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Abstract
Multiple sclerosis (MS) is chronic inflammatory demyelinating disease of the central nervous system
that is mediated by activated lymphocytes, macrophages/microglia, and complement. In MS, the
myelin-forming oligodendrocytes (OLGs) are the targets of the immune attack. Experimental
evidence indicates that C5b-9 plays a role in demyelination during the acute phase of experimental
allergic encephalomyelitis (EAE). Terminal complement C5b-9 complexes are capable of protecting
OLGs from apoptosis. During chronic EAE complement C5 promotes axonal preservation,
remyelination and provides protection from gliosis. These findings indicate that the activation of
complement and C5b-9 assembly can also have protective roles during demyelination.
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1. Introduction
Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous
system (CNS). Although the cause of this disease remains unknown, it is generally accepted
that the associated cell death and tissue damage are the result of immune system activation and
subsequent inflammation (Frohman et al., 2006). Acute MS lesions are characterized by active
demyelination and inflammatory infiltrates that include T-cells, macrophages, B-cells, and
activated microglia. In addition to the important role of inflammatory cells in the disease
process, antibodies and complement activation have also been shown to contribute to
autoimmune demyelination. Deposition of immunoglobulins and terminal complement C5b-9
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complexes has been observed in both MS (Barnett et al., 2009; Barnett and Prineas, 2004;
Lucchinetti et al., 2000) and Devic’s disease lesions (Lucchinetti et al., 2002).

Strong evidence exists that complement, and specifically the assembly of the C5b-9 complex,
is involved in demyelination and that myelin is vulnerable to complement attack (Liu et al.,
1983; Seil, 1977). However, oligodendroctyes (OLGs) are able to survive limited, or sublytic,
complement attack by shedding their membrane regions that contain C5b-9 complexes
(Scolding et al., 1989). Thus, the overall effect of C5b-9 on OLGs is dependent on the number
of terminal complement complexes inserted into the cell membrane. C5b-9 complexes have
been shown to induce the lysis of OLGs and oligodendrocyte progenitor cells (Wren and Noble,
1989). The assembly of sublytic C5b-9 in vitro has been found to enhance OLG survival (Rus
et al., 1996). In addition, the apoptosis of OLGs that has been observed in most acute MS
lesions (Barnett and Prineas, 2004; Dowling et al., 1997; Lucchinetti et al., 2000) has in some
cases been associated with complement activation and C5b-9 deposition on altered myelin and
OLGs (Barnett and Prineas, 2004). In this review, we summarize the evidence indicating a role
for the terminal complement pathway in OLG survival and discuss the implications of this
evidence for the pathophysiology of MS and its model system, experimental allergic
encephalomyelitis (EAE).

2. Complement activation and assembly of the C5b-9 complex
The complement system consists of more than 30 soluble proteins, cell receptors, and control
proteins that provide an important defense against infections and immune complex-mediated
disease (Frank, 2001; Shin et al., 1996; Walport, 2001) The complement components in the
central nervous system (CNS) are synthesized mainly by astrocytes and neurons, and their
expression is up-regulated by inflammatory mediators (Rus et al., 2006). The complement
system can be activated by the classical, alternative, or lectin pathways. All three pathways
converge at the point of C3 cleavage and then generate the membrane attack complex C5b-9,
leading to cytolysis (Figure 1). Complement activation leads to the formation of opsonins (C3b
and C4b) and anaphlatoxins (C3a and C5a), which are involved in the induction of local and
systemic inflammatory reactions.

The activation of C5 through C9 and the assembly of C5b-9 begin when the C5 convertase
cleaves C5 to generate C5a and C5b. The C5b6 complex then binds reversibly to the cell
membrane. Subsequently, the interaction of C7, C8, and C9 with C5b6 complexes leads to the
assembly of C5b-9 complex, which forms transmembrane pores (Shin et al., 1996). The binding
of C7 to C5b6 creates a metastable C5b-7 complex, which associates with and is integrated
into the phospholipid membrane bilayer. Addition of C8 to C5b-7 induces the membrane
insertion of C8β and C8α and forms unstable pores. Binding of C9to C8α initiates the binding
and polymerization of multiple C9 molecules to form stable membrane-inserted pores. This
C5b-9 complex, which is effective in inducing cell lysis, is also called the membrane attack
complex (Shin et al., 1996). Lytic C5b-9 induces cell death through a multi-hit process (Koski
et al., 1983; Shin et al., 1996). In addition to its lytic effect, C5b-9 can form a sublytic complex
that plays an important role in the stimulation and activation of target cells (Niculescu and Rus,
2001).

