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ABSTRACT 

Demyelination in the CNS is known to involve several immune effector 

mechanisms, including complement proteins.  For this dissertation project the central 

hypothesis that C3 and downstream effector complement proteins exacerbate 

demyelination through activation of glial cells was tested.  To investigate the role of C3 

and downstream complement proteins in demyelination and remyelination pathology in 

vivo the cuprizone model was utilized.  Demyelination was induced in C3 knockout mice 

(C3
-/-

), which are lacking the central C3 protein and subsequently all downstream 

complement effector proteins, and transgenic mice expressing C3a or C5a under the 

control of the astrocyte GFAP promoter.  Interestingly, there were no changes in 

demyelination or remyelination pathology between C3
-/-

 and control mice.  However, C3a 

and C5a transgenic mice had exacerbated demyelination and delayed remyelination in the 

corpus callosum compared to WT mice.  Transgenic mice had increased cellularity due to 

increased activation and/or migration of microglia.  There was also evidence of T cells in 

the corpus callosum during demyelination in C5a transgenic mice, suggesting C5a may 

modulate BBB permeability.  During early remyelination, oligodendrocytes migrated to 

the corpus callosum in higher numbers in C3a and C5a transgenic mice, thus enabling 

these mice to remyelinate as effectively as WT mice by the end of the ten week study. 

To determine the effects of anaphylatoxins on individual glial subsets, murine 

recombinant C3a and C5a proteins were created.  MAPK pathway proteins JNK1 and 

ERK1/2 were activated in glia upon stimulation with recombinant anaphylatoxin 

proteins.  When microglia and mixed glial cultures were stimulated with C3a/C5a, an 

increase in the production of proinflammatory cytokines and chemokines was observed.  

In contrast, anaphylatoxin-treated primary astrocytes had suppressed cytokine and 

chemokine production compared to untreated astrocytes.  In vitro, primary microglia and 

astrocytes did not significantly migrate in response to stimulation with C3a or C5a 
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proteins, suggesting migration may not be a primary anaphylatoxin-mediated function in 

the CNS.  Overall, my findings show that anaphylatoxin production in the brain plays a 

negative proinflammatory role during demyelination and that anaphylatoxin proteins can 

activate individual subsets of glia, initiating the production of inflammatory mediators. 
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ABSTRACT 

Demyelination in the CNS is known to involve several immune effector 

mechanisms, including complement proteins.  For this dissertation project the central 

hypothesis that C3 and downstream effector complement proteins exacerbate 

demyelination through activation of glial cells was tested.  To investigate the role of C3 

and downstream complement proteins in demyelination and remyelination pathology in 

vivo the cuprizone model was utilized.  Demyelination was induced in C3 knockout mice 

(C3
-/-

), which are lacking the central C3 protein and subsequently all downstream 

complement effector proteins, and transgenic mice expressing C3a or C5a under the 

control of the astrocyte GFAP promoter.  Interestingly, there were no changes in 

demyelination or remyelination pathology between C3
-/-

 and control mice.  However, C3a 

and C5a transgenic mice had exacerbated demyelination and delayed remyelination in the 

corpus callosum compared to WT mice.  Transgenic mice had increased cellularity due to 

increased activation and/or migration of microglia.  There was also evidence of T cells in 

the corpus callosum during demyelination in C5a transgenic mice, suggesting C5a may 

modulate BBB permeability.  During early remyelination, oligodendrocytes migrated to 

the corpus callosum in higher numbers in C3a and C5a transgenic mice, thus enabling 

these mice to remyelinate as effectively as WT mice by the end of the ten week study. 

To determine the effects of anaphylatoxins on individual glial subsets, murine 

recombinant C3a and C5a proteins were created.  MAPK pathway proteins JNK1 and 

ERK1/2 were activated in glia upon stimulation with recombinant anaphylatoxin 

proteins.  When microglia and mixed glial cultures were stimulated with C3a/C5a, an 

increase in the production of proinflammatory cytokines and chemokines was observed.  

In contrast, anaphylatoxin-treated primary astrocytes had suppressed cytokine and 

chemokine production compared to untreated astrocytes.  In vitro, primary microglia and 

astrocytes did not significantly migrate in response to stimulation with C3a or C5a 
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proteins, suggesting migration may not be a primary anaphylatoxin-mediated function in 

the CNS.  Overall, my findings show that anaphylatoxin production in the brain plays a 

negative proinflammatory role during demyelination and that anaphylatoxin proteins can 

activate individual subsets of glia, initiating the production of inflammatory mediators.
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CHAPTER I 

INTRODUCTION 

Complement proteins have long been known for their role in mediating functions 

that protect the host from harmful pathogens; however excess complement activation can 

be detrimental to the host.  Although the brain was once thought to be an immune 

privileged site, it has since been shown that complement production occurs at a local 

level within the brain and cells of the brain are able to express complement receptors and 

produce complement proteins.  Thus, a compromised blood brain barrier (BBB) is not 

required for the presence of complement proteins in the brain.  In recent years, it has been 

established that various complement proteins play a role in CNS disease pathology.  

Complement production in the brain has been shown to be protective or detrimental 

during disease depending on the disease model and local stimuli, making it difficult to 

determine the overall role of complement and to establish therapies for disease pathology.  

The goal of this project was to better understand the role of C3 and downstream 

complement proteins and their involvement during demyelination and remyelination in 

the brain and to dissect the role of complement signaling at a cellular level. 

Overview of complement pathways 

The complement system consists of more than 30 proteins found in the plasma 

and on cellular surfaces.  These proteins act together to make up three well defined 

enzymatic cascades; including the classical, alternative and lectin pathways (1).  Each of 

these pathways requires a specific initiation event to activate downstream complement 

proteins, however all three pathways converge at the level of the central C3 protein (Fig. 

1).  Briefly, the classical pathway becomes activated when C1q binds to antigen-antibody 

complexes (2).  Whereas antigen-antibody complexes were previously thought to be the 

principal binding partner of C1q, it has since been shown that C1q can also bind certain 

myelin breakdown products (3), apoptotic cells and cell blebs (4), C-reactive protein (5) 
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and serum amyloid P protein (6, 7) to initiate the classical pathway.  The lectin pathway 

is activated by the binding of mannose binding lectin, a C1q-like molecule, to repeating 

carbohydrate moieties found primarily on the surface of microbes (Fig. 1) (8). 

The alternative pathway can be activated by more than one mechanism.  First, 

contact with foreign organisms, such as lipopolysaccharide (LPS), zymosan, teichoic acid 

and various cell surfaces are able to activate the alternative pathway (9).  Additionally, 

unlike the classical and lectin pathways, the alternative pathway is capable of 

autoactivation through the spontaneous “tickover” of C3 (Fig. 1) (10).  C3 contains an 

unstable thioester bond and is subject to slow spontaneous hydrolysis to yield C3a and 

C3b.  This allows for the binding of factor B to C3b and subsequent cleavage of factor B 

by factor D, leading to the formation of a C3 convertase.  Formation of C3 convertase 

allows for the cleavage of more C3, resulting in additional C3b production.  Additionally, 

fixed C3b that has been formed via activation of the lectin or classical pathways can bind 

factor B, resulting in the formation of even more C3 convertase (10).  This process can 

result in the amplification of complement effector proteins, resulting in increased 

proinflammatory events and cell lysis. 

In addition to the three complement pathways described above, recent studies 

have found evidence of another mechanism by which C3 and C5 proteins are cleaved.  

Previous studies showed that proteolytic enzymes involved in coagulation, such as 

thrombin, are able to cleave C3 and C5 in the absence of activation of any of the three 

complement pathways previously described (11, 12).  This method of complement 

activation has been called the extrinsic protease pathway.  Although each pathway is 

initiated in a different manner, the activation of each of these pathways results in the 

production of several complement effector proteins that are able to protect the host from 

invading pathogens. 
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C3 and downstream effector complement products 

Regardless of which complement pathway is activated, the pathways converge at 

the level of C3 and C3 convertase (Fig. 1).  At this stage, several effector complement 

proteins are formed upon the cleavage of C3 and downstream C5.  First, the cleavage of 

C3 results in the formation of C3a and C3b.  C3b and its degradation products are 

capable of binding to foreign surfaces including polysaccharides and glycoproteins such 

as LPS, gram positive techoic acids and viral membrane glycoproteins (13).  This process 

is known as opsonization and it marks pathogens for phagocytosis by cells expressing 

receptors for C3b and iC3b fragments, including complement receptor 3 (CR3/CD11b) 

and CR4 (CD11c) (14).  CR1 (CD35) also binds C4b, C3b and iC3b and has been 

implicated in engaging in the phagocytosis of targets opsonized with complement 

fragments (15).  C3b also acts as a component of C3 and C5 convertases, thus supporting 

more cleavage of C3 and C5.  Cleavage of C5 by C5 convertases result in the formation 

of C5a and C5b.  C5b forms a complex with the terminal complement proteins of the 

complement cascade.  C5b-C9 act in concert to form the membrane attack complex 

(MAC) (Fig. 1), which is capable of destroying potential pathogens by binding to and 

penetrating the membrane of foreign cells, causing cell lysis (16). 

The cleavage products C3a, C4a and C5a are collectively known as anaphylatoxin 

proteins.  These proteins bind to specific receptors on a wide variety of cell types to 

induce many effector functions.  C5a is capable of regulating vasodilation, enhancing 

phagocytosis, mediating oxidative bursts and inducing proinflammatory cytokine 

production (9, 17).  C5a and C3a are both able to induce vascular permeability, smooth 

muscle contraction and histamine release in basophils and mast cells (18-20).  

Additionally, both C3a and C5a have been described as being mediators of chemotaxis, 

or cellular migration (21).  While several proinflammatory mechanisms have been 

assigned to C3a and C5a, it has also been shown that anaphylatoxins can promote growth 

or repair in certain environments.  Therefore, previously established roles for C3a and/or 
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C5a are expanding and in the absence of foreign pathogens, anaphylatoxin production 

seems to aid in some normal tissue development and function (20). 

Complement regulation 

Complement activation is regulated at several steps along the cascade to prevent 

excess activation from occurring and to provide protection to the host.  Without proper 

regulatory mechanisms in place, complement proteins can cause damage and even death 

to host cells.  There are several regulatory proteins present throughout the body, both in 

the plasma and on cell membrane surfaces.  Many membrane inhibitors are in place to 

inhibit excess formation of C3 convertase.  Decay accelerating factor (DAF, CD55), 

inhibits the formation and accelerates decay of C3 convertases (22), thus regulating the 

production of anaphylatoxins and other downstream complement products.  Membrane 

cofactor protein (MCP, CD46) acts as a cofactor for factor I-induced cleavage of C3b and 

C4b, preventing these proteins from forming C3 and C5 convertases (23).  MCP is a 

common regulatory protein in humans, however, MCP has only been found in mouse 

testis (24).  In addition to enhancing phagocytosis, CR1 acts as a decay accelerating 

factor for C3 and C5 convertases (25).  Complement receptor-1 related gene/protein Y 

(Crry) is a regulatory protein that is unique to rodents.  This protein acts as a C3 

convertase inhibitor, exhibiting both decay accelerating and membrane cofactor functions 

(22). 

Soluble complement regulatory proteins also play an important role in protecting 

host cells from harmful effects of activated complement proteins.  C1 inhibitor regulates 

activation of the classical pathway by binding the serine proteases C1r and C1s, 

preventing the formation of the C1 complex (26).  C1 inhibitor has also been shown to 

bind mannose-assoicated serine protease-1 (MASP-1) and MASP-2, leading to the 

inhibition of the lectin pathway (27).  Factor I is able to regulate all three complement 

pathways by cleaving C3b or C4b with the aid of soluble and membrane bound 
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complement protein cofactors.  Cofactors essential for Factor I mediated cleavage include 

soluble and membrane-bound CR1, MCP, Factor H and C4 binding protein (C4bp) (28).  

Factor H is a serum protein that is involved in dissociation of the alternative pathway C3 

convertase by binding to C3b and also acts as a cofactor for factor I-mediated cleavage of 

C3b (29).  C4bp binds C4b to aid in dissociation of the classical and lectin pathway C3 

convertase.  C4bp also acts as a cofactor for factor I-mediated cleavage of C4b (29). 

Excess formation of C3a and C5a can induce harmful results in the host; 

therefore, in addition to membrane bound and soluble complement regulatory proteins, 

there are other mechanisms that inactivate these potent molecules.  C3a and C5a are 

largely regulated by serum carboxypeptidases that rapidly cleave the carboxy-terminal 

arginine of C3a and C5a (20, 30), which is essential for mediating effector functions.  

The cleavage of arginine from C3a or C5a leads to the formation of C3adesArg and 

C5adesArg, respectively.  Previous data have shown that C3adesArg loses the ability to 

bind to C3aR, thus inhibiting many proinflammatory functions that occur upon C3a-

C3aR interaction (31).  C5adesArg shows a 10 to 100-fold decrease in biological activity, 

but is still able to bind C5aR and mediate some functions, such as chemotaxis (30, 32). 

Complement protein expression in the brain 

The majority of complement proteins that are circulating throughout the body are 

produced in the liver by hepatocytes (16).  However, over the years, several studies have 

found that complement proteins are produced by many different cell types in the body.  

Additionally, many cells have been found to express complement receptors on their cell 

surfaces, enabling them to respond to various complement proteins.  The brain is 

protected from exposure to many molecules found in the plasma via an anatomical 

structure, the blood brain barrier (BBB).  The BBB is formed by endothelial cells of 

microvessels, smooth muscle cells (also known as pericytes) and astrocytes (discussed 

below).  The tight junctions of this structure provide strict limits for the types of 
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molecules and cells that can pass into the CNS (14).  For this reason, the brain was 

thought to be an immune privileged site that was protected from exposure to complement 

and other proteins found in the circulatory system in the absence of BBB compromise.  

However, it has since been shown that many brain cells, or glia, are capable of producing 

nearly all of the complement proteins including complement regulatory proteins (33).  In 

addition, local cells in the brain express complement receptors, suggesting glia are 

equipped to respond to complement proteins present within the CNS.  Finally, there is 

some evidence to suggest that complement may be involved in normal CNS development 

and function in the absence of pathogens, BBB compromise or CNS damage (34, 35). 

Microglia 

Microglia are CNS-resident macrophages and make up 10-20% of cells in the 

brain (36).  The origin of these cells has been a source of controversy for several years.  

Other glial cell types arise from neuroectodermal precursors, however microglial 

progenitors arise from peripheral mesodermal, or myeloid, tissue (37).  Microglia express 

the myeloid transcription factor, PU.1, and share common surface markers with 

mononuclear phagocytes (38, 39).  Several research groups have postulated that early in 

development, circulating peripheral monocyte precursors may cross the BBB to develop 

into immature microglia (39).  However, this was a controversial topic in the past because 

other groups provided evidence that tissue-resident macrophages, including microglia, 

are derived from a lineage of myeloid cells that is separate from the monocyte lineage 

(37).  A recent paper from Ginhoux et al. supports findings that microglia arise from 

primitive myeloid progenitor cells that arise early in embryonic development (40). 

Resting microglia are characterized by long processes and low expression of 

surface antigens that are associated with macrophage activation (41).  In the normal CNS 

it was found that the bodies of resting microglia remained relatively stationary; however, 

their long processes were highly motile (42).  While resting microglia are not actively 
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involved in phagocytosis, they are constantly sampling the microenvironment around 

them, similar to resting dendritic cells (43).  Several factors can cause resting microglia to 

become activated; including certain serum products that indicate to microglial cells that 

the BBB has been compromised.  In addition, altered synaptic activity, impaired neural 

function and pathogens also activate microglia (39).  Upon sensing danger signals, 

microglia quickly migrate to sights of damage or infection (41).  Similar to peripheral 

macrophages, there are several cell surface markers that indicate microglial activation 

and the expression of these markers varies depending on the stimuli (44).  Once activated, 

microglia are thought to be responsible for clearing cellular and myelin debris by 

phagocytosis (39, 45).  The activation state of microglia can also be monitored by their 

ability to produce many immune modulating molecules including cytokines, chemokines, 

reactive oxygen species and complement proteins (39, 46). 

Microglia are thought to be one of the main cell types, along with astrocytes, that 

are responsible for the production of complement in the brain.  When primary human 

microglia were stimulated with various cytokines and amyloid β peptides, complement 

proteins, including C1q and C3, were shown to be upregulated (47).  Additionally, 

activated microglia express complement receptors, including CR3 and CR4 which play 

an important role in phagocytosis (48).  Finally, primary microglia and several monocyte 

cell lines have been shown to express C5aR and C3aR, the receptors for C5a and C3a, 

respectively (49, 50).  When stimulated with various complement proteins, microglia 

exhibit many effector functions including upregulation of neurotrophins and increased 

migration capabilities (51, 52). 

Astrocytes 

Astrocytes are the most prevalent cell type in the brain and have a wide variety of 

roles that are critical for proper function of the normal CNS.  Astrocytes are responsible 

for maintaining a suitable environment for nerve conduction, which includes providing 
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structural, metabolic and trophic support to surrounding nerves (53).  Astrocytes (along 

with endothelial cells, pericytes and microglia) are also required for proper BBB 

structure.  When the BBB becomes compromised, astrocytes can become reactive, a 

process known as astrogliosis.  There are two main events that characterize astrogliosis.  

First, the processes on astrocytes hypertrophy and second, many intermediate filaments 

are upregulated, including glial fibrillary acidic protein (GFAP), vimentin, and nestin 

(54).  Under inflammatory conditions, reactive astrocytes can upregulate production of 

proinflammatory cytokines and growth factors in response to certain stimuli (55).  In 

some instances, astrocytes are capable of phagocytosis; however, they are not nearly as 

efficient in this role as microglia and it is thought phagocytosis by astrocytes may only 

occur as a second line of defense when microglia become overtaxed (56). 

Astrocytes are capable of producing many complement proteins and expressing 

receptors for complement (33, 49).  In studies examining complement production, 

astrocytes have been shown to produce all complement proteins involved with the 

alternative and classical complement pathways.  Additionally, they express the 

complement receptors CR1, CR2, C5aR and C3aR (33, 57).  Astrocytes upregulate 

complement protein production when they are stimulated with certain inflammatory 

factors, including LPS, interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) and 

interferon-γ (IFN-γ) (49, 58).  In response to complement stimulation, astrocytes have 

been shown to migrate and upregulate mRNA expression of certain cytokines and growth 

factors (59-61). 

Oligodendrocytes and neurons  

Oligodendrocyte cells are responsible for producing myelin and maintaining 

myelin structure in the brain (62).  Myelin surrounds nerves, which are comprised of 

neurons, and aids in conduction of electrochemical impulses.  Like many cell types, the 

maturation status of oligodendrocytes can be determined by observing surface markers, 
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morphology and migratory ability (63).  Oligodendrocyte progenitors are highly mobile 

and migrate throughout the CNS to areas that need to be replenished with mature 

oligodendrocytes (64).  Once oligodendrocytes are able to produce myelin, they are 

referred to as mature cells.  A single mature oligodendrocyte can be responsible for 

maintaining up to 40 internodes of myelin and because of the high metabolic demand 

placed on oligodendrocytes, these cells are thought to be particularly vulnerable to injury 

and subsequent apoptosis (65).  Human oligodendrocytes isolated from patients that had 

undergone surgery for temporal lobe resection for epilepsy were positive for complement 

protein synthesis (66) and the expression of complement receptors on oligodendrocytes 

was previously demonstrated (33, 67).  Interestingly, neurons have also been shown to 

express receptors for both C3a and C5a (68, 69), in addition to producing nearly all 

complement proteins of the classical and alternative pathways (33). 

Overall, many studies have shown that glial cell subsets are capable of expressing 

complement proteins, receptors and regulatory proteins (33).  The ability of glia to 

produce complement regulatory proteins suggests these cells are most likely protected 

from the harmful effects of downstream complement effectors.  Most of the experiments 

used to determine if glia produce complement proteins were performed in vitro using 

various stimuli to treat glia or alternatively, complement production was found, in vivo, in 

infectious or disease settings.  However, in the normal CNS complement mRNA 

expression was low or non-detectable in control patients when compared to patients with 

Alzheimer’s disease (AD) (70).  Thus, in response to local insult and stimuli, glial cells 

provide an endogenous source of complement components in the CNS. 

The role of complement in diseases of the CNS 

Since the discovery of complement receptor expression on glial cells and 

complement production by glia, several groups have worked to determine the role 

complement proteins play in disease, trauma and infections in the CNS.  Many of these 
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studies have utilized animal models deficient in certain complement proteins or 

complement receptors and transgenic mice, in addition to human studies.  From these 

studies, there is strong evidence to support the conclusion that complement does indeed 

play a role in diseases of the CNS.  In some disease models it is difficult to assess the 

overall role of complement, because some proteins play a protective role, while others 

exacerbate disease pathology. 

