48 n/a 

19 M n/a 60 n/a 

20 F n/a 70 n/a 

21 M n/a 72 n/a 

22 M n/a 79 n/a 

23 M n/a 60 n/a 

24 M n/a 62 n/a 

25 V n/a 71 n/a 

26 M n/a 40 n/a 

Table 1: Clinical data of cases. ALS: Amyotrophic lateral sclerosis; M: male; F: female, n/a: not applicable. Site of onset: 
region in which first symptoms occurred, Bulb: bulbar onset. Age: years. Disease duration: time from diagnosis until 
death in months.  
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Light microscopy  

An Olympus Microscope BX41 (Olympus, Zoeterwoude, The Netherlands) was used to 
determine DAB positivity. Spinal anterior horn, white matter of the spinal cord and motor cortex 
regions were examined. Imaging was performed using an Olympus B12 camera (Olympus, 
Zoeterwoude, The Netherlands) and imaging software Cell D (Olympus, Zoeterwoude, The 
Netherlands). 

Antigen Type Dilution Art. #/ company 

GFAP Mouse monoclonal, clone 6F2 1:50* DAKO M0761  

GFAP Rabbit polyclonal  1:4000*  

1:400** 

DAKO Z0334 

Vimentin Mouse monoclonal, clone V9  1:1000 * 

1:100** 

DAKO M0725 

Human serum albumin Rabbit polyclonal 1:20000* DAKO A0001 

HLA-DR Mouse monoclonal, clone CR3/43   1:100* DAKO M0775  

CD68 Mouse monoclonal, clone PG-M1 1:200* DAKO M0876 

DCsign/CD209  Mouse monoclonal, clone DCN46 1:50* BD Pharmingen 551249 

CD3 Rabbit monoclonal, clone  SP7 1:400* NeoMarkers RM-9107-S 

CD4 Mouse monoclonal, clone 4B12l 1:100* NeoMarkers MS-1528-S 

CD8 Mouse monoclonal, clone 
C8/144B 

1:100* DAKO M7310   

CD20 Rabbit polyclonal 1:1000* DAKO M0755 

C1q Rabbit polyclonal 1:200* DAKO A0136 

C1q Goat polyclonal 1:100* SIGMA C3900*** 

C3c Rabbit polyclonal 1:100* DAKO A0062 

C3d Rabbit polyclonal 1:200* DAKO A0063 

C5b-9 Mouse monoclonal 1:200** DAKO M777 

C5b-9 Rabbit polyclonal  1:200* Calbiochem 204903 

MBL Mouse monoclonal, MBL6 1:100* Gift from BCR – Sanquin 

CD59 Mouse monoclonal, clone MEM43 1:100* Sanquin M2121  

Table 2: List of primary antibodies used for immunohistochemistry. * Dilution for paraffin sections; ** dilution for 
frozen sections, ***Antibody discontinued from this source. 

Immunofluorescence 

 Immune fluorescent double staining was analyzed using a LEICA-2 DM IRBE confocal 
microscope (LEICA Microsystems B.V., Rijswijk, The Netherlands), images of the anterior horn 
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and white matter of the spinal cord were taken using separate fluorescent filters using Leica 
Confocal Software with smart gain and smart offset.  Fluorophores Alexafluor-488 (activation 
488 nm, emission green) and Alexafluor-568 (activation 568 nm, emission red) were used for 
antigen detection; nuclei were stained with DAPI (activation UV emission blue) (not shown).  

Quantification 

Labeled tissue sections were examined by two investigators with respect to the 
presence or absence of various histopathological parameters and specific immunoreactivity (IR) 
to the markers used. For the analysis of the SC 4 anterior horns and 4 areas of white matter 
adjacent to the anterior horn (anterior-lateral corticospinal tracts from lumbar sections (L1/L2)) 
were scored per patient. For the analysis of the MCx, 4 areas from the surface to the deeper 
layers were scored per patient.  

 For the complement components, the intensity of C1q, C3c, C3d and C5b-9 (MAC) 
immunoreactivity was evaluated using a scale of 0-3 (0: no; 1: weak; 2: moderate; 3: strong 
staining). The score represents the predominant cell staining intensity found in each case within 
the region examined. The frequency of positive cells [(0) negative; (1) rare; (2) sparse; (3), high 
was also evaluated to give information about the relative number of positive cells within the SC 
and MCx. The product of these two values (intensity and frequency scores) was taken to give the 
overall score (immunoreactivity total score). Cellular markers HLA-DR, vimentin, glial fibrillary 
acidic protein (GFAP), CD3, CD8 and DC-SIGN (CD209) were also quantitatively analyzed, as 
previously described (Harter et al., 2010).  

In situ hybridization on C1q and C4 using Locked Nucleic Acid probes (LNA) 

In situ hybridization were performed using 5' Fluorescein-labelled 19mer antisense 
oligonucleotides containing LNA and 2'OME RNA moieties (C1q: FAM-TggTccTugAugTuuCcuG; C4: 
FAM-TauTucTucAccTcaAacT capitals indicate LNA and lower case are 2'OME RNA)(RiboTask ApS, 
Odense, Denmark). In situ hybridization was performed according to the method earlier 
described by Budde et al. (Budde et al., 2008), using 6 µm thick paraffin sections of spinal cord 
and cortex. In short: sections were deparaffinated and treated with proteinase K (20 mg/ml) 
(Roche Diagnostics, Indianapolis, US) for 5 minutes and post fixed in 4% formalin. Hybridizations 
were performed at 65°C for C1q and 60°C for C4 for 90 minutes in hybridization mix ((50% 
vol/vol) deionized formamide, 600 mM NaCl, 10 mM HEPES buffer, pH 7.5, 1 mM EDTA, 5 
Denhardt’s reagent, and 200 mg/ml denatured herring sperm DNA (D6898, Sigma)).  Final probe 
concentration was 1 mM. Following hybridization, sections were washed consecutively in 2x, 
0.5x and 0.2x SSC buffer for 5 minutes at hybridization temperature. Probe was detected using a 
polyclonal rabbit anti Fluorescein/Oregon Green (AbP Serotec, Oxford, UK) and polyclonal goat 
anti-rabbit-HRP conjugated (1:100, 60 minutes) (P0448, DAKO, Glostrup Denmark). HRP was 
visualized using standard 3-Amino-9-ethyl-carbazole (AEC) (Sigma Inc., St Louis, USA). Sections 
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were counterstained with hematoxylin (Sigma Chemie GmbH, Steinheim, Germany) and 
mounted in gelatin.  

RNA Isolation and cDNA Synthesis 

Fresh frozen sections of 20µm thickness were transferred to TrizolReagent (Invitrogen, 
Carlsbad, USA), and allowed to dissolve on ice. The RNA was extracted with chloroform (Merck 
KGaA, Darmstadt, Germany) from the Trizol suspension using phase lock gel heavy 15 ml tubes 
(Eppendorf 5 prime GmbH, Hamburg, Germany). RNA purification was performed using the 
NucleoSpin RNAII kit (Magery-Nagel GmbH, Düren, Germany); RNA was transferred onto a 
NucleoSpin column and treated with DNAse and eluted in 60 µl RNAse free H2O.  RNA quality 
indicated by the presence of 28s and 18s bands was confirmed by agarose gel electrophoresis. 
RNA was stored at -80°C until further use.  

1 µl OligodT12-VN (125 pmol/µl)(Sigma Chemie, Zwijndrecht, The Netherlands) primers 
were added to 0.25-1 µg RNA, volume was made up to 10 µl by adding RNAse free H2O. Sample 
was denatured at 72°C for 10 minutes. For reverse transcriptase reaction, dNTPs (10 mM)(Solis 
BioDyne, Tartu, Estland), MgCl2 (25 mM) (Merck KGaA, Darmstadt, Germany), 5 µl first strand 
buffer (Invitrogen, Carslbad, USA) and SuperScriptII enzyme (Invitrogen, Carlsbad, USA) were 
added. Mixture was kept at 42°C for one hour. The reaction was stopped at 70°C for 15 minutes. 
Quality of cDNA was confirmed by gel electrophoresis on a 2% agarose gel. The cDNA was stored 
at -20°C until further use. 

Probe sequence Size (nt) Universal probe no. SIGMA 

C1q Fw - gcatccagttggagttgaca 

Rv - acagagcaccagccatcc 

20 

18 

13 

C4  Fw - ccacgtcctgctgtattttg 

Rv - ttcctgcacagcctcaaag 

20 

19 

10 

Table 3: Primer sequences. Sequences of primers used for qPCR analysis. Size in nucleotides (nt), Fw: forward, Rv: 
reverse. Primer sequence is given from 5’to 3’end. 

Real-time quantitative PCR analysis (qPCR) 

Expression of C1q and C4 mRNA was analyzed by qPCR on a LightCycler 480 Real-Time 
PCR system (Roche Applied Science) using Universal probes (Roche Diagnostics GmbH, 
Mannheim, Germany).PCR data were normalized to the expression of the housekeeping gene 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 1 µl cDNA of patient samples was 
transferred to a 384 well plate, 5µl of PCR mix containing: forward and reverse primers, 
universal probe (table 3), probe mastermix and RNAse free H2O was added. Control spinal cord 
sample was used as a positive calibrator, RNAse free water was used as a negative control. After 
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55 cycli qPCR data were analyzed using the light cycler software (Roche). For quantification, the 
“advanced relative quantification” option in the program was used (Karlen et al., 2007; 
Ramakers et al., 2003).   

Statistical analysis 

SPSS for Windows (SPSS 11.5, SPSS Inc., Chicago, IL, USA) was used for the statistical 
analysis of the date. To test for differences between the ALS types and controls, we determined 
whether variables followed a normal distribution. Accordingly T-test or Wilcoxon-Mann-Whitney 
test was used. ANOVA or Kruskal Wallis test was used with Bonferroni correction. Correlations 
were calculated between individual disease parameters (age, duration of the disease, gender 
and site of onset) of all patients and their immunoreactivity for the immune markers using 
Pearson’s product moment correlation (ρ).  

Results 

The classical pathway of the complement system is activated in human ALS tissue 

Immunohistochemistry was used to examine the pattern of C1q, C3c, C3d and C5b-C9 
(MAC) positivity in control and ALS spinal cord (SC) and motor cortex (MCx). We found that both 
neurons and resting glial cells in control autopsy specimens did not express detectable levels of 
any of the downstream complement components C3c, C3d and C5b-9 (Fig. 1).  

Low levels of C1q expression were evident in some control tissues (Fig. 2). In contrast, both early 
and late complement component immunoreactivity was detected within all the ALS specimens. 
Complement C1q was present in ventral horn and white matter (anterior-lateral and 
corticospinal tracts) of ALS SC and MCx, whereas the controls were virtually negative for C1q (Fig. 
1 A-D, SC; MCx, not shown). 

Immunoreactivity for the activated complement fragments C3c (not shown), C3d (Fig. 1 
E-F) and C5b-9 (Fig. 1 G-H) were also found in SC and MCx (not shown) of ALS patients. 
Expression of all four complement components was observed in glial cells, rather than in 
neurons. Quantification of immunoreactivity (IR) for the different complement factors on 
microglia showed that complement activation was significantly higher in ALS patients than in 
control tissues (P < 0.05; Fig. 2 A-D).  

Most complement components are not locally produced in the nervous system, but 
plasma-derived. We found evidence for a leaky BBB by using albumin immunohistochemistry in 
the ALS tissues. Albumin extravasation was not observed in control specimens (data not shown).  
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Figure 1: Distribution of complement factors immunoreactivity (IR) in ALS spinal cord (SC). A and B: representative 
photomicrographs of immunohistochemical staining for C1q in control cervical spinal cord (SC) showing no detectable 
immunoreactivity (IR) in neurons (arrows) and in the majority of glial cells in both ventral horn (VH) (A) and white matter 
(WM)(B, lateral corticospinal tract); C and D: representative photomicrographs of immunohistochemical staining for C1q 
in ALS SC. A substantial increase in IR was observed in ALS SC, with numerous glial cells in both VH (C; arrow heads; 
arrows indicate positive neurons) and WM (D, lateral corticospinal tract; arrows); inserts (a):  C1q immunoreactive cells, 
with the morphology of reactive astrocytes; inserts (b): C1q immunoreactive cells, with the morphology of macrophages. 
E and F: representative photomicrographs of immunohistochemical staining for C3d in ALS showing immunoreactive glial 
cells (arrows) in both VH (E) and WM (F), lateral corticospinal tract); insert in E and insert (a) in F show immunoreactive 
cells surrounding blood vessels; insert (b) in F show a strong C3d positive cell with the morphology of a reactive astrocyte. 
G and H: representative photomicrographs of immunohistochemical staining for C5b-9 (MAC) in ALS showing numerous 
immunoreactive glial cells (arrows) in both VH (G) and WM (H, lateral corticospinal tract). Inserts (a) control SC without 
detectable expression of MAC (C5b-9) in both neurons and glial cells. Inserts (b) show MAC (C5b-9) positive glial cells in 
ALS SC (surrounding a motor neuron in G). Scale bar in A: A, B, G, H: 150 µm; E: 80 µm; D, F: 40 µm. 
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Figure 2: Quantification of complement immunoreactivity on microglia in control and ALS spinal cord (SC) and motor 
cortex (MCx). A: Quantification of microglia immunoreactivity (IR-score) for C1q protein in spinal cord white matter (SC 
WM), spinal cord ventral horn (SC VH) and motor cortex (MCx) MG in control and rapid ALS (survival ≤ 18 months), slow 
ALS (survival ≥ 48 months). B:  IR-score for C3c. C: IR-score for C3d and D: IR-score for membrane attack complex (MAC; 
C5b-9). In controls only C1q positive microglia were observed, no immunoreactivity for C3c, C3d and C5b-9 was found in 
controls. In ALS microglia much higher IR-scores are observed for all complement proteins. Positivity for C3c, C3d and 
C5b-9 also implicate activation of the complement system in ALS. Values are expressed as mean ± SD. Complement IR-
scores are significantly higher in ALS compared to control (p < 0.05) (Wilcoxon-Mann-Whitney test). 