3. Oligodendrocyte cell death in multiple sclerosis
In MS, demyelination is accompanied by extensive destruction and loss of OLGs (Ozawa et
al., 1994). Failure to remyelinate during the recovery phase after an acute attack occurs in part
because of the death of injured OLGs and the failure of OLG progenitors to mature and
remyelinate axons (Wolswijk, 2000; Kuhlmann et al., 2008). The role of apoptosis in OLG cell
death remains a subject of vigorous debate (Frohman et al., 2006; Raine, 2008) . In acute MS,
apoptosis of OLGs, has been documented in multiple studies (Barnett and Prineas, 2004;
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Dowling et al., 1997; Lucchinetti et al., 2000) but has only rarely been seen in chronic MS
lesions (Bonetti and Raine, 1997; Breij E. C. W., 2008) (Table 1). Barnett and coworkers have
proposed that the apoptotic death of OLGs is the initial event in new lesion formation and the
primary cause of inflammation in MS (Barnett and Prineas, 2004). By examining relapsing-
remitting MS lesions within 24 hours of an acute attack, these authors concluded that OLG
death precedes the activation of complement and microglia. This reaction was followed by
demyelination and phagocytosis of complement-opsonized myelin sheets by macrophages.
Thus, major OLG loss is almost certainly an early event occurring in the initial stages of the
acute MS (Cannella et al., 2007). In established MS lesions, OLG apoptosis was absent or rare
(Breij E. C. W., 2008; Bonetti and Raine , 1997). One possible explanation for the small number
of apoptotic OLGs in chronic lesions is the rapid removal of apoptotic cells in vivo. In addition,
a less prominent role for apoptosis in OLG depletion in chronic lesions cannot be excluded
(Raine, 2008).

Experimental data point to an important role for caspases in the OLGs apoptosis associated
with autoimmune demyelination. Caspase-1-deficient mice develop a less severe form of EAE
(Furlan et al., 1999), a finding that is consistent with data obtained from transgenic mice in
which the caspase-inhibitory protein p35 is over-expressed (Hisahara et al., 2000). These
transgenic mice are less susceptible to EAE and have fewer apoptotic cells. Also, OLGs from
these mice are resistant to cytotoxicity induced by FasL, TNFα, or IFNγ in vitro.

Further evidence supporting a role for caspases in EAE has been obtained by using mice
deficient in the expression of caspase-11, an apical caspase that activates caspases 3 and 1
(Hisahara et al., 2001). In caspase 11 knockout mice, the incidence and severity of EAE are
significantly reduced when compared to wild-type mice, with fewer OLGs being positive for
caspase 3. These experimental data clearly suggest an important role for caspases in OLG
apoptosis associated with autoimmune demyelination. Recently, another potent regulator of
glial apoptosis, alpha-B-crystallin, has been found to be a negative regulator of inflammation
in EAE (Ousman et al., 2007). In acute and chronic MS, significantly elevated caspase 1 mRNA
is found in the brain (Ming et al., 2002). The presence of caspase-1 mRNA has been shown to
correlate with increased protein expression in OLGs. Expression of caspase-1 mRNA is also
increased in the peripheral blood mononuclear cells of MS patients when compared to those
in healthy controls (Khurana et al., 2004).

4. Mediators of oligodendrocyte cell death
Effector cells

The mechanisms triggering OLG loss in MS are not well understood. A significant number of
studies have shown that adaptive and innate immune system constituents can induce OLG cell
death. In vitro studies have shown that OLGs are not susceptible to MHC class II-restricted
lysis, but myelin-reactive CD4 αβ T-cells can mediate nonrestricted lysis when they express
the cell-surface antigen CD56 (Antel et al., 1998). In addition, idiotype-specific CD4 T cells
from the CSF and blood can induce the apoptosis of human OLG cell lines in vitro in a manner
that requires cell-cell contact and involves the Fas/Fas ligand pathway. Similarly, activated
CD4 T cells specific for glutamic acid decarboxylase 65 can also induce apoptosis of OLGs,
suggesting that killing does not depend on cognate interaction between T cells and target cells
but rather on the activation status of the T cells (Hestvik et al., 2009). CD8 T cells are present
in both MS and EAE lesions, and MBP-reactive CD8 αβ T-cells can induce MHC class I-
restricted cytotoxicity of OLGs (Jurewicz et al., 1998). Experimental evidence has also
demonstrated the potential of CD8 T cells to induce OLG lysis in vivo as a likely consequence
of direct antigen recognition (Saxena et al., 2008).
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Cells of the innate immune system use non-MHC-restricted lytic mechanisms to mediate target
cell injury. NK cells and γδ T-cells are constituents of this system and are present in MS lesions
(Traugott and Raine, 1984; Wucherpfennig et al., 1992). OLGs have been found to be
susceptible to injury mediated by IL-2-activated NK cells. The inflammatory milieu in MS
lesions could provide the conditions required for the activation of NK cells, and such effector
cells can bypass the putative protective effects of self-MHC class I molecules that may be
expressed on OLGs (Morse et al., 2001).