There have been several studies implicating complement involvement in 

neurodegenerative diseases.  The role of complement in AD has received much attention 

in recent studies.  In brain sections from AD patients, C1q, C3 and C4 proteins were 

found in senile plaques and mRNA levels of C1 and C9 were increased  compared to 

controls (71).  In corresponding studies using a murine model of AD, pathology was 

attenuated in the presence of a C5aR antagonist, suggesting C5a plays a harmful role in 

AD pathology (72).  Interestingly, another study found that when a soluble form of Crry 

(sCrry) was expressed, plaque formation was increased and neurodegeneration was 

worsened (73), suggesting that some complement activation is beneficial to AD 

pathology and may be necessary for clearance of debris.  Overall, complement plays 

opposing roles in AD, demonstrating the dual nature of complement in diseases of the 

CNS. 

A role for complement has also been suggested for other neurodegenerative 

diseases.  C3a and/or C5a proteins exacerbated disease severity in murine models of 

amyotrophic lateral sclerosis (ALS) (74) and CNS lupus (75, 76).  Complement protein 

expression was also shown to be upregulated in patients suffering from Huntington’s and 

Parkinson’s disease (71), suggesting a potential role for complement in these diseases.  

Finally, several studies have suggested that complement plays a role in multiple sclerosis 

(MS), an autoimmune disease that affects over two million people worldwide and is a 

major cause of disability in young adults (77, 78). 
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Multiple sclerosis (MS) 

MS is a chronic, inflammatory disease of the CNS that targets the myelin sheath 

that surrounds nerves and myelin-producing oligodendrocytes, resulting in faulty nerve 

conduction (79).  MS pathology is characterized by multifocal lesions in the CNS, 

demyelination, oligodendrocyte death, disruption of the BBB, infiltration of 

microglia/macrophages and T cells, axonal damage and astrogliosis, which all contribute 

to neurological disability (80, 81).  The initial event that causes MS has not been clearly 

identified and disease prognosis varies significantly from patient to patient.  MS is a 

complex disease that involves several cell types and proinflammatory molecules that 

mediate damage, making it difficult to provide a therapy that addresses all of the 

mechanisms involved in disease. 

MS lesion types and demyelination 

Demyelination is a process that involves destruction of the myelin sheath which 

surrounds nerves.  In MS, BBB breakdown corresponds with lesion formation, thus many 

cell types are able to pass into the CNS to exacerbate inflammation and myelin 

destruction (80).  Several effector cells and molecules have been identified within 

demyelinating lesions of MS patients and the requirement for these effectors in the 

pathogenesis of lesions is fairly well understood.  In acute lesions, it is thought that CD4
+
 

T cells play an important role in initiating pathology (82).  Additionally, HLA class II 

molecules have been positively associated with genetic risk for MS (82).  Previous 

studies have shown CD8
+
 T cells also play a prominent role in perpetuating the 

inflammatory response in lesions (80).  Macrophages, microglia, dendritic cells and B 

cells have also been shown to contribute to lesion pathology in MS (83, 84).  Along with 

effector cells, several proinflammatory molecules have been implicated in disease; 

including several chemokines, cytokines, perforin, proteolytic enzymes, reactive oxygen 

species and complement proteins (84). 
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While the cells necessary for lesion formation are fairly well understood, the 

exact mechanisms involved in myelin damage remain elusive.  Because of the 

heterogenous nature of lesions in patients suffering from MS, myelin damage is not 

mediated in exactly the same way in each person.  Luccinetti et al. described four primary 

demyelinating lesion types in MS patients.  One common characteristic between these 

lesion types was the predominance of infiltrating T cells and macrophages/microglia into 

the inflammatory lesions (85).  Briefly, type I and II lesions were centered on veins and 

venules.  Type I lesions lacked complement and antibodies, suggesting proinflammatory 

effector molecules produced by macrophages, such as TNF-α and IFN-γ, may be the 

cause of damage to the myelin sheaths (85, 86).  Type II lesions were defined by the 

presence of antibody and complement, in addition to large numbers of macrophages and 

T cells.  Damage to myelin in these lesions most likely occurred due to complement-

mediated lysis of myelin sheaths that were bound by anti-myelin antibodies.  Type III and 

IV lesions were characterized by oligodendrocyte apoptosis.  These lesions lacked 

complement deposition and the presence of antibodies and they were also characterized 

by high numbers of T cells and macrophages.  Type II and III were the most common 

lesions found in MS patients, while type IV was found to make up <1% of active lesions 

(85). 

Remyelination 

In early stages of MS, most patients are diagnosed with a relapsing/remitting form 

of MS, in which demyelinated axons are eventually remyelinated by oligodendrocytes, 

thus leading to a period of remission (80).  As the disease progresses, remyelination 

occurs less efficiently or not at all.  This form of the disease is known as secondary 

progressive disease and accounts for many of the irreversible debilitating symptoms 

observed in long-term MS patients (79).  Similar to the different lesion subtypes found in 

patients, the ability to remyelinate differs widely from patient to patient depending on 
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how far the disease has progressed, the extent of damage to oligodendrocytes and axons, 

as well as other factors.  Myelin protects axons and in its absence, damage to axons may 

occur through association with inflammatory cytokines and/or other harmful mediators 

(79, 87).  Therefore, it is hypothesized that in the absence of remyelination, damage to 

axons ultimately leads to the irreversible disability that is associated with later stages of 

MS. 

The factors that dictate remyelination are complex and are not completely 

understood.  Remyelination involves migration of oligodendrocyte precursors to areas of 

demyelination, adhesion of oligodendrocyte processes to the axon and spiraling of the 

oligodendrocyte processes around bare axons (63).  Remyelination results in a thinner 

myelin sheath than the original sheath, so remyelinated plaques are sometimes called 

“shadow plaques”, due to the difference in myelin thickness when compared to normal 

myelinated regions (80).  The effectiveness of remyelination depends on the extent of 

damage and/or death to preexisting oligodendrocytes and the ability of oligodendrocyte 

precursors to migrate to the active lesion.  Several trophic factors and cytokines have 

been implicated in the process of maturing precursor cells into the mature myelin-

producing oligodendrocytes necessary for remyelination (84).  Other groups have 

postulated that inflammation is ultimately necessary for oligodendrocyte precursors to 

migrate and mature within active lesions to remyelinate damaged areas (88).  In active 

lesions, myelin-producing oligodendrocytes can be visualized in proximity to T cells and 

macrophages ingesting myelin, suggesting that demyelination and remyelination occur 

simultaneously within some lesions (89).  In later, chronic stages of MS, 

oligodendrocytes are present within the lesion, but are sometimes incapable of producing 

myelin for unknown reasons.  Future studies are required to fully understand the 

mechanisms that are necessary for oligodendrocyte precursor migration, maturation and 

what factors are necessary to initiate the remyelination of demyelinated axons. 
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Animal models of MS 

There are several animal experimental models that share aspects of pathology 

with the different lesion types found in MS patients.  While these animal models all 

mimic some aspect of disease, there is not one perfect model that completely captures all 

the events that occur in human disease (Table 1).  The most widely used animal model 

for studying events that occur in MS, has been the experimental autoimmune 

encephalomyelitis (EAE) model.  EAE is induced in animals by injection with different 

myelin proteins, in addition to an adjuvant, or by passive transfer of myelin antigen-

stimulated lymphocytes (90).  These methods of treatment result in an immune-mediated 

attack on the myelin sheaths surrounding neurons and mature myelin-producing 

oligodendrocytes, resulting in demyelinating lesions.  These lesions are characterized by 

infiltrating T cells and macrophages, sharing some similar characteristics to acute MS 

lesions (91). 

In addition to the EAE model, there are several other animal experimental 

systems that are used to analyze different aspects of MS pathology (Table 1).  Several 

research groups hypothesize that viral infection triggers the onset of MS.  To model this 

hypothesis, various viruses are used to induce demyelination in several animal models, 

including Theiler’s murine encephalomyelitis (TMEV), murine hepatitis virus (MHV) 

and Semliki Forest virus (SFV) (90).  There are also several “toxic demyelination 

models”, including; the lysolecithin, ethidium bromide and cuprizone models, in which a 

neurotoxic compound is given to induce demyelination (91).  One reason many 

investigators utilize toxic demyelination models is the ability to investigate the biology of 

remyelination.  Because the experiments for my dissertation utilized the cuprizone model, 

this specific model will be discussed in more depth in the Introduction of Chapter II. 
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Evidence of complement involvement in MS and animal 

models of demyelination 

There has been some evidence to suggest that complement plays a role in human 

MS, however results from human patients are complex and further studies are needed to 

clarify the precise role of complement involvement in this disease.  There have been 

several studies over the years that examined various complement components in the 

blood and cerebral spinal fluid (CSF) of some MS patients (78).  Several groups have 

tried to determine if certain complement products could be used as a biological marker 

for disease, but these studies have been contradictory and inconclusive (78).  Previous 

studies have shown that receptors for anaphylatoxins, C3aR and C5aR, are upregulated in 

areas of inflammation in the CNS of some MS patients (50, 92, 93).  Additionally, 

complement deposition has been shown in certain lesion types (85).  Finally, in a study 

analyzing newly formed MS lesions, macrophages were shown to contain the 

opsonization target, C3d, and C9neo in acute MS plaques (94), suggesting complement 

may play a role in clearance of myelin debris and apoptotic cells during demyelination.  

While the precise mechanisms that individual complement proteins play in MS remain 

unclear for human demyelination and remyelination pathology, there have been several 

studies showing complement involvement in animal models of demyelination. 

The most widely used animal model to study complement involvement in 

demyelination has been the EAE model.  Results from studies employing the EAE model 

showed that several complement proteins contribute to the pathogenesis of 

demyelination.  An EAE study using cobra venom factor (CVF) to deplete complement 

activation showed that complement was necessary for the proliferation of MOG-specific 

CD4
+
 T cells (95).  When mice were transiently treated with CVF, disease pathology was 

attenuated and disease onset was delayed.  C3 knockout mice were shown to have less 

disease severity and delayed onset (96).  Finally, when sCrry was overexpressed, EAE 

severity was decreased compared to control mice (97).  A separate study also showed that 
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DAF knockout mice had worsened disease severity than control mice (98).  Collectively, 

these studies all suggest C3 and downstream complement proteins play a role in EAE 

severity and progression. 

Studies that have analyzed individual complement proteins and/or complement 

receptors have also determined that certain complement proteins exacerbated disease 

severity.  For instance, C3a and C3aR were shown to play a role in exacerbating disease 

severity (99); however C5a and C5aR did not play a role in EAE pathology (100, 101).  

Mice that were deficient in CR3 had attenuated disease compared to control mice, with 

less disease severity and later disease onset, suggesting this complement receptor is 

critical for EAE pathology (102).  Overall, studies in which the EAE model was utilized 

would suggest that the complement proteins play an exacerbating role in demyelination 

severity and disease onset. 

In addition to in vivo animal studies, there have been several in vitro studies 

demonstrating that complement may play a role in the pathobiology of demyelination.  

For instance, in vitro studies have shown that C1q is able to bind to myelin to initiate 

classical pathway activation (103).  In studies using myelinated CNS explant cultures, 

anti-myelin antibodies and fresh serum induced severe demyelination (104).  

Additionally, using the same technique, it was shown that C5b-9 was necessary for 

demyelination in vitro, because in the presence of C8 depleted serum, demyelination 

failed to occur (105).  Many of the in vivo and in vitro studies suggest that complement 

plays a proinflammatory role leading to worsened demyelination or inflammation.  

However, there are some studies that indicate some complement proteins may play a 

protective role in disease.  For example, sublytic levels C5b-9 protected oligodendrocytes 

by inhibiting apoptosis, thus assigning a protective role to complement in demyelination 

pathology (106). 
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Rationale 

Since all glial cells are able to produce complement proteins, it is possible for 

localized activation of complement pathways to occur in the CNS without the BBB being 

breached (86).  There have been several studies in human patients and in the EAE model 

that imply complement plays a significant role in disease.  In MS and EAE the BBB is 

compromised and a wide variety of immune cells are able to cross into the CNS.  While 

these studies have been important for understanding the role of complement in disease, it 

does not provide clear evidence for how complement proteins affect cells of the brain in 

the absence of BBB breakdown. 

To determine the effect of complement on glial cells during demyelination I 

employed the murine cuprizone model, in which the BBB remains essentially intact, in 

order to assess the role of different complement factors on glial cells during 

demyelination and subsequent remyelination.  Previous studies from our lab using the 

neurotoxicant cuprizone model have provided evidence that complement plays a role in 

demyelination pathology in this model.  When sCrry was expressed on an astrocyte-

specific promoter, mice were protected from demyelination and had reduced disease 

severity compared to wild-type mice (107).  These data suggest that C3 and downstream 

proteins play a role in exacerbating demyelination in the cuprizone model.  Therefore, for 

this research dissertation I proposed the following hypotheses to test to determine the 

roles of complement in CNS demyelination, remyelination and glial cell activation. 

Hypothesis 

There have been several studies suggesting complement plays a role in 

demyelination and remyelination events in the CNS, however the effect of complement 

proteins on glial cells in the absence of BBB breakdown remains uncertain.  The goal of 

this thesis project was to determine the role of C3 and downstream C3a and C5a on 

demyelination and remyelination pathology in the murine cuprizone model.  
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Additionally, we wanted to establish the biological functions of C3a and/or C5a signaling 

on individual types of glia.  The central hypothesis of this dissertation project was that C3 

and downstream effector complement proteins would exacerbate demyelination through 

activation of glial cells.  The central hypothesis was broken down into two specific 

research aims. 

The first research aim tested the hypothesis that C3 and the production of 

downstream complement effector proteins, including C3a and C5a, would exacerbate 

demyelination pathology through the recruitment and/or activation of inflammatory cells.  

Additionally, it was hypothesized that an increased production of C3a and C5a proteins 

would lead to an enhanced and more rapid remyelination, through increased recruitment 

of oligodendrocyte precursor cells to sites of demyelination.  The second research aim 

tested the hypothesis that C3a and/or C5a would activate signal transduction pathways 

and mediate effector functions, including chemotaxis and proinflammatory cytokine and 

chemokine production in glial cells.  We also predicted that activation of signal 

transduction pathways would be differentially regulated in individual types of glia 

including, astrocytes and microglia. 
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Figure 1.  An overview of the complement pathways 

The classical, alternative and lectin complement pathways converge at C3 to form 

downstream effector proteins.
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Table 1.  Advantages and disadvantages of murine demyelination models 

 Advantages Disadvantages 

EAE  Overall lesion 

cellularity similar to 

MS 

 Different EAE induction 

models mimic different 

stages of MS 

 Primary model used to 

test potential human 

drug targets 

 Immune response is 

myelin-specific 

 Symptoms mimic 

clinical manifestations 

in MS patients 

 Successful EAE 

therapies do not always 

work in human patients 

 EAE lesions dependent 

on CD4
+
 T cells, while 

CD8
+
 T cells play a 

prominent role in MS 

lesion pathology 

 

 

Virus-induced  MS may have viral 

etiology 

 Used to study molecular 

mimicry and epitope 

spreading 

 Ability to study 

potential viral targets 

for induction of 

demyelination 

 Immune-mediated 

demyelination similar 

to MS 

 Human to mouse virus 

correlation; some 

viruses used in these 

models do not cause 

disease in humans 

 More difficult to study 

remyelination  

 Certain viruses only 

induce demyelination in 

certain strains of mice 

Cuprizone  Reproducible kinetics 

 Same area of the brain 

affected upon treatment 

 Intact BBB 

 Reversible 

demyelination  

 Share some similarity to 

type III and IV lesions 

in MS 

 Strain/species dependent 

 Less T cells and 

peripheral macrophages; 

does not mimic typical 

MS lesion cellularity 

 Demyelination is not 

immune-mediated like 

MS 
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CHAPTER II 

THE ROLE OF C3 AND DOWNSTREAM COMPLEMENT PROTEINS 

IN DEMYELINATION AND REMYELINATION 

Abstract 

Demyelination in the CNS is known to involve several immune effector 

mechanisms, including complement proteins.  To determine the effect of local 

complement production in the CNS on demyelination and remyelination pathology, I 

utilized C3 knockout mice (C3
-/-

), which are lacking the central C3 protein.  In addition to 

C3 deficiency, these mice lack activation of downstream complement effector proteins.  

To investigate the role of C3 and downstream complement in demyelination and 

remyelination pathology I utilized the cuprizone model.  C3
-/-

 and C3 heterozygous 

littermates (C3
+/-

) were placed on the cuprizone diet to induce demyelination.  

Interestingly, no changes in demyelination severity were found between C3
-/-

 and C3
+/-

 

mice.  After cuprizone was removed from the diet, remyelination kinetics remained 

unchanged in C3
-/-

 when compared to C3
+/-

 mice.  Overall cellularity, microglial 

infiltration and oligodendrocyte loss were not significantly altered from levels found in 

C3
+/- 

mice.  These results suggest that C3 is not relevant in the cuprizone model, which 

contradicts previous observations from our lab that production of sCrry in the CNS 

protects mice from demyelination during cuprizone exposure and previous results from 

studies utilizing the EAE model.  Alternatively, C3 deficiency prevents both positive and 

negative effects of complement activation from occurring, thus negating any observable 

effects in this mouse strain.  Further investigation into individual complement proteins 

will be needed to assess the role of complement on cuprizone demyelination and 

remyelination processes. 
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Introduction and rationale 

It has previously been established that complement receptors are upregulated in 

some patients with MS (50, 93) and complement deposition is present within MS lesions 

(78, 85).  In two separate studies utilizing the EAE model it was shown that when the 

central C3 complement protein was knocked out, disease was attenuated and onset was 

delayed (96, 108).  These results suggest that C3 and downstream complement proteins 

may be involved in demyelination pathology in both MS and EAE.  The EAE model is 

characterized by increased BBB permeability, so infiltrating immune cells and 

autoantibodies from outside the CNS are able to enter into areas of demyelination and 

exacerbate pathology (109, 110).  Previous studies have shown that CD4
+
 T cells play a 

crucial role in both EAE disease onset and severity (111-113).  To better understand the 

localized effect of complement on glial cells, we utilized the neurotoxic cuprizone model 

of demyelination.  One attractive aspect of the cuprizone model is the relative lack of 

BBB breakdown (114, 115), which makes it possible to analyze the local response of 

glial cells to different variables, including complement proteins. 

Cuprizone is a copper chelating drug that when given at low doses in the diet of 

C57BL/6 mice, leads to apoptosis of oligodendrocytes, the myelin producing cells of the 

brain (Fig. 2) (116).  The mechanism that makes oligodendrocytes specifically 

susceptible to cuprizone is unknown, but it is hypothesized that the high metabolic 

demand put upon oligodendrocytes to produce large amounts of myelin leaves them 

vulnerable to apoptosis in the absence of copper (117).  It is also thought that copper may 

be necessary for mitochondrial function and energy metabolism in oligodendrocytes, 

since cytochrome oxidase, an important molecule for mitochondrial function, is 

decreased in cuprizone-treated mice (118).  The death of mature oligodendrocytes results 

in demyelination in predictable, specific axonal tracts of the brain, including the corpus 

callosum, cerebellum and the superior cerebellar peduncle (117, 119).  Demyelination in 

this model shares some characteristics of type III and IV lesions described in MS, 
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characterized by oligodendrocyte death, microglial infiltration and lack of antibodies 

present in areas of demyelination (85). 

Another positive attribute of this model is that once cuprizone is removed from 

the diet, remyelination occurs in demyelinated areas with predictable kinetics (Fig. 2) 

(107, 117).  The most common region of the brain studied during cuprizone treatment is 

the corpus callosum, a heavily myelinated tract in the brain.  The primary effector cells in 

the demyelinating corpus callosum during treatment with cuprizone are reactive 

astrocytes and microglia, which migrate and/or proliferate in the corpus callosum 

throughout treatment with cuprizone (Fig. 2) (120).  Several effector molecules have been 

shown to exacerbate demyelination in the cuprizone model; including lymphotoxin-α 

(121), neuronal nitric oxide synthase (nNOS) (122) and macrophage-inflammatory 

protein-1α (MIP-1α) (123). 

Previous cuprizone studies have suggested that complement plays a role in 

demyelination.  Arnett et al. showed that five complement genes were upregulated during 

peak demyelination, suggesting complement may be involved in pathogenesis that occurs 

during cuprizone treatment (124).  When RNA samples from untreated mice and 

cuprizone-treated mice that were at peak demyelination were analyzed by gene chip 

analysis, C1qA, C1qB, C1qC, C3a receptor and C4 were upregulated in the corpus 

callosum of cuprizone treated mice (124).  Results from our lab also suggest that 

complement plays a role in the murine cuprizone model.  When astrocyte-specific sCrry 

was expressed in the CNS, mice were protected from demyelination during cuprizone 

treatment, implicating a role for C3 and downstream complement proteins in this model 

(Fig. 3) (107).  To determine the effect of C3 and downstream complement proteins on 

demyelination and remyelination pathogenesis, mice deficient in C3 and C3 sufficient 

mice were treated with cuprizone. 