Complement proteins co-localize with reactive astrocytes, activated microglia and neurons 

To determine the cellular distribution of complement components (C1q, C3c, C5b-9) we 
performed a double labeling experiment using an astroglial marker (Glial fibrillary acidic protein; 
GFAP) or a microglial/macrophage lineage marker (HLA-DR) (SC; Fig. 3). Double labeling 
confirmed co-localization of C1q and C3c with both astroglial (Fig. 3 A-B) and microglial markers 
(Fig. 3 D-E).  C5b-9 (MAC) co-localized mainly with the microglial marker (Fig. 3 C and F).  

Quantitative analysis of C1q and C4 mRNA in ALS 

Quantitative PCR (qPCR) revealed that expression of C4 mRNA is upregulated in ALS SC 
of both ALS types compared to controls (not shown). No significant differences were found in 
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the expression of C1q between control and ALS SC and MCx. In general, expression of C1q and 
C4 mRNA was lower in MCx than in SC (not shown).  

Figure 3: Confocal double-immunofluorescence analysis of complement factors in ALS. A: (merged image) shows co-
localization (yellow) of C1q (red) with GFAP (green) in reactive astrocytes in spinal cord white matter (SC WM). B: 
(merged image) shows co-localization (yellow) of C3d (red) with GFAP (green) in reactive astrocytes (arrows) surrounding  
a residual motor neuron (asterisk) in the ventral horn. C: (C5b-9, MAC/GFAP; merged image) MAC does not co-localize 
with the large majority of GFAP positive cells. D-F: (merged images) show co-localization (yellow; arrows) of C1q (D), C3d 
(E) and MAC (red). (F) With the microglia marker HLA-DR (green). Scale bar in A: A-C: 40 µm; D-F: 20 µm. 

C1q and C4 expression by in situ hybridization in ALS 

In situ hybridization for C1q and C4 showed that C1q and C4 mRNA in ALS SC is 
expressed by both neurons and glial cells (Fig. 4). In ALS tissue the numbers of C1q and C4 mRNA 
expressing glial cells was much higher than the control tissue, in both the ventral horn and white 
matter of the SC (Fig. 4) and in the MCx (not shown). Double labeling confirmed the neuronal 
and glial expression of C1q mRNA and the presence of C1q protein in the ALS SC (supplementary 
Fig. 1) and MCx (not shown).  
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Clinical Cohort Characteristics 

Individual disease parameters and complement IR scores 

We analyzed the possible correlation between immunostaining (IR scores for C1q, C3c, 
C3d and MAC) and different clinical variables (age, gender, duration and site of onset). Pearson’s 
correlation coefficient (ρ) was used for the analysis. We found no correlation between the 
individual disease parameters and complement IR-scores; all variables had a ρ value of -0.3 < ρ < 
0.3 upon correlation to any of the individual disease parameters (data not shown).  

Astroglial and microglial reactivity in ALS 

As previously reported, complement activation can result in the attraction and activation of glial 
cells (Aronica et al., 2001). In ALS SC we found high numbers of reactive astrocytes 
(supplementary Fig. 2  A-B) and activated microglia (supplementary Fig. 2 C-D)  Reactive glial 

Figure 4:  In situ hybridization for C1q 
and C4 mRNA in control and ALS 
spinal cord. A and B: representative 
photomicrographs of C1q mRNA in 
the control spinal cord; showing low 
expression in motor neurons (A; 
ventral horn (VH)) and non-detectable 
or low expression in the large 
majority of glial cells in both VH (A) 
and white matter (WM) (B). C and D: 
representative photomicrographs of 
C1q mRNA in ALS spinal cord; 
substantial increase in C1q expression 
is observed in motor neurons (C; VH, 
arrows) and in glial cells (D; WM, 
arrows). E and F: representative 
photomicrographs of C4 mRNA in the 
control spinal cord; showing 
moderate expression in motor 
neurons (E; VH) and non-detectable 
or low expression in the large 
majority of glial cells in WM (F). G and 
H: representative photomicrographs 
of C4 mRNA in ALS spinal cord. A 
substantial increase in C4 expression 
is observed in motor neurons (G; 
ventral horn, arrows) and in glial cells 
(H; white matter, arrows). Scale bar in 
A (insert bar van 1 cm): A-H: 40 µm. 
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cells were found in the ventral horn, however, the most prominent vimentin immunoreactivity 
was observed in the white matter (anterior-lateral and corticospinal tracts; Supplementary Fig. 2) 
as well as in the MCx (not shown).  

Figure 5: Quantification of Vimentin, HLA-DR, CD209 and CD8 immunoreactivity (IR) in control and ALS spinal cord (SC) 
and motor cortex (MCx). Graphs show cell counts per mm2 averaged per group, error bars represent the standard 
deviation. A: vimentin (reactive astrocytes); B: HLA-DR (activated microglia); C: CD209 (dendritic cells (DCs)) and D: CD8+ 
T-lymphocyte count in controls and ALS SC and MCx. Both SC white matter (WM) and ventral horn (VH) and MCx of both 
ALS groups contain significantly more Vim, HLA-DR, CD209 and CD8 positive cells than controls (P < 0.05). Slow ALS 
(survival ≥ 48 months) show significantly more activated microglia than rapid ALS (survival ≤ 18 months) (P < 0.05) (B). 
Rapid ALS patients have significantly more DCs in their SC VH compared to the slow ALS (P < 0.05) (C). No significant 
differences between the ALS groups were observed in the numbers of reactive astrocytes (A) and CD8+ T-lymphocytes 
(D)(student’s T-test). Values are expressed as mean ± SD.  

Quantification and comparison of the numbers of either HLA-DR or vimentin positive 
cells in the MCx and ventral horn of the spinal cord showed that the numbers of reactive glial 
cells were higher in all ALS samples compared to controls (Fig. 5 A-B). The number of reactive 
astrocytes did not differ significantly between the different ALS conditions (Fig. 5 A). In contrast, 
slow progressing ALS patients had significantly more activated microglia (Fig. 5 B) in the ventral 
horn than rapid progressing ALS patients (p < 0.05).  
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Dendritic cells in ALS and T-lymphocyte Infiltration in ALS 

Complement activation can also induce the expression of chemokines and cytokines that trigger 
an adaptive immune response. Therefore we studied the distribution of cellular components of 
adaptive immunity in ALS.  

Figure 6:  Dendritic cells (DCs) and T-lymphocytes in control and ALS spinal cord (SC).  A and B:  DCsign (CD209) 
immunoreactivity (IR) in control SC. C and D: DCsign IR in ALS SC, showing positive cells in both the ventral horn (VH) (C; 
arrows and insert; asterisk, motor neuron) and in white matter (WM) (D; arrows and insert, perivascular cells). E and F: 
CD8+ T-lymphocytes in ALS SC ;positive cells are detected in both the VH (C, E; arrows; asterisk, motor neuron) and in 
WM (F, arrows); insert (a) in E shows positive cells in the vicinity of a motor neuron (asterisk); insert (b) in E shows 
positive perivascular cells (arrows). Scale bar in A: A, B, D, E 80 µm; C and F: 40 µm

CD209 (DC-SIGN), a specific dendritic cell (DC) marker, showed immunoreactive cells in 
all ALS samples, but not in controls (Fig. 6 A-D). The majority of the DCs were localized in the 
white matter, expressed in a perivascular manner; additionally, DCs were observed in the ventral 
horn gray matter in ALS SC (Fig. 6 C-D). The difference in number of DCs between ALS and 
control samples was significant (p < 0.05) (Fig. 5 C). Furthermore, we found that rapid 
progressing ALS patients had significantly more DCs in the ventral horn (p<0.05) than slow 
progressing ALS patients (Fig. 5 C). 
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Since antigen presentation is crucial for a proper adaptive immune response by T- and 
B- lymphocytes we also studied the presence of T- and B-cells. There was no evidence for a 
humoral response in terms of B-cells (CD20) or immunoglobulin presence in the cortex and 
spinal cord sections (not shown);  CD4+ (helper) T-cells  were not detected (not shown), 
suggesting a more cytotoxic adaptive immune response. Indeed CD3+ (not shown) and CD8+ 
(cytotoxic) T-cells were present in the ALS samples (Fig. 6 E-F). The CD8+ T-cells were found 
within the gray matter and white matter of the ALS SC ventral horn and MCx both perivascularly 
but also more infiltrated in the tissue. The difference in CD8+ T-cell count between control and 
ALS samples was significant (P < 0.05) (Fig. 5 D). However, no significant differences were found 
between the two ALS groups. 

Discussion 

Our findings demonstrate a persistent and prominent activation of both innate and 
adaptive immunity in ALS. We have demonstrated activation of the complement system via the 
classical pathway in human ALS. This observation is in agreement with previous observations in 
the SOD1 mutant mouse (Ferraiuolo et al., 2007). 

In addition, we found high numbers of reactive astrocytes and activated microglia in 
both SC and MCx of ALS patients. A cross-talk between subtypes of activated microglia and T-
cells has been described. Two opposing types of activated microglia exist, pro-inflammatory and 
anti-inflammatory (Appel et al., 2010). Pro-inflammatory microglia may induce neuronal death 
by production of pro-inflammatory cytokines and chemokines, such as IL1, IL6, TNFalpha and 
Ccl2. Ccl2 enhances T-cell trafficking into the CNS. In addition pro-inflammatory microglia 
promote the generation of reactive oxygen species (ROS) and enhance susceptibility for 
glutamate toxicity.  

In contrast, anti-inflammatory microglia contribute to the suppression of the 
inflammatory response via the production of anti-inflammatory cytokines and release of 
neurotrophic factors. In addition, the production of ROS is inhibited. 

Furthermore, inflammation can be suppressed by a CD4+ T-regulatory response. CD4+ T-
regulatory cells can inhibit cytotoxic T-cell function and production of pro-inflammatory 
cytokines in microglia as shown in SOD1 mutant mice (Appel et al., 2010). In our study we did 
not find evidence for a CD4+ T-cell response. However, we detected a cytotoxic (CD8+) T-cell 
response. These observations suggest that the immune response in ALS is mainly pro-
inflammatory.   

Additionally, we found C1q production by neurons and activated microglia in ALS SC and 
MCx. It is known that C1q can activate microglia and cause sustained pro-inflammatory activity 
(Farber et al., 2009). However, complement C1q was not only observed in ALS. A modest level of 
C1q positivity was also observed in control SC and MCx, although expression was much lower 
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than those found in ALS patients. C1q positivity in control patients can be explained by the 
mounting evidence that certain proteins that were originally identified in the immune system 
also have non-immune functions in the central nervous system. For example, complement is 
known to be involved in synapse remodeling (Boulanger, 2009). 

There is a delicate balance between clearance, repair and remodeling in the CNS and 
complement is involved in all three of these processes. The complement system can act as a 
switch between innate and adaptive immunity by facilitating antigen presentation (Liu et al., 
2008; Luster, 2002; Matsukawa et al., 2000; Yoshie, 2000) and providing an environment in 
which CD8+ T-cells can be locally activated in the absence of CD4+ T-cells (Lertmemongkolchai 
et al., 2001; Rahemtulla et al., 1991; Sun and Bevan, 2003). In our study, we find evidence for 
both antigen presentation by DCs and the presence of CD8+ T-cells. We found more DCs in 
rapid than in slow ALS. These findings support the data of Henkel et al., (2004) who showed 
that numbers of DCs present in the CNS of ALS patients negatively correlate with the disease 
progression (Henkel et al., 2004).  

Based on our findings we propose a complement driven positive feedback loop which 
may critically contribute to the progression of inflammation, resulting in motor neuron injury 
(Fig. 7).  

Figure 7: Model of immune activation in ALS. Schematic representation of our proposed model on immune activation in 
ALS. Gray, round cornered boxes are the initiators of the cascade; white round cornered boxes, indicate processes; gray 
angulated squares are the outcomes of the responses. Arrows show connections and feedback loops.  

This positive feedback loop is initiated by a stressed neuron and its surrounding glial 
cells (astrocytes and/or microglia). Stressed neurons and the surrounding glial cells will produce 
complement C1q and other complement factors (C4, C6). C1q can activate the complement 
cascade. Activated complement can attract and activate phagocytes, opsonize membranes and 
form the membrane attack complex. The activation of the downstream complement pathway, 
C3, C5 and C5b-9, will result in even more cellular damage and stress. In addition, C1q on its own 
can activate microglia to a pro-inflammatory type. Activation of the complement system and 
pro-inflammatory microglia may result in impairment of the BBB. Moreover, complement 
activation, pro-inflammatory cytokines and impairment of the BBB may attract adaptive immune 
cells. The pro-inflammatory environment may facilitate antigen presentation and local activation 
of CD8+ T-cells. The presence of high numbers of DCs and CD8+ T-cells and pro-inflammatory 
cytokines, as well as the reduction of neurotrophic factors may critically contribute to neuronal 
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cell death. Our observations suggest that there is disruption between the delicate balance of 
clearance and repair in the CNS, which involves the complement system. 