γδT cells have been implicated in the pathogenesis of MS (Selmaj et al., 1991a); these cells
display both innate and adaptive characteristics and activity (Blink and Miller, 2009) and are
cytotoxic toward human OLGs (Zeine et al., 1998). OLGs express ligands for the NKG2D
receptors that are present on γδ T and NK cells. The cytotoxic effect is partially inhibited by
disruption of the NKG2D – NKG2D ligand, suggesting a potential role for this system in
cytotoxic responses mediated by activated immune effector cells in the inflamed CNS (Saikali
et al., 2007). The death of target cells that is induced by these cytotoxic lymphocytes involves
cell lysis and/or activation of one or more of the apoptotic pathways. Interestingly, the same
effector molecule can induce both apoptosis and lysis, depending on the biochemical
microenvironment (Chavez-Galan et al., 2009). For instance, perforin can induce the lysis of
OLGs (Zeine et al., 2001), while at the same time playing a critical role in the initiation of the
apoptotic process (Chavez-Galan et al., 2009).

Multiple effector molecules can mediate the death of OLGs through apoptosis and cell lysis
(Table 2). In the sections below, we discuss several of the mediators involved in the death of
OLGs.

Fas ligand
Fas, a member of the TNF receptor (TNFR) superfamily, is expressed on the cell surface and
is responsible for transducing cell death signals (Sharma et al., 2000). The Fas-FasL system
has been shown to be involved in the OLG cell death seen in MS (Dowling et al., 1996) (Figure
2). Fas expression on OLGs is increased in MS lesions, and human OLGs are susceptible to
Fas-induced non-apoptotic cell death (D'Souza et al., 1996). In addition, TUNEL-positive cells
are co-localized with FasL in MS lesions, and the microglia and lymphocytes in the lesions
show intense staining for FasL (D'Souza et al., 1996). Another study has found that apoptosis
induced by the Fas-FasL system plays an important role in eliminating infiltrating cells, but
not that of myelinating OLGs in chronic MS lesions (Bonetti and Raine , 1997). In vitro, caspase
activation and cell death can be induced by FasL in human OLG hybrid cells (Li et al., 2002;
Pouly et al., 2000). OLGs derived from mice over-expressing the caspase inhibitor p35
(Hisahara et al., 2000) or transgenic mice deficient in caspase 11 (Hisahara et al., 2001) are
resistant to Fas-mediated apoptosis. Enhanced expression of FasL on lymphocytes is correlated
with the development of EAE, whereas the expression of Fas on brain cells may play a role in
the progression of EAE (Choi and Benveniste, 2004). In addition, Fas inactivation alone, as
well as a complete absence of TNF-R1, has been shown to partially protect mice from EAE
induced by immunization with myelin OLG glycoprotein. These double-deficient mice,
however, show almost no clinical signs of EAE after immunization and exhibit a lack of
demyelination and a reduction in lymphocyte infiltration, suggesting that the death receptors
Fas and TNF-R1 are major initiators of OLGs apoptosis in EAE (Heppner et al., 2005).

Another factor that may be involved in the apoptosis of OLGs is p53 (Wosik, 2003). In situ
analysis of active MS lesions has revealed an increased expression of p53 in OLG in lesions
featuring OLG apoptosis and cell loss. p53 overexpression induces the up-regulation of the
death receptors Fas and TNF-related apoptosis-inducing ligand_(TRAIL), with subsequent
caspase-mediated apoptosis of the OLGs. Although lower levels of p53 did not induce
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apoptosis, the increase in death receptor expression was sufficient to render the OLGs
susceptible to apoptosis in the presence of exogenous Fas ligand and TRAIL (Wosik, 2003).

Tumor necrosis factor α (TNFα)
TNFα is an important modulator of the immune response. The high levels of TNFα that are
found in the cerebrospinal fluid (CSF) of patients with chronic progressive MS are directly
correlated with increasing severity and progression of the disease (Sharief and Hentges,
1991). TNFα is able to induce both the apoptotic and necrotic death of OLGs, and inhibition
of caspase-1 and caspase-3 protects OLGs against TNFα-induced apoptosis (Hisahara et al.,
1997; Louis et al., 1993; Robbins et al., 1987; Selmaj and Raine, 1988). Recently,
electrophoresis of OLGs exposed to TNF has revealed large-scale DNA fragmentation
characteristic of apoptosis-inducing factor (AIF)-mediated cell death (Jurewicz et al., 2005).
AIF depletion using an antisense strategy can prevent TNFα-induced death of OLGs,
suggesting that AIF plays an important role in during immune-mediated demyelination
(Jurewicz et al., 2005). Intracellular transduction signaling involved in the TNF-induced
apoptotic cell death of OLGs is associated with the activation of c-Jun NH2-terminal kinase
(JNK) 3 (Jurewicz et al., 2003).