25 
 

Hypothesis 

Our lab has previously shown that if regulatory complement protein expression is 

upregulated during cuprizone treatment, mice do not undergo demyelination, implicating 

complement in demyelination pathology.  Therefore, I hypothesized that C3 and 

downstream complement proteins would play a deleterious role during demyelination 

through harmful effects on oligodendrocytes/myelin proteins and increased inflammation 

in areas of demyelination.  In addition, I predicted that complement would be necessary 

for effective remyelination to occur via increased clearance of apoptotic cells and myelin 

debris by microglial cells. 

Materials and methods 

Mice 

Previously described C3
-/-

 (125) and C57BL/6 mice were purchased from The 

Jackson Laboratories (Bar Harbor, ME).  C3
-/-

 mice were crossed more than 10 

generations to the C57BL/6 background.  Age-matched C3
+/-

 littermates were used as the 

complement sufficient controls in cuprizone experiments.  C3
-/-

 and C3
+/-

 were 

differentiated by RT-PCR using genomic DNA isolated from mouse tails.  The 

Institutional Animal Care and Use Committee (IACUC) of the University of Iowa 

approved all mouse experiments. 

Induction of demyelination and remyelination   

To induce demyelination, 8–12 week old male mice were fed a diet of  NIH-31 

Modified 6% Mouse/Rat Sterilizable Diet-meal form (Harlan Laboratories, Madison, 

WI), containing 0.2% cuprizone (bis (cyclohexanone) oxaldihydrazone, Sigma-Aldrich, 

St. Louis, MO) for six weeks. Mice were returned to a normal diet after six weeks of 

cuprizone treatment to allow for remyelination (107, 117, 126). 
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Histological analysis 

Tissue processing and microscopy were carried out as previously described (107, 

127).  Briefly, mice were anesthetized and transcardially perfused with PBS, followed by 

4% paraformaldehyde.  Brains were then removed and incubated in 4% 

paraformaldehyde for seven days and embedded in paraffin.  Five micrometer coronal 

sections corresponding to Sidman sections 241-251 (128) were used for histological 

analyses.  All demyelination and remyelination studies using Luxol Fast Blue-Periodic 

acid Schiff (LFB-PAS) were done at midline of the corpus callosum. A demyelination 

severity score of zero indicates no demyelination, while a score of three indicates 

complete demyelination.  Each section was scored blindly by three different individuals 

and the scores averaged for each mouse.  

Immunofluorescence  

For immunohistochemistry, paraffin sections were rehydrated, heat-unmasked, 

and then blocked with a solution containing 5% normal goat serum and 0.1% Triton X-

100 (Sigma-Aldrich) in PBS.  Slides were incubated overnight with primary antibody 

diluted in blocking solution. Appropriate fluorochrome-labeled secondary antibodies 

(Invitrogen-Molecular Probes, Carlsbad, CA) were used for detection. The 

immunohistochemistry antibodies used were: Biotinylated Ricinus communis agglutinin-

1 (RCA-1) (Vector Laboratories, Burlingame, CA; 1:100), a lectin used to detect 

microglia/macrophages; the secondary reagent used was streptavidin-Alexa Fluor-594; 

GFAP was detected using anti-GFAP antibody (Dako, Carpinteria, CA; 1:100); the 

secondary antibody was goat anti-rabbit Alexa Fluor-488; antibody to the Olig-2 

transcription factor (129), a gift from C. D. Stiles (Harvard University), was used at 

1:10,000 to detect total oligodendrocytes; the secondary reagent was goat anti-rabbit 

Alexa Fluor-488.  For studies comparing different treatments, all sections were stained 

and digitally captured by microscopy at the same time.  All of the brain sections were 
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analyzed at midline of the corpus callosum.  All images were analyzed using ImageJ 

(http://rsbweb.nih.gov/ij/).  Manipulations of the digital images after capture were 

performed equally on all pictures. 

Terminal deoxynucleotidyl transferase (TdT)-mediated 

dUTP nick end labeling (TUNEL) assay 

Paraffin-embedded sections were deparaffinized in Safeclear (Fisher Scientific, 

Pittsburgh, PA) and hydrated step-wise in ethanol.  Sections were boiled in citrate buffer 

and allowed to cool.  Sections were then washed in PBS-Tween-20 and pre-incubated in 

terminal deoxynucleotidyl transferase (Tdt) (Roche Diagnostics, Indianapolis, IN) 

reaction mix for 2 hours.  Sections were washed in PBS-Tween-20 and incubated in PBS 

containing a 1:100 dilution of streptavidin conjugated to Alexa fluor-488.  After washing, 

the sections were mounted in Vectashield containing diamidino-2-phenylindole (DAPI) 

(Vector Labs, Burlingame, CA).  All sections were stained and analyzed at the same time.  

Any manipulations of the digital images after capture were performed equally on all 

captured pictures. 

Statistics   

Student’s unpaired t-test (two-tailed distribution, homoscedastic, Microsoft Excel) 

was used to examine the probability that differences between treatment groups were 

statistically significant. 

Results 

The absence of C3 does not affect demyelination severity 

Previous studies from our lab indicated that complement was active in the corpus 

callosum during cuprizone-induced demyelination (Fig. 3) (107).  To verify these results 

demyelination was induced in C3
-/-

 and C3
+/- 

mice by feeding them a diet of 0.2% 

cuprizone for six weeks.  To determine demyelination severity in the corpus callosum, 
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paraffin-embedded brain sections were stained with LFB to detect myelin.  Interestingly, 

overall demyelination was not affected in the absence of C3 (Fig. 4).  There was a slight 

delay in demyelination in the C3
-/-

 mice after 3 weeks of cuprizone treatment, however 

these results were not significant (p = 0.08).  Additionally, there were no significant 

changes in remyelination kinetics between C3
-/-

 and C3
+/-

 mice (Fig. 4).  In contrast to 

previous results produced in our lab using transgenic sCrry mice, these results suggest 

that C3 and downstream complement proteins are not necessary for demyelination.  An 

alternative hypothesis is that C3 deficiency prevents both positive and negative effects of 

complement activation from occurring during cuprizone treatment, thus negating any 

observable effect on demyelination severity. 

Cellularity during cuprizone treatment is not dependent on 

C3 protein and downstream complement proteins 

Although there were no significant changes in demyelination severity between 

C3
-/-

 and C3
+/-

 mice, I wanted to determine whether C3 was necessary for migration 

and/or activation of certain glial cells in the corpus callosum.  First, DAPI nuclear stain 

was used to determine the total number of cells within the corpus callosum of the treated 

mice.  It was predicted there would be more cells present in the corpus callosum of the 

C3
+/-

 compared to the C3
-/- 

mice, because certain downstream complement proteins, 

specifically C3a and C5a, are well known chemotactic agents.  Upon quantification of 

cells in the corpus callosum, there were no significant changes in overall cellularity 

between C3
-/-

 and C3
+/-

 mice during demyelination or remyelination (Fig. 5A and 5B).  

These findings corroborate the demyelination severity data, in that there are no 

significant changes between mice that are able to produce C3 and mice that lack C3. 
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The presence of microglia in the corpus callosum during 

cuprizone treatment is not dependent upon C3 

Microglial infiltration in the corpus callosum during demyelination is a well-

characterized event that occurs during cuprizone treatment (117).  Immunofluorescence 

was used to determine if C3 deficiency affects the presence of microglia in the corpus 

callosum of cuprizone treated mice.  Microglia were detected in the corpus callosum 

using an RCA lectin stain.  Similar to the demyelination severity and total cell numbers, 

there were no significant changes between C3
-/-

 and C3
+/-

 mice.  The fluorescent intensity 

of the RCA increased throughout six weeks of cuprizone treatment in both groups (Fig. 

6A), suggesting that C3 and downstream complement proteins are not necessary for the 

migration and/or proliferation of microglia during cuprizone treatment.  At five weeks of 

cuprizone treatment, both groups had elevated microglial staining compared to the 

untreated control (Fig. 6A and 6B).  After removal of cuprizone from the diet, RCA 

staining levels decreased in the corpus callosum of both groups (Fig. 6A). 

Oligodendrocyte numbers and apoptosis levels are not 

altered in the presence of C3 

It has previously been shown that cuprizone treatment leads to oligodendrocyte 

apoptosis in the corpus callosum beginning two weeks after initiation of cuprizone 

treatment (116).  Oligodendrocyte progenitors begin to increase in the corpus callosum at 

four weeks, which is why some remyelination occurs before removal of cuprizone from 

the diet.  However, mature oligodendrocytes do not return to levels found in untreated 

mice until eight to ten weeks of a typical cuprizone study (116).  I wanted to determine 

the effect of complement on oligodendrocyte numbers in the corpus callosum throughout 

demyelination and remyelination.  An antibody against an oligodendrocyte transcription 

factor, Olig-2, was used to detect both immature and mature oligodendrocytes.  The 

number of oligodendrocytes in the corpus callosum were quantified and again, there were 
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no significant changes between C3
-/-

 and C3
+/-

 mice (Fig. 7).  Both groups of mice had 

significant loss of oligodendrocytes beginning at week four of cuprizone treatment 

compared to the untreated control mice (Fig. 7A-C).  Additionally, both groups of mice 

had increases in oligodendrocyte numbers once cuprizone was removed from the diet. 

Previous data have shown that terminal complement proteins, C5b-9, are able to 

protect oligodendrocytes from apoptosis (130).  To determine if there are fewer apoptotic 

cells in the presence of C3 and downstream complement proteins, a TUNEL detection 

assay was used to identify the number of apoptotic cells in the corpus callosum of 

cuprizone treated mice.  TUNEL-positive cells were quantified and it was found that the 

presence of complement did not protect cells, most likely oligodendrocytes, from 

undergoing apoptosis (Fig. 8A and B).  Overall, C3 was not involved in oligodendrocyte 

loss and/or apoptosis within the demyelinating corpus callosum. 

Discussion 

When C3
-/-

 mice were put on the cuprizone diet I found no change in 

demyelination severity when compared to C3 sufficient mice.  In addition, C3
-/-

 mice 

showed remyelination kinetics that were similar to C3
+/- 

mice, suggesting the lack of C3 

had no effect on overall remyelination kinetics upon removal of cuprizone from the diet.  

Finally, I found no differences in the other disease parameters that I examined in the 

corpus callosum; including overall cellularity, microglia, oligodendrocyte death and 

apoptotic cells.  These results suggest that C3 and downstream complement products do 

not play a role in demyelination or remyelination in the cuprizone model. 

The results from these studies conflict with previous findings from our lab that 

provide data to suggest sCrry can prevent demyelination in the corpus callosum during 

cuprizone treatment.  In addition to decreased demyelination severity, sCrry mice had 

decreased cellularity in the corpus callosum and decreased mature oligodendrocyte loss 

during early cuprizone treatment (107), suggesting complement plays a role in cell 
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migration/proliferation within the demyelinating corpus callosum.  Previous studies using 

a different C3
-/-

 strain (131) have produced conflicting results in EAE studies from two 

different labs.  Two groups used these mice to determine the role of C3 in EAE disease 

severity and the outcomes of these studies were contradictory.  Initially, a study by Nataf 

et al. showed that the genetic deletion of C3 lessened disease severity in the EAE model 

(96).  Following this study, the results from a similar study were published by Calida et 

al. suggesting C3 was not required for the development of EAE or exacerbating disease 

severity (132).  There were some differences in EAE induction methods between the two 

studies, however this has not been established as the reason for the disparity between the 

results.  Since these two initial reports were published, several other studies have 

implicated specific complement proteins and receptors in the involvement of EAE 

disease progression and severity; including C3a, C3aR and CR3 (99, 102).  Additionally, 

Szalai et al. duplicated results observed by Nataf et al. in 2000, demonstrating that 

disease was less severe in C3
-/-

 mice compared to C3
+/- 

and WT mice (108).  Overall, 

these results suggest that certain complement proteins downstream of C3 activation are 

necessary for EAE pathology. 

To determine if the lack of positive results was due to the specific C3
-/-

 strain used 

in my studies, cuprizone experiments could be repeated in the C3
-/-

 strain used in the 

above EAE studies.  However, since the results found in EAE studies were contradictory, 

results obtained using this mouse strain may not be reliable.  The results obtained from 

the two groups using the EAE model were vastly different, suggesting an unknown 

phenomenon could potentially be at work in this mouse strain.  Personal communication 

with other labs utilizing the same C3
-/- 

strain used in my studies suggests that results 

obtained with this strain have not always been consistent with other findings produced in 

these labs. 

In these studies I used C3
+/-

 mice as complement sufficient controls, however if 

these studies were to be repeated in the future, it would be beneficial to use C57BL/6 WT 
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(C3
+/+

) mice as controls instead of C3
+/-

 mice.  WT controls would theoretically be able to 

produce more complement upon cuprizone exposure and thus the differences between 

C3
-/-

 and WT mice could potentially be greater.  Szalai et al. found that WT mice had 

exacerbated EAE disease severity compared to C3
+/-

 (108).  Measuring the levels of C3 in 

the brains of C3
+/-

 and WT mice will be important future studies to determine what levels 

of C3 are required for more severe demyelination. 

An alternative theory for the lack of positive results in these studies may be that 

both harmful and protective complement mechanisms are being suppressed upon the 

genetic deletion of C3.  There are several complement proteins that are formed once C3 

has been activated and since none of these proteins have previously been studied in the 

cuprizone model, it is possible that knocking out all of these effector mechanisms could 

be negating any effect that could be seen with examining individual downstream 

complement proteins.  Previous studies have shown a harmful role for C3a and CR3 in 

EAE (99, 102).  On the other hand, low concentrations of terminal complement proteins, 

C5b-9, have been shown to be protective against oligodendrocyte apoptosis (106, 130).  

Because of the dual nature of complement in CNS pathology, future cuprizone studies 

will be required to determine the role of individual complement proteins and to better 

assess the effect of local complement on demyelination and remyelination pathology.
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Figure 2.  Kinetics of 0.2% cuprizone treatment in the corpus callsum of C57BL/6 

mice 

Cellularity and demyelination severity during six weeks of 0.2% cuprizone treatment are 

outlined below.  Briefly, mature oligodendrocytes undergo apoptosis after 3-4 weeks of 

cuprizone treatment and myelin loss occurs.  Oligodendrocyte precursors begin to make 

their way back into the corpus callosum around three weeks of cuprizone treatment.  

During demyelination, microglia and astrocytes increase within the corpus callosum.  

Once cuprizone is removed from the diet after six weeks, the numbers of inflammatory 

cells decrease in the corpus callosum, mature oligodendrocytes migrate or mature within 

the corpus callosum and full remyelination occurs.
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Figure 3.  CNS-specific expression of sCrry prevents demyelination during cuprizone 

treatment 

(A)  LFB-PAS staining of brain sections from C57BL/6 WT and sCrry-GFAP transgenic 

mice.  Mice were treated with 0.2% cuprizone for six weeks and at the indicated times, 

the brains were harvested.  Corpus callosum sections were stained using LFB-PAS and 

evaluated by microscopy.  The stained sections were blindly scored by three individuals 

and averaged.  Data are presented as mean demyelination severity scores for three to five 

mice from two different experiments per timepoint.  Statistical significance was 

calculated using Student’s t-test, * p < 0.001, where sCrry values were compared to WT 

values for each treatment timepoint.  (B)  Representative images of LFB staining at zero 

and four weeks of cuprizone treatment.  This figure was created using data produced by 

Dustin Briggs (107).
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Figure 4.  Demyelination severity in the corpus callosum in C3 deficient and sufficient 

mice 

Mice were treated with 0.2% cuprizone for six weeks and at the indicated times, the 

brains were harvested.  Corpus callosum sections were stained using LFB-PAS and 

evaluated by microscopy.  The stained sections were blindly scored by three individuals 

and averaged. At each timepoint, four to eight mice were analyzed for each experimental 

group.  The error bars represent standard error of the mean (SEM).  Statistical 

significance was calculated using Student’s t-test, where C3
-/-

 values were compared to 

C3
+/-

 values for each treatment timepoint.
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Figure 5.  Cellularity is not dependent upon C3 and downstream complement proteins 

during cuprizone treatment 

(A)  Corpus callosum sections were stained with DAPI nuclear stain and the cell numbers 

were quantified using ImageJ.  The results are presented as percent increase over 

untreated WT control.  (B)  Representative images of DAPI staining at zero and four 

weeks of cuprizone treatment.  Statistical significance was calculated using unpaired 

Student’s t-test, where C3
-/-

 values were compared to C3
+/-

 values for each treatment 

timepoint.  Four to eight mice were used for each timepoint for each experimental group 

in the above experiments and the error bars represent SEM.
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Figure 6.  The presence of microglia in the corpus callosum during cuprizone treatment is 

not influenced by C3 

(A)  Brain sections were stained with RCA lectin and the mean fluorescence intensities 

measured in the corpus callosum below the midline of the brain.  The results are shown 

as the percent increase over untreated WT control.  (B)  Representative images of RCA 

staining at zero and five weeks of cuprizone treatment.  Statistical significance was 

calculated using unpaired Student’s t-test, where C3
-/-

 values were compared to C3
+/-

 

values for each treatment timepoint.  Four to eight mice were used for each timepoint for 

each experimental group.  The error bars represent SEM.
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Figure 7.  Oligodendrocyte numbers are not affected by the absence of C3 

(A)  Sections were stained with Olig-2 antibody.  The numbers of Olig-2
+ 

cells were 

quantified in a predetermined area of the corpus callosum below the midline of the brain 

using ImageJ software.  The results are presented as a percent change from WT untreated 

mice.  (B)  Representative images of Olig-2 staining at zero and six weeks of cuprizone 

treatment.  (C)  Olig-2
+
 cells as a percentage of total DAPI

+
 cells.  The same area of the 

corpus callosum was used for both DAPI and Olig-2 quantification.  Statistical 

significance was calculated using unpaired Student’s t-test, where C3
-/-

 values were 

compared to C3
+/-

 values for each treatment timepoint.  Four to eight mice were used for 

each timepoint for each experimental group in the above experiments.  The error bars 

represent SEM.
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Figure 8.  C3 is not involved in apoptosis during cuprizone treatment 

(A)  Five μm sections were deparaffinized and incubated in Tdt reaction mixture for two 

hours.  Sections were washed in PBS-Tween-20 and incubated in PBS containing a 1:100 

dilution of streptavidin conjugated to Alexa fluor-488.  The numbers of TUNEL-positive 

cells were quantified in a predetermined area of the corpus callosum below the midline of 

the brain using ImageJ software.  The results are presented as a percent change from 

C57BL/6 untreated control mice.  (B)  Representative images of TUNEL staining at zero 

and four weeks of cuprizone treatment.  Examples of the brightly staining TUNEL-

positive cells are indicated by the arrows.  Statistical significance was calculated using 

unpaired Student’s t-test, where C3
-/-

 values were compared to C3
+/-

 values for each 

treatment timepoint.  At each time point four to eight mice were analyzed for each 

experimental group and the error bars represent standard deviation.
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CHAPTER III 

THE ROLE OF C3A AND C5A IN DEMYELINATION AND 

REMYELINATION 

Abstract 

C3a and C5a proteins mediate a wide range of proinflammatory functions; 

however, predicting the effect of C3a and C5a production in the CNS is complex, 

because these proteins can mediate both harmful and protective responses.  The 

cuprizone model was utilized to investigate the roles of C3a and C5a in demyelination 

and remyelination pathology.  Upon cuprizone treatment, transgenic mice expressing C3a 

or C5a under the control of the astrocyte-specific GFAP promoter had exacerbated 

demyelination and slightly delayed remyelination in the corpus callosum compared to 

WT mice.  C3a and C5a transgenic mice had increased cellularity in the corpus callosum 

due to increased activation and/or migration of microglia.  Additionally, there was 

evidence of T cells in the corpus callosum during demyelination in C5a and C3a 

transgenic mice, suggesting C3a and/or C5a may modulate BBB permeability in this 

system.  Oligodendrocytes migrated to the corpus callosum in higher numbers during 

early remyelination events in C3a and C5a transgenic mice, thus enabling these mice to 

remyelinate as effectively as WT mice by the end of the ten week study.  Overall, our 

findings show that anaphylatoxin production in the brain plays a negative role during 

demyelination; however, C3a and C5a stimulation enables effective remyelination. 