This model provides a novel therapeutic target for the treatment of ALS. Inhibiting 
production and signaling via C1q and downstream complement activation might inhibit the 
positive-feedback loop and maintain the balance between clearance and repair. This can prevent 
the rapid loss of motor neurons during the course of ALS.  

Inhibition of C5aR signaling in the SOD1 mutant rats proved to delay the disease 
progression in these animals and increased motor neuron survival (Woodruff et al., 2008a). 
Furthermore, C4 plays a role in macrophage attraction and activation in the SOD1 mutant mice 
(Chiu et al., 2009). These findings in the animal model and our findings on complement 
activation and inflammation in ALS tissue suggest that complement signaling inhibition may 
represent a valid new strategy for ALS. However, the protective role of complement by 
promoting the efficient clearance of cell debris and apoptotic cells resulting from initial injury 
also has to be taken into account.  Similarly, the potentially toxic effects of complement 
inhibition must also be considered. Thus, further research is needed to explore if complement 
inhibition will improve quality of life and delay disease progression in ALS patients. 
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Supplementary 1.  In situ hybridization and immunohistochemistry analysis of C1q in ALS spinal cord. A: (control spinal 
cord; ventral horn) shows variable expression of C1q mRNA (red) in motor neurons (asterisk), and low expression in few 
glial cells (arrows). B: (ALS spinal cord; ventral horn) shows increased expression and colocalization (purple) of C1q mRNA 
(red)  with C1q protein  (blue) in neurons (asteriks and insert) and in glial cells (arrows). Scale bar in A: A, B: 40 µm. 

Supplementary 2. Vimentin and HLA-DR immunoreactivity in control and ALS spinal cord. Coronal sections of cervical 
spinal cord (SC). A and C: control SC. B and D: ALS SC. B: vimentin (Vim) immunoreactivity (IR) is increased in the ALS 
spinal cord; insert (a) shows strong IR in reactive astrocytes surrounding motor neurons in the ALS ventral horn (VH); 
insert (b) shows strong IR in reactive astrocytes within the ALS white matter (WM). D:  HLA-DR IR is increased in the ALS 
spinal cord; insert (a) shows strong IR in cells of the migroglia/macrophage lineage surrounding motor neurons in the ALS 
VH; insert (b) shows strong IR in cells of the migroglia/macrophage lineage within the ALS WM. Scale bar in A: A-D: 1 mm. 
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Abstract 

Increasing evidence indicates that inflammatory responses could play a critical role in the 
pathogenesis of motor neuron injury in amyotrophic lateral sclerosis (ALS). Recent findings have 
underlined the role of Toll-like receptors (TLRs) and the receptor for advanced glycation end 
products (RAGE) in the regulation of both innate and adaptive immunity in different pathologies 
associated with neuroinflammation. In the present study we investigated the expression and 
cellular distribution of TLR2, TLR4, RAGE and their endogenous ligand high mobility group box 1 
(HMGB1) in the spinal cord of control (n=6) and sporadic ALS (n=12) patients. The 
immunohistochemical analysis of TLR2, TLR4 and RAGE showed increased expression in reactive 
glial cells in both gray (ventral horn) and white matter of ALS spinal cord. TLR2 was 
predominantly detected in cells of the microglia/macrophage lineage, whereas the TLR4 and 
RAGE was strongly expressed in astrocytes. Real-time quantitative PCR analysis confirmed the 
increased expression of both TLR2 and TLR4 and HMGB1 mRNA level in ALS patients. In ALS 
spinal cord, HMGB1 signal is increased in the cytoplasm of reactive glia, indicating a possible 
release of this molecule from glial cells. Our findings show increased expression of TLR2, TLR4, 
RAGE and HMGB1 in reactive glia in human ALS spinal cord, suggesting activation of the 
TLR/RAGE signaling pathways. The activation of these pathways may contribute to the 
progression of inflammation, resulting in motor neuron injury. In this context, future studies, 
using animal models, will be important to achieve a better understanding of these signaling 
pathways in ALS in view of the development of new therapeutic strategies.  
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Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder 
characterized by loss of motor neurons and extensive astrogliosis and microglial activation in 
motor cortex and spinal cord (Ince et al., 1998; Piao et al., 2003). Despite identification of 
disease-linked mutations the aetiology and pathogenesis of ALS are still elusive (Pasinelli and 
Brown, 2006; Vivekananda et al., 2008; Kwiatkowski et al., 2009). Recent experimental and 
clinical observations have suggested role for non-neuronal cells, including both microglia and 
astrocytes, indicating the involvement of both the innate and adaptive immune responses in ALS 
pathogenesis (Hall et al., 1998; Levine et al., 1999; McGeer and McGeer, 2002; Pasinelli and 
Brown, 2006). Focus has recently shifted to Toll-like receptor (TLR) signaling pathways in 
neurodegenerative disorders, including ALS (Letiembre et al., 2009). TLRs are evolutionarily 
conserved transmembrane glycoproteins forming the “sensors” of the innate immune system 
and mediating the sustained glial reactivity observed under pathological conditions (Kielian, 
2006). In the absence of pathogens, TLR signaling can be activated by molecules, called damage 
associated molecular patterns (DAMPs) including the high mobility group box 1 (HMGB1) protein, 
released by the injured tissue (Bianchi and Manfredi, 2009). HMGB1 is a nearly ubiquitous 
chromatin component regulating transcription of different sets of genes, including 
proinflammatory genes (Pedrazzi et al., 2007; Mouri et al., 2008; Bianchi and Manfredi, 2009). 
However, HMGB1 can be passively released by necrotic cells and actively secreted by stimulated 
monocytes/macrophages and astrocytes (Scaffidi et al., 2002; Andersson et al., 2008; Bianchi, 
2009; Hreggvidsdottir et al., 2009; Hayakawa et al., 2010; Maroso et al., 2010) binding to the 
receptor for advanced glycation end products (RAGE) and other receptors, including TLR2 and 
TLR4 (Scaffidi et al., 2002; Parker et al., 2004). Recent evidence suggests a critical role for the 
HMGB1-TLR4 pathway in the regulation of neuronal excitability and neurotoxicity (Kleen and 
Holmes, 2010) mediated by N-methyl-D-aspartic acid (NMDA) receptor activation involving a 
tyrosine phosphorylation of the MDA receptor regulatory subunit 2B that controls Ca2+ influx 
(Maroso et al., 2010). Interestingly, increased levels of TLR  have been observed in mutant 
superoxide dismutase 1 (SOD1) mice, as compared to controls (Letiembre et al., 2009) and 
mutant SOD1 expression in ALS has been suggested to facilitate microglial neurotoxic 
inflammatory responses via TLR2 (Liu et al., 2009). In addition, it has recently been shown that 
mutant SOD1 binds to CD14, which is a co-receptor of TLR2 and TLR4, and that the microglial 
activation mediated by mutant SOD1 (G93A) can be attenuated using TLR2, TLR4 and CD14 
blocking antibodies (Zhao et al., 2010). 

A key challenge is to translate this information concerning the role of the innate 
immune system in ALS into the clinic. A helpful first step in this direction is represented by the 
evaluation of specific inflammatory pathways in human tissue and the identification of 
appropriate patient populations. Clinically and morphologically well characterized material from 
ALS patients provides a valuable source of information, which may guide future experimental 
studies aimed at the development of new therapeutic strategies. To determine whether the 
TLR/RAGE signaling pathways are involved in the inflammatory response in ALS, we investigated 
the expression patterns of TLR2, TLR4, RAGE and HMGB1 in normal and ALS spinal cord from 
patients with sporadic ALS and different disease duration. Our aim was to define the possible 
involvement of TLR/RAGE signaling in the pathophysiology of ALS and increase our knowledge 
on the role of inflammation in this disease.  
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Materials and methods 

Subjects 

Post-mortem material was obtained at autopsy from 12 sporadic ALS patients at the 
department of Pathology of the Academic Medical Center (University of Amsterdam). All 
patients fulfilled the diagnostic criteria for sporadic ALS (sALS; El Escorial criteria; Brooks et al., 
2000), were reviewed independently by two neuropathologists and the diagnosis of ALS was 
confirmed according to the standard histopathological criteria (Ince et al., 1998; Piao et al., 
2003). The group included six patients with rapid disease progression and short-term survival 
<18 month (ALS-st) and six patients with slow disease progression and long-term survival > 48 
months (ALS-lt) (Table 1). All patients with ALS died for respiratory failure. The control spinal 
cord tissue was obtained from six patients (four males and two females) who had died from a 
non-neurological disease (cause of death: myocardial infarction, renal failure, pulmonary 
embolism). Both ALS and control patients included in the study displayed no signs of infection 
before death.  

Patients Sex Age 
Duration of disease 

(mon) Clinical diagnosis 

1 F 57 7 sALS 

2 F 70 7 sALS 

3 M 59 8 sALS 

4 M 51 13 sALS 

5 M 60 16 sALS 

6 M 55 18 sALS 

7 M 81 48 sALS 

8 M 69 52 sALS 

9 F 64 72 sALS 

10 M 67 90 sALS 

11 F 40 96 sALS 

12 M 41 96 sALS 

Mean±SEM 59.5±3.4 43.5±10.6 

1 M 57 — NC 

2 F 60 — NC 

3 M 73 — NC 

4 M 71 — NC 

5 F 73 — NC 

6 M 53 — NC 

Mean±SEM 64.5±3.6 

Table 1: Summary of clinical and neuropathological data of ALS and control patients. NC: normal controls; sALS: 
sporadic ALS. 
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Informed consent was obtained for the use of brain tissue and for access to medical records for 
research purposes and approval was obtained from the relevant local ethical committees for 
medical research. All autopsies were performed within 12 h after death. After removal of the 
spinal cord, 0.5 cm thick slices, taken from the cervical (C7), thoracic (T4 and T8) and lumbar (L1) 
levels, were frozen and stored at -80°C; the remainder of the cord was fixed in 10% buffered 
formalin. 

Tissue preparation 

Paraffin-embedded tissue was sectioned at 6 µm and mounted on pre-coated glass 
slides (StarFrost, Waldemar Knittel Glasbearbeitungs GmbH, Braunschweig, Germany). 
Representative sections of all specimens were processed for haematoxylin and eosin, Klüver-
Barrera and Nissl stains. To define different cell populations we used serial sections stained with 
Nissl, astroglial and microglial markers (GFAP and HLA-DR, see below). Frozen tissue stored at -
80°C, was used for PCR analysis. 

RNA isolation and real-time quantitative PCR analysis (RT-PCR) 

For RNA isolation, frozen material was homogenized in Trizol LS Reagent (Invitrogen, 
Carlsbad, CA, USA). After addition of 200 µg glycogen and 200 µl chloroform, the aqueous phase 
was isolated using Phase Lock tubes (Eppendorf, Hamburg, Germany). The concentration and 
purity of RNA were determined spectrophotometrically at 260/280 nm using a nanodrop 
spectrophotometer (Ocean Optics, Dunedin, FL, USA). 5 µg of total RNA was reverse- transcribed 
into cDNA using oligo dT primers. Real-time quantitativePCRanalysis (RT-PCR)was performed in a 
LightCycler® 480 Real-Time PCR System (Roche-Applied-Science, Indianapolis, IN, USA) using 
RNA from human control spinal cord (n = 6) and spinal cord from patients with ALS (n = 12). The 
following PCR primers (Eurogentec, Belgium) were used: TLR2 (forward:  tgatgctgccattctcattc; 
reverse: cgcagctctcagatttaccc), TLR4 (forward: aatcccctgaggcatttagg; reverse: 
aaactctggatggggtttcc), RAGE (forward:  aggaccagggaacctacagc; reverse: cctgatcctcccacagagc), 
HMGB1 (forward: aagcacccagatgcttcagt; reverse: tccgcttttgccatatcttc), TATA box-binding protein 
(TBP; forward: caggagccaagagtgaagaac; reverse: aggaaataactctggctcataactact), hypoxanthine 
phosphoribosyl transferase (HPRT; forward: tggcgtcgtcgtgattagtgatg; reverse: 
tgtaatccagcaggtcagca) and elongation factor 1 alpha (EF1α; forward: atccacctttgggtcgcttt; 
reverse: ccgcaactgtctgtctcatatcac). The data were quantified using the LinRegPCR program as 
described previously (Ramakers et al., 2003). The amount of each specific product was divided 
by amount of the reference genes (TPB, HTRP, EF1α).   

In situ hybridization 

 In situ hybridization for human TLR2 and TLR4 was performed using a 5= fluorescein 
labeled 19mer antisense oligonucleotide (Ribotask ApS, Odense, Denmark) containing Locked 
Nucleic Acid and 2=OME RNA moieties (TLR2: 5=FAM-TagCucTguAgaTcuGaaG; TLR4: 5=FAM-
TucTuuAcuAgcTcaTucC; capitals indicate locked nucleic acid [LNA], lower case indicates 2= O-
methyl [OME] RNA). The hybridizations were performed at 59°C on 6 µm sections of paraffin 
embedded material as described previously (Budde et al., 2008).  