TNFα also reduces the expression of IGF-I in the brain and alters the abundance of a number
of IGF system proteins that are capable of modulating the activity of IGF-I, suggesting that
reduced IGF-I availability is responsible, at least in part, for the pro-apoptotic effects of
TNFα on OLGs. Addition of IGF-I to culture medium inhibits TNFα-induced apoptosis in
OLGs both in vivo and in vitro (Bailey et al., 2007).

Microglia may also play a role in mediating the death of OLGs through the release of TNFα
(Merrill et al., 1993). Since neutralization of TNFα causes an increase in MS disease activity,
and TNF-neutralizing agents provoke inflammatory demyelination (Mohan et al., 2001), TNF-
α may act as a pro-inflammatory and demyelinating factor and also protect the host from
demyelination.

TRAIL
TRAIL and its receptors are constitutively expressed in a variety of normal tissues and tumor
cells. More recently, studies have shown TRAIL and its receptors in human brain tissue. DR4
and DR5 (TRAIL-R1 and TRAIL-R2) are two of five cloned receptors of TRAIL, and two
other receptors of TRAIL, DcR1 and DcR2 (TRAIL-R3 and TRAIL-R4), are thought to be
protective and to act as decoy receptors. DR6, one of the newer members of the DR family, is
widely expressed in human tissues. RT-PCR data indicate that DR6 is abundant in the normal
human CNS (Harrison et al., 2000).

Examination of human OLGs in culture has demonstrated the presence and functionality of
DR following ligation with TRAIL (Cannella et al., 2007). OLGs obtained from human fetal
spinal cord expressed DR3, DR4, DR5, DR6, as well as the decoy receptors DcR1 and DcR2.
The findings were somewhat different from those in adult CNS tissue in situ, in which DR4
and DR6 were not observed on OLGs (Cannella et al., 2007). Studies using adult human OLGs
have shown that TRAIL-R1 is the receptor responsible for the apoptosis of OLGs (Matysiak
et al., 2002). The intracellular transduction signaling involved in the TRAIL-induced apoptotic
cell death of OLGs is associated with the activation of JNK (Jurewicz et al., 2006). Other
mitogen-activated protein kinases (p38 kinase and ERK) are not activated during TRAIL-
induced OLG cell death. OLGs can also be protected from p53-induced cell death by blocking
signaling through Fas and/or TRAIL receptors (Wosik, 2003). These data indicate that, in
vitro, TRAIL is an important factor in the apoptotic cell death of OLGs.
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Interferon γ(IFNγ)
IFNγ is produced by lymphocytes in MS lesions, and systemic administration of IFNγ causes
an exacerbation of MS (Panitch et al., 1987). IFNγ can also have cytotoxic effects on OLGs
in culture through its modulation of cellular responses to injury (Hisahara et al., 2000; Hisahara
et al., 2001; Pouly et al., 2000) (Figure 2). Treatment with IFN-γ increases Fas expression on
OLGs in vitro and thus enhances their susceptibility to FasL-induced apoptosis (D'Souza et
al., 1996). In addition, TNFα increases the IFNγ-induced death of OLG progenitor cells, and
this effect can be partially suppressed by caspase inhibitors (Andrews et al., 1998). OLGs from
caspase-11 knockout mice are less sensitive to IFNγ-induced cell death, further supporting the
requirement for caspase activation in OLGs cell death (Hisahara et al., 2001). Moreover, the
induction of IFN-γ expression after demyelinating insults significantly inhibits the
remyelination process in EAE (Lin et al., 2006). OLG injury after overexpression of IFN-γ has
been related to the triggering of a proapoptotic response (Lin et al., 2005). These data indicate
that IFN-γ plays a role in apoptosis in OLGs both in vivo and in vitro.