Introduction and rationale 

Activation of any of the complement pathways results in the downstream 

production of two small protein cleavage products, C3a and C5a, collectively known as 

anaphylatoxins.  Anaphylatoxins are known to induce proinflammatory functions such as 

chemotaxis, upregulation of cytokine and chemokine production, and enhanced 

phagocytosis (31).  C3a and C5a mediate their effects by binding to their receptors, C3aR 
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and C5aR (CD88), respectively, which are expressed on glial cells.  Anaphylatoxins also 

bind C5a receptor-like 2 (C5L2), whose functions have not been clearly defined, but may 

act as a decoy or scavenger receptor (20).  Previous studies have shown that astrocytes, 

microglia, neurons and oligodendrocytes express anaphylatoxin receptors (67, 68, 92, 

133).  Anaphylatoxin signaling in the CNS can induce a wide range of functions 

depending upon the cell type and local environmental stimuli.  The overall effect of 

anaphylatoxin signaling on glial cell subsets and during CNS disease pathology can be 

complex, because anaphylatoxins have proven to be both protective and harmful.  For 

instance, C5a has been shown to protect neurons against glutamate-mediated apoptosis 

both in vitro and in vivo (134, 135). Additionally, C3a has been implicated in neural stem 

cell regeneration and migration (34, 35).  In contrast, anaphylatoxins have been shown to 

have exacerbating effects on CNS disease severity in mouse models of Alzheimer’s (72), 

ALS (74) and lupus (75, 76) .  Anaphylatoxin involvement has not been directly assessed 

in MS, however several studies have implicated complement involvement in this disease 

(78). 

Glial cells are able to produce complement proteins, so it is possible for localized 

activation of complement pathways in the CNS to occur (86).  C3aR and C5aR are 

expressed in areas of inflammation in the CNS of some MS patients (50, 92, 93) and 

complement deposition is present within some MS lesions (78, 85).  Since complement 

deposition products have been found in MS lesions, it is likely that C3a and C5a are 

being produced in lesions as well.  As discussed previously, C3a and C3aR were shown 

to play a role in exacerbating EAE disease severity.  When C3a-GFAP and C3aR
-/-

 strains 

were crossed, the worsened disease severity observed in the C3a-GFAP mice was 

attenuated, confirming that the elevated C3a production in the C3a-GFAP mice was the 

cause of exacerbated disease (99).  Interestingly, it was shown that C5a and C5aR did not 

play a role in EAE pathology, even though experiments confirmed that C5a was 

expressed at increased levels in the CSF of C5a-GFAP EAE mice (100, 101).  To 
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determine the localized role of C3a or C5a on glial cells during demyelination and 

remyelination processes, I utilized transgenic mice expressing C3a or C5a under the 

control of the astrocyte-specific GFAP promoter.  Again, I utilized cuprizone to induce 

demyelination and removed cuprizone after six weeks to analyze different parameters of 

pathology during remyelination.  In contrast to results observed in the EAE model, C3a 

and C5a both played a role in increased demyelination pathology in the cuprizone model. 

Hypothesis 

C3a and C5a are able to act as potent chemotactic factors; therefore, I 

hypothesized that an increase in the expression of C3a and C5a in transgenic mice would 

exacerbate demyelination severity by increasing the migration of inflammatory cells to 

the demyelinating corpus callosum during cuprizone treatment.  There have been some 

reports that inflammation causes an increase in clearance of myelin and apoptotic debris 

by microglia, thus, I hypothesized that an increase in anaphylatoxin expression would aid 

in remyelination after the removal of cuprizone from the diet. 

Materials and methods 

Mice 

Previously described C3a-GFAP (99) and C5a-GFAP (101) transgenic mice on 

the C57BL/6 background were provided by S. R. Barnum (University of Alabama).  Five 

week old male C57BL/6 mice were purchased from The Jackson Laboratory. 

Induction of demyelination and remyelination 

To induce demyelination, 8–12 week old male mice were fed a diet of  NIH-31 

Modified 6% Mouse/Rat Sterilizable Diet-meal form (Harlan Laboratories, Madison, 

WI), containing 0.2% cuprizone (bis (cyclohexanone) oxaldihydrazone, Sigma-Aldrich) 

for six weeks. Mice were returned to a normal diet after six weeks of cuprizone treatment 

to allow for remyelination (107, 117, 126). 
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Histological analysis 

Tissue processing and microscopy were carried out as previously described (107, 

127).  Briefly, mice were anesthetized and transcardially perfused with PBS, followed by 

4% paraformaldehyde.  Brains were then removed and incubated in 4% 

paraformaldehyde for seven days and embedded in paraffin.  Five micrometer coronal 

sections corresponding to Sidman sections 241-251 (128) were used for histological 

analyses.  All demyelination and remyelination studies using Luxol Fast Blue-Periodic 

acid Schiff (LFB-PAS) were done at midline of the corpus callosum.  A demyelination 

severity score of zero indicates no demyelination, while a score of three indicates 

complete demyelination.  Each section was scored blindly by three different individuals 

and the scores averaged for each mouse.  Because of the large number of mice used in 

these studies, sections were stained in two separate groups.  Untreated controls were 

stained along with each group to ensure that staining was consistent between 

experiments.  WT, C3a-GFAP and C5a-GFAP mice from the same timepoint were 

stained together to guarantee an accurate comparison between WT and the transgenic 

mice. 

Immunofluorescence  

For immunofluorescence, paraffin sections were rehydrated, heat-unmasked, and 

then blocked with a solution containing 5% normal goat serum and 0.1% Triton X-100 

(Sigma-Aldrich) in PBS.  Slides were incubated overnight with primary antibody diluted 

in blocking solution. Appropriate fluorochrome-labeled secondary antibodies (Invitrogen-

Molecular Probes) were used for detection. The immunohistochemistry antibodies used 

were: Biotinylated RCA-1 (Vector Laboratories, 1:100), a lectin used to detect 

microglia/macrophages; the secondary reagent used was streptavidin-Alexa Fluor-594; 

GFAP was detected using anti-GFAP antibody (Dako, 1:100); the secondary antibody 

was goat anti-rabbit Alexa Fluor-488; antibody to the Olig-2 transcription factor (129), a 
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gift from C. D. Stiles (Harvard University), was used at 1:10,000 to detect total 

oligodendrocytes; the secondary reagent was goat anti-rabbit Alexa Fluor-488.  CD3 was 

detected using anti-CD3 antibody (Abcam, Cambridge, MA) at a dilution of 1:200, 

followed by goat anti-rabbit secondary antibody Alexa Fluor-488.  Due to the large 

number of mice used in these studies, the sections were stained in two separate groups.  

Untreated controls were stained along with each group to ensure that staining was 

consistent between experiments.  WT, C3a-GFAP and C5a-GFAP mice from the same 

timepoint were stained together to guarantee an accurate comparison between WT and 

the transgenic mice.  For studies comparing different treatments, all sections were stained 

and digitally captured by microscopy at the same time.   All of the brains were analyzed 

at midline of the corpus callosum.  RCA and GFAP images were analyzed using ImageJ 

(http://rsbweb.nih.gov/ij/).  Olig-2 and DAPI cells were quantified using NIS Elements 

3.1 Imaging software (Nikon, Melville, NY).  Manipulations of the digital images after 

capture were performed equally on all pictures. 

Statistics 

Student’s unpaired t-test (two-tailed distribution, homoscedastic, Microsoft Excel) 

was used to examine the probability that differences between treatment groups were 

statistically significant.  One-way ANOVA was also used to verify the significance in 

longitudinal studies between different treatment groups. 

Results 

Increased levels of C3a or C5a in the brain lead to 

exacerbated demyelination and delayed remyelination 

To determine the role of C3a and C5a in demyelination and remyelination, 

transgenic mice expressing C3a or C5a under the control of the astrocyte-specific GFAP 

promoter were used.  Results show that after four weeks on the cuprizone diet, both C3a 
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and C5a transgenic mice had worse demyelination severity compared to C57BL/6 wild 

type (WT) mice (Fig. 9A and 9B).  Demyelination severity was increased through seven 

weeks in both transgenic groups (Fig. 9A).  Although these mice showed worse 

demyelination severity at seven weeks, both transgenic groups were able to remyelinate 

completely by the end of the ten week study (Fig. 9A), suggesting increased C3a or C5a 

production does not affect the overall ability of these mice to undergo effective 

remyelination.  Additionally, these results imply that C3a and C5a transgenic mice are 

able to remyelinate more quickly, since they had worse demyelination severity than WT 

mice. 

Along with increased demyelination severity in the corpus callosum of transgenic 

mice, increased cellular infiltration and thickness of the inflammatory lesion within and 

surrounding the corpus callosum was observed.  The increased thickness of the lesion is 

most likely a result of increased cell migration or cellular proliferation within the 

demyelinating corpus callosum.  When the thickness of the lesion below the midline of 

the brain was measured, I determined that the corpus callosum and surrounding 

inflammation had almost doubled in width compared to the WT mice at five weeks (Fig. 

9B and 9C).  There were no differences in the thickness of the corpus callosum in 

untreated transgenic mice compared to untreated WT mice (Fig. 9C). 

Previous results from our lab and others have shown that mice lose weight during 

cuprizone treatment and regain weight after cuprizone treatment is discontinued (120, 

136).  Throughout the ten week study all groups of mice lost 10-20% of their original 

weight while on the cuprizone diet.  When mice were put back onto a normal diet after 

six weeks, the C3a transgenic mice did not regain as much weight as the WT and C5a 

transgenic mice (Fig. 10A).  Interestingly, untreated C3a transgenic mice started the 

study weighing significantly more than untreated WT and C5a transgenic mice (Fig. 

10B).  These results may suggest that a currently unknown systemic effect is occurring in 

the C3a transgenic mice.  The C3a degradation product, C3adesArg, also known as 
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acylation-stimulating protein (ASP), is involved in lipid biology and can influence body 

weight (137).  Potentially, this protein could be playing a role in the weight of C3a 

transgenic mice throughout development; however it is unlikely that C3adesArg is able to 

cross the BBB in these mice to affect systemic levels of C3adesArg, since the molecular 

weight of C3adesArg is ~ 9kDa (69).  Previous drug studies have shown that most 

molecules larger than 500 Da are unable to cross the intact BBB without some type of 

transporter (138).  Further investigation of this phenomenon will be required to determine 

the mechanism for overall increased weight over WT mice and decreased weight gain 

after cuprizone removal in the C3a transgenic mice. 

C3a or C5a expression leads to increased cellularity in the 

corpus callosum during cuprizone treatment 

It was evident from the LFB-stained sections that there were greater numbers of 

cells in the demyelinated corpus callosum of the C3a and C5a transgenics compared to 

WT mice.  A DAPI nuclear stain was used to quantify the number of cells in the corpus 

callosum.  After five weeks of cuprizone treatment, both transgenic strains had increased 

numbers of cells compared to WT mice (Fig. 11A and 11B).  The cell numbers in the 

corpus callosum remained elevated in C3a and C5a mice through eight weeks (Fig. 11A).  

There were no significant changes in the number of cells in the corpus callosum of 

untreated WT mice compared to untreated C3a and C5a transgenic mice (Fig.11A and 

11B), suggesting there was no preexisting inflammation in the corpus callosum of 

transgenic mice prior to the cuprizone treatment. 

Astrogliosis and microglial infiltration in the corpus callosum during 

demyelination are well characterized events that occur at predictable timepoints during 

cuprizone treatment (117).  When GFAP antibody was used to detect astrocytes in the 

corpus callosum, it was determined that GFAP levels in the transgenic mice followed a 

similar trend compared to the WT mice throughout the ten week study.  The increase in 
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GFAP expression in all groups of mice started at three weeks and persisted through eight 

weeks (Fig. 12A), which implies a rise in C3a and C5a transgene production in the 

transgenic mice.  However, the increase observed in GFAP expression during cuprizone 

treatment may be posttranscriptional.  In this case, C3a and C5a levels in the transgenic 

mice would not be affected, due to the absence of GFAP promoter activity.  At nine 

weeks, GFAP levels started to decrease in WT and transgenic mice (Fig. 12A).  The 

increased expression of GFAP at five weeks in the transgenic mice may suggest that C3a 

and C5a are inducing proliferation, activation or migration of astrocytes; however five 

weeks was the only timepoint where C3a and C5a transgenic mice showed a significant 

difference in kinetics from WT mice (Fig. 12A and 12B).  These results suggest that C3a 

and C5a are not playing a significant role in activation and/or proliferation of astrocytes 

during the course of cuprizone treatment. 

Microglial staining was greatly increased in C3a and C5a transgenic mice 

beginning at five weeks (Fig. 13A and 13B) and continued through seven weeks (Fig. 

13B).  At five weeks, there was a 2.2-fold and 2.6-fold increase in C5a and C3a 

transgenic RCA staining, respectively (Fig. 13B).  Surprisingly, microglial staining in the 

C3a transgenic mice surpassed levels found in C5a transgenic mice at five weeks, 

although these results were not statistically significant (p = 0.06) (Fig. 13A and 13B).  

RCA staining in the WT mice was greatest at four weeks and decreased throughout the 

rest of the study (Fig. 13A).  These findings were similar to what our lab has shown in 

previous cuprizone studies (107).  Conversely, the peak of microglial staining occurred at 

five weeks in both C3a and C5a transgenic groups (Fig. 13A).  Again, there were no 

differences between untreated mice from WT and transgenic groups, suggesting that there 

were not increased levels of GFAP or microglia in the corpus callosum of the transgenics 

prior to cuprizone treatment (Fig.12A-B, 13A-B).  The highly elevated levels of RCA 

staining in the corpus callosum of C3a and C5a transgenic mice during demyelination, 
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suggests both C3a and C5a stimulate migration and/or proliferation of microglia during 

cuprizone treatment. 

 

Oligodendrocyte numbers are increased during early 

remyelination in C3a and C5a transgenic mice 

It has previously been shown that cuprizone treatment leads to oligodendrocyte 

apoptosis in the corpus callosum beginning two weeks after initiation of cuprizone 

treatment (116).  To examine the effect of excess C3a or C5a on oligodendrocytes during 

demyelination and remyelination, we used an antibody against the transcription factor 

Olig-2.  We found that the decrease in oligodendrocyte numbers during cuprizone 

treatment was similar in WT and both groups of transgenic mice (Fig. 14A).  These 

results suggest that oligodendrocyte death was a function of the cuprizone toxicity and 

was not affected by increased C3a or C5a levels.  Additionally, there was no change in 

the number of oligodendrocytes in the untreated control mice versus the untreated 

transgenic mice. 

During early remyelination events at week six of cuprizone treatment, C3a and 

C5a transgenic mice had increased numbers of oligodendrocytes in the corpus callosum 

compared to WT mice (Fig. 14A and 14B).  Oligodendrocyte numbers remained elevated 

in C3a and C5a transgenic mice through week eight of the study (Fig. 14A).  Increased 

oligodendrocyte numbers may be required in the C3a and C5a transgenic mice for 

complete remyelination, due to the increased severity of demyelination in the corpus 

callosum.  Interestingly, when I calculated the percentage of total cells that are Olig-2
+
 

cells, I found that there was a significantly higher percentage of Olig-2
+
 cells in the WT 

mice at five weeks (Fig. 14C).  These findings are most likely due to the increased 

number of microglia in the corpus callosum of C3a and C5a transgenic mice at five 

weeks, thus making the ratio of oligodendrocytes to total cells decrease in the transgenic 
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mice.  The percentages of cells that are positive for Olig-2 began to increase at five 

weeks and were not significantly different between WT and transgenic mice between six 

and ten weeks (Fig. 14C). 

Increased CD3 expression in C5a and C3a transgenic mice 

In past cuprizone studies, it has been shown that very few T cells are able to cross 

the BBB, because the BBB remains relatively impermeable throughout treatment (114).  

Preliminary studies have suggested that C5a may induce disruption of the BBB (139, 

140).  To determine if T cells entered the corpus callosum during cuprizone treatment, 

anti-CD3 antibody was utilized in immunofluorescence experiments.  CD3 staining 

occurred in the corpus callosum of all C5a transgenic mice that were treated for five 

weeks with cuprizone (Fig. 15).  There was positive CD3 staining in some of the C3a 

transgenics; however some C3a transgenic mice had no CD3 staining at all.  WT mice 

that received cuprizone treatment for five weeks did not have positive staining for CD3 in 

the corpus callosum (Fig. 15).  Additionally, there were no CD3 positive cells detectable 

in the corpus callosum of untreated transgenic or WT mice.  While there was some 

positive staining in the transgenic mice, these cells were not nearly as bright as the 

positive cells within the spleen section, which was used as a positive control for CD3 

staining.  Overall, these results suggest that the blood brain barrier in the C5a transgenic 

mice may be compromised upon cuprizone treatment and subsequent upregulation of 

C5a.  Although CD3
+ 

T cells are detected in the corpus callosum of C5a transgenic mice, 

it is clear that microglia and astrocytes make up the majority of cells present at peak 

demyelination. 

Discussion 

In this research aim I showed that C3a and C5a anaphylatoxins exacerbate 

demyelination severity in the murine cuprizone model.  Increased expression of either 

anaphylatoxin during peak demyelination amplified microglial staining and GFAP 
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expression in the corpus callosum.  C3a transgenic mice tended to have greater 

demyelination severity and higher RCA levels in the corpus callosum compared to C5a 

transgenic mice, although these results were not statistically significant (Fig. 9 and Fig. 

13).  Previous in vivo data have suggested a role for C3a and C3aR in diseases affecting 

the CNS (75, 99); however it is not clear how C3a mediates its effects within the CNS.  

There have been no published reports indicating C3a involvement in glial cell migration, 

therefore other effector mechanisms may be at play.  For instance, C3a may mediate 

production of other proinflammatory mediators, such as chemokines, by glial cells to 

induce migration to sites of demyelination.  Future studies are required to determine if 

C3a induces chemokine production by glial cells. 

C5a has been shown to mediate migration of microglia and astrocytes in vitro (52, 

59, 141), which could explain the increased levels of RCA staining observed in the 

corpus callosum of C5a transgenic mice during demyelination (Fig. 13).  Recent studies 

have also demonstrated that C5a may play a role in increased BBB permeability (139, 

140).  CD3
+
 T cells were detected in the demyelinated corpus callosum of C5a transgenic 

mice, suggesting C5a may increase permeability of the BBB.  CD3
+ 

T cells were 

observed in approximately 50% of the C3a transgenic mice, while the remaining C3a 

transgenics were CD3 negative.  Therefore, in addition to increased microglia in the 

corpus callosum of C3a and C5a transgenic mice during demyelination, transgenic mice 

also had increased numbers of T cells within the corpus callosum.  Additionally, the 

presence of T cells in the corpus callosum of cuprizone-treated transgenic mice may 

suggest that other immune cells can enter the parenchyma of these mice.  Future studies 

will be required to determine if the BBB is more permeable in C5a transgenic mice and if 

immune cells are able to target areas of demyelination in these mice.  A simple 

experiment to assess the permeability of the BBB would be to inject a tracer molecule 

into the circulatory system and then look for the presence of this tracer molecule in the 
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brain.  Finally, further experimentation will be needed to determine if the detected CD3
+
 

cells are CD4
+
 or CD8

+
 T cells. 

Interestingly, previous results showed that C5a and C5aR do not exacerbate 

disease severity in the EAE model (100, 101).  The disparity between our results and 

those found in the EAE model most likely reflect the differences in the induction of 

demyelination and differing effector mechanisms between the two models.  There are 

different lesion types found in MS (85) and both models address different aspects of 

lesion pathology.  Overall, my data suggest both C3a and C5a induce a proinflammatory 

response during cuprizone treatment, exacerbating demyelination. 

Anaphylatoxins exacerbate demyelination pathogenesis in the cuprizone model; 

however their role in remyelination is complex.  Although transgenic mice had worse 

demyelination severity through seven weeks, C3a and C5a transgenic mice were able to 

remyelinate as effectively as WT mice.  Additionally, the data suggest that remyelination 

occurred more quickly in the presence of C3a and C5a, since inflammation and 

demyelination severity was heightened in C3a and C5a transgenic mice.  Interestingly, 

oligodendrocytes returned to the corpus callosum of transgenic mice in greater numbers 

than WT mice at six through eight weeks of the study.  Previous studies have shown that 

C5a does not induce chemotaxis of oligodendrocytes progenitors in vitro (59) and there 

were no significant increases of oligodendrocytes in the corpus callosum until six weeks 

of the cuprizone study, suggesting chemotaxis to C3a or C5a is not the primary 

mechanism for the increase in oligodendrocytes in the corpus callosum. 