Immunocytochemistry 

Glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, Denmark; 
1:4000), vimentin (mouse clone V9, DAKO; 1:400), neuronal nuclear protein (NeuN; mouse clone 
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MAB377, IgG1; Chemicon, Temecula, CA, USA; 1:1000), major histocompatibility complex (MHC) 
class II antigen (HLA)-DP, DQ, DR (mouse clone CR3/43; DAKO, Glostrup, Denmark; 1:400) and 
CD68 (mouse clone PG-M1, DAKO; 1:200) were used in the routine immunocytochemical 
analysis of ALS specimens. 

For the detection of TLR4 we used a rabbit polyclonal antibody (Santa Cruz, sc10741; CA, 
USA; 1:20), for TLR2 a polyclonal goat (R&D systems; 1:100), for RAGE goat anti-RAGE antibody 
(AGE 001; Biologo, Kronshagen, Germany; 1:200), and for HMGB1 rabbit polyclonal antibody 
(Abcam, Cambridge, UK). Single-label immunocytochemistry was performed as previously 
described (Aronica et al., 2001, 2003) with the Powervision kit (Immunologic, Duiven, The 
Netherlands) and 3,3-diaminobenzidine as chromogen. For double-label immunocytochemistry 
with anti-TLR2, TLR4, RAGE, HMGB1 and anti-GFAP or anti-HLA-DR, the chromogens used were 
Vector Blue- and Nova RED-substrate (Vector Laboratories, Burligame, CA, USA). 

Evaluation of immunostaining 

All labeled tissue sections were evaluated by two independent observers blind to 
clinical data, for the presence or absence of various histopathological parameters and specific 
immunoreactivity (IR) for the different markers. The intensity of TLR4, TLR2, RAGE and HMGB1 
immunoreactive staining was evaluated using a scale of 0–3 (0: −, no; 1: ±, weak; 2: +, moderate; 
3: ++, strong IR). The approximate proportion of cells showing TLR and RAGE IR [(1) single to 10%; 
(2) 11–50%; (3) >50%] was also scored to give information about the relative number 
(‘frequency’ score) of positive cells within the ALS specimens. As previously reported 
(Vandeputte et al., 2002; Ravizza et al., 2006), the product of these two values (intensity and 
frequency scores) gave the total score shown in Fig. 7. Numbers of positive cells in HMGB1 
double staining were quantified as previously described (Maroso et al., 2010). Briefly, two 
representative adjacent non-overlapping fields of cervical spinal cord white matter were 
captured (magnification 40x) and digitized using a laser scanning confocal microscope (Leica SP2, 
Wetzlar, Germany). The total number of GFAP- and HLA-DR (human leukocyte antigen- DP, DQ, 
DR)—positive cells and those showing nuclear or extra-nuclear HMGB1 staining was counted. 
The expression of the MHC class II glycoprotein, HLA-DR is prominently upregulated when 
microglia becomes reactive. This has been observed in ALS and different other pathological 
conditions (Overmyer et al., 1999; McGeer and McGeer, 2002, 2003). Only activated HLA-DR 
cells expressing HMGB1 were counted since the morphology of resting or weakly activated 
microglia (small cell bodies with extensive ramifications and low HLD-DR expression) did not 
allow an accurate counting.  

Statistical analysis 

Statistical analyses were performed with SPSS for Windows (SPSS 11.5, SPSS Inc., 
Chicago, IL, USA) using a non-parametric Kruskal-Wallis test followed by the Dunn’s post-hoc test. 
The possible correlation between IR score and different clinical variables (age, gender, duration 
and site of onset) was analyzed using Pearson’s correlation coefficient (ρ). P < 0.05 was 
considered significant. 
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Results 

Case material 

The clinical and neuropathological characteristics of the subjects are summarized in 
Table 1. There were no significant differences between the ALS and normal control groups with 
respect to post-mortem interval or duration of storage. None of the control patients had 
confounding neurological or neuropathological abnormalities.  

TLR2 in ALS spinal cord 

Quantitative analysis of TLR2 mRNA expression in ALS spinal cord 

Increased TLR2 mRNA expression was observed in both ALS-st and ALS-lt patients, 
compared to control spinal cord by RT-PCR (Fig. 1A; P < 0.05). No significant difference in TLR2 
mRNA expression was observed between ALS-st and ALS-lt (P > 0.05).  

TLR2 cellular distribution in ALS spinal cord 

Fig. 2A–F shows TLR2 protein expression in a representative normal and ALS cervical 
spinal cord ventral horn and white matter. Control motor neurons and the large majority of 
resting glial cells did not express detectable levels of TLR2 IR (Figs. 2A, B and 7A). In all ALS cases, 
the intensity of TLR2 appeared to be increased in cells with typical glial morphology in both 
white matter and gray matter (Figs. 2C–F and 7A). Double labeling demonstrated TLR2 
expression in cells of the microglial/macrophage lineage (HLA-DR positive cells; insets b, c in Fig. 
2F) but not reactive astrocytes (not shown). Fig. 7A shows higher TLR2 glial IR (total) score 
compared to controls in both ALS-st and ALS-lt. Cellular distribution of TLR2 mRNA studied by in 
situ hybridization showed positivity in glial cells in ALS specimens, but not in resting glial cells in 
control spinal cord, confirming the protein expression pattern (not shown).  

Figure 1: RT-PCR of TLR2, TLR4 and HMGB1 expression in control and ALS spinal cord. Samples were analyzed in 
duplicate, corrected for the expression levels of reference genes. Expression levels in st-ALS (patients with rapid disease 
progression and short-term survival <18 mon; n=6) and lt-ALS (patients with slow disease progression 7–18 mon, n=6; 
and long-term survival = 48–96 mon, n=6) were compared to levels in autopsy control spinal cord (n=6). TLR2 (A) and 
TLR4 (B) mRNA levels were significantly increased in st-ALS and lt-ALS specimens compared to controls. HMGB1 (C) 
mRNA levels were significantly increased in lt-ALS specimens compared to controls. There were no significant differences 
in TLR2 and TLR4 and HMGB1 between st-ALS and lt-ALS. The error bars represent SEM and * represents P < 0.05.  
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Figure 2: Cellular distribution of TLR2 in the cervical spinal cord of control (A, B) and ALS (C–F). Panels (A, B): 
representative photomicrographs from lt-ALS of immunohistochemical staining for TLR2 in control cervical spinal cord 
showing no detectable expression in neurons and in the large majority of glial cells in both ventral horn (VH) and white 
matter (WM); only occasionally few positive cells are observed around blood vessels (inset in B, arrow). Panels (C–F): 
representative photomicrographs of immunohistochemical staining for TLR2 in ALS cervical spinal cord. A substantial 
increase in TLR2 immunoreactivity (IR) is observed in ALS VH (C, D) and WM (E, F). (C, E): low magnification of VH (C) and 
WM (E) with TLR2 IR. (D): high magnification of VH showing stained glial cells (with the morphology of microglial cells; 
arrows) surrounding residual motor neurons. (F): high magnification of WM (lateral corticospinal tract) showing TLR2 
positive glial cells (arrows); inset (a) in (F) shows TLR2 positive cells around a blood vessel. Insets (b, c) in (F) show 
colocalization (purple) of TLR2 (red) with HLA-DR (blue) in cells of the microglia/macrophage lineage. Sections are 
counterstained with hematoxylin. Scale bars: (A–C, E): 140 µm. (D, F): 40 µm.  

TLR4 in ALS spinal cord 

Quantitative analysis of TLR4 mRNA expression in ALS spinal cord 

Increased TLR4 mRNA expression was observed in both ALS-st and ALS-lt patients, 
compared to control spinal cord by RT-PCR (Fig. 1B; P < 0.05). No significant difference in TLR4 
mRNA expression was observed between ALS-st and ALS-lt (P > 0.05). 
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Figure 3: Cellular distribution of TLR4 immunoreactivity (IR) in the cervical spinal cord of control (A, B) and ALS (C–F). 
Panels (A, B): representative photomicrographs lt-ALS of immunohistochemical staining for TLR4 in the control cervical 
spinal cord showing variable immunoreactivity (IR) in motor neurons (arrows) and no detectable or low expression in the 
large majority of glial cells in both ventral horn (VH, A; inset in A) and white matter (WM); inset in (B) shows TLR4 IR in a 
blood vessel (endothelial IR). Panels (C–F): representative photomicrographs of immunohistochemical staining for TLR4 
in ALS cervical spinal cord. A substantial increase in TLR4 IR is observed   in ALS VH (C, D) and WM (E, F). (C, E): low 
magnification of VH (C) and WM (E) with TLR4 IR. (D): high magnification of VH showing stained glial cells (arrow-heads) 
surrounding a residual TLR4 positive motor neuron (arrow). Inset (a) in (D) shows strongly stained reactive astrocytes. 
Inset (b) in (D) shows: colocalization (purple) of TLR4 (red) with GFAP (blue) in astrocytes. Inset (c) in (D) shows absence 
of colocalization of TLR4 (red) with HLA-DR (blue) in cells of the microglia/macrophage lineage. (F): high magnification of 
WM (lateral corticospinal tract) showing TLR4 positive reactive glial cells (arrows); inset in (F) shows a TLR4 positive 
astrocyte. Sections are counterstained with Hematoxylin. Scale bars: (A–C, E): 140 µm. (D, F): 40 µm.  

TLR4 cellular distribution in ALS spinal cord 

Fig. 3A–F shows TLR4 protein expression in a representative normal and ALS cervical 
spinal cord ventral horn and white matter. Moderate TLR4 IR was detected in control motor 
neurons, but not in the large majority of resting glial cells (Figs. 3A, B and 7B). In all ALS cases, 
the intensity of TLR4 appeared to be increased in cells with typical glial morphology in both 
white matter and gray matter (Figs. 3C–F and 7B). Double labeling demonstrated TLR4 
expression in reactive astrocytes (GFAP positive cells; inset b in Fig. 3D), but not cells of the 
microglial/macrophage lineage (HLA-DR positive cells) (inset c in Fig. 3D). Fig. 7B shows higher 
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TLR4 glial IR (total) score compared to controls in both ALS-st and ALS-lt. Cellular distribution of 
TLR4 mRNA studied by in situ hybridization showed positivity in glial cells in ALS specimens, but 
not in resting glial cells, confirmng the protein expression pattern (not shown).  

RAGE in ALS spinal cord 

Quantitative analysis of RAGE mRNA expression in ALS spinal cord 

No significant difference in RAGE mRNA expression was observed by RT-PCR in both 
ALS-st and ALS-lt patients, compared to control spinal cord, as well as between the two ALS 
groups (P > 0.05; not shown).  

RAGE cellular distribution in ALS spinal cord 

 Fig. 4A–F shows RAGE protein expression in a representative normal and ALS cervical 
spinal cord ventral horn and white matter. RAGE IR was detected in control motor neurons, but 
not in a large majority of resting glial cells (Figs. 4A, B and 7C). In all ALS cases, the expression 
pattern remained unchanged in the residual neurons, but the intensity of RAGE appeared to be 
increased in cells with typical glia morphology in both white matter and gray matter (Figs. 4C–F 
and 7C). Double labeling demonstrated RAGE expression in reactive astrocytes (GFAP positive 
cells; inset a in Fig. 4D), as well as in cells of the microglial/macrophage lineage (HLA-DR positive 
cells; inset b in Fig.  4D). Fig. 7C shows higher RAGE glial IR (total) score compared to controls in 
both ALS-st and ALS-lt. 

HMGB1 in ALS spinal cord 

Quantitative analysis of HMGB1 mRNA expression in ALS spinal cord 

Significant increase of HMGB1 mRNA expression was observed by RT-PCR in ALS-lt 
patients, compared to control spinal cord (Fig. 1C; P < 0.05), whereas ALS-st shows a trend in the 
same direction (P=0.055). No significant difference in HMGB1 mRNA expression was observed 
between ALS-st and ALS-lt (P > 0.05).  

HMGB1 cellular distribution in ALS spinal cord 

 Fig. 5A–G shows HMGB1 protein expression in control and ALS cervical spinal cord 
ventral horn and white matter. In human control spinal cord variable IR was detected in the 
cytoplasm of motor neurons, whereas resting glial cells showed nuclear expression (Fig. 5A, B). 
In ALS cases, residual motor neurons displayed variable nuclear/cytoplasmic IR, whereas 
cytoplasmic HMGB1 staining was substantially increased in glial cells (Figs. 5C–G and 7D). Double 
labeling confirmed the HMGB1 expression in glial cells, including both astrocytes and activated 
microglial cells (Fig. 5F, G, insets). Quantification of HMGB1- positive glial cells confirmed the 
increased cytoplasmic HMGB1 staining in ALS, compared to control spinal cord specimens (Fig. 
6A, B). 
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Figure 4: Cellular distribution of RAGE in the cervical spinal cord of control (A, B) and ALS (C–F). Panel (A, B): 
representative photomicrographs lt-ALS of immunohistochemical staining for RAGE in the control cervical spinal cord 
showing light immunoreactivity (IR) in motor neurons (arrows) and no detectable or low expression in the large majority 
of glial cells in both ventral horn (VH, A; inset in A) and white matter (WM; inset in B). Panels (C–F): representative 
photomicrographs of immunohistochemical staining for RAGE in ALS cervical spinal cord. A substantial increase in RAGE 
IR is observed in ALS VH (C, D) and WM (E, F). (C, E): VH (C) and WM (E) with RAGE IR in residual motor neurons (arrows 
in C) and in glial cells (arrow-heads). (D): high magnification of VH showing stained glial cells (arrow-heads) surrounding 
residual TLR4 positive motor neurons (arrows). Inset (a) in (D) shows: colocalization (purple) of RAGE (red) with GFAP 
(blue) in astrocytes. Inset (b) in (D) shows absence of colocalization of RAGE (red) with HLA-DR (blue) in cells of the 
microglia/macrophage lineage. (E–F): WM (lateral corticospinal tract) showing and RAGE positive reactive glial cells 
(arrows); Scale bars: (A–C): 140 µm. (D, F): 40 µm; (E): 100 µm.  