Excitotoxicity
Alterations in the homeostasis of glutamate could contribute to the death of OLGs through
both caspase-dependent and -independent mechanisms (Sanchez-Gomez et al., 2003). While
rodent OLGs are vulnerable to injury mediated by glutamate (Matute et al., 1997), normal
human adult OLGs express low levels of ionotropic glutamate receptors and are more resistant
to excitotoxicity-mediated injury (Wosik et al., 2004). In MS lesions, the levels of glutaminase,
a glutamate-synthesizing enzyme, are increased in microglia, whereas the expression of
glutamate transporters is decreased in OLGs (Werner et al., 2001). In EAE, blocking of AMPA/
kainite receptors ameliorates the course of the disease and promotes OLG survival (Pitt et al.,
2000; Smith et al., 2000). In addition, glutamate can sensitize OLGs to complement attack and
may further contribute to OLGs loss (Alberdi et al., 2006). Thus, imbalanced glutamate
homeostasis contributes to the OLGs cell death in MS.

5. C5b-9 complex-mediated protection of OLGs from apoptotic cell death
Apoptosis initiated in OLGs by serum withdrawal is associated with a rapid decline in
phosphatidylinositol-3 kinase (PI3 kinase)/Akt activity, together with the release of
cytochrome c, activation of caspase 9, and cleavage of caspase-3 (Soane et al., 2001; Soane et
al., 1999). To release cytochrome c, Bad binds to Bcl-xL and causes mitochondrial damage by
displacing Bcl-xL and allowing the oligomerization of pro-apoptotic Bax and Bak (Willis and
Adams, 2005) (Figure 3). On the other hand, the dissociation of Bad from Bcl-XL and binding
of Bad to cytoplasmic 14-3-3 proteins increases cell survival and requires phosphorylation of
Bad at Ser112, Ser136, and Ser156 (Willis and Adams, 2005).

We have found that these apoptosis-associated activities are inhibited by the activation of
complement and assembly of sublytic C5b-9. Studies of upstream signaling have shown that
C5b-9 induces strong PI3K/Akt activation and phosphorylation of Bad. C5b-9 increases the
phosphorylation of Bad at Ser112 and Ser136 and results in the dissociation of Bad/Bcl-xL
complexes (Soane et al., 2001). Both processes can be reversed by inhibiting
phosphatidylinositol-3 kinase (PI3K). Therefore, sublytic complement attack appears to
increase the survival of OLGs, in part by activating signaling pathways that are important for
Bad phosphorylation and subsequent alteration of the association between Bcl-xL and Bad
(Figure 3).

To identify the initiators of apoptosis in OLGs, we evaluated the ability of TNFα and FasL to
induce apoptosis and examined the effect of C5b-9 on these apoptotic pathways. We found
that both TNFα and FasL are able to induce the apoptosis of OLGs and that C5b-9 inhibits
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FasL- and TNF-α-induced cell death (Cudrici et al., 2005; Soane et al., 1999). This C5b-9 effect
is mediated through the inhibition of caspase-8 activation (Cudrici et al., 2006). Since the
cleavage of Bid by caspase-8 has been shown to directly trigger the release of cytochrome c
from mitochondria (Gonzalvez et al., 2008), we monitored Bid cleavage as well as the levels
of c-FLIP, an endogenous inhibitor of caspase-8 (Lavrik et al., 2005). Exposure to C5b-9
inhibited Bid cleavage and caused a significant increase in c-FLIPL expression (Cudrici et al.,
2006). These results suggest that C5b-9 prevents caspase-8 processing through a c-FLIPL-
dependent mechanism (Figure 3).

Bim is another BH3-only protein and is the most effective of such proteins in terms of cell
killing because it can engage all of the Bcl-2 proteins (Ewings et al., 2007). Bim expression is
increased after withdrawal of survival factors from OLGs and is significantly reduced by
exposure to C5b-9. The C5b-9 effect can be reversed by inhibition of PI3K (Cudrici et al.,
2005). These data suggest that Bim is required for the OLG cell death caused by serum
withdrawal and that C5b-9 prevents this association by promoting the rapid dissociation of
preformed Bim/Bcl-xL complexes (Figure 3). Thus, our data indicate that C5b-9, acting through
PI3K signaling, is able to rescue OLGs from apoptosis by up-regulating c-FLIPl and preventing
mitochondrial insertion of the pro-apoptotic proteins Bad, Bid, and Bim.