One potential explanation for the increase in oligodendrocytes in C3a/C5a 

transgenic mice is the increased presence of microglia within the corpus callosum of 

these mice.  Previous studies have suggested that some inflammation is necessary for 

microglia-mediated clearance of apoptotic cells and myelin debris and this is necessary 

for subsequent remyelination to occur (142).  While microglia are thought to be the 

primary effector cell during demyelination in the cuprizone model, it has also been found 
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that cytokines and growth factors most likely produced by microglia are necessary for 

remyelination.  For instance, IL-1β, leukemia inhibitory factor (LIF) and TNF-α, all 

thought to be produced by microglia and astrocytes, have been shown to enhance 

remyelination in the cuprizone model (127, 143, 144).  Additionally, growth factors such 

as insulin growth factor (IGF), are necessary for remyelination by oligodendrocytes in the 

cuprizone model (145).  Therefore, the increase in oligodendrocytes in C3a and C5a 

transgenic mice could be explained by the increase in proinflammatory microglia in the 

corpus callosum at five to seven weeks.  Whether or not anaphylatoxins play a role in 

upregulation of growth factor and cytokine production by glial cells that are necessary for 

oligodendrocyte migration, maturation or proliferation has yet to be established. 
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Figure 9.  Increased levels of C3a or C5a in the brain lead to exacerbated demyelination 

and delayed remyelination in the cuprizone model 

(A)  Mice were treated with cuprizone for the indicated times and the brains were 

harvested.  Sections were stained using LFB-PAS and evaluated by microscopy.  The 

stained sections were blindly scored by three individuals and averaged.  At each time 

point, four to eight mice were analyzed for each experimental group.  (B)  Representative 

images of LFB-PAS staining at zero and five weeks of cuprizone treatment.  (C)  The 

extent of inflammation in and surrounding the corpus callosum at zero and five weeks 

was measured in μm using NIS Elements 3.1 Imaging software.  In this figure, 100% is 

the mean width of the corpus callosum at midline of the untreated WT group.  Statistical 

significance was calculated using unpaired Student’s t-test and one-way ANOVA.  For 

these calculations, the experimental groups were compared to WT values for each 

timepoint, where * p < 0.05.  The error bars represent standard deviation.
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Figure 10.  Weight of WT and transgenic mice throughout cuprizone treatment 

(A)  Mice were weighed bi-weekly throughout the ten week study.  (B)  Initial weight of 

mice at zero weeks before cuprizone treatment was initiated.  7-16 mice were weighed bi-

weekly per group.  Statistical significance was calculated using unpaired Student’s t-test 

and one-way ANOVA.  For these calculations, the experimental groups were compared 

to WT values for each timepoint, where * p < 0.05 and ** p < .001.  Error bars represent 

standard deviation.



63 
 

 

6
3
 



64 
 

 

6
4
 

Figure 11.  C3a or C5a expression leads to increased cellularity in the corpus callosum 

during cuprizone treatment 

(A)  Sections were stained with DAPI nuclear stain and the cell number was quantified 

using NIS Elements 3.1 Imaging software.  The results are presented as percent increase 

over untreated WT control.  (B)  Representative images of DAPI staining at zero and five 

weeks of cuprizone treatment.  The scale bar equals 50μm.  Statistical significance was 

calculated using unpaired Student’s t-test and one-way ANOVA.  For these calculations, 

the experimental groups were compared to WT values for each timepoint, where * p < 

0.05.  Four to eight mice were used for each time point for each experimental group in 

the above experiments and the error bars represent standard deviation.
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Figure 12.  Transgenic expression of C3a or C5a in the corpus callosum leads to 

increased GFAP expression at five weeks after cuprizone treatment 

(A)  Sections were stained with antibody against GFAP and the mean fluorescence 

intensity measured.  The results are shown as a percent increase over untreated WT 

control.  (B)  Representative images of GFAP staining at zero and five weeks of 

cuprizone treatment.  The scale bars equal 50μm.  Statistical significance was calculated 

using unpaired Student’s t-test and one-way ANOVA.  For these calculations, the 

experimental groups were compared to WT values for each timepoint, where * p < 0.05.  

Four to eight mice were used for each time point and for each experimental group in the 

above experiments and the error bars represent standard deviation.
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Figure 13.  Transgenic expression of C3a or C5a in the corpus callosum leads to 

increased microglial migration and/or proliferation 

(A)  5μm sections were stained with RCA lectin and the mean fluorescence intensities 

measured.  The results are shown as the percent increase over untreated WT control.  (B)  

Representative images of RCA staining at zero and five weeks of cuprizone treatment.  

The scale bars equal 50μm.  Statistical significance was calculated using unpaired 

Student’s t-test and one-way ANOVA.  For these calculations, the experimental groups 

were compared to WT values for each timepoint, where * p < 0.05.  Four to eight mice 

were used for each time point and for each experimental group in the above experiments 

and the error bars represent standard deviation.
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Figure 14.  Oligodendrocyte numbers are increased during early remyelination in C3a 

and C5a transgenic mice 

(A)  Sections were stained with Olig-2 antibody.  The numbers of Olig-2
+ 

cells were 

quantified in a predetermined area of the corpus callosum below the midline of the brain 

using NIS Elements 3.1 Imaging software.  The results are presented as a percent change 

from WT untreated mice.  (B)  Representative images of Olig-2 staining at zero and six 

weeks of cuprizone treatment.  (C)  Olig-2
+
 cells as a percentage of total DAPI

+
 cells.  

The same area of the corpus callosum was used for both DAPI and Olig-2 quantification.  

The scale bar equals 50μm.  Statistical significance was calculated using unpaired 

Student’s t-test and one-way ANOVA.  For these calculations, the experimental groups 

were compared to WT values for each timepoint, where * p < 0.05.  At each timepoint 

four to eight mice were analyzed for each experimental group and the error bars represent 

standard deviation.
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Figure 15.  Increased CD3 expression in C3a and C5a transgenic mice 

Sections were stained with an anti-CD3 antibody to detect any T cells that may be present 

in the corpus callosum at five weeks of cuprizone treatment.  Four mice from each 

experimental group were used in this experiment.  A C57BL/6 spleen section was used as 

positive control for the CD3 antibody.
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CHAPTER IV 

C3A AND C5A SIGNALING AND DOWNSTREAM EFFECTOR 

FUNCTIONS IN GLIAL CELLS 

Abstract 

Previous studies have shown that glial cells produce complement proteins and 

express complement receptors; however the precise role of anaphylatoxin-mediated 

signaling in individual glial subsets remains unclear.  To determine the effects of 

anaphylatoxins on glial subsets, murine recombinant C3a and C5a proteins were created.  

Mitogen-activated protein kinase (MAPK) pathway proteins c-Jun amino-terminal kinase 

1 (JNK1) and extracellular signal-regulated kinases 1 and 2 (ERK1/2) were activated in 

glia upon stimulation with recombinant anaphylatoxin proteins.  When microglial and 

mixed glial cultures were stimulated with C3a and/or C5a, the production of 

proinflammatory cytokines and chemokines was increased. In contrast, anaphylatoxin-

treated primary astrocytes had suppressed cytokine and chemokine production compared 

to untreated astrocytes.  In vitro, BV-2 microglia and primary astrocytes did not 

significantly migrate in response to stimulation with C3a or C5a proteins, suggesting 

migration may not be a primary anaphylatoxin-mediated function in the CNS or that 

other factors are required in addition to C3a and/or C5a to induce chemotaxis.  These data 

provide evidence that anaphylatoxins activate cells of the CNS, as well as induce 

cytokine and chemokine production in glial cells.  Understanding the downstream effects 

of anaphylatoxin signaling in specific glial cell types is important for developing future 

therapies for diseases of the CNS. 

Introduction and rationale 

The activation of the classical, alternative or lectin complement pathway results in 

the downstream cleavage of C3 and C5 proteins.  C3 and C5 proteins both consist of two 

polypeptide chains, an α- and β-chain.  Cleavage of the α-chain by C3 or C5 convertase 
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results in C3a and C5a proteins, respectively (31).  Cleavage products C3a and C5a are 

small proteins, 77 and 74 amino acids, respectively, which bind to C3aR and C5aR.  

C3aR and C5aR receptors belong to the rhodopsin subfamily of G protein-coupled 

receptors (GPCRs) that contain seven transmembrane loops and are found on many cell 

types, including glial cells (67, 68, 92).  Upon C3a or C5a binding, a conformational 

change of the intracellular receptor occurs, allowing certain heterotrimeric G proteins to 

interact with the receptor.  C5aR has been shown to couple to pertussis toxin-sensitive 

Giα2 (146, 147) or pertussis toxin-insensitive Gα16 (148), while C3aR may interact with 

Gα1, Gα12, Gα13 or Gα16 depending on the cell type (20).  A GDP-GTP exchange leads to 

the release of the heterotrimeric G protein from the receptor and separation of the α-

subunit from the βγ-subunit occurs.  These subunits are then able to interact with distinct 

effector proteins, leading to the activation of various signal transduction pathways (149).  

After exposure of the receptor to agonist, the intracellular portion of the receptor becomes 

susceptible to phosphorylation, which promotes high affinity binding of arrestins.  

Binding of arrestins leads to rapid internalization of the anaphylatoxin receptors, by a 

clathrin/dynamin-mediated mechanism (31, 149, 150).  This regulatory mechanism is 

termed homologous desensitization and can occur within minutes of C3a or C5a exposure 

(150). 

C5L2, a seven-transmembrane receptor structurally similar to C5aR, binds C5a 

and the C5a degradation product, C5adesArg (151).  There have been controversial 

reports of C3a and C3adesArg binding to C5L2, so the ability of C3a and C3adesArg to 

bind C5L2 remains uncertain (152, 153).  Unlike C3aR and C5aR, previous data have 

suggested that C5L2 does not couple to intracellular G proteins (153).  A recent report 

suggested that C5L2 regulates expression of C5aR on the cellular surface of neutrophils.  

C5aR and C5L2 were shown to interact with β-arrestin upon exposure to C5a (154).  

Interestingly, before agonist binding occurred, C5aR was most likely to be found on the 

cellular surface, while the majority of C5L2 expression was found within the cell (154).  
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In addition to modulating C5a signaling, previous studies have suggested that the binding 

of C3adesArg (ASP) to C5L2 may be involved in the regulation of triglyceride synthesis 

and other lipid biology functions (137, 155). 

Nearly all cell types in the brain express C3aR and C5aR; and currently, most of 

what is known about the functions of anaphylatoxins in the CNS has come from murine 

disease models that utilize knockout or transgenic mice to study the role of these proteins.  

In vivo studies are important for understanding the overall involvement of C3a and C5a in 

disease pathology, but they have not addressed how C3a and C5a signaling affect 

individual glial subsets.  In addition, many in vitro studies have used human reagents in 

murine systems, which may not fully recapitulate the activity of murine proteins.  

Previous in vitro studies have shown that anaphylatoxins are capable of activating signal 

transduction pathways in glial cells, including ERK proteins (52, 156).  Other studies 

have shown that microglia and astrocytes migrate in response to anaphylatoxin signaling 

(52, 59, 141).  Additionally, stimulation with C3a or C5a was shown to upregulate IL-8 

and monocyte chemotactic protein-1 (MCP-1) mRNA expression in a human 

glioblastoma cell line (60).  IL-6 mRNA expression was increased in human astrocyte 

cell lines after stimulation with C3a or C5a; however IL-6 protein levels were not altered 

upon treatment (157).  Finally, C3a has been shown to induce neurotrophin and hormone 

production in glia (51, 158). 

A major caveat in past studies has been the lack of available murine C3a and C5a 

recombinant proteins.  To address this issue and to study additional anaphylatoxin 

signaling transduction pathways used to modulate glial function, our lab created viral 

constructs to express murine recombinant C3a and C5a proteins.  Recombinant murine 

C3a and C5a were used to stimulate primary astrocytes, BV-2 microglia and mixed glial 

cultures in vitro to determine which signaling pathways are activated, in addition to 

determining the downstream effects of C3a and/or C5a including, migration and 

cytokine/chemokine production. 
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Hypothesis 

Previous data have shown that anaphylatoxins are able to signal through their 

respective receptors in glial cells to activate downstream pathways and cellular events.  

The hypothesis of this aim is that C3a and C5a differentially activate signal transduction 

pathways in individual glial cell subsets.  Once cell signaling is initiated, I hypothesize 

that C3a and/or C5a will mediate downstream proinflammatory effects, such as 

chemotaxis and proinflammatory cytokine production. 

Materials and methods 

Glial cell lines and enrichment of glial cultures 

The BV-2 murine macrophage cell line was a gift from Jenny P.-Y. Ting (The 

University of North Carolina at Chapel Hill).  BV-2 cells were cultured in DMEM 

(Invitrogen) with penicillin–streptomycin (Invitrogen) and 10% fetal bovine serum 

(Hyclone, Logan, UT).  Primary astrocytes were obtained from one to three day-old 

neonatal mouse brains based on methods previously described (159, 160). Briefly, the 

brains of one to three day-old mice were dissected, meninges removed and cells 

dissociated in trypsin–EDTA.  Mixed glial cells were cultured for 10-12 days at which 

time the microglia and oligodendrocytes precursors were shaken off at 225 rpm 

overnight.  Following trypsin–EDTA treatment, astrocytes were cultured on new plates.  

Enriched astrocytes were >95% GFAP positive by FACS analysis (data not shown). 

Astrocytes were cultured in DMEM (Invitrogen) with penicillin–streptomycin 

(Invitrogen) and 10% fetal bovine serum (Hyclone).  All animals were housed in the 

Laboratory of Animal Resources facilities at Iowa State University and all mouse 

protocols were approved by the Iowa State University Animal Care and Use Committee. 

Characterization of anaphylatoxin receptors on glial cells 

RNA was extracted from BV-2 microglia and astrocytes using Trizol reagent 

(Invitrogen).  Amplification was performed using reagents from a Superscript one-step 
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PCR reaction kit (Invitrogen) and using the following primers from Integrated DNA 

Technologies (IDT) (Coralville, IA); GAPDH sense, GGC ATT GTG GAA GGG CTC 

AGT; GAPDH anti, TGG GAG TTG CTG TTG AAG TCG; C5aR sense, CCA TTA 

GTG CCG ACC GTT TCC; C5aR anti, ACG CAC AGG GAG TTC AGC TTC; C3aR 

sense, TCC TTG GCT CAC CTG ATT CTC; and C3aR anti, AGG AGA TGT TAG 

GAA TGG CTG.  A 50 μL reaction was prepared for each sample and 10 μL aliquots 

were removed from the reaction at the indicated cycle number.  Products were separated 

on an agarose gel containing ethidium bromide.  The gel was exposed to ultraviolet light 

and the image was digitally captured.  GAPDH was used as a housekeeping gene to 

ensure that equal amounts of RNA were utilized for each reaction. 

To determine the protein level of anaphylatoxin receptors on glial cells, primary 

astrocytes and BV-2 microglial cells were analyzed by flow cytometry.  Briefly, 1x10
6
 

cells were placed in Fc block (BD Biosciences, San Jose, CA), washed and were then 

incubated with chicken anti-mouse C3aR or C5aR monoclonal antibody (1:100).  The 

C3aR and C5aR antibodies were a gift from SR Barnum (University of Alabama).  Cells 

incubated with chicken IgY (1:100) (VWR, Radnor, PA) were used as isotype controls.  

Next, cells were incubated in secondary antibody, anti-chicken IgY-FITC (1:50) (VWR).  

Cells were analyzed on a Beckman Coulter Epics Altra flow cytometer and the collected 

data were analyzed using FCS Express (De Novo Software, Los Angeles, CA). 

Adenoviral infection and purification of C3a- and C5a-

FLAG proteins 

Sequences for murine C3a and C5a were cloned from mouse liver cDNA using 

reverse-transcription-PCR.  A FLAG-tag sequence was cloned at the 5’ end of both 

minigene constructs for purification and identification purposes.  The Genbank accession 

numbers assigned to C3a and C5a sequences are HM105585 and HM105584, 

respectively.  Since both C3a and C5a are internal sequences within the C3 and C5 genes, 
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respectively, a heterologous signal sequence from the murine IFN-γ gene was included at 

the 5’ end.  The adenoviral vector (pacAd5) was provided by the University of Iowa 

Gene Transfer Vector Core (GTVC).  Each construct included an internal GFP cassette so 

that transduction efficiency could be monitored.  The GTVC performed the adenoviral 

preparation.  The recombinant Ad vector is based on the human adenovirus serotype 5, 

from which the E1a and E1b replication genes have been deleted in order to make virus 

replication defective (161).  A549 human lung cells were transduced with the adenovirus 

at high MOI in serum-free Hybridoma SFM media (Invitrogen).  After 48 hours, 

supernatants from transduced cells were collected, filtered and purified over an anti-

FLAG-M2-agarose affinity column (Sigma-Aldrich).  Proteins were eluted with low pH 

buffer and eluted proteins along with defined amounts of human C5a were run on a 15% 

SDS-PAGE gel and visualized by silver stain to quantify the amount of murine C3a or 

C5a. 

Recombinant C3a and C5a binding 

C3a- and C5a-FLAG proteins were dialyzed against PBS overnight to remove 

glycine.  Next, C3a- and C5a-FLAG were conjugated with FITC using the FluoroTag 

FITC conjugation kit (Sigma).  Briefly, C3a- and C5a-FLAG were incubated with FITC 

that had been resuspended in 0.1M sodium carbonate-bicarbonate buffer, pH 9.0, at a 

concentration of one mg/mL for two hours and dialyzed against PBS overnight to remove 

any unbound FITC.  FITC-labeled anaphylatoxins were incubated with BV-2 microglia, 

J774 macrophages or primary astrocytes for five minutes. Cells were washed, fixed with 

2.5% paraformaldehyde and immediately analyzed by flow cytometry. 

Chemotaxis to anaphylatoxins 

Chemotactic plates (Neuro Probe, Inc., Gaithersburg, MD) were used to 

determine if recombinant C3a and C5a induced migration of primary microglia, BV-2 

microglia or primary astrocytes.  The chemoattractants, various concentrations of C3a or 
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C5a, were placed in the bottom of a 96-well plate and a five or eight μm porous 

membrane was placed over the wells.  1 x 10
5
 cells were pipetted on top of the membrane 

and the plate was incubated three to four hours at 37° C to allow for migration through 

the membrane towards the chemoattractant.  Migrated cells were quantified using an 

ATPlite kit (Perkin Elmer, Waltham, MA), which determined the amount of ATP in each 

well using chemiluminescence.  A serial dilution standard curve was set up for each plate 

where known numbers of cells were used to determine the corresponding luminescence 

value.  The values obtained from the serial curve were then used to extrapolate cell 

numbers based on the luminescence value of the chemotaxis wells.  Chemotaxis controls 

included a negative control where medium alone was placed in the bottom of the well and 

also a chemokinesis control where chemoattractant was placed in the bottom well and on 

top of the membrane.  This control was used to account for the random migration of the 

cells across the membrane.  J774 and RAW 264.7 murine macrophages were used as 

positive controls for chemotaxis to C5a. 

Signaling assays 

Primary astrocytes and BV-2 microglia were treated with 50nM C3a or C5a for 0-

60 minutes or treated with varying concentrations of C3a or C5a (0-100nM) for five 

minutes.  At the indicated times, cells were lysed with RIPA buffer (50mM Tris-HCl, pH 

7.5, 150mM NaCl, 1mM EDTA, 1% NP-40 and 1% sodium deoxycholate) containing 

protease inhibitor (Roche Diagnostics) and phosphatase inhibitor cocktails (Sigma-

Aldrich).  Protein lysates were quantified using Bio-Rad Protein Assay reagent (BioRad, 

Hercules, CA) and equal amounts of protein lysate (40-60 μg) were loaded and run on a 

10% SDS-PAGE gel for 1.5-2 hours.  Gels were then transferred onto 45μm PVDF 

membrane using a semi-dry transfer system.  Blots were blocked in 5% fat-free dry milk 

(w/v) and then incubated overnight in primary antibody (pERK1/2, pJNK or p-p38 

MAPK) (Cell Signaling Technology, Danvers, MA).  Blots were developed on film using 
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LumiGLO chemiluminesence reagent (Cell Signaling Technology).  Blots were then 

stripped using Restore Western blot stripping buffer (Thermo Fisher Scientific Inc., 

Rockford, IL), re-blocked and incubated with total ERK1/2, JNK or p38 MAPK 

antibodies (Cell Signaling Technology).  Films were scanned and the densities of the 

bands were measured using ImageJ analysis software.  Phosphorylated band values were 

normalized to their respective total band value to account for protein loading differences. 

BioPlex and enzyme-linked immunosorbent assays 

(ELISAs) 

BV-2 microglia, primary astrocytes and mixed glial cells were plated in six-well 

tissue culture treated dishes.  Primary mixed glial cultures were allowed to mature for 10-

12 days before treatment.  Cells were treated with 50nM C3a, 50nM C5a or a 

combination of 50nM of both anaphylatoxins for the indicated times.  Supernatants were 

collected from each treatment group and were run in duplicate using a 23-multiplex assay 

(BioRad).  Supernatant IL-6 levels were verified using an ELISA (BioLegend, San 

Diego, CA).  CCL4 levels in the supernatants were also verified by ELISA (R&D 

Systems Inc., Minneapolis, MN).  Untreated cell supernatants were used as controls for 

each time point. 