No significant change in the number of motor neurons showing nuclear and/or 
cytoplasmic staining was found in ALS spinal cord (data not shown). No correlation was found 
between the increased cytoplasmic glial HMGB1 staining and clinical variables. Fig. 7D shows 
higher HMGB1 glial IR (total) score compared to controls in both ALS-st and ALS-lt.  
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Figure 5: Distribution of HMGB1 immunoreactivity (IR) in the cervical spinal cord of control (A, B) and ALS (C–G). 
Panels (A, B): representative photomicrographs lt-ALS of immunohistochemical staining for HMGB1 in the control 
cervical spinal cord (A, ventral horn, VH; and B white matter, WM) showing variable cytoplasmic IR in motor neurons 
(arrows in A) and nuclear IR in glial cells (arrow-heads in A; arrows in B). Panels (C–F): representative photomicrographs 
of immunohistochemical staining for HMGB1 in ALS cervical spinal cord. (C, D): ALS VH showing strong nuclear 
expression in glial cells with numerous immunoreactive processes (arrows in C; inset in C; arrow-heads in D; inset in D); 
variable expression is observed in motor neurons: panel (D) (arrow) shows a motor neuron with prominent nuclear and 
cytoplasmic staining; inset in (D) shows a negative motor neuron. Panel (E): ALS WM showing nuclear and cytoplasmic IR 
in reactive glial cells (arrows). Panels (F, G): high magnification photomicrographs of positive cells in WM (arrow in G 
indicates immunoreactive glial processes). Inset in (F): colocalization (purple) of HMGB1 (red) with GFAP (blue) in 
astrocytes. Inset in (G): colocalization (purple) of HMGB1 (red) with HLA-DR (blue) in cells of the microglia/macrophage 
lineage. Sections are counterstained with Hematoxylin. Scale bars: (A): 80 µm. (B–E): 40 µm. (F): 25 µm; (G): 10 µm. For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.  

Discussion 

In the present report we studied the involvement of inflammation in ALS focusing on 
innate immune mechanisms such as the TLR signaling pathway (Bsibsi et al., 2002; Aravalli et al., 
2007; Crack and Bray, 2007; Andersson et al., 2008; Drexler and Foxwell, 2010; Maroso et al., 
2010). An up-regulation of TLR 2, TLR4 and HMGB1 expression was demonstrated in specimens 
of patients with sALS, thus providing direct evidence of a chronic inflammatory state involving 
the TLR/RAGE pathways in human ALS. 
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Figure 6: Quantification of HMGB1-positive glial cells in control and ALS specimens. (A): astrocytes. (B): 
microglia/macrophages. ALS-st, patients with rapid disease progression and short-term survival <18 mon; ALS-lt, patients 
with slow disease progression and long-term survival >48 mon; nd, not detectable. Extra-nuclear staining: * P < 0.05 
versus control, Kruskal-Wallis test followed by the Dunn’s post-hoc test.  

TLR2 and TLR4 expression in ALS spinal cord 

Consistent up-regulation of TLR2 and TLR4 mRNA and protein was observed in ALS 
spinal cord, compared to control tissue showing, furthermore, a differential cellular distribution 
for the two proteins. TLR2 protein was observed in activated microglial cells in both gray (ventral 
horn) and white matter of ALS spinal cord. Previous in vitro studies demonstrated constitutive 
expression of TLR2 and an up-regulation of the receptor expression after activation (for review 
see Kielian, 2006). TLR2 in microglia may mediate several pathways leading to either 
neuroprotective or neurotoxic phenotypes under different experimental conditions (Babcock et 
al., 2006; Kielian, 2006; Aravalli et al., 2007; Mallard et al., 2009). Interestingly, activation of cells 
of the microglia/macrophage lineage and induction of different inflammatory pathways have 
been described in human ALS tissue, (Troost et al., 1990; Henkel et al., 2004; Moisse and Strong, 
2006; Sta et al., 2011). Our observations support the role of TLR2 signaling pathway in regulating 
microglia function in human ALS. The expression pattern of TLR4 differed from TLR2, showing a 
prominent expression in both glial and neuronal cells. Whereas, reactive astrocytes present 
within gray (ventral horn) and white matter of ALS spinal cord express TLR4, its expression in 
astrocytes in vitro appears controversial (for review see Kielian, 2006; Crack and Bray, 2007). 
Some studies were unable to detect TLR4 expression (Farina et al., 2005; Kielian, 2006), whereas 
others have shown a constitutive expression of TLR4 in astrocytes and an up-regulation 
following activation (Bsibsi et al., 2002; Bowman et al., 2003; Carpentier et al., 2005). These 
discrepancies may reflect species   differences, as well as differences in culture conditions 
(Kielian, 2006). Moreover, glial TLR expression may be influenced by pro-inflammatory cytokines 
(such as IL-1β) or molecules released by injured tissue (such as HMGB1 (Bianchi, 2009; Bianchi 
and Manfredi, 2009)) which may be critically important under pathological conditions. TLR4 
expression was also detected in motor neurons, consistent with reports of their critical role in   
regulating neuronal activity (for reviews see Crack and Bray, 2007; Mallard et al., 2009). 
Neuronal TLR4 expression has been recently shown in both experimental and human epileptic 
tissue, supporting a critical role for the HMGB1-TLR4 pathway in the regulation of neuronal 
excitability and neurotoxicity by enhancing neuronal calcium influx through NMDA receptor 

163 



Part II: chapter 8 

(Maroso et al., 2010). Thus, activation of neuronal TLR4 could play a role in the progressive 
degeneration of motor neurons in ALS.  

Cellular distribution of RAGE in ALS spinal cord 

In the ALS spinal cord, RAGE protein was consistently expressed in activated astrocytes 
and microglial cells, as well as in the residual motor neurons. Surprisingly, however, no 
significant changes were observed in RAGE mRNA expression in total homogenates of ALS 
specimens compared to control spinal cord. This observation may reflect the loss of neurons 
expressing RAGE in   ALS specimens and hence a lack of increase in overall RAGE levels in RT-PCR. 
RAGE binds different molecules, including HMGB1 and members of the S100 protein family (Sims 
et al., 2010). Interestingly, up-regulation of RAGE expression in reactive astrocytes and microglial 
cells has been reported in patients with Alzheimer’s and Huntington’s disease (Sasaki et al., 2001; 
Ma and Nicholson, 2004; Lue et al., 2005). Targeting RAGE has been suggested as potential 
therapeutic strategy to attenuate neurodegeneration (Ramasamy et al., 2005; Sturchler et al., 
2008). 

Figure 7: Evaluation of TLR2, TLR4, RAGE and HMGB1 glial immunoreactivity (IR) in control and ALS spinal cord. Plots 
showing the distribution of TLR2 (A) and TLR4 (B), RAGE (C) and HMGB1 (D) glial IR in controls and ALS spinal cord. The IR 
score represents the total score, which was taken as the product of the intensity score and the frequency score (for 
details see Experimental procedures section); panel (D) shows the distribution of the total score for HMGB1 in glial cells 
with both cytoplasmic and nuclear IR. ALS-st, patients with rapid disease progression and short-term survival <18 mon; 
ALS-lt, patients with slow disease progression and long-term survival >48 mon.  
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Cellular distribution of HMGB1 in ALS spinal cord 

HMGB1 a predominantly nuclear protein can act as a potent proinflammatory cytokine-
like mediator, thus contributing to amplification of the inflammatory response (Bianchi and 
Manfredi, 2007; Bianchi, 2009; Hreggvidsdottir et al., 2009). In histologically normal spinal cord 
HMGB1 was mainly expressed in nuclei of glial cells as reported in human control hippocampus 
(Maroso et al., 2010). In ALS spinal cord, HMGB1 IR showed variable nuclear/cytoplasm 
expression in motor neurons although both nuclear and cytoplasmic expression was observed in 
reactive astrocytes and activated microglia. A cytoplasmic translocation has been recently 
reported in both microglia and astrocytes in experimental models of seizures and in tissue from 
epileptic patients with hippocampal sclerosis (Maroso et al., 2010).  

In the spinal cord of SOD1G93A transgenic ALS mice a reduction of HMGB1 IR has been 
observed in degenerating neurons during the progression of the disease, whereas reactive glial 
cells displayed HMGB1 IR in the nucleus, but not in the cytosol (Lo Coco et al., 2007). In our 
study on human tissue (end stage of disease), we could not detect a significant change in the 
number of motor neurons showing nuclear and/or cytoplasmic staining in ALS spinal cord. 
However, we observed a cytoplasmic translocation of HMGB1 IR in activated microglia and 
astrocytes, supporting the role of glial cells as major source of extracellular HMGB1 in ALS 
patients with both rapid and slow disease progression. Relocation of the nuclear protein to the 
cytoplasm has been shown to be induced in rat (Hayakawa et al., 2010) and human Zurolo et al., 
2011 cultured astrocytes by an inflammatory mediator like IL-1β. In addition, both microglia and 
astrocytes have been also shown to respond to HMGB1 stimulation with induction of several 
inflammatory mediators (Kim et al., 2006; Pedrazzi et al., 2007; Andersson et al., 2008). Thus, 
our observations suggest that both astrocytes and microglia may provide a positive feedback 
loop that amplifies the inflammatory response in human ALS. In addition, HMGB1 secreted by 
activated glia may contribute to selective progressive death of motor neurons, via a signaling 
pathway involving the TLR4 (Maroso et al., 2010). We did not observe differences between 
patients with different disease duration. However, we acknowledge that our sample size is 
relatively small, thus a large cohort of cases is required to evaluate any possible correlation with 
disease severity and duration. 

Conclusion 

In conclusion, our findings suggest activation of the TLR/ RAGE signaling pathways in 
human ALS. The potential link between TLR/RAGE signaling, progression of inflammation and 
motor neuron degeneration may suggest new therapeutic strategies, targeting inflammation, to 
be further explored in ALS.  
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Nervous immunity, is it always beneficial? The answer to this question is: “No it is not”. 
Activation of the inflammatory system in the peripheral- and central nervous system is not 
always associated with a reduction of disease severity or better prognosis for regeneration. In 
the nervous system, the adaptive immune system is often activated via primary innate immune 
responses, some of which are induced by the complement system that becomes activated after 
trauma or in disease. However, activation of the complement system has a dual role in 
neurodegenerative disorders. The research described in this thesis deals with the role of the 
complement system in neurodegeneration and regeneration after trauma or in disease. Chapter 
1 of this thesis gives an overview of previous research on the role of complement in various 
animal models of neurological disease and of complement activation in neuronal development. 
In this thesis we used a model of peripheral nerve trauma in complement sufficient and deficient 
animals to shed light on the role of complement activation in neurodegeneration, its effect on 
regeneration and the downstream adaptive immune responses induced by the complement 
system. We show that the time course of degeneration and regeneration of the peripheral nerve 
is in part dependent on the amount of complement activation, which in turn is determined by 
the severity of the initial damage.   

Peripheral nerves 

In degenerative diseases of the peripheral nervous system complement activation is 
observed in the affected nerves. For example, in Charcot Marie Tooth (CMT) patients, 
complement is activated and high levels of membrane attack complex (MAC) deposition are 
observed in diseased nerves.  

Our group previously showed that inhibition of MAC formation resulted in delayed  
Wallerian degeneration (WD) (Ramaglia et al., 2007; Ramaglia et al., 2008) and improved 
regeneration in a rat sciatic nerve crush model (Ramaglia et al., 2009b). Inhibition of MAC 
formation was achieved both pharmacologically by addition of soluble Cr1 and by using rats 
deficient for complement C6 (C6-/-), which are unable to form MAC, but in which all upstream 
complement components are normal (Ricklin et al., 2010). When C6 was reconstituted in the C6-

/- animals, WD and regeneration displayed the normal WT phenotype. In a nerve crush mouse 
model, mice with a loss of function mutation in CD59, an inhibitor of MAC, WD was exacerbated 
(Ramaglia et al., 2009a). 

Macrophages or MAC? 

Complement deficiency not only leads to a delay in WD, but also results in a reduced 
influx and activation of hematogenous macrophages, in chapter 2 we studied whether the 
observed delay in WD in the C6-/- animals could be caused by the lack of influx and activation of 
hematogenous macrophages. In order to do so, we depleted wild type (WT) animals’ 
hematogenous macrophages and studied alterations in the morphology as well as the amount of 
C9 deposition.  

