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ABSTRACT OF THE DISSERTATION 

 
Complement in neurotrauma 

By 
 

Diane Su 
 

Doctor of Philosophy in Biomedical Sciences 
 

 University of California, Irvine, 2018 
 

Professor Aileen J. Anderson, Chair 
 
 

 
 Central nervous system (CNS) injury is classified as a diverse group of disorders that can 

include spinal cord injury (SCI) and traumatic brain injury (TBI). Once either an SCI or TBI 

occurs there is an inflammatory response, which includes the activation of the complement 

pathway. Activation of this pathway leads to the formation of opsonic fragments (C3b and C4b), 

anaphylactic fragments (C3a and C5a), and the formation of the membrane attack complex 

(MAC) also known as C5b-9. Studies on complement’s effect after SCI or TBI have concluded 

that complement activation impairs recovery. However, recent studies have suggested that there 

is a dual role for complement that can be both beneficial as well as detrimental in the CNS. 

Interestingly, many studies utilizing animal models for the inflammatory response of the 

complement system have been utilizing an animal model we show here is a poor indicator of 

mechanism.   

 Previous data from the laboratory has shown that C6 deficiency in PVG rats was 

beneficial for recovery after SCI. However, this data was in conflict with other data from our 

laboratory experiments utilizing a more complement sufficient BUB/BnJ mouse that was also C6 

deficient, which was, in this case detrimental for recovery. Due to this inconsistency littermate 



	 x 

PVG C6-D and C6 WT rats were generated to ask the question if C6 deficiency would improve 

fully complement sufficient rodent model. Investigation has revealed that littermate controls of 

PVG C6-D rats had results similar to our BUB C6-D mice, that C6 was beneficial for recovery as 

shown through motor recovery and lesion volume. Critically, investigations of inhibiting the 

classical, alternative, and lectin pathway demonstrated that a BUB C3 knockout had increased 

hippocampal sparing, neuronal sparing, synaptic sparing, and decreased activated microglial 

response. BUB C3 knockouts also exhibited increased motor recovery after TBI and less 

hyperactivity. In conclusion these studies suggest that MAC is beneficial for recovery after a SCI 

in a correct rodent model and that C3 knockout is beneficial for recovery after a TBI. 
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CHAPTER 1 

Introduction 

Central Nervous System Injuries 

 A central nervous system (CNS) injury is classified as a diverse group of disorders that can 

include spinal cord injury (SCI) and traumatic brain injury (TBI). These injuries result from 

external physical insults, and can range from mild to severe (Shoichet et al., 2008). While SCI 

and TBI can occur independently from each other, between 25-70% of SCI and TBI occur 

concomitantly (Sommer and Witkiewicz, 2004; Macciocchi et al., 2008; Hagen et al., 2010; 

Creasey et al., 2015). While studying the two injuries together would be beneficial for clinical 

relevance, understanding the effect of a single injury on the CNS allows for the understanding of 

what is happening within either the spinal cord or the brain before combining the two injuries.  

 When studying SCI there are several different models that are utilized. One of the most 

common types of injury used is the contusion model as it closely mimics typical human SCI. To 

create these injuries, the spinal cord is exposed via laminectomy and either a weight impact  or 

clip compression is administered (Allen, 1911; Fehlings and Tator, 1995; Plemel et al., 2008). 

Alternatively, a model of penetrating SCI, such as that produced by a stab or bullet wound, can 

be obtained via a complete or partial transection (Norenberg et al., 2004). Depending on the 

injury type different histological and functional endpoints can be measured, including 

development of a progressive lesion, formation of a glial scar, inflammatory responses to the 

injury, capacity for and barriers to axonal regeneration, and locomotor behaviors (Metz et al., 

2000). 
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Models of TBI 

 Several different experimental models of TBI are used in research. The most common 

include fluid percussion (FPI), weight drop (WDI), blast injury penetrating ballistic-like brain 

injury, and controlled cortical impact (CCI). The studies reported within this dissertation 

employed the CCI model. To create these injuries, the head is immobilized and the brain exposed 

via craniotomy, and a cortical impact administered with a set speed and depth of injury. CCI 

causes a focal injury and has the advantage of reproducibility as a result of fixation of the head 

and the capability of setting an exact injury location using stereotaxic coordinates, minimizing 

variability in comparison to other injuries (Gold et al., 2013). CCI also can reproduce the results 

typically seen in the most common TBI modes, FPI and WDI (Reviewed in Cernak, 2005) 

(Bolkvadze and Pitkanen, 2012). 

CNS Pathogenesis  

 Traumatic CNS injuries such as TBI and SCI can both have damage to the blood brain 

barrier (BBB) and the blood spinal cord barrier (BSB). This breakdown allows for the entry of 

complement and other factors such as leukocytes in blood. Within the brain this breech of the 

BBB can lead to edema (Rynkowski et al., 2009; Li et al., 2013), release of cytokines (Dalgard et 

al., 2012), recruitment of inflammatory cells (Unpublished Beck et al.; Nguyen et al., 2008), 

increases in astrocyte activation (Schnell et al., 1999). This can lead to damage to neurons, cell 

death of glia and neurons, demyelination, vasculature damage, meningeal damage (Gadani et al., 

2015), as well as impaired regulation of cerebral brain fluid, and metabolism (Werner and 

Engelhard, 2007). 