Statistics 

Student’s unpaired t-test (two-tailed distribution, homoscedastic, Microsoft Excel) 

was used to examine the probability that differences between treatment groups were 

statistically significant. 
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Results 

Glial cells express anaphylatoxin receptors and 

recombinant C3a and C5a bind these cells 

Previous reports have shown that several types of glia express receptors for 

anaphylatoxins on their cellular surfaces (67, 68, 92, 133).  To verify these results, I 

looked for mRNA and protein expression of C3aR and C5aR on primary astrocytes and 

BV-2 microglia.  Both cell types expressed anaphylatoxin receptors at the mRNA and 

protein levels (Fig. 16A-C), confirming previous data.  Primary astrocytes seemed to 

express less C5aR compared to BV-2 microglia, both at the mRNA and protein level.  

Also, C3aR expression in primary astrocytes appears to be higher at the mRNA and 

protein levels when compared to C5aR expression (Fig. 16A and C).  C3aR and C5aR 

mRNA and protein were expressed at similar levels on BV-2 microglial cells (Fig. 16A 

and B).  These results show that both BV-2 microglia and primary astrocytes express 

C3aR and C5aR at the mRNA and protein levels and should be able to respond to C3a 

and C5a proteins, assuming these cells also express functional G proteins. 

Anaphylatoxins bind to anaphylatoxin receptors on glia 

In order to determine the function of anaphylatoxins on glial cells, recombinant 

murine anaphylatoxins were created.  C3a and C5a recombinant proteins were labeled 

with FITC to determine if they were able to bind to receptors on BV-2 microglia and 

astrocytes.  These experiments were to ensure that the recombinant proteins were 

functionally able to bind to anaphylatoxin receptors and to rule out the possibility that the 

recombinant proteins were unable to bind to receptors due to the addition of the FLAG 

epitope.  J774 macrophages were used as a positive control in these experiments, since 

previous data from our lab demonstrated that J774 cells migrate to our recombinant C5a. 

Results demonstrated that both FITC-labeled C3a and C5a bound to BV-2 

microglia.  FITC mean fluorescence intensities were 12- and 15-fold higher for C5a and 



83 
 

 

8
3
 

C3a, respectively, when compared to negative control values (Fig. 16D and E).  The 

mean fluorescence intensities were much lower when primary astrocytes were treated 

with FITC-labeled C3a or C5a.  Only a two-fold increase of C3a or C5a binding was 

observed in astrocytes when compared to the negative control (Fig. 16D and E). 

Anaphylatoxins activate MAPK signaling pathways in 

primary astrocytes and BV-2 microglia 

It has been shown that human recombinant C3a and C5a activate MAPK proteins 

ERK1/2 in a human astrocyte cell line and human recombinant C5a stimulation can 

activate ERK1 in primary murine astrocytes (156, 162).  To determine how 

anaphylatoxins differentially activate MAPK pathways in glial cell subsets, recombinant 

anaphylatoxin proteins were used to stimulate primary astrocytes and BV-2 microglia.  

When BV-2 cells were stimulated with 50 nM C5a, ERK2 was phosphorylated as early as 

one minute after treatment (Fig. 17A and 17B).  Both ERK1/2 were significantly 

activated after five minutes of stimulation with C5a.  Activation of ERK1/2 was short 

lived and by 15 minutes the phosphorylation levels of ERK1/2 were equal to levels found 

in untreated cells (Fig. 17A and 17B).  When BV-2 cells were treated with 50 nM C3a, 

there was not an increase in phosphorylated ERK1/2 at any of the time points tested (Fig. 

17D), suggesting 50 nM C3a does not activate the ERK-MAPK pathway in BV-2 

microglia.  Cells were treated for five minutes with C3a concentrations ranging from 0-

100nM and still there was not an increase in phosphorylation of ERK1/2 (Fig. 17C).  

Additionally, p38 and JNK MAPK pathways were not activated in BV-2 cells when 

stimulated with 50 nM C3a or C5a (data not shown). 

When primary astrocytes were treated with 50nM C3a or 50nM C5a, ERK 

proteins were activated.  In contrast to BV-2 cells treated with C3a, significant 

phosphorylation of ERK2 occurred at 15 minutes (Fig. 18C and 18D).  By 60 minutes, 

pERK1/2 levels were decreased to levels seen in untreated control cells.  When astrocytes 
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were treated with 50nM C5a, levels of pERK1 were higher than untreated control cells 

starting at 15 minutes (Fig. 18A and 18B).  Levels of pERK1/2 were not significantly 

higher than untreated control cells at 30 minutes (p = 0.08 for both pERK1/2), but both 

ERK1/2 were significantly activated at 60 minutes.  The basal levels of ERK1/2 

phosphorylation were higher in untreated primary astrocytes compared to BV-2 cells, 

thus making the overall fold-increase less in primary astrocytes.  I also looked for 

activation of p38 and JNK proteins in primary astrocytes.  In C3a or C5a treated cells, 

p38 MAPK was not phosphorylated (data not shown).  Interestingly, JNK1 was 

phosphorylated in primary astrocytes treated with C3a or C5a (Fig. 19A and 19B).  

Similar to ERK1/2 activation, significant activation of JNK1 occurred between 15 and 30 

minutes.  At 60 minutes after C3a or C5a treatment, JNK1 phosphorylation was not 

significantly higher than untreated cells.  JNK2/3 were not activated in C3a or C5a 

stimulated primary astrocytes. 

C3a and C5a do not induce chemotaxis of primary 

astrocytes or microglia. 

Previous findings have shown that C5a can induce downstream functions in glial 

cells, such as chemotaxis and upregulation of cytokine expression (52, 59, 60, 141).  To 

determine if anaphylatoxins induce migration of glia, I utilized a chemotaxis assay.  First, 

J774 murine macrophages were used as a positive control for migration to C5a.  

Approximately 30% of J774 cells migrated in response to 10 nM C5a (Fig. 20A).  There 

was also significant migration to 5, 25 and 50 nM concentrations of C5a.  However, when 

C3a was used as the chemoattractant, there was not a significant migration of J774 cells 

(Fig. 20A). 

Next, the ability of primary astrocytes and microglia to migrate to C3a or C5a was 

tested.  Primary microglia did not significantly migrate to either anaphylatoxin at the 

concentrations tested (Fig. 20B).  Because of the small number of microglia that can be 



85 
 

 

8
5
 

isolated from mixed glial cultures, I could only look at a small concentration curve per 

experiment.  Additionally, results for microglia had to be calculated in relative light units 

(RLU), because there were not enough cells per experiment to utilize for a serial dilution 

curve for calculating the number of cells.  Primary microglia did not migrate to higher 

concentrations of either anaphylatoxin (data not shown).  Also, primary astrocytes failed 

to significantly migrate towards C3a or C5a (Fig. 20C).  Overall, the data suggest that 

C3a and C5a are not acting as strong chemoattractants at the concentrations tested for 

primary astrocytes or microglia. 

Anaphylatoxins induce cytokine and chemokine production 

in mixed glia and BV-2 microglia 

To establish if cytokines and/or chemokines are upregulated by glial cells in 

response to anaphylatoxin treatment mixed glial cultures, BV-2 microglia and primary 

astrocytes were treated with media alone, 50nM C3a, 50nM C5a or a combination of 

50nM C3a and C5a.  Mixed glia, which contain astrocytes, microglia and 

oligodendrocyte progenitors, were utilized to gain insight on how cellular interaction may 

play a role in regulating the cytokine response to anaphylatoxin stimulation.  Using a 

multiplex assay, it was observed that glial cells were capable of upregulating 

proinflammatory chemokines and cytokines.  In mixed glial cultures IL-6, CCL5 

(RANTES) and IL-13 were upregulated by 2-fold or greater.  Mixed glial cultures 

produced the proinflammatory cytokine IL-6 in response to C3a or C5a one day after 

treatment (Fig. 21A and Table 2).  These data were verified using an IL-6 ELISA (Fig. 

21B).  A significant additive effect on IL-6 production was observed when cells were 

treated with C3a and C5a in combination.  In a previous cuprizone experiment, it was 

shown that CCL4, or macrophage inflammatory protein-1β (MIP-1β), mRNA levels were 

upregulated upon cuprizone treatment (123).  To determine if CCL4 was upregulated by 

mixed glia in response to anaphylatoxin stimulation, we looked for CCL4 production by 
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ELISA.  While the multiplex results did not show a 2-fold increase of CCL4 after one 

day of anaphylatoxin treatment, CCL4 was increased by 1.7-fold in C5a treated cell 

supernatants compared to untreated cells (Table 2).  ELISA experiments confirmed that 

mixed glial cultures produced significantly more CCL4 in response to C5a treatment 

(Fig. 21B).  Interestingly, when cells were treated with C3a there was less CCL4 present 

in the supernatant after one day compared to untreated cells (Fig. 21B). 

The multiplex experiment with BV-2 cell supernatants demonstrated increased 

levels of CCL4, CCL5 and CCL11 (Eotaxin) upon treatment with anaphylatoxins.  

ELISA results confirmed that BV-2 microglial cultures treated with 50nM C5a, 50 nM 

C3a or a combination of both anaphylatoxins had increased expression of CCL4 in cell 

supernatants compared to untreated control three days after treatment (Fig. 22A-B and 

Table 3).  Significant additive effects on CCL4 production were not detected when BV-2 

cells were treated with both C3a and C5a compared to when BV-2 cells were treated with 

either C3a or C5a alone (Fig. 22B).  Multiplex data showed an increase in CCL4 

production after one day of C5a stimulation in microglia, but these results could not be 

reproduced in ELISA experiments.  In both mixed glia and BV-2 stimulated cells some 

chemokine and cytokine levels decreased after one day.  The decrease in levels of IL-6 

and CCL4 between day one and day three in mixed glia and BV-2 supernatants, 

respectively, in the multiplex analysis most likely reflects protein degradation. 

When primary astrocytes were treated with anaphylatoxins, an interesting trend in 

the multiplex and ELISA results occurred.  Interestingly, none of the cytokines tested for 

were increased upon treatment with anaphylatoxins; however, the presence of C3a and/or 

C5a decreased cytokine production in astrocyte cultures.  After one day of anaphylatoxin 

treatment, IL-13 was decreased in astrocyte cultures treated with C3a, C5a, or both 

anaphylatoxins (Fig. 23A and Table 4).  On day six, IL-13, IL-9 and CCL4 were 

decreased in the cell supernatant (Fig. 23A-B and Table 4).  The CCL4 multiplex data 
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were verified by ELISA.  Similar to the multiplex results, six days after anaphylatoxin 

treatment CCL4 levels were decreased in astrocyte cultures (Fig. 23B). 

Discussion 

These studies have shown that both microglia and primary astrocytes express 

C3aR and C5aR at the mRNA and protein levels (Fig. 16).  JNK and ERK proteins were 

phosphorylated in primary astrocytes in response to C3a or C5a stimulation (Fig. 18 and 

19).  These results differed from what was observed in microglia, where ERK1/2 

proteins, but not JNK, were phosphorylated in response to C5a only (Fig. 17).  These 

results suggest that signal transduction pathways are differentially regulated in these two 

glial cell types.  It has previously been shown that ERK1/2 are phosphorylated in 

response to C3a and C5a human recombinant proteins in a human glioblastoma cell line 

(156) and recombinant human C5a in primary murine astrocytes (162); however JNK 

activation in response to C3a or C5a stimulation has never been shown in primary 

astrocytes or astrocyte cell lines.  While there have not been any previous reports on C3a 

and C5a induction of JNK activation, previous studies have shown that JNK activation in 

astrocytes can result in upregulation of cytokines (163, 164), growth factors (165) and 

apoptosis (166), depending on the stimuli.  Future studies will be required to determine 

the downstream effects of anaphylatoxin-mediated JNK and ERK1/2 activation in 

primary astrocytes.  In addition, the role of C5L2 remains elusive and future signaling 

studies must take into account the potential involvement of C5L2 in glial cells and its 

effect on C5a signaling. 

C3a has been implicated in EAE pathology and in our own cuprizone studies, yet 

the exact mechanisms by which C3a mediates its exacerbating effects in vivo have yet to 

be established.  There have been no published reports indicating C3a involvement in glial 

cell migration and results from our lab suggest that recombinant murine C3a does not 

induce migration of microglia, primary astrocytes or J774 macrophages (Fig. 20); 



88 
 

 

8
8
 

suggesting chemotaxis may not be the primary effector function of C3a in the CNS.  It 

was previously shown that human recombinant C5a mediates migration of microglia and 

astrocytes in vitro (52, 59, 141); however in our chemotaxis experiments there was not 

significant migration of either of these cell types in response to recombinant murine C5a.  

These results may suggest a difference in experimental design or differences between 

human and murine reagents. 

Previous studies have shown that when astrocytes (61) and microglia (51) were 

stimulated with C3a, production of growth factors were upregulated, suggesting C3a may 

have the potential to induce cytokine and chemokine production in glia.  In my studies, 

C3a and/or C5a treated BV-2 microglia produced more CCL4, CCL5 and CCL11 than 

untreated control cells (Fig. 22 and Table 3).  Also, when mixed glia were treated with 

C3a or C5a, IL-6 was upregulated after one day of treatment.  Interestingly, when cells 

were treated with C3a, CCL4 was decreased compared to untreated control cells, 

suggesting C3a has the ability to induce certain cytokines while downmodulating others.  

Unlike C3a, C5a was able to upregulate CCL4 in mixed glial cultures after one day (Fig. 

21 and Table 2).  The ability of C3a and C5a to induce production of chemokines in glial 

cells provides an alternative mechanism for the induction of chemotaxis in the CNS, 

since CCL4 and CCL5 are known to be potent chemotactic factors (167). 

In contrast to the proinflammatory cytokine and chemokine production in 

anaphylatoxin stimulated microglia and mixed glia, astrocytes treated with 

anaphylatoxins exhibited consistent regulatory characteristics.  Untreated astrocyte 

supernatants had far greater levels of IL-9, IL-13 and CCL4 compared to astrocytes that 

were treated with C3a or C5a (Fig. 23 and Table 4), suggesting anaphylatoxin stimulation 

results in downmodulation of cytokine production in these cells.  Previous studies 

showed that when astrocytes were stimulated with proinflammatory mediators, astrocytes 

acted in a regulatory manner through production of regulatory cytokines (168) or 

induction of regulatory signaling pathways (169, 170).  Additionally, it has been shown 
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that when pituitary cell cultures are treated with C3a, the production of hormones 

involved in the regulation of inflammation are increased (158).  When primary astrocytes 

were treated with C3a or C5a they did not upregulate any cytokines considered to be anti-

inflammatory, including the regulatory cytokine IL-10 (Table 4).  Although primary 

astrocytes reacted to anaphylatoxin stimulation in a regulatory or suppressive manner, 

previous studies have shown that astrocytes were able to upregulate proinflammatory 

cytokine production in response to specific proinflammatory stimuli, including TNF-α 

and IFN-γ (53). 

Even though primary astrocytes downregulated cytokine production, the ability of 

mixed glial cultures to produce proinflammatory cytokines and chemokines in response 

to anaphylatoxin treatment in vitro suggests that the proinflammatory response, which is 

most likely due to microglial activation, overrides the regulatory response of astrocytes, 

the most prevalent cell type in mixed glial cultures.  Alternatively, astrocytes may require 

cellular interaction with other types of glia to upregulate cytokine and chemokine 

production in response to anaphylatoxin stimulation.  Further investigation into 

anaphylatoxin-mediated activation of alternative signaling pathways are needed to 

determine which signal transduction pathways may be required for suppressing cytokine 

production by astrocytes.  Additionally, determining which type of cell is producing IL-6 

or CCL4 in the mixed glial cultures would be of interest for future studies.  These studies 

would help determine if cellular interactions are required for astrocytes to produce 

proinflammatory cytokines. 
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Figure 16.  Primary astrocytes and BV-2 microglia express anaphylatoxin receptors 

(A)  RT-PCR was used to detect mRNA levels of C3aR and C5aR on primary astrocytes 

and BV-2 microglia.  10 μL aliquots were taken out of the total PCR reaction every three 

cycles beginning at 18 cycles for GAPDH and 24 cycles for C3aR and C5aR.  GAPDH 

was used as a housekeeping gene to ensure that equal amounts of RNA were used in the 

experiment.  (B)  C3aR and C5aR protein expression was detected on BV-2 microglia or  

(C)  primary astrocytes by FACS analysis.  Receptors on the cellular surfaces were 

detected using chicken anti-mouse C3aR or chicken anti-mouse C5aR.  IgY was used as 

an isotype control.  (D)  Recombinant C3a- and  (E)  C5a-FLAG were labeled with FITC.  

The labeled protein was then used to detect C3a and C5a binding on J774 macrophages, 

BV-2 microglia and primary astrocytes.  For each cell type, cells were stained with FITC 

alone to detect background staining, thus acting as a negative control.  Results are 

presented as fold-increase in mean fluorescence intensity over the corresponding negative 

control.  All of the experiments were repeated at least three times.
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Figure 17.  C5a activates MAPK signaling pathways in BV-2 microglia 

(A)  BV-2 cells were stimulated with 0-100 nM C5a for five minutes and whole cell 

lysates were used to analyze ERK1/2 activation by immunoblotting.  After pERK1/2 

were detected, all blots were stripped and re-probed for total ERK1/2.  (B)  BV-2 cells 

were stimulated with 50nM C5a for 0-60 minutes and whole cell lysates were used to 

analyze ERK1/2 activation by immunoblotting.  After pERK1/2 were detected, all blots 

were stripped and re-probed for total ERK1/2.  The density of each band was measured 

using ImageJ software.  Phosphorylated values were normalized to total values to account 

for any discrepancies in protein loading.  (C)  BV-2 cells were stimulated with 0-100 nM 

C3a for five minutes and whole cell lysates were used to analyze ERK1/2 activation by 

immunoblotting.  After pERK1/2 were detected, all blots were stripped and re-probed for 

total ERK1/2.  (D)  BV-2 cells were stimulated with 50nM C3a for 0-60 minutes and 

whole cell lysates were used to analyze ERK1/2 activation by immunoblotting.  After 

pERK1/2 were detected, all blots were stripped and re-probed for total ERK1/2.  

Statistical significance was calculated using unpaired Student’s t-test.  For these 

calculations, values from each experimental timepoint were compared to untreated cells, 

where * p < 0.05 and ** p < 0.001.  Three blots from three different experiments were 

used for measuring ERK1/2 activation.  Error bars represent standard deviation.
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Figure 18.  Anaphylatoxins activate ERK1/2 in primary astrocytes 

(A)  Primary astrocytes were stimulated with 50nM C5a for 0-60 minutes and whole cell 

lysates were used to analyze ERK1/2 activation by immunoblotting.  After pERK1/2 

were detected, all blots were stripped and re-probed for total ERK1/2.  (B)  The density 

of each band was measured using ImageJ software.  Phosphorylated values were 

normalized to total values to account for any discrepancies in protein loading.  (C)  

Primary astrocytes were stimulated with 50nM C3a for 0-60 minutes and whole cell 

lysates were used to analyze ERK1/2 activation by immunoblotting.  After pERK1/2 

were detected, all blots were stripped and re-probed for total ERK1/2.  (D)  The density 

of each band was measured using ImageJ software.  Phosphorylated values were 

normalized to total values to account for any discrepancies in protein loading.  Three 

blots from three different experiments were used for measuring ERK1/2 activation.  

Statistical significance was calculated using unpaired Student’s t-test.  For these 

calculations, values from each experimental timepoint were compared to untreated cells, 

where * p < 0.05.  Error bars represent standard deviation.
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Figure 19.  Anaphylatoxins activate JNK in primary astrocytes 

(A)  Primary astrocytes were stimulated with 50nM C5a for 0-60 minutes and whole cell 

lysates were used to analyze JNK activation by immunoblotting.  After pJNK was 

detected, all blots were stripped and re-probed for total JNK.  The density of each band 

was measured using ImageJ software.  Phosphorylated values were normalized to total 

values to account for any discrepancies in protein loading.  (B)  Primary astrocytes were 

stimulated with 50nM C3a for 0-60 minutes and whole cell lysates were used to analyze 

JNK activation by immunoblotting.  After pJNK was detected, all blots were stripped and 

re-probed for total JNK.  The density of each band was measured using ImageJ software.  

Phosphorylated values were normalized to total values to account for any discrepancies in 

protein loading.  Statistical significance was calculated using unpaired Student’s t-test.  