This study shows two things; First, macrophages are responsible for rapid myelin 
degeneration during WD, but axonal damage is independent of macrophages and is possibly 
induced by MAC. Second, we found that the amount of C9 deposition correlated with the 
number of activated macrophages in the injured nerve. We propose that activated macrophages 
can induce complement activation. A possible explanation is that the presence of infiltrated, 
activated macrophages induces additional damage to the nerve, by disruption of the 
environment and thus by exposing new complement activation epitopes. 
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So we propose that at least part of the complement activation observed in normal WD 
is a result of an amplification of complement activation by the influx and activation of 
macrophages in the injured nerves. The inability to form MAC of C6-/- animals results in reduced 
influx and activation of (hematogenous) macrophages. This in turn reduces complement 
activation, which is partially dependent on the presence of activated macrophages. In this way, 
the different amounts of activated macrophages might contribute to a difference in upstream 
complement activation, contributing to the difference in clearance of debris from the injured 
nerve between WT and C6-/- animals.   

Gene expression profiling 

In chapter 3 we describe a study on the alteration in gene expression profiles after 
injury in WT and C6-/- nerves and dorsal root ganglions. 

We found that two master regulators of DNA transcription, c-jun and c-fos, were 
differentially expressed in WT and C6-/- animals. Accordingly we found alterations in gene 
expression in many different biological pathways. We focused this study on pathways associated 
with the inflammatory response, alterations in extracellular matrix and neurite outgrowth. These 
pathways are likely directly involved in WD and regeneration and might provide an answer to 
the question whether C6-/- animals have a different strategy to clear debris from the injured 
nerves. Additionally, we wanted to determine whether there were genetic clues that explain 
why the C6-/- animals show improved regeneration.  

We did find differences in the inflammatory response to damage. Analysis of chemokine 
pathways showed that WT and C6-/- animals upregulate expression of genes encoding for 
chemokines that attract macrophages. Expression of the Ccl2 gene encoding a chemokine that 
attracts macrophages is upregulated in WT and C6-/- animals, but the protein could not be 
detected in C6-/- nerves. This could be an indication that Ccl2 is subject of post transcriptional 
regulation (Berkman et al., 1995; Yiakouvaki et al., 2012). It has been described that IL1b 
stabilizes the mRNA of Ccl2, whereas IL10 destabilizes the mRNA, which explains why there is 
only very little Ccl2 protein detected in the C6-/- injured nerves. One of the activators of 
macrophages, Ccl5, is downregulated in C6-/- animals. The difference in Ccl2 protein and down 
regulation of Ccl5 explains why the C6-/- animals show a lack of influx and activation of 
hematogenous macrophages after injury.  

An analysis of interleukin expression disclosed indications that both WT and C6-/- 
animals have a secondary response to nerve damage. After initial attraction and activation of 
macrophages, signs of a T-helper (Th) cell response were detected. The nature of this response 
was different in WT and C6-/- animals. In WT animals we primarily observed a pro-inflammatory 
Th1 response and only few anti-inflammatory Th2 markers. Th1 cells can induce an M1 type 
(pro-inflammatory) macrophage response. In the C6-/- animals we also observed Th1 cell markers, 
but less than in WT animals. We did, however, find an increase in markers for pro-inflammatory 
Th17 cells. The presence of markers for T regulatory cells (Treg) and anti-inflammatory markers 
associated with Th2 cells indicates that the inflammatory response is regulated.  In contrast to 
Th1 cells, Th17 cells do not affect macrophage response, but Th2 cells can induced an M2 type 
(anti-inflammatory) macrophage, response (Prajeeth et al., 2014). This indicates that the 
macrophage response observed in WT is predominantly M1 macrophage and in C6-/- deficient 
animals an M2 macrophage response. These findings were confirmed by expression data.  
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Previous studies suggested that the balance of T cells can influence the outcome of 
disease, as in Guillain Barré syndrome, where the presence of Th2 cells and M2 macrophages is 
neuroprotective (Zhang et al., 2013).  

Gene expression analysis also showed that genes associated with neurite outgrowth are 
differentially regulated in WT and C6-/- animals. We observed more factors associated with 
neurite outgrowth in C6-/- animals, than in WT animals. The changes were already visible at 2 
days post injury (d PI).  

Taken together gene expression analysis showed that C6-/- animals have a different 
response to nerve damage. The C6-/- animals fail to mount a rapid clearance by macrophages, 
instead a pro inflammatory Th17 response is induced. Th2 and Treg cells tightly regulate this 
response. This regulation via Th2 and Treg results in a neuroprotective environment. 
Additionally, factors that promote neurite outgrowth attain higher levels in C6-/- animals. Both 
differences might explain why C6-/- animals show faster recovery than WTs.  

Ex vivo electrophysiology, a tool to study early regeneration 

Our analysis showed that the faster recovery of C6-/- nerves is found in combination 
with an altered response to nerve damage. The expression analysis showed that early events 
associated with the degeneration process are different. Already at 2 d PI factors that promote 
neurite outgrowth are upregulated in the C6-/- animals.  Therefore, both early and late events 
might affect the regenerative process. Unfortunately, the tests for functional recovery, measure 
it only at the late stages of regeneration, because these methods can measure recovery of 
function only when regeneration has reached the end of the limb.  

In order to study the restoration of function early in the regeneration process, we 
developed a new method to measure functional regeneration over the entire length of the 
sciatic nerve. This method uses the capacity of the nerve to generate a compound action 
potential (CAP) after electrical stimulation. The CAP is recorded and amplitude and shape can be 
studied to provide information on functional state of the nerve. This ex vivo electrophysiological 
method, was compared with traditional measurements and morphological analysis and 
corresponded to the findings in all methods (Sta et al., 2014a). 

This new ex vivo method is a good tool to study early recovery of nerve function, in and 
around the crush area. However, to study sensory and motor function recovery at later stages, 
the traditional methods are more sensitive. Ex vivo electrophysiology measures the CAP 
generated by the whole nerve bundle, whereas the in vivo functional tests are so sensitive that a 
few regenerated axons are enough to evoke a response. Morphological analysis is required to 
distinguish between degenerative and regenerative phenotypes.  

Intrinsic regrowth capacities 

In Chapter 5 we investigated if C6-/- animals have an underlying trait that induces faster 
neuronal regeneration. We used a crush injury model with low initial complement activation. 
The new ex vivo electrophysiology method was employed to study early functional recovery, and 
monitor its progression along the whole length of the nerve. This study showed that the C6-/- 
show a similar regeneration progress to WT animals, when the role of complement is minimized 
by reducing initial activation. Functional recovery could be observed as early as 2 d PI in WT and 
C6-/- animals. Over time the observed maximum amplitude of the CAP and the distance it travels 
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over the nerve increased. At 3 weeks post injury (wk PI) sensory recovery could be observed in 
the rat’s paw. 

Morphological analysis showed that at 5 mm distal of the crush and 3 d PI the 
degeneration process was similar in WT and C6-/- animals: in both types of injured nerves, myelin 
and axonal debris could be found. Also changes in nerve morphology followed similar patterns in 
WT and C6-/- animals over time. It was shown that unmyelinated fibres were present in the distal 
tibial nerve at 1 wk PI. However it is unclear whether these are degenerating or regenerating 
fibres. At 2 wk PI the unmyelinated fibres found in the nerve are denser and are most likely 
regenerated axons. The axons show myelination at 3 wk PI, the amount of myelinated fibres is 
increased at 4 wk PI. No differences were observed between WT and C6-/- animals (Sta et al., 
2014b).  

So, if initial complement activation and MAC deposition are low, no difference in WD 
and subsequent regeneration is observed between WT and C6-/- nerves. This indicates that both 
animal types have the same intrinsic capacities to regenerate nerve and that the differences 
previously observed are in fact caused by a large difference in MAC deposition.  

This also implies that inhibition of MAC formation to improve nerve regeneration is only 
beneficial in the presence of substantial complement activation.  

Transection model 

WD and subsequent regeneration are well studied in crush injury models of the sciatic 
nerve. To determine if complement activation has similar effects in other types of injury to the 
sciatic nerve we studied a transection-resuture model. Many cases of peripheral nerve trauma 
are cause by transection of the nerve. In chapter 6 we describe the findings in the transection-
resuture model. We found there are major differences between the crush and transection 
models. The integrity of the epineurium is disrupted in the transection resuture model, allowing 
easier influx of hematogenous factors into the damaged nerves. We observed a massive influx of 
hematogenous cells into the transection site, in WT and C6-/- animals. The majority of these cells 
were mononuclear and CD68 negative. We did observe influx of CD68+ cells too. The infiltration 
of these CD68+ cells was observed mainly in and directly adjacent to the transection area, the 
CD68+ and CD68- cells showing little spread distal from it. No differences were found in myelin 
and axonal damage and complement deposition between the WT and C6-/- transected nerves at 
3 d PI. Although, the spread of damage to myelin and axons as well as complement activation 
were delayed in distal spread at 3 d PI relative to the findings in crush injured nerves.  

Regeneration of the nerves in the transection model differs from regeneration after 
crush injury. After transection, beginning of motor function recovery is observed after 4 wk PI 
regardless of animal type. Sensory recovery is observed in WT at 5 wk PI  and at 6 wk PI in C6-/- 
animals, this one week difference remains significant (P < 0.05) until week 8, when it diminishes. 
More importantly, the transected nerves never regain full function: at 11/12 wk PI the 
regeneration process reaches its maximum at approximately 30-70% of normal function. This 
underscores the differences between the injury types. In the transection injury the initial 
complement activation is very low. We attribute this to the lack of exposure of complement 
activation epitopes by the injury. In contrast to a crush injury where the initial damage is in the 
range of millimeters, the damage inflicted in the transection-resuture model is only micrometers 
wide. Additionally, the remaining epitopes are rapidly removed by the infiltrated macrophages. 
This results in reduced spreading of complement activation distally over the damaged nerve. 
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These findings are a possible explanation for the observed delay in WD at 5 mm distal of the 
injury.    

Although the degeneration follows similar patterns in WT and C6-/- animals and the 
slightly earlier start of sensory recovery observed in WT animals, no difference was observed in 
motor function recovery between the two animal types. At 12 wk PI no differences in either 
motor or sensory recovery could be observed. These findings were confirmed by morphological 
analysis of the regenerated tibial nerve, which did not show a difference between WT and C6-/- 
animals either. Both showed recovery of the nerve morphology with similar timing, small 
regenerated fibres at 8 wk PI. At 12 wk PI most regenerated fibres are remyelinated and inter-
axonal space is small. 

These data confirms that MAC is necessary for rapid WD following peripheral nerve 
degeneration, but it also suggests that low levels of complement activation do not delay the 
regeneration process. Maybe, in case of the transection injury low levels of initial complement 
activation during the early degeneration phase are needed to trigger alternative responses to 
clear debris from the injured nerve. Schematic representation of the responses following 
peripheral nerve injury is shown in figure 1.  

Our data on the response of a peripheral nerve to crush injury point in the direction 
that it is in fact MAC that induces rapid WD, clearance of myelin and axonal debris. The 
previously observed effect of MAC inhibition inducing improved nerve regeneration, is most 
likely the result of a difference in this clearing strategy and not due to an intrinsic non-
complement related trait in the C6-/- animals. WT and C6-/- animals displayed similar regrowth 
capacities in a model with low initial complement activation. Genetic analysis showed that the 
clearance strategy with high initial complement activation after injury is different in the two 
animal types. The WT animals rapidly recruit and activate macrophages and display a Th1 
response pushing the macrophage phenotype into the M1, pro-inflammatory, type. In contrast, 
C6-/- animals fail to recruit and activate macrophages. Instead they induce a pro-inflammatory 
Th17 response regulated by anti-inflammatory Th2 and Treg cells. These latter two result in a 
neurite outgrowth friendly environment, reflected by the higher expression levels of neurite 
outgrowth promoting factors. The finding that MAC triggers a pro-inflammatory, Th1 and M1 
response is underscored by the study of Ydens et al. (Ydens et al., 2012). This study reports that 
after nerve injury by transection Th2 and M2 responses are triggered. In chapter 6 we showed 
that in a transection-resuture model there is almost no MAC deposition in the injured WT nerves, 
in contrast to our crush injury model where a large amount of MAC was found in injured WT 
nerves. An overview of the injury type and the presence of MAC are given in table 1.  

We propose that the delay in degeneration is a consequence of the difference in 
clearance strategy in presence or absence of MAC as well. 

2.0 mm crush 1.5 mm crush Transection-resuture 

Initial damage large medium Small 

MAC deposition in WT animals* high low low 

Time to maximal sensory recovery 
between WT and C6-/- 

WT > C6-/- WT = C6-/- WT = C6-/- 

Table 1: Overview of injuries: initial damage, MAC deposition and regeneration time. *No MAC deposition is observed 
in C6-/- animals 
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Figure 1: Schematic representation in the induction of clearance strategy following peripheral nerve trauma. Arrows 
indicate induction of the response, stop lines indicate inhibition. Dotted lines indicate a weak induction.  

We attribute the lack of an effect of complement C6 status in the smaller crush and the 
transection-resuture injury to the low levels of complement activation, MAC deposition, in these 
models. Low levels of complement activation, MAC deposition, result in a different clearance 
response involving M2 type macrophages and Th2, Th17 and T regulatory cells.  

However, if the injury type does not trigger substantial complement activation, there is 
not much room for inhibition and the effect will be small. We therefore propose that inhibition 
of MAC formation to improve peripheral nerve regeneration after injury or disease is only useful 
when the levels of initial complement activation are high.  