6. Complement C5-mediated protection of OLGs from apoptosis during EAE
We have analyzed the influence of C5 on inflammatory demyelination during the course of
chronic EAE (up to 120 days) in C5-deficient (C5-d) mice (Weerth et al., 2003). In the absence
of C5, more severe inflammatory demyelination was seen during acute EAE, and this condition
eventually progressed to gliosis associated with axonal loss. In contrast, C5-sufficient (C5-s)
mice showed a marked degree of myelin repair and axon preservation during the chronic phase
of EAE. We also made use of these C5-d mice to analyze the role of C5 in the apoptosis of
OLGs during EAE (Niculescu et al., 2004). In acute EAE, C5-d and C5-s mice had similar
numbers of total apoptotic cells. During recovery, however, C5-s mice had significantly fewer
apoptotic cells than did C5-d mice. In addition, while both groups of mice displayed
TUNEL+ OLGs, the number of these cells was significantly lower in C5-s than in C5-d mice
during both the acute and recovery phases (Niculescu et al., 2004). These findings are consistent
with a role for C5 in protecting OLGs from apoptosis in EAE, potentially by forming C5b-9
complexes and thereby promoting remyelination during recovery. It is important to mention
that disruption of the C5a receptor failed to protect against EAE (Reiman et al., 2002), thus
suggesting a role for terminal complement complexes in mediating the in vivo survival of
OLGs.

The alterations in transcriptomic networks that occur in EAE include significant changes in
the expression of genes involved in myelination, signal transduction, and the inflammatory
response (Comabella and Martin, 2007; Iacobas et al., 2007). To further explore the effects of
C5 on post-inflammatory repair of CNS tissue, we recently used oligonucleotide arrays to
investigate the transcriptional profile induced by C5 in chronic EAE (Cudrici et al., 2008). The
transcriptional profile in the spinal cord was determined by microarray analysis using the
Affymetrix Mouse Expression Set 430 2.0 array chip (Affymetrix, Santa Clara, CA). The
presence of C5 in mice had a profound effect on the transcriptional profile. When we restricted
the profile to those genes with a ≥2-fold change in expression from that in control mice without
EAE, we found that 2,511 genes were differentially regulated in C5-s and C5-d mice. During
EAE, 916 and 871 genes were differentially regulated in the acute and recovery phases,
respectively. During chronic EAE, we found that 390 genes were differentially regulated in
C5-s mice and C5-d mice (Cudrici et al., 2008). The differentially regulated genes were further
characterized according to their roles in biological processes using the Gene Ontology database
(Ashburner et al., 2000). In the case of chronic EAE, more than 25% of these differentially
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expressed genes were involved in cell growth and maintenance, signal transduction, and cell
adhesion.

To determine whether the biological processes that were identified were represented by genes
that were significantly overexpressed, we used EASE (Hosack et al., 2003), which performs a
statistical analysis of gene categories in the gene list to find those categories that are most
overexpressed (and can therefore be described as “themes” of the gene list). The majority of
the genes identified in this manner were related to cell growth and signal transduction. Among
them, a group of genes belonging to the family of insulin-like growth factor binding proteins
(IGFBP) was significantly regulated by C5. These proteins included IGFBP-3, −4, and −6 and
connective tissue growth factor (CTGF) (Cudrici et al., 2008).

Using real-time PCR and immunoblotting, we confirmed the up-regulation of IGFBP-3 and
−4 and the down-regulation of IGFBP-6 in C5-d mice during chronic EAE. Both CTGF and
transforming growth factor (TGF)-β3 were also up-regulated in C5-d mice during chronic EAE
(Figure 4). Our data clearly show that the changes in the mRNA levels were followed by similar
changes in protein levels and further implicate these proteins in the pathogenesis of gliosis seen
in C5-d mice. IGFBP-3, IGFBP-6 and CTGF were localized to the infiltrative inflammatory
cells during the acute and recovery phases of EAE. In addition, all three proteins were found
to stain spinal neurons during the acute phase and recovery and to a lesser extent in chronic
EAE. Higher levels of CTGF were found in reactive astrocytes in C5-d than in C5-s mice in
chronic EAE (Cudrici et al., 2008).

The dysregulation of genes belonging to the IGFBP and TGF-β families suggests that these
proteins might be responsible for the gliosis and lack of remyelination seen in C5-d mice with
chronic EAE. IGFBP-3, IGFBP-6, and CTGF were also found to be expressed in MS brain
tissue (Gveric et al., 1999; Holley et al., 2003). CTGF expression was confined to reactive
astrocytes, axons, and blood vessels. IGFBP-3 was confined to foamy macrophages and
microglia. In addition, we found IGFBP-3 and IGFBP-6 expression on axons, and IGFBP-3
and −6 were found to be present in OLGs, with some increased expression at the edges of
demyelinated plaques (Wilczak et al., 2008). These data suggest a complex role for the IGFBPs
in MS and point to the need for further studies of the potential role of complement system
activation in the regulation of their expression. Since we found that TGF-β3 was up-regulated
in C5-d mice, it is possible that this molecule plays a role, through regulation of the Notch
pathway, in the limited remyelination seen in these mice. In astrocytes, TGF-β was shown to
re-induce the expression of Jagged1, which is known to inhibit OLG maturation through the
activation of Notch 1 receptors (John et al., 2002).