For these calculations, values from each experimental timepoint were compared to 

untreated cells, where * p < 0.05 and ** p < 0.001.  Three or more blots were used for 

measuring JNK activation in primary astrocytes.  Error bars represent standard deviation.
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Figure 20.  C3a and C5a do not induce chemotaxis of primary astrocytes or microglia 

(A)  The indicated concentrations of C3a or C5a were placed in a 96-well chemotactic 

plate and a membrane with 5 um pores was placed over these wells.  1 x 10
5 
J774 

macrophages were placed on top of the membrane and the corresponding well containing 

either C3a, C5a or medium alone.  The cells were allowed to incubate for three hours at 

37º C.  Cells were quantified using an ATP luminescence assay.  Relative light units 

(RLU) from the samples were compared to a standard curve RLUs of known quantities of 

J774 cells.  The error bars represent standard deviation.  (B)  Indicated amounts of C3a or 

C5a were placed in a 96-well chemotactic plate and a membrane with 5 um pores was 

placed over these wells.  1 x 10
5 

primary microglia were placed on top of the membrane 

and the corresponding well containing either C3a, C5a or medium alone as a negative 

control.  The cells were allowed to incubate for four hours at 37º C.  Cells were 

quantified using an ATP luminescence assay.  The values represent relative light units 

(RLU) and the error bars represent standard deviation.  (C)  Indicated amounts of C3a or 

C5a were placed in a 96-well chemotactic plate and a membrane with 8 um pores was 

placed over these wells.  1 x 10
5 

primary astrocytes were placed on top of the membrane 

and the corresponding well containing either C3a, C5a or medium alone.  The cells were 

allowed to incubate for four hours at 37º C.  Cells were quantified using an ATP 

luminescence assay.  Relative light units (RLU) from the samples were compared to a 

standard curve RLUs of known quantities of primary astrocyte cells.  The error bars 

represent standard deviation.  All of the above experiments were repeated at least three 

times.  Statistical significance was calculated using unpaired Student’s t-test.  For these 

calculations, the experimental anaphylatoxin concentrations were compared to negative 

control values, where * p < 0.05.
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Table 2.  C3a and/or C5a induce cytokine and chemokine production in mixed glia 

 1 day treatment 3 day treatment 6 day treatment 

Analyte None C3a C5a Both None C3a C5a Both None C3a C5a Both 

IL-1α nd nd nd nd nd nd nd nd nd nd nd nd 

IL-1β 126 83 176 134 15 9 45 15 20 49 30 25 

IL-2 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-3 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-4 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-5 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-6 109 265 203 334 22 58 65 95 8 19 20 30 

IL-9 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-10 2 3 4 3 5 3 11 4 5 16 9 5 

IL-12 

(p40) 

225 266 356 299 185 187 280 270 177 343 309 252 

IL-12 

(p70) 

nd nd nd nd nd nd nd nd nd nd nd nd 

IL-13 45 41 72 41 nd nd 10 nd nd 41 24 21 

IL-17 nd nd nd nd nd nd nd nd nd nd nd nd 

CCL11 232 240 407 301 49 52 480 100 176 208 471 126 

G-CSF 248 207 372 298 224 162 386 257 206 217 308 246 

GM-CSF 21 26 33 31 nd 10 24 16 14 48 38 23 

IFN-γ nd nd nd nd nd nd nd nd nd nd nd nd 

CXCL1 2993 3024 3787 3163 2877 2323 2365 3130 3266 2934 3537 3285 

CCL2 25981 25706 43278 33024 16567 13779 20672 19919 13604 13713 18086 14459 

CCL3 2845 1665 3695 3114 74 46 132 64 88 110 91 64 

CCL4 2097 1390 3589 2426 222 51 143 112 267 97 131 106 

CCL5 831 657 1342 976 205 119 442 240 327 137 337 230 

TNF-α 10 9 18 16 7 5 17 7 9 11 17 13 

Note:  Mixed glia were left untreated or stimulated with 50nM C3a, 50nM C5a or a 
combination of 50nM C3a and C5a.  After one, three or six days of treatment, cell 
supernatants were collected from the cell cultures and analyzed using a multiplex assay.  
These data are from a single multiplex experiment and all samples were run in duplicate.  
The numbers reported are pg/mL concentrations.  nd, analyte was non-detectable in the 
cell supernatant.  The shaded boxes represent samples in which a two-fold change in 
analyte levels between the experimental treatment and the untreated cells occurred.
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Figure 21.  Anaphylatoxins induce cytokine and chemokine production in mixed glial 

cultures 

(A)  Mixed glia were stimulated with 50nM C3a, 50nM C5a or a combination of 50nM 

C3a and C5a.  After one, three or six days, cell supernatant was collected from cell 

cultures and analyzed using a multiplex assay.  These data are from a single multiplex 

experiment and all samples were run in duplicate.  (B)  Mixed glia were treated with 

50nM C3a, 50nM C5a or a combination of 50nM C3a and C5a for one day.  After one 

day of treatment, supernatants were collected and used in ELISAs specific for IL-6 or 

CCL4.  Samples from three experiments were used for ELISAs.  Statistical significance 

was calculated using unpaired Student’s t-test.  For these calculations, values from 

C3a/C5a treated cells were compared to cells that were left untreated for one day, where 

* p < 0.05.  Error bars represent standard deviation.
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Table 3.  C3a and/or C5a induce cytokine and chemokine production in BV-2 microglia 

 1 day treatment 3 day treatment 5 day treatment 

Analyte None C3a C5a Both None C3a C5a Both None C3a C5a Both 

IL-1α nd nd nd nd nd nd nd nd nd nd nd nd 

IL-1β 315 286 341 298 288 339 328 351 248 344 335 324 

IL-2 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-3 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-4 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-5 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-6 37 35 38 36 21 18 37 23 14 5 17 8 

IL-9 100 60 90 73 73 118 83 102 60 81 77 73 

IL-10 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-12 (p40) nd nd nd nd nd nd nd nd nd nd nd nd 

IL-12 (p70) 34 40 43 38 23 14 33 21 25 15 35 33 

IL-13 108 105 131 100 71 114 80 103 59 105 83 71 

IL-17 nd nd nd nd nd nd nd nd nd nd nd nd 

CCL11 381 402 494 363 233 474 463 468 209 438 428 448 

G-CSF 191 128 233 168 182 106 219 154 211 78 204 113 

GM-CSF 44 38 41 31 30 41 38 42 31 37 38 34 

IFN-γ nd nd nd nd nd nd nd nd nd nd nd nd 

CXCL1 nd nd nd nd nd nd nd nd nd nd nd nd 

CCL2 12213 10776 14948 13062 15392 16817 19883 19521 19943 14439 19322 15481 

CCL3 5425 5282 5772 5445 5612 5970 5757 5833 5393 5819 5846 5762 

CCL4 21665 11590 47916 14436 1514 7957 2963 6184 403 3370 1927 3016 

CCL5 1244 1142 1231 1159 1129 1264 1219 1305 171 1067 691 1000 

TNF-α nd nd nd nd nd nd nd nd nd nd nd nd 

Note:  BV-2 microglia were left untreated or stimulated with 50nM C3a, 50nM C5a or a 
combination of 50nM C3a and C5a.  After one, three or five days of treatment, cell 
supernatants were collected from the cell cultures and analyzed using a multiplex assay.  
These data are from a single multiplex experiment and all samples were run in duplicate.  
The numbers reported represent pg/mL concentrations.  nd, analyte was non-detectable in 
the cell supernatant.  The shaded boxes represent samples in which a two-fold change in 
analyte levels between the experimental treatment and the untreated cells occurred.
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Figure 22.  Anaphylatoxins induce CCL4 production in BV-2 microglia 

(A)  BV-2 microglia were stimulated with 50nM C3a, 50nM C5a or a combination of 

50nM C3a and C5a.  After one, three or five days cell supernatant was collected from the 

cell cultures and analyzed using a multiplex assay.  These data are from a single 

multiplex experiment and all samples were run in duplicate.  (B)  BV-2 microglia were 

treated with 50nM C3a, 50nM C5a or a combination of 50nM C3a and C5a for three 

days.  After three days of treatment, supernatants were collected and used in an ELISA 

specific for CCL4.  Samples from three experiments were used for ELISAs.  Statistical 

significance was calculated using unpaired student’s t-test.  For these calculations, values 

from C3a/C5a treated cells were compared to cells that were left untreated for three days, 

where * p < 0.05.  Error bars represent standard deviation.
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Table 4.  C3a and/or C5a induce cytokine and chemokine production in primary 

astrocytes 

 1 day treatment 3 day treatment 6 day treatment 

Analyte None C3a C5a Both None C3a C5a Both None C3a C5a Both 

IL-1α nd nd nd nd nd nd nd nd nd nd nd nd 

IL-1β 151 126 139 118 185 144 152 132 182 98 141 92 

IL-2 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-3 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-4 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-5 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-6 205 229 187 242 121 164 122 155 61 69 63 88 

IL-9 41 31 31 55 64 38 48 22 67 13 38 nd 

IL-10 nd nd nd nd nd nd nd nd nd nd nd nd 

IL-12 (p40) 121 97 104 100 107 89 93 88 96 65 83 80 

IL-12 (p70) nd nd nd nd nd nd nd nd nd nd nd nd 

IL-13 95 36 21 31 60 45 34 21 69 nd 31 nd 

IL-17 nd nd nd nd nd nd nd nd nd nd nd nd 

CCL11 380 402 494 363 233 474 463 468 210 438 427 448 

G-CSF 169 105 134 112 186 116 143 118 199 102 155 129 

GM-CSF 29 26 25 28 35 35 29 24 26 23 19 18 

IFN-γ nd nd nd nd nd nd nd nd nd nd nd nd 

CXCL1 2083 1640 1748 1684 2354 1989 1962 1911 2854 2215 2470 2323 

CCL2 14597 12692 13493 13343 19044 15895 15171 13869 17497 14045 15650 15121 

CCL3 3420 2903 3216 3020 3858 3446 3517 3205 3953 2455 3273 2224 

CCL4 2578 1948 2203 1864 3689 2544 2363 1982 2868 1206 1832 1133 

CCL5 1188 974 1066 1056 1190 973 1083 985 1327 849 1127 901 

TNF-α nd nd nd nd nd nd nd nd nd nd nd nd 

Note:  Primary astrocytes were left untreated or stimulated with 50nM C3a, 50nM C5a or 
a combination of 50nM C3a and C5a.  After one, three or six days of treatment, cell 
supernatants were collected from the cell cultures and analyzed using a multiplex assay.  
These data are from a single multiplex experiment and all samples were run in duplicate.  
The numbers reported are pg/mL concentrations.  nd, analyte was non-detectable in the 
cell supernatant.  The shaded boxes represent samples in which a two-fold change in 
analyte levels between the experimental treatment and the untreated cells occurred. 
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Figure 23.  C3a/C5a decrease cytokine production in primary astrocytes 

(A)  Primary astrocytes were stimulated with 50nM C3a, 50nM C5a or a combination of 

50nM C3a and C5a.  After one, three or six days, cell supernatant was collected from the 

cell cultures and analyzed using a multiplex assay.  These data are from a single 

multiplex experiment and all samples were run in duplicate.  (B)  Primary astrocytes were 

stimulated with 50nM C3a, 50nM C5a or a combination of 50nM C3a and C5a.  After six 

days, cell supernatants were collected from the cell cultures and analyzed using an 

ELISA specific for CCL4.  Samples from three experiments were used for ELISAs.  

Statistical significance was calculated using unpaired student’s t-test.  For these 

calculations, values from C3a/C5a treated cells were compared to cells that were left 

untreated for six days, where * p < 0.05.  Error bars represent standard deviation.
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CHAPTER V 

DISCUSSION 

Summary 

The goal of these experiments was to test the central hypothesis that the 

production of C3 and downstream effector complement proteins would exacerbate 

demyelination pathology through activation of glial cells, leading to upregulation of 

inflammatory mediators.  From these studies, I have determined that complement 

proteins C3a and C5a play a detrimental role in demyelination in the murine cuprizone 

model.  When C3a or C5a were overexpressed specifically in the CNS, increased 

demyelination severity was observed.  Demyelination in transgenic mice was 

characterized by increased cellularity within the demyelinating corpus callosum.  Upon 

further experimentation, I found that RCA staining intensity was increased in the corpus 

callosum of C3a and C5a transgenic mice, indicating an increased presence of microglia.  

Cells staining positive for CD3 were also detected in C5a transgenic mice, indicating an 

increase of T cells in the corpus callosum.  Even though demyelination was exacerbated 

in C3a and C5a transgenic mice, these mice were still able to remyelinate effectively by 

the end of the ten week study.  There was evidence that increased C3a and C5a 

expression in the brain led to increased oligodendrocytes in the corpus callosum upon the 

removal of cuprizone.  Interestingly, various parameters of demyelination and 

remyelination were not affected in C3
-/-

 mice when compared to control mice. 

When individual glial subsets were analyzed, microglia and astrocytes were found 

to express receptors for C3a and C5a at mRNA and protein levels.  In vitro studies 

provided evidence for cellular activation of different glial cell subsets when these cells 

were treated with C3a or C5a.  C5a stimulated BV-2 microglia showed upregulation of 

activated ERK1/2 proteins, while C3a and C5a stimulated astrocytes showed 

upregulation of activated ERK1/2 and JNK proteins.  Finally, upon stimulation with 
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anaphylatoxins, mixed glia and BV-2 microglia produced inflammatory cytokines and 

chemokines; including IL-6 and CCL4.  In contrast to previous data, microglia and 

astrocytes did not significantly migrate to C3a or C5a in in vitro migration assays. 

Discussion 

Results of C3
-/-

 studies 

Initially, C3
-/-

 mice were utilized to establish an overall role for complement in 

demyelination and remyelination pathology in cuprizone treated mice.  These mice were 

tested based on previous results from sCrry transgenic mice, suggesting complement 

plays a crucial role in exacerbating disease pathology in the cuprizone model (107).  The 

results obtained from the C3
-/-

 studies imply that C3 and downstream complement 

proteins are inconsequential for pathology in the cuprizone system.  However, deleting so 

many potential effector mechanisms from these mice could have eliminated both harmful 

and protective responses, negating any observable effects in these mice.  For these 

reasons, I moved on to testing individual complement proteins and their role in 

cuprizone-mediated demyelination. 

Past studies utilizing a different strain of C3
-/-

 mice provided conflicting data.  

When EAE was induced in these mice, one group found that C3 exacerbated disease 

severity (96, 108) while another group, similar to our results, found no changes when 

compared to control mice (132).  These results may suggest that this specific strain is an 

unreliable model for testing complement function in the CNS; however it would be 

interesting to know if cuprizone had the same effect on this strain of C3
-/-

 mice, or if the 

results I obtained were a strain-specific issue.  Also, if these studies were to be repeated, 

it may be beneficial to use C57BL/6 WT mice as controls instead of C3
+/-

 mice, as I did.  

WT mice would theoretically be able to produce more complement upon cuprizone 

exposure and thus the differences between C3
-/-

 and WT mice could potentially be 

greater. 
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C3a involvement in demyelination and glial cell activation 

While results from C3
-/-

 mice showed no change compared to control mice that 

were treated with cuprizone, CNS-specific expression of C3a or C5a was shown to 

exacerbate demyelination severity upon cuprizone treatment.  Previous in vivo data from 

EAE studies have also suggested a role for C3a and C3aR in demyelination severity (99); 

however in vivo data have not provided a clear picture of how C3a mediates its specific 

effects.  Our in vitro studies suggest that recombinant murine C3a does not induce 

significant migration of microglia or primary astrocytes, suggesting C3a may not be able 

to induce chemotaxis of glial cells on its own.  However, it is possible that other growth 

factors, chemokines or cytokines are needed in conjunction with C3a to induce 

significant migration of astrocytes and microglia.  Additionally, because individual cells 

were isolated, they may lack the necessary interactions with other types of glia to induce 

cellular migration.  Future studies should address whether mixed glial cells can migrate to 

C3a/C5a to determine if cell interactions are needed for this process.  Therefore, while 

there was not significant migration in vitro, it is possible that C3a encourages cellular 

migration in cooperation with other trophic or inflammatory molecules in an 

inflammatory in vivo setting, such as cuprizone treatment. 

Previous studies have shown that when astrocytes or microglia are stimulated 

with C3a, they have the capability to upregulate neural growth factor (NGF) and cytokine 

mRNA expression (51, 60, 61, 157); however the ability of C3a to upregulate cytokine 

and chemokine protein levels has not been previously tested.  I found that when BV-2 

microglia were treated with C3a, CCL4, CCL5 and CCL11 were increased when cell 

supernatants were analyzed in a multiplex experiment.  In previous experiments, 

microglia have been shown to express CCR3 and CCR5, receptors for CCL4 and CCL5 

(171), while astrocytes express CCR3, in addition to CCR1, another receptor for CCL5 

(172, 173).  Additionally, previous cuprizone studies have shown that CCL4 and CCL5 

mRNA transcripts are upregulated in the brain during cuprizone treatment (123, 174).  
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The expression of chemokine receptors on glia in conjunction with upregulated 

chemokine production by C3a stimulated microglia in vitro may be a potential 

mechanism by which C3a indirectly induces migration of reactive microglia and 

astrocytes to the demyelinating corpus callosum during cuprizone treatment. 

IL-6 was also upregulated in mixed glial cultures stimulated with C3a/C5a.  

Because of the many functions IL-6 is known to regulate, it is difficult to determine what 

role IL-6 might be playing in the presence of C3a/C5a stimulation.  Overexpression of 

IL-6 can play a detrimental role in the CNS, leading to BBB breakdown, 

neurodegeneration, microglial/macrophage activation and gliosis (175, 176).  Despite the 

many known proinflammatory effects of IL-6, there has been evidence to suggest this 

cytokine may also have neurotrophic functions.  For instance, IL-6 protects neurons from 

N-methyl-D-aspartate (NMDA) toxicity in vitro (177).  Also, previous findings have 

shown that IL-6 promotes neuronal survival, neural stem cell differentiation and neurite 

growth (178, 179).  Finally, IL-6 mediates the release of many neurotrophins; including, 

glial cell-derived neurotrophic factor (GDNF), neurotrophin-3 (NT-3) and NGF (180, 

181).  These molecules promote neuronal survival and interactions between neurons and 

immune cells.  Future studies will be needed to determine the overall effect of IL-6 

signaling in demyelination and remyelination models, including the cuprizone model. 

Overall, our in vivo data suggest overexpression of C3a induces a 

proinflammatory response during cuprizone treatment, similar to results found in the 

EAE model (99).  In contrast, previous data have shown that C3a is able attenuate 

inflammation in the CNS.  For example, C3a-GFAP mice are protected from LPS-

induced shock (182), suggesting that C3a expressed in the CNS is capable of inducing a 

neuroprotective response, as well as an exacerbating response.  Additionally, when mixed 

glia were treated with C3a, there was a significant decrease in the amount of CCL4 

present in the supernatant compared to untreated cells and cells that were treated with 

C5a alone or a combination of C3a/C5a.  In contrast, C3a upregulated IL-6 production in 
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mixed glial cells.  Therefore, depending on the stimuli in the CNS, C3a can induce 

detrimental or protective outcomes.  Overall, these data suggest that the outcome of C3a 

signaling most likely depends on other inflammatory or regulatory factors present in the 

local environment. 

C5a involvement in demyelination and glial cell activation 

Upon treatment with cuprizone, C5a-GFAP mice had increased RCA staining 

compared to control mice during demyelination, indicating an increased presence of 

microglia.  Despite C5a being a well known chemoattractant for many cell types, I found 

that microglia and astrocytes did not significantly migrate to this molecule in vitro, 

similar to results observed in C3a stimulated cells.  J774 macrophages significantly 

migrated to C5a, indicating that our purified C5a recombinant protein was able to 

function as a chemoattractant.  Similar to cells treated with C3a, glia produced 

upregulated levels of IL-6, CCL4, CCL5 and CCL11 in cell cultures treated with C5a.  

The ability of glia to produce chemokines in response to C5a presents an alternative 

mechanism for the observed increase in cellularity in the corpus callosum during 

demyelination in our in vivo studies.  Future studies will be required to determine if any 

of these chemokines are necessary for demyelination events in the cuprizone model. 

In addition to increased RCA staining, our studies demonstrate positive CD3 

staining at five weeks of cuprizone treatment in C3a and C5a transgenic mice.  Although 

this staining only occurred in approximately 50% of the C3a transgenic mice, staining 

was evident in all of the C5a transgenic mice that had received cuprizone treatment for 

five weeks.  Since an increase in CD3 staining in untreated C5a-GFAP mice or cuprizone 

treated WT mice was not detected, it is assumed that the BBB was intact in transgenic 

mice before cuprizone treatment and in WT mice after five weeks of cuprizone treatment.  