Central nervous system 

Activation of the complement system is also associated with neuroinflammation and 
neurodegeneration in the central nervous system. However, in the central nervous system the 
complement system not only plays a role in degeneration and inflammation, it is also necessary 
for normal development. Complement activation via C1q is necessary for synapse elimination 
during the development of the brain. If the complement system is not activated during 
neurogenesis, serious dysfunctions as a consequence of hyper connectivity occur in the brain 
(Stevens et al., 2007; Yuzaki, 2010). Various studies reported that complement activation during 
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early stages of neurodegenerative disease has a neuroprotective effect. In the same diseases, 
activation of the complement system in their later stages is believed to negatively affect disease 
progression (Alexander et al., 2008; Fonseca et al., 2004a; Fonseca et al., 2004b; Sjoberg et al., 
2009). 

Complement activation and adaptive immune cells in human sporadic amyotrophic lateral 
sclerosis (ALS) 

In chapter 7 of this thesis we investigated whether activation of the innate and adaptive 
immune system was associated with disease progression in human sporadic ALS (sALS) patients.  

In this study we analyzed spinal cord and motor cortex of sALS patients with a rapid 
disease progression (survival less than 6 months), patients with a slower progression of the 
disease (survival longer than 24 months) and human spinal cord and motor cortex from 
individuals that had died of other than neurodegenerative causes. This study shows that 
complement activation was observed in spinal cord and cortex of all sALS but not in tissue from 
controls. Levels of upstream complement components, C1q and C3 were not associated with 
disease progression. Levels of C5b-9 showed a trend that levels were higher in the spinal cord of 
rapidly than of slowly progressing sALS patients. This trend was more visible in motor cortex. 

 We also observed differences in the amount of inflammatory cells between control, 
rapidly and slowly progressing sALS spinal cord and motor cortex. Only few inflammatory cells 
could be detected in control tissue. We found that the presence of activated microglia was 
associated with slow disease progression, whilst the presence of higher levels of dendritic cells 
and CD8 positive T cells in the spinal cord and motor cortex was associated with rapid disease 
progression. No CD4 (Th) positive cells were observed in the spinal cord and motor cortex of the 
sALS patients in this study (Sta et al., 2011). 

We propose that in ALS, the stressed motor neuron and its surrounding glial cells, 
triggers complement activation by the production and secretion of C1q and other complement 
factors (e.g. C4). Upon binding of C1q to damaged cells, the complement system is activated via 
the classical activation pathway. Complement activation results in a positive feedback loop, since 
complement activates microglia which serves as a positive feedback loop, because activated 
microglia produces more complement proteins and pro-inflammatory cytokines. Pro-
inflammatory cytokines result in more complement activation, leakage of the blood-brain-
barrier and attraction of specific adaptive immune cells. Neuronal stress itself, complement 
activation and activated adaptive immune cells all can ultimately cause neuronal loss. In sALS 
dendritic, antigen presenting cells and CD8 positive cytotoxic T cells are both associated with 
rapid disease progression. The presence of microglia in the spinal cord and motor cortex is 
associated with slowly progressing sALS. 

Little is known about early stages of complement activation in human ALS, because 
study is limited to post-mortem material. In a study of a transgenic mouse model for ALS, these 
mice carry a mutated superoxygen dismutase gene of human origin (SODG93A). In the SODG93A 
mouse complement activation was seen already before the development of physical signs of 
disease, suggesting that complement activation occurs very early in the disease process (Heurich 
et al., 2011). GWAS studies have identified regulators of the complement system as risk factors 
for AD (for details view articles on Cr1 and clusterin b (Brouwers et al., 2012; Crehan et al., 2012; 
Hazrati et al., 2012; Lambert et al., 2009).  We propose that modifying the activation state of the 
complement system and more specifically MAC formation during the (pre-)symptomatic stage of 
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the disease might slow down disease progression, because it stops the positive feedback loop of 
complement and the induction of neuronal damage.  

Triggers of inflammation in sALS 

ALS is a disease in which the inflammatory process is not only induced by complement 
activation, but is also triggered by Toll-like receptors (TLRs). TLRs are part of innate immunity 
and each receptor recognizes a specific structure, pattern or protein to trigger the innate and 
adaptive inflammatory response as a first line of defense against a wide range of pathogenic or 
potentially harmful substances. Chapter 8 describes which TLR response was observed in spinal 
cord and motor cortex of our sALS group. It showed that the TLRs associated with ALS are TLR2 
and TLR4, both of which showed upregulated expression levels in spinal cord and motor cortex 
of sALS patients. TLR2 is found mainly expressed by microglial cells and TLR4 is present on 
astrocytes and neurons. Other factors associated with neurodegeneration and TLR signaling like 
the receptor for advanced glycation end products (RAGE) and the transcription factor HMBG1 
are also observed in these sALS patients (Casula et al., 2011). 

These findings suggest activation of the inflammatory response in glial cells via TLR2 
and in astrocytes via the TLR4/RAGE signaling pathway. Additionally, TLR4 is found on neuronal 
tissue as well, where it regulates excitability and neurotoxicity via the NMDA receptor. This 
selective role of TLR4 in motor neurons could play a role in the progressive motor neuron loss in 
ALS. Targeting TLR signaling and the interaction of TLRs with RAGE and the transcription factor 
HMBG1 might be a tool to decrease motor neuron loss during ALS.   

The fact that the inflammatory process in ALS is not only induced by activation of 
complement, but also by other pattern recognition molecules, indicates that targeting the 
inflammatory process to decrease motor neuron loss in ALS will remain complex. Inhibiting 
complement is just one of the strategies to influence the inflammatory response, but will never 
fully stop the recruitment and activation of inflammatory cells in spinal cord and motor cortex of 
sALS patients. 

Conclusion 

This thesis describes research that shows that activation of the immune system is it not 
always beneficial. 

An activated immune system in the brain or in the peripheral nerves acts as a dual 
edged sword. A little activation is required for normal function, clearance and inhibiting disease 
progression. Chronic and massive activation of the immune system often results in excess 
damage and a more rapid disease progression and/or poorer outcome of the disease. Inhibition 
of the complement system can result in improved regeneration and delay of the disease 
progression, but the activation state of the complement system in each given stage of the 
disease should be carefully considered prior to inhibiting the terminal complement activation, 
MAC formation. 

Future scopes 

The difference in regrowth properties of nerves in presence and absence of high levels 
of MAC deposition should be studied in more detail, for example by using the ex vivo method on 
the wide crush model and compare between WT and C6-/- animals.  
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Another step could be to determine the type of macrophage response in each 
crush model and determine how exactly the macrophage response can induce higher levels of 
proteins that enhance neurite outgrowth.  Additionally, the timing and amount of the various 
cytokines could be determined. It has already been found that difference in cytokine response 
are associated with neuropathic pain, but maybe the influence of cytokines on the neuronal 
response also affect recovery.  

It would be interesting to determine if differences in macrophage and T-helper cell 
responses are associated with the clinical outcome of CMT and other peripheral nerve diseases. 
Additionally one can study whether the T-helper cell response is also activated in degenerative 
diseases of the central nervous system.   

Although we did not observe a CD4 response in our sALS cohort, it could be involved in 
other neurodegenerative diseases of the CNS, such as Alzheimer’s disease, traumatic brain injury 
or multiple sclerosis.  

Identifying systemic markers that are associated with the different cellular responses 
during neurodegeneration might prove a powerful tool to identify- and predict the clinical 
outcome of neurological trauma and neurodegenerative diseases.  
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Immuniteit in de zenuwen – hoe beïnvloed het complement systeem zenuw schade en herstel? 

Na trauma of tijdens ziekte van het zenuwstelsel wordt het immuunsysteem geactiveerd, met als 
doel de beschadigde cellen en weefsels op te ruimen. Een onderdeel van het immuunsysteem 
dat hierbij betrokken is, is de aangeboren immuniteit, in het bijzonder het complementsysteem. 
Een cascade van zelfklievende en -regulerende eiwitten waarmee het cellen kan aantrekken en 
activeren de beschadigde cellen/weefsels opruimen, zogeheten fagocyten, waaronder 
macrofagen. Ook kan het de cellen en resten markeren, zodat de fagocyten deze kunnen 
herkennen en fagocyteren. Als laatste heeft het complementsysteem de functie om het 
membraanaanvalscomplex te vormen (“membrane attack complex”, MAC). Dit is een 
porievormende structuur, die gaten maakt in membranen, zodat cellen gaan lekken. 

Het complementsysteem kan ook fungeren als schakel tussen het aangeboren en verworven 
immuunsysteem, denk hierbij aan het aantrekken van specifieke immuuncellen zoals T- en B-
lymfocyten. 

Vorig onderzoek heeft uitgewezen dat, wanneer de activatie van het complementsysteem 
tijdens de degeneratie van de zenuw geremd wordt, de zenuw langzamer degenereert. Het 
herstel van de zenuw is daarentegen versneld.  

De vertraagde afbraak van de zenuw, als gevolg van de remming van complementactivatie, 
wordt gekenmerkt door een verminderde influx van fagocyten en minder morfologische schade. 
Het versnelde herstel is zowel functioneel, sensorisch en motorisch, als morfologisch. Hoe deze 
effecten tot stand komen is nog niet duidelijk, dit proefschrift bekijkt hoe het 
complementsysteem betrokken is bij de afbraak en het herstel van zenuwen tijdens de 
degeneratie en regeneratie in het perifere zenuwstelsel (PZS) en hoe het zich gedraagt in een 
neurodegeneratieve ziekte van het centraal zenuwstelsel, amyotrofische laterale sclerose (ALS).  

Voor de studies van het PZS hebben we een diermodel gebruikt waarbij we wild type (WT) 
ratten (complement sufficiënt) vergeleken hebben met ratten die deficiënt zijn voor 
complement component 6 (C6-/-), een eiwit dat noodzakelijk is om MAC te vormen. In de C6-/- 
ratten zijn alle vroege elementen en effector functies van het complement intact; evenals 
attractie van fagocyten en het aanmerken van structuren. Alléén de vorming van MAC is 
verstoord.  

In hoofdstuk 2, laten we WT zenuwen crushen in aan- en afwezigheid van hematogene 
macrofagen. Dit experiment laat zien dat de snelle afbraak van myeline in de gecrushte 
rattenzenuw primair verricht wordt door macrofagen. De axonale schade en het opruimen van 
structuren zijn niet afhankelijk van macrofagen. De hoeveelheid macrofagen lijkt wel de 
hoeveelheid MAC depositie te beïnvloeden, want hoe meer geactiveerde macrofagen er in de 
zenuw zijn, hoe meer MAC depositie er wordt gemeten.  

In hoofdstuk 3 kijken we naar de verschillen in genexpressie tussen de zenuwen en achterwortel 
ganglionen (AWGs) in WT en C6-/- dieren, vóór en 3 dagen na zenuwcrush. We hebben ons hier 
beperkt tot genen die geassocieerd zijn met het immuunsysteem en immuunsysteemactivatie, 
ook hebben we gekeken naar factoren die de uitgroei van neurieten kunnen beïnvloeden. We 
hebben juist hiervoor gekozen, omdat de verschillen tussen deze dieren in het 
complementsysteem en de activatie hiervan liggen, daarom verwachten we hier de effecten van 
de verschillen terug te vinden. We vinden inderdaad een verschil in reactie op schade tussen de 
twee diertypes die zich als volgt laat samenvatten. De WT laten markers zien die wijzen op een 
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primaire pro-inflammatoire macrofaagrespons: er worden markers gevondenvoor macrofagen 
en cytokines die hen kunnen activeren. Deze respons wordt versterkt/ in stand gehouden door 
de aanwezigheid van pro-inflammatoire cytokines uitgescheiden door Th1 cellen. In de C6-/- 
dieren worden wel macrofaagmarkers gevonden, maar de cytokines die macrofagen activeren 
worden actief gedownreguleerd. Verder zijn er aanwijzingen dat de pro-inflammatoire tak van 
de schaderespons wordt verzorgd door Th17 cellen, dit zijn cellen die geen invloed hebben op 
macrofagen. Naast deze pro-inflammatoire respons worden er ook veel markers gevonden die 
wijzen op aanwezigheid van regulatoire T-cellen (Treg) cellen en Th2 cellen. De laatste triggeren 
een anti-inflammatoire M2 respons in macrofagen. Er worden maar heel weinig markers voor 
Th1 cellen gevonden. Het onvermogen van C6-/- dieren om MAC te vormen lijkt ertoe te leiden 
dat deze dieren een andere strategie gebruiken om de beschadigde zenuwstructuren op te 
ruimen. Dit zou de vertraging kunnen verklaren, omdat het wellicht meer tijd kost om deze 
alternatieve reactie op te bouwen.  

Er is een indicatie dat deze alternatieve schaderespons resulteert in een beter milieu voor 
neuriet uitgroei. Meer markers geassocieerd met uitgroei worden gevonden in de C6-/- zenuwen 
op dag 3 na crush. 