7. C5b-9 and OLG apoptosis in MS
Increased levels of SC5b-9 have been detected in the spinal fluid of MS patients during relapses
(Mollnes et al., 1987; Sanders et al., 1988; Sellebjerg et al., 1998), and these levels have been
shown to correlate with neurological disability (Sellebjerg et al., 1998). These data suggest
that full activation of the complement cascade during attacks of MS may be restricted to patients
with more advanced disease and indicate that long-term activation of complement is
detrimental rather than beneficial. In MS, the deposition of C1q, C3d, and C5b-9 is detected
on and within macrophages and in the blood vessel walls of active lesions (Barnett and Prineas,
2004; Compston et al., 1989; Storch et al., 1998) but rarely in pure cortical lesions (Brink et
al., 2005). One study has used complement activation and OLG apoptosis to define four patterns
of MS lesions (Lucchinetti et al., 2000). In the most common pattern, pattern II,
immunoglobulins and C5b-9 deposition are found at the sites of active myelin destruction.
Moreover, the C5b-9 deposits are found only in pattern II demyelinating lesions (Lassmann,
2007; Lucchinetti et al., 2000). Only pattern III is reported as generally showing a significant
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number of apoptotic OLGs. In contrast, a recent study has found that the immunopathological
appearance of active demyelinating lesions in established MS is uniform (Breij E. C. W.,
2008). In this study, complement components and imunoglobulins were consistently associated
with macrophages in areas of active demyelination, and MS lesions did not segregate according
to OLG behavior and showed a uniform pattern II phenotype. In addition, preferential loss of
myelin proteins, extensive hypoxia-like damage, and OLG apoptosis were absent or rare (Breij
E. C. W., 2008). IgG and complement immunostaining of disrupted myelin was seen not only
in MS but also in other neurological diseases, an indication that the pathologic features that
were observed were nonspecific and cannot be interpreted as evidence of a distinct
pathogenesis or be used to define particular variants of the disease (Barnett et al., 2009).

In another study in which acute MS lesions were examined (Barnett and Prineas, 2004),
extensive OLG apoptosis, complement activation, and remyelination were found in the same
lesions. Within hours, OLGs throughout the affected tissue appeared apoptotic, myelin sheaths
stained positively for the activated complement components C3d and C5b-9, and
immunoreactivity with 2´, 3´-cyclic nucleotide 3´-phosphodiesterase and myelin-associated
glycoprotein was diminished (Barnett and Prineas, 2004). In addition, the cleavage products
C3d, C4d, and C5b-9 were detected along myelin sheaths at the edge of the lesions, indicating
complement activation by the myelin (Barnett and Prineas, 2004; Breij E. C. W., 2008; Prineas
et al., 2001). The consistent presence of complement, antibodies, and Fcγ receptors in
macrophages suggested that antibody- and complement-mediated phagocytosis of myelin is
the dominant mechanism of demyelination and myelin clearance in MS (Barnett and Prineas,
2004; Breij E. C. W., 2008). Recently, microglial nodules containing short, linear deposits of
C3d on partly demyelinated axons located in normal-appearing periplaque white matter have
been described in MS brains and were considered to be unique to this disease (Barnett et al.,
2009). In summary, it is possible that apoptotic OLGs are less frequently seen in MS lesions
because of the protective effects of the activation of complement and the subsequent assembly
of C5b-9 complexes.