Cuprizone studies in C5a transgenic mice suggest that during cuprizone treatment, the 

BBB may be more permeable compared to WT mice.  A recent study has shown evidence 
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of CXCR2
+
 neutrophils crossing into the brain during cuprizone treatment.  Interestingly, 

neutrophil infiltration into the corpus callosum occurred at five days after the initiation of 

cuprizone treatment (183).  These results may indicate that important inflammatory 

events occur before three weeks of cuprizone treatment.  My data and the neutrophil 

study provide evidence that the BBB may be more permissive during cuprizone treatment 

than originally thought. 

Past studies have provided some preliminary evidence that C5a alters BBB 

permeability in vivo.  For instance, in a murine model of CNS lupus, when mice were 

treated with a C5aR antagonist, inter-cellular adhesion molecule-1 (ICAM-1/CD54) 

mRNA expression and the number of neutrophils were decreased in the brain (76).  

Additionally, when endothelial cells were treated with serum from lupus mice in the 

presence of a C5aR antagonist, endothelial cell permeability was decreased (140).  Using 

an anti-C5a antibody in an experimental model of septic encephalopathy resulted in 

decreased BBB permeability (139).  Finally, previous studies demonstrated that C5a 

stimulation upregulated adhesion molecule expression on various cell types (184).  These 

data may suggest that upon exposure to C5a, cells of the BBB, such as endothelial cells 

and astrocytes are capable of upregulating adhesion molecules.  If chemokines, such as 

CCL4 and CCL5, are upregulated within the parenchyma in response to C5a and 

adhesion molecules are upregulated on the endothelial or astrocyte cells of the BBB, this 

would create an ideal environment for inflammatory cell traffic across the BBB, which 

could explain the increase in CD3
+
 T cells observed in C5a-GFAP mice.  Previous 

studies have also shown that CCL4 increases the adherence of T-cells to endothelial cells, 

in in vitro experiments (185).  Future studies should be directed at determining the role of 

anaphylatoxins on BBB permeability, and whether or not anaphylatoxins contribute to 

cellular traffic into the CNS. 
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The role of anaphylatoxins in remyelination 

Using antagonists to the C3aR and/or C5aR may decrease inflammation in 

lesions; however the importance of C3a and C5a production during remyelination 

remains uncertain.  One of the discouraging problems in some MS patients is the lack of 

remyelination by oligodendrocytes within areas of demyelination.  This lack of 

remyelination has been associated with either an absence of migrating oligodendrocyte 

precursor cells into the demyelinating lesion, oligodendrocyte precursors that do not 

mature properly or do not receive the proper signals to begin remyelinating within the 

lesion (186). 

My results suggest that C3a and C5a could enhance the recruitment of 

oligodendrocytes into demyelinated areas (Fig. 24).  Consequently, blocking C3aR and 

C5aR activity could potentially be detrimental to remyelination processes.  On the other 

hand, the increase in damage to the myelin sheaths and microglial presence in the corpus 

callosum could be responsible for the recruitment or proliferation of oligodendrocytes, in 

contrast to the actual C3a and/or C5a proteins themselves (Fig. 24).  Previous studies 

have shown that an increase in inflammation could be necessary for recruitment of 

oligodendrocyte precursors into demyelinated lesions (142); however the mechanism that 

mediates enhanced remyelination in the presence of inflammatory mediators is unknown.  

This phenomenon could explain why remyelination is more likely to occur in acute 

inflammatory lesions, in contrast to chronic demyelinated lesions.  Regardless of the 

mechanism at play, C3a and C5a transgenic mice were able to remyelinate as effectively 

as WT mice even though inflammation was more severe during peak demyelination. 

Implications for human disease and proposed experimental 

model 

It was previously established that complement deposition was present within type 

II lesions in MS patients (85) and C3a and C5a receptors were upregulated in some 
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patients with MS (50, 93).  These results suggest that C3a and/or C5a may play a role in 

MS demyelination and lesion pathology.  Results from my in vitro and in vivo 

experiments led me to propose the following model to detail how C3a and C5a affect 

demyelination and remyelination pathogenesis (Fig. 24).  In MS, it is likely that the 

classical complement pathway is activated by C1q binding anti-myelin Ab-Ag complexes 

to initiate production of C3a and C5a, along with other downstream complement effector 

molecules, including C3b and MAC (Fig. 24).  In lesions where antibody is absent, such 

as lesions induced by cuprizone, C1q could bind myelin breakdown products to initiate 

the classical pathway, which has previously been shown to occur in in vitro studies (3). 

Upon activation of the classical pathway, several effector products are formed 

upon cleavage of C3 and downstream C5; including C3a and C5a proteins (Fig. 24).  

These complement effector proteins may all play some role in damage to the myelin 

sheaths.  Finally, complement production may be further amplified by activation of the 

alternative pathway.  In addition to increased migration of inflammatory cells to C3a 

and/or C5a, these molecules could be acting on several cell types to induce increased 

chemokine production, which also mediates cell migration, further stimulating increased 

cellularity within inflammatory lesions (Fig. 24). 

In MS, certain adhesion molecules are upregulated on vessels and inflammatory 

cells within MS lesions. ICAM-1 and ICAM-2 are upregulated on vessels in MS lesions 

and the ICAM-1/2 ligand, lymphocyte function antigen-1 (LFA-1) was found on the 

majority of infiltrating lymphocytes and monocytes (187).  These data suggest that 

transendothelial migration by inflammatory cells could be mediated by the upregulation 

of cell adhesion molecules.  Increased levels of soluble platelet/endothelial cell adhesion 

molecule-1 (PECAM-1) have also been found in serum samples from MS patients (187, 

188).  C5a has been shown to mediate upregulation of adhesion molecules on certain cell 

types (76, 189, 190), however it is unknown if C3a or C5a plays a role in the upregulation 

of adhesion molecules to affect BBB permeability in MS patients. 
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In addition to upregulation of adhesion molecules on brain endothelial cells, 

production of certain inflammatory molecules can affect BBB permeability.  Matrix 

metalloproteinases (MMP) can damage parts of the basement membrane, which may also 

increase cellular traffic into the brain (191).  Previous studies have shown that C5a is able 

to induce MMP-1 and MMP-9 in cultured human macrophages (192) and MMP-9 in 

eosinophils and neutrophils (193), aiding in the extravasation process; however, it is 

unknown if C5a-mediated production of MMPs affects BBB permeability in MS.  The 

exact mechanism by which C5a affects BBB permeability has not been established; 

however, C5a is able to upregulate several mediators that are known to affect the ability 

of cells to enter the brain, so it is plausible that C5a plays a role in BBB permeability in 

MS and/or in animal models of demyelination. 

Chemokines were upregulated in response to C3a and/or C5a treatment in vitro 

(Fig. 24).  Several human studies have implicated certain chemokines and cytokines in 

MS lesion pathology, due to their upregulated expression in active lesions in MS patients.  

CCR1, CCR3 and CCR5, receptors for CCL4 and CCL5, were shown to be upregulated 

on microglia and macrophages within demyelinating lesions of MS patients (194, 195).  

Additionally, CCL4 and CCL5 were detected in active MS lesions and CCL5 was 

upregulated in CSF samples taken from relapsing MS patients (194).  Chemokine 

gradients play a key role in cellular traffic crossing the BBB (187), but it is unknown if 

anaphylatoxin production is responsible for upregulation of any of these key chemokines 

in MS.  It is certainly plausible that C3a and/or C5a have the capability, as shown in our 

in vitro studies, to induce chemokine upregulation by certain cells that may aid in the 

overall inflammatory response in active lesions (Fig. 24).
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Figure 24.  Proposed model. 

(A)  Insult to myelin and myelin-producing oligodendrocytes occurs in MS and during 

cuprizone treatment.  (B)  C1q can bind to myelin proteins or Ag-Ab complexes to 

initiate the classical pathway.  Amplification of complement production may occur via 

the alternative pathway.  Cleavage of C3 and downstream C5 results in several 

complement effector proteins which may cause direct damage to myelin through 

opsonization and subsequent phagocytosis and/or lysis via MAC.  (C)  Production of C3a 

and/or C5a has the ability to activate glial cell transduction pathways and subsequent 

effector functions.  C3a and/or C5a mediate the production of inflammatory cytokines 

and chemokines including, IL-6, CCL4 and CCL5.  (D)  During demyelination, the 

expression of C3a and C5a leads to exacerbated demyelination, as well as increased 

microglial infiltration/activation in the corpus callosum.  Upon removal of cuprizone, 

oligodendrocytes may migrate/proliferate in response to C3a or C5a.  Alternatively, 

oligodendrocyte cells may be responding in higher numbers, because of the increased 

inflammation found in C3a and C5a transgenic mice.
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CHAPTER VI 

FUTURE DIRECTIONS 

Anaphylatoxin receptors 

While I established that increased expression of C3a or C5a leads to exacerbated 

demyelination, the role of anaphylatoxin receptors C3aR, C5aR and C5L2 in the brain 

during cuprizone treatment has not yet established.  To confirm findings from studies 

utilizing C3a and C5a transgenic mice, C3aR KO and C5aR KO mice should also be 

utilized in cuprizone studies.  It is assumed that in anaphylatoxin receptor KO mice, 

demyelination severity would be attenuated due to a lack of interaction between C3a, C5a 

and their respective receptors.  It would also be of interest to determine the role of C5L2 

in cuprizone-induced demyelination and remyelination.  Some groups have postulated 

that C5L2 expression has the ability to dowmodulate C5aR expression on the cellular 

surface, which may regulate inflammation by C5a (154).  Previous studies have utilized 

C5L2 KO to determine the overall role of this receptor during disease in murine models.  

Complementary experiments would include isolating glia from receptor knockout mice to 

establish the role of C5aR and C5L2 modulation on signal transduction pathways, as well 

as downstream effector functions.  If C5L2 regulates C5aR cell surface expression and 

signaling, it is possible that upon C5a stimulation there would be more 

cytokine/chemokine production in the absence of C5L2.  Future cuprizone and in vitro 

tissue culture studies should establish a role for all three receptors in 

demyelination/remyelination pathology and glial cell function. 

Additionally, the levels of C3a and C5a produced in C3a- and C5a-GFAP mice 

during cuprizone treatment should be assessed to determine the level of complement 

activation throughout cuprizone treatment in transgenic mice compared to WT mice.  

Previous studies have confirmed that C5a is upregulated in the CSF of C5a-GFAP mice 

(101) and when C3aR KO and C3a-GFAP mice were crossed, severity of disease was 
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diminished, indicating that the production of C3a was responsible for worsened disease in 

the EAE model (182).  However, determining the exact concentration of C3a and C5a 

present in the brains of transgenic mice during cuprizone treatment would be important 

for assessing the physiological relevance of these studies. 

Effect of C3a and/or C5a on neurons 

Previous results have shown that C3aR and C5aR are expressed on rodent neural 

precursor cells and mature neurons (34, 68, 196).  Despite this fact, there have been few 

studies using C3a/C5a to stimulate neurons or examine the effect of C3a/C5a on neurons 

in neurodegenerative disease models.  The in vitro studies performed thus far have 

suggested that signaling through C3aR or C5aR results in protective effects.  For 

instance, C3a (but not C5a) was shown to play a role in neural precursor cell regeneration 

and migration (34, 35, 197) and C5a was shown to protect neurons from glutamate 

induced apoptosis (134, 135).  Additionally, when human microglia were stimulated with 

C3a, NGF, a molecule associated with neuronal growth and survival, was shown to be 

upregulated (51).  These data suggest that C3a and C5a are involved in neurogenesis, as 

well as the protection of mature neurons from harmful substances. 

Future studies should determine the role(s) of C3a and C5a on neurons in 

progressive forms of MS and chronic demyelination.  The lack of the protective myelin 

sheath around demyelinated axons is thought to encourage axon damage and subsequent 

disability (87).  Thus, the role of C3a and C5a as therapeutic molecules for neurogenesis 

should be examined.  To analyze chronic demyelination, previous studies have utilized 

the chronic form of the cuprizone model.  In this model, cuprizone is not removed from 

the diet and areas of demyelination persist with little remyelination occurring (117).  One 

study showed that after 12 weeks of cuprizone treatment, there was significant damage to 

axons within the corpus callosum (198).  Thus, using C3a or C5a transgenic mice in 

chronic demyelination studies could provide useful information about whether or not 
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C3a/C5a provide protection to neurons experiencing chronic insult or stimulate 

neurogenesis within the damaged corpus callosum.  There are methods for detecting 

damaged axons using immunofluorescence or immunohistochemistry (198, 199) and 

antibodies to detect neuronal (anti-NeuN, anti-microtubule associated protein-2 and anti-

neuron specific beta III tubulin) and neural precursor cells (anti-CD133) are 

commercially available.  These studies may provide information on whether or not excess 

C3a/C5a is harmful to neurons, or if these molecules are protective and stimulate 

increased neurogenesis and migration of neural stem cell precursors to areas of chronic 

demyelination. 

Signal transduction pathways 

C3a or C5a were able to activate certain proteins in MAPK signal transduction 

pathways.  Future studies should focus on determining which pathways are necessary for 

downstream functions, including chemokine and cytokine production.  The necessity of 

certain pathways can be tested using specific inhibitors to various proteins in signal 

transduction pathways.  It is also interesting that C5a was able to activate ERK1/2 in BV-

2 microglia, but C3a was not.  These data suggest C3a and C5a may mediate activation 

via different signal transduction pathways in these cells.  Previous results in 

anaphylatoxin-stimulated endothelial cells showed that C3a and C5a signal through 

different transduction pathways in these cells (200).  A similar phenomenon could be 

occurring in BV-2 microglia, but further testing will be necessary to identify which signal 

transduction pathways are utilized by C3a.  Activation of ERK1/2, JNK and p38 MAPK 

pathways did not occur in C3a-stimulated BV-2 microglia.  C3a was able to mediate 

upregulation of CCL4 in BV-2 microglia when compared to untreated control cells, 

which would suggest that some type of signal transduction pathway is being activated by 

C3a in these cells. 
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Also, determining which specific signal transduction pathway is responsible for 

the decreased expression of chemokines and cytokines in astrocytes that were stimulated 

with C3a and/or C5a will be important future studies.  Previous studies have shown that 

SOCS-1 and SOCS-3 activation are involved in downregulation of cytokine production in 

astrocytes (170), therefore future studies should involve determining if these proteins 

play a role in the down-modulation of cytokines observed in C3a/C5a stimulated primary 

astrocytes.  Levels of SOCS-1 and SOCS-3 via anaphylatoxin stimulation in astrocytes 

could be analyzed by Western blot, using antibodies against SOCS-1/SOCS-3.  

Additionally, astrocytes from SOCS-1 and/or SOCS-3 knockout mice could be used to 

determine if cytokine production would be upregulated in response to C3a/C5a 

stimulation in the absence of SOCS proteins. 

The effect of anaphylatoxins on the BBB function 

As discussed previously, there was a consistent presence of CD3
+
 cells in the 

corpus callosum of cuprizone-treated C5a-GFAP mice.  This suggests that there is some 

disruption of the BBB making it leakier in the presence of increased C5a.  Alternatively, 

C5a may be able to upregulate certain molecules, such as adhesion molecules and/or 

chemokines, to allow for CD3
+
 T cells to extravasate into the brain parenchyma.  Other 

groups have found some evidence to suggest that C5a may play a role in BBB 

permeability (76, 139), but more studies are needed to confirm these preliminary findings 

and to determine the precise mechanism for the disturbance in BBB function.  Previous in 

vitro studies demonstrated that inflammatory cytokines and LPS induced increased 

expression of adhesion molecules, such as vascular cell adhesion molecule (VCAM), E-

selectin and ICAM-1 on cerebral or brain microvascular endothelial cells (201-204).  

Similar studies could be performed using C5a to stimulate brain endothelial cells and 

then observing changes in adhesion molecule expression.  It is also important to 
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determine the level of adhesion molecule expression on primary astrocytes, as they play 

an important functional role in BBB structure. 

The presence of T cells in the corpus callosum of cuprizone-treated C5a 

transgenic mice also poses the question of whether or not other types of cells in the 

circulatory system are able to extravasate into the brain.  If CD3
+
 cells are able to cross 

the BBB in these mice, then it is plausible that other immune cell types are able to cross 

the BBB as well.  Simple BBB permeability tests could be performed in C5a-GFAP 

transgenic mice to determine if these mice have disrupted BBB compared to control 

mice.  To determine the permeability of the BBB, several past experiments utilized tracer 

molecules.   Tracer molecules were injected into the circulatory system and the CNS was 

examined to observe the presence or absence of the tracer molecule (114, 139).  Finally, 

utilizing cell specific antibodies could lead to the detection of other immune cell types 

entering the brain in C5a-GFAP mice using immunohistochemistry or 

immunofluorescence techniques. 

Anaphylatoxins and stimulation of remyelination 

As previously described, many MS patients suffer from demyelinating lesions in 

which proper remyelination fails to occur.  There are several steps at which failure by 

oligodendrocyte precursors can occur.  First, some demyelinated lesions do not contain 

any oligodendrocyte precursors, suggesting these cells fail to migrate to sites of damage 

(205).  Second, some lesions have precursor cells at the outer edge of the demyelinating 

lesion, but do not infiltrate the lesion to remyelinate the damaged area completely (205).  

Some areas of demyelination have oligodendrocytes present, but the cells are quiescent 

and do not produce any myelin to repair damaged sites (206).  Finally, some chronic 

lesions have been shown to contain premyelinating oligodendrocytes that contain myelin 

proteins in their processes and demyelinated axons, but remyelinated axons are not 
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present in the lesion (207).  Therefore, there are several issues to address when looking 

for potential therapeutic targets to enhance remyelination in MS patients. 

In our cuprizone studies, there were increased numbers of oligodendrocytes 

present in the corpus callosum of C3a and C5a transgenic mice once cuprizone was 

removed from the diet.  Future studies should determine the reason for the increased 

presence of oligodendrocytes and whether oligodendrocyte precursors migrate in the 

presence of increased C3a or C5a.  Previous studies have shown that oligodendrocyte 

progenitors do not migrate in response to C5a (59); however these in vitro studies lack 

many factors that may be available in vivo to act in concert with C3a/C5a to enhance 

migration.  Future cuprizone studies utilizing C3aR and C5aR knockout mice should be 

helpful in determining whether or not these receptors are necessary on oligodendrocyte 

precursors for their migration to demyelinated areas.  However, if not much 

demyelination occurs in receptor knockout mice, then the migration of oligodendrocyte 

precursors may not be necessary.  There are also C3aR and C5aR  antagonists (72, 75) 

that could be given to mice after demyelination to block receptor function during 

remyelination to determine if oligodendrocyte precursor migration relies on C3aR and 

C5aR signaling. 

It is also possible that C3a/C5a may encourage proliferation or production of 

other growth factors that mature oligodendrocyte progenitors once they have reached 

sites of demyelination.  Studies have shown that growth factors; including platelet-

derived growth factor (PDGF), insulin-like growth factor-1 (IGF1), brain-derived 

neurotrophic factor (BDNF) and NT-3 are necessary growth factors for oligodendrocyte 

precursor maturation and proliferation (186).  It is unknown if anaphylatoxin stimulation 

affects levels of any of these growth factors in the CNS.  Future in vitro studies should 

address if C3a/C5a stimulation promotes upregulation of growth factor production 

necessary for maturation and/or proliferation of oligodendrocyte precursors. 
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Because C3a and C5a were both shown to exacerbate demyelination pathology, 

concentrations of these molecules would have to be rigorously controlled to reach levels 

sufficient for enhanced remyelination, but not increase damage in active lesions.  Several 

groups have hypothesized that maturing neural precursor stem cells ex vivo and then 

grafting these cells into progressive patients with demyelinated lesions may stimulate 

remyelination and many studies have focused on specific molecules that may mature 

neural precursor cells into myelin-producing, mature oligodendrocytes (186, 208).  

Again, it will be necessary to determine if C3a and/or C5a could potentially mature 

neural precursors in vitro before this therapy could be a viable option for treatment of MS 

patients. 

Involvement of other complement effectors 

C3a and C5a proteins are products of cascades that produce several effector 

proteins.  Therefore, determining which complement proteins are playing a harmful 

versus protective role during CNS disease is ultimately necessary in understanding the 

overall role of complement and for testing potential therapeutic targets.  Testing 

individual complement proteins and their role in demyelination and remyelination would 

involve utilizing mice that have a single complement protein or receptor knocked out.  

Additionally, establishing a role for complement regulatory proteins in the CNS and how 

they may regulate complement-mediated inflammation during demyelination will be 

necessary for future studies.  Our lab has established a role for sCrry protein in previous 

studies (107) and preliminary results from our lab also indicate that the alternative 

pathway regulatory protein Factor H may play a role in regulating inflammation during 

cuprizone-induced demyelination.  In addition to determining the role of complement 

proteins in animal models, such as the cuprizone model, it will also be necessary to 

analyze these proteins in MS patients during relapse, remission and progressive stages of 
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disease to fully understand the role of these proteins and how they apply to human 

disease.
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