In hoofdstuk 4 beschrijven we een nieuwe methode om zenuwherstel te meten, vanaf direct na 
de crush tot aan het eind van het regeneratieproces, ex vivo electrofysiologie. Hierbij wordt het 
vermogen van de zenuw gemeten om na electrische stimulatie een “compound action potential 
(CAP)” te maken. De nieuwe methode heeft als voordeel dat je dus ook vroeg na de crush het 
herstelproces zichtbaar kunt maken. Aangezien de genexpressie laat zien dat de markers voor 
uitgroei al gereguleerd worden op dag 3 na de crush, verwacht je dat ook de uitgroei al vroeg zal 
plaatsvinden. Met de traditionele methodes kan functioneel herstel alleen worden gemeten aan 
het einde van de extremiteiten zo gauw tenminste één axon hersteld is. Traditionele 
electrofysiologie was wel beschikbaar, maar de resolutie bleek vaak erg laag. Onze methode 
maakt gebruik van een grid met 32 electrodes. Elk van hen kan dienen als stimulatie- of meet-
electrode, en geeft dus een veel hogere resolutie dan de tradtionele electrofysiologie, waarbij 
vaak maar maximaal 4 electrodes worden gebruikt. De bevindingen met deze methode 
corresponderen ook met de bevindingen met de traditionele functionele test om sensorisch 
herstel te meten en de morfologische analyse van de zenuw. 

In hoofdstuk 5 gebruiken we deze methode om te bepalen of de versnelde neuriet uitgroei in  
C6-/- zenuwen het gevolg is van een onderliggende eigenschap of dat het komt doordat ze geen 
MAC kunnen vormen. Hiervoor vergelijken we de degeneratie en regeneratie van WT en C6-/- 
zenuwen na een smalle zenuwcrush, waardoor weinig complementactivatie wordt geïnduceerd. 
In deze proef laten we zien dat bij een laag verschil tussen WT en C6-/- dieren in 
complementactivatie de teruggroeisnelheid van de zenuw in beide soorten dieren gelijk is. De 
C6-/- dieren hebben dus geen onderliggende eigenschap die ervoor zorgt dat neurieten sneller 
teruggroeien. Het in eerdere zenuwcrush experimenten gevonden verschil is dus waarschijnlijk 
het gevolg van het grote verschil in de hoeveelheid MAC depositie tussen WT en C6-/- dieren: bij 
grote initiële schade bleek de hoeveelheid MAC in WT eveneens hoog.  

In hoofdstuk 6 bekijken we hoe het complementsysteem zenuwschade en -herstel beïnvloedt in 
een transsectie-hechtingsmodel. Hierbij wordt de zenuw doorgeknipt met een microschaar en 
daarna meteen weer in de goede positie aan elkaar verbonden door het epineurium met drie 
steekjes te hechten. Dit type schade is anders, omdat de continuïteit van het epineurium wordt 
verbroken, wat de barrière tussen bloed en zenuw slecht. Hierdoor wordt het makkelijker voor 
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hematogene factoren en cellen om de zenuw binnen te dringen, waarbij het voor de nieuwe 
neurieten moeilijker wordt om in de goede richting te groeien. Ze kunnen nu immers ook naar 
buiten groeien. We vinden in dit model weinig tot geen complementactivatie, het verschil tussen 
WT en C6-/- dieren is dan ook nihil. De schade verspreidt zich heel langzaam van de plek van de 
primaire beschadiging naar distaal. De hoeveelheid cellen uit het bloed is erg hoog, vooral in en 
net rondom de transsectieplek. Een deel van die cellen zijn macrofagen afkomstig uit bloed.  

Als we naar de regeneratie kijken valt op dat er geen verschil is tussen WT en C6-/- in motorisch 
herstel, maar WT dieren beginnen een week eerder met sensorisch herstel. Dit verschil is 
significant tot en met week 8. Daarna verdwijnt dit verschil en uiteindelijk bereiken WT en C6-/- 
dieren tegelijk het maximale herstel.  

Dit maximale herstel ligt tussen de 30% en 70% van de functionaliteit voor de beschadiging 
(100%). Zenuwen herstellen dus nooit volledig.  

Kortom, complementactivatie in de zenuw, in het bijzonder MAC, is verantwoordelijk voor 
axonale schade, ook zorgt het voor een snelle recrutering en activatie van macrofagen om de 
schade op te ruimen. Dit bewerkt een pro-inflammatoire omgeving die minder geschikt is voor 
neurietuitgroei. In afwezigheid van MAC wordt een alternatieve langzamere manier geactiveerd 
om schade op te ruimen, via Th17 cellen. Deze respons wordt gereguleerd door Treg en Th2 
cellen. Th2 cellen zorgen voor een anti-inflammatoire omgeving die gunstig is voor 
neurietuitgroei. Myeline wordt in afwezigheid van MAC opgeruimd door Schwanncellen, wat 
veel langzamer gaat dan via macrofagen. 

De hoeveelheid complementactivatie is erg afhankelijk van de hoeveelheid schade die aan de 
zenuw is toegebracht: hoe meer schade, hoe meer complementactivatie.  

In de laatste hoofdstukken kijken we naar de invloed van het immuunsysteem bij humane 
sporadische ALS (sALS). Hiervoor hebben we ruggemerg- en motorcortexcoupes van post 
mortem patienten materiaal bestudeerd. Het materiaal was afkomstig van sALS patienten met 
ofwel een korte overlevingstijd (snel) ofwel langere overlevingstijd (langzaam). De 
overlevingstijd is de tijd vanaf de diagnose ALS tot het overlijden van de patient. Hierbij hebben 
we gekeken naar de aanwezigheid van complementmarkers, C1q, C3c, C3d en MAC. Ook hebben 
we gekeken naar de hoeveelheid cellen in de ruggemerg- en motorcortexcoupes; astrocyten, 
microglia, macrofagen, dendritische cellen, T-lymfocyten en B-lymfocyten. We hebben gevonden 
dat in alle sALS condities de hoeveelheden complementmarkers verhoogd zijn ten opzichte van 
controlemateriaal. Er lijkt een samenhang te zijn tussen de hoeveelheid gevonden C1q, C3c en 
C3d en de progressiesnelheid van de sALS. De hoeveelheid gevonden MAC laat wel een trend 
zien: het weefsel van snelle sALS lijkt meer MAC te bevatten dan het weefsel van langzame sALS. 
De hoeveelheid cellen verschilt ook tussen de verschillende condities van ALS. Zo is de 
aanwezigheid van dendritische cellen en CD8-positieve T-lymfocyten geassocieerd met snel 
belopende sALS. Daarentegen lijkt een hoger aantal actieve microglia geassocieerd te zijn met 
langzamere ziekte progressie.  

Vervolgens is gekeken naar de expressie van Toll -like receptoren (TLRs), deze 
patroonherkennende receptoren die een immuunrespons kunnen activeren. De TLRs die 
geassocieerd zijn met sALS zijn TLR2 en TLR4. Beide zijn opgereguleerd in sALS ruggemerg en 
motorcortex. TLR2 wordt gevonden op microgliale cellen en TLR4 op astrocyten en neuronen. 
Een andere receptor RAGE, die geavanceerde suikergroepen herkent, wordt ook opgereguleerd, 
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samen met TLR4 kan deze de glutamaat excitotoxiciteit van motorneuronen beïnvloeden, 
glutamaat excitotoxiciteit is geassocieerd met het ontstaan en beloop van ALS. 

Het immuunsysteem kan dus niet alleen getriggerd worden via complementactivatie maar ook 
door TLRs, die op hun beurt ook een effect op motorneuronen kunnen uitoefenen. 

Kortom, activatie van het immuunsysteem in het zenuwstelsel is lang niet altijd gunstig, soms 
zorgt het voor het snel opruimen van beschadigingen en pathogenen, maar chronische of 
extreme activatie van het immuunsysteem in de zenuwen heeft een minder gunstig effect. Het 
lijkt erop dat de hoeveelheid (rand)schade groter wordt en zorgt voor een minder goede afloop. 

Uit onze data blijkt dat het positieve effect van complementremming op het beloop van 
neurodegeneratie en -regeneratie in het perifere zenuwstelsel alleen maar een factor van 
belang is wanneer er daadwerkelijk veel complement geactiveerd wordt. Cruciaal hierbij is het 
beoordelen van de absolute hoeveelheid schade. Die is een maat voor complementactivatie. Als 
er veel complementactivatie optreedt, kan complementinhibitie ervoor zorgen dat in plaats van 
macrofagen om de schade op te ruimen er een secundaire T helper-cel respons wordt 
geactiveerd, die de uiteindelijke uitgroei van nieuwe axonen bevordert. 
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PhD Portfolio 

Name PhD student:  Marleen Sta 
PhD period:  September 2006 - November 2014 
Name PhD supervisor:  F. Baas 

1. PhD training

Year Workload 
(Hours/ECTS) 

General courses  
- AMC world of Science 
- Laboratory animals (art. 9) 
- Laboratory safety 
- Introduction biostatistics 
- Bioinformatics 
- Microscopic, macroscopic and pathologic anatomy of 

 the house mouse 
- Scientific writing in English 
- Grant writing (ONWA) 
- Basic course clinical research (BROK) 

2006 
2006 
2007 
2008 
2008 
2008 

2009 
2010 
2014 

0.7 
3.9 
0.4 
1.1 
1.1 
1.1 

1.5 
1.8 
0.9 

Specific courses  
- Introductory course of the ONWA 
-      Molecular neuroscience 
-      Degenerative diseases of the nervous system 
-      Experimental neurophysiology – theory and practice  

2006 
2007 
2007 
2008 

1.4 
2.0 
1.4 
1.7 

Seminars, workshops and master classes 
- Department’s weekly work discussion  
- Journal club 
- Schwammerdam Lectures 
- NIN summerschool 
- Ruysch lectures 
- Spinoza lectures 
- Post infectious diseases – Mimicry above and beyond  

Erasmus Medical Centre 
- CONGres 2007 –Brains technology and the future 
- Darwin en Evolutie 

2006-2010 
2006-2010 
2006-2010 
2008 
2006-2010 
2006-2010 
2007 

2007 
2009 

4 
2 
0.7 
1.2 
0.4 
0.4 
0.6 

0.2 
0.1 
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Presentations 
- Department’s weekly work discussion  
- Journal club 
- Pathology talks (1x) 
- Guest speaker at neurologists meeting (1x) 

2006-2010 
2006-2010 
2009 
2010 

0.3 
0.2 
0.03 
0.03 

(Inter)national conferences 
- ONWA(R) annual PhD retreat (4x)- oral presentation 

and Blitz presentation, poster presentation (2X) 
- Glial meeting: poster presentation 
- RolDuc genetic retreat 
- ALS/MND meeting: poster presentation 
- ALS/MND meeting: oral presentation 
- Dutch ENP meeting: poster presentation 
- CMT meeting: oral presentation 
- Dutch and Beglium neuromuscular disorder meeting: 

oral presentation 
- FENS meeting: poster presentation 

 2006-2009 

2007 
2008, 2009 
2008 
2009 
2008 
2009 
2008-2009 

2010 

 3.6 

0.7 
1.8 
0.9 
0.9 
0.7 
0.8 
0.3 

0.7 
Other 
-  Organizing committee annual PhD retreat ONWA(R). 2007, 2008 3 

2. Teaching
Year Workload 

(Hours/ECTS) 
Lecturing 
- Highschool biology class (Amstelveen college - VWO 5): 

Basic principles of nerve structure, conduction and 
experimental design - followed by practicum. 

 2011 0.1 

Tutoring, Mentoring 
- Students: Mentoring students during their internships, 

showing and help with experiments in the lab – hands 
on training on various experimental procedures and 
providing assistance in the laboratory.  

 2006-2013  1.8 

Supervising  
- Deborah Adegite:  Complement activation in 

degeneration and regeneration of the sciatic nerve 
after transection-resuture injury (14 weeks) 

- Bart André:  Differential expression of genes after 
sciatic nerve crush in WT and C6-/- rats (22 weeks) 

- Max Boxce: High school mini-internship (1 week) 

2008 

2009 
2010 

 4 

2.5 
0.2 
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Other 
- Teaching experimental method to fellow researchers 
- Assisting with animal experiments - nerve crush in 

mice 
- Assisting with animal experiments - nerve injections in 

nude mice. 

2008-2010 
2009-2010 

2008 

0.2 
0.2 

0.1 

3. Publications
Year 

Peer reviewed 
- C6 deficiency does not alter intrinsic growth speed after peripheral nerve 

crush injury. M. Sta, N.L. Cappaert, D. Ramekers, V. Ramaglia, W.J. 
Wadman, F. Baas. Accepted for publication in Neuroscience research: 06-
2014 

- The functional and morphological characteristics of sciatic nerve 
degeneration and regeneration after crush injury in rats. M. Sta, N. L. 
Cappaert, D. Ramekers, F. Baas, W.J. Wadman. J. Neuroscience methods. 
222 (2014) 189-198.  

- Toll-like receptor signalling in amyotrophic lateral sclerosis spinal cord 
tissue. Casula M, Iyer AM, Spliet WG, Annink JJ, Steentjes K, Sta M, Troost 
D, Aronica E. Neuroscience. 2011 Apr 14;179:233-43. Epub 2011 Feb 12. 

- Innate and adaptive immunity in amyotrophic lateral sclerosis: evidence of 
complement activation. Marleen Sta, Regien M Sylva-Steenland; Miriam 
Casula, Vianney M de Jong, Dirk Troost, Eleonora Aronica, Frank Baas. 
Neurobiol Dis. 2011 Jun;42(3):211-20. Epub 2011 Jan 8. 

2014 

2014 

2011 

2011 
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