Taken together, our data suggest that assembly of the terminal complement pathway may play
a protective role by promoting OLG survival and axon preservation and providing protection
from gliosis. However, further work is needed to clarify the role of C5b-9 in the protection of
OLGs from apoptosis in the MS brain. These neuroprotective effects should be taken into
account when drugs that inhibit the activation of the complement system are designed for
therapy in MS.
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Figure 1. Complement activation pathways and assembly of the terminal pathway
The classical pathway is initiated by the binding of the C1 complex to antibody bound by
antigen, leading to the formation of the C4b2a enzyme complex, known as the C3 convertase.
The lectin pathway is activated by the binding of either MBL or ficolin and MAPS1, 2, and 3,
respectively, to an array of mannose groups on the surface of bacterial cells and the generation
of C3 convertase of the classical pathway. The alternative pathway is initiated by hydrolyzed
C3 and factor B and the subsequent formation of the alternative pathway C3 convertase,
C3bBb. Generation of C3 convertase allows the formation of the C5 convertase enzyme, which
initiates the formation of the C5b-9 terminal complement complex.
The complement system is regulated at several levels: CD55, CR1, CD46, C4bp, and factors
I and H regulate the activity of the C3 convertase and C5 convertase, and other proteins such
as CD59 block the final assembly of the pores by preventing the binding of C9. The S protein/
vitronectin binds to C5b-7 and leads to the formation of a cytolytically inactive SC5b-9
complex.
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Figure 2. Impact of cytokines on OLGs
Activated mycroglia, T-lymphocytes, and macrophages present in the CNS during MS produce
various cytokines and mediators (TNFα, IFNγ, FasL and TRAIL) that induce OLG cell death.
Cytokines belonging to the TNF receptor superfamily and IFNγ produced by inflammatory
cells induce caspase activation and also deregulate the balance between the pro-apoptotic and
anti-apoptotic members of the Bcl-2 family of proteins. This deregulation leads to
mitochondrial dysfunction and induction of OLG cell death. Cell death then contributes to the
decrease in OLGs number seen in MS lesions and ultimately leads to increased demyelination
and axonal injury.
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Figure 3. Signaling pathways that are activated by C5b-9 and involved in OLG survival
Insertion of the sublytic C5b-9 into the cell membrane leads to G-protein activation, followed
by the activation of PI3K and Akt. Activation of PI3K induces up-regulation of FLIP and
inhibition of caspase-8 processing, thereby inhibiting Fas-induced apoptosis in OLGs.
Inhibition of caspase-8 processing is also responsible for the inhibition of Bid cleavage. Akt
is able to induce the phosphorylation of Bad and Bim and protects the mitochondria from pore
formation by Bax/Bak and cytochrome c release. All these signaling pathways result in the
inhibition of apoptosis and OLGs survival.
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Figure 4. Expression of TGF-β33 and CTGF in chronic EAE
Expression of TGF-β3 and CTGF was examined by western blotting. Spinal cords from C5-s
and C5-d mice with chronic EAE were lysed in RIPA buffer and fractionated on 10% PAGE
gels, followed by transfer to nitrocellulose. Increased levels of TGF-β3 and CTGF were found
in C5-d mice.
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Table 1
OLG apoptosis in MS brain

Lesion type OLG Apoptosis Methods References

Acute and chronic Present TUNEL Dowling et al., 1997

Chronic active or silent Absent TUNEL Bonetti and Raine, 1997 Cannella
et al., 2007

Active Present in Pattern III TUNEL Lucchinetti et al., 2000

Chronic Rare TUNEL/caspase-3 Prineas et al., 2001

New active Present Morphological Changes Barnett and Prineas, 2004

Chronic active Rare or absent TUNEL Breij E. C. W., 2008
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Table 2
Mediators of OLG cell death.

Mediator Mechanisms In vitro/ experimental model References

FasL Cell death hOLG D’Souza et al., 1996

Apoptosis EAE Heppner et al., 2005

TNFα Cell death rOLG Robbins et al., 1987

Cell necrosis mOLG Selmaj and Raine, 1988

Apoptosis hOLG Jurewicz et al., 2005

Apoptosis EAE Heppner et al., 2005

Apoptosis TNF transgenic mice Akassoglou et al., 1998

Lymphotoxin Apoptosis bOLG culture Selmaj et al., 1991b

TRAIL Apoptosis hOLG Matysiak et al., 2002

IFNγ Apoptosis rOLG Vartanian et al., 1995

Apoptosis IFN transgenic mice Lin et al., 2005

NGF Apoptosis rOLG Casaccia-Bonnefil et al., 1996

Apoptosis mOLG Beattie et al., 2002

CD4+ T cells Cell lysis hOLG Ruijs et al., 1993

Apoptosis hOLG Hestvik et al., 2009

CD8+ T cells Cell lysis hOLG Jurewicz et al., 1998

γδ T Cells Cell lysis hOLG Freedman et al., 1991; Zeine et al., 1998

NK Cells Cell lysis hOLG Morse et al., 2001

Nitric oxide Cell death rOLG Merrill et al., 1993

Apoptosis hOLG Jack et al., 2007

ROS Apoptosis hOLG Jana and Pahan, 2007

Glutamate Cell death rOLG Matute et al., 1997

excitotoxicity Apoptosis rOLG Sanchez-Gomez et al., 2003

Cell loss EAE Pitt et al., 2000

Lytic C5b-9 Cell lysis rOLG Wren and Noble, 1989

Perforin Cell lysis mOLG Scolding et al., 1990

Cel lysis rOLG Zeine et al., 2001

Cell lysis: lysis was measured by 51Cr-release assay or propidium iodide uptake, Cell death: non-apoptotic cell death, Cell loss: mechanism of cell death
was not investigated, hOLG: human oligodendrocyte; rOLG: rat oligodendrocyte, mOLG: mouse oligodendrocyte, bOLG: bovine oligodendrocyte, ROS:
reactive oxygen species.
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