 In spinal cord injury once the BSB is broken similar to BBB disruption there can be 

inflammation, axonal degeneration, ischemia, edema, excitotoxity, necrosis, apoptosis, 
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demyelination, and the formation of the glial scar, all of which has a complement component 

(Norenberg et al., 2004; Rowland et al., 2008) (Reviewed in Alexander et al., 2008) (Figure 1.1). 

All of the effects from BBB and BSB breakdown leads to damage that can manifest after, weeks 

or even months and affect recovery outcomes (Chodobski et al., 2011). 

 

CNS Inflammatory Response 

 Traumatic injury to the CNS results in breakdown of the BBB or BSB, respectively, with 

entry of inflammatory proteins and cells. Innate immune responses to traumatic CNS injury 

include both complement and innate immune cells (microglia/macrophages and neutrophils). 

Complement: Complement components are mainly synthesized in the liver, however they can 

also be synthesized in the CNS by neurons, astrocytes, microglia, oligodendrocytes (Reviewed in 

Veerhuis et al., 2011) (Gasque et al., 1995; Gasque et al., 2000). Complement activation can be 

triggered by both pathogen invasion or an inflammatory response to injury. Complement proteins 

and mRNA have been detected at SCI injury site including C1q, C3, and MAC in rodents 

(Anderson et al., 2004; Nguyen et al., 2008). In TBI C1q and C3 mRNA has been detected after 

24 hours in the contusion site by in situ hybridization, semi-quantitative RT-PCR, up to 7 days 

post injury (Bellander et al., 2010; Al Nimer et al., 2013).  

Microglia: Microglia are CNS resident cells that are able to produce C1q, C3, C4, C7, C8, C9, 

regulators, and receptors (Gasque et al., 1995; Veerhuis et al., 2011) that also have the capacity 

to phagocytose pathogens and debris. Microglial may be quickly activated after injury (Town et 

al., 2005; Cao et al., 2012) and activation after CNS trauma can lead to expression of pro-

inflammatory mediators, oxygen intermediates, nitric oxide, and glutamate agonists (Bellander et 
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al., 2004; Town et al., 2005; Griffin et al., 2007; Bellander et al., 2010; Veerhuis et al., 2011; 

Cao et al., 2012). Along with secretion of complement factors microglia have also been linked to 

synapse clearing during development and after disease (Stevens et al., 2007; Vasek et al., 2016). 

 

Neutrophils: The cellular inflammatory response has been characterized by numerous infiltrating 

neutrophils and macrophages (Sroga et al., 2003; Yang et al., 2004; Fleming et al., 2006; Chang, 

2007; Stirling and Yong, 2008). Neutrophil recruitment to a site of injury is through secreted 

molecules from microglia (Rock et al., 2004; Zhou et al., 2009) as well as chemotactic 

complement activation fragments [ref]. Neutrophils are the first cellular response to CNS 

injuries. Following SCI there is neutrophil infiltration to the site of injury (Bohana-Kashtan et 

al., 2004) this initial infiltration in the brain is also seen after TBI (Clark et al., 1994). What is 

interesting to note is that after a spinal cord injury, neutrophils will concentrate within the 

necrotic gray and white matter surrounding and within the injury epicenter (Blight, 1994; 

Popovich et al., 1997; Carlson et al., 1998; Fleming et al., 2006; Beck et al., 2010; Nguyen et al., 

2011).  

Macrophages: After CNS injury neutrophils are activated and they produce macrophage 

chemoattractants which guide macrophages to the site of injury (Kilgore et al., 1997). Unlike 

neutrophils after SCI macrophages and microglia will initially surround the injury in gray matter 

but then spread rostrally and caudally to the injury until at a chronic timepoint they will be 

located in the white matter (Blight, 1994; Beck et al., 2010; Nguyen et al., 2011). Similar to 

microglia, macrophages synthesize a variety of cytokines and chemokines, as well as 

complement factors as well as are involved in phagocytosis of bacteria or tissue debris that have 

been tagged for removal through the complement system (Unpublished Hooshmand et al., 
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2013b). 

Complement Cascade 

 The activation of microglia and the inflammatory cellular response of neutrophils and 

microphages may all be triggered by the activation of the complement system. The complement 

system is an enzymatic cascade that consists of over 40 proteins. This system is composed of 

three different pathways and serve an important role in our innate and adaptive immunity. It is 

involved in the recognition and elimination of pathogens, marking them for removal and 

activating a series of inflammatory cascades that lead to the recruitment of inflammatory cells 

and initiating pathogen cell lysis directly (Reviewed in Janeway 2016) (Bohana-Kashtan et al., 

2004; Ricklin et al., 2010) (Reviewed in Ehrnthaller et al., 2011).  

 The complement cascade is made up of three different arms, or pathways. The activation of 

complement involves a series of proteolytic cleavages of inactive complement zymogens, once 

activated this cleaves the next zymogen within the pathway. This pathway continues as a series 

of enzymatic reactions that in the end amplify the activation cascade (Reviewed in Eggleton et 

al., 2000). There are three distinct pathways that complement can be activated by different 

molecules which all end in the formation of the membrane attack complex (MAC) (Figure 1.2) 

(Peterson and Anderson, 2014).  

 

Classical Pathway 

 In the classical pathway the C1 complex is formed by a single C1q molecule and two 

molecules each of C1r and C1s which are zymogens (Cooper, 1985; Arlaud et al., 2001; Arlaud 

et al., 2002; Gal et al., 2009). The C1q protein is a 460kDa glycoprotein, and is composed of six 
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globular subunits and a collagen-like tail which are arranged like a bouquet of flowers. 

(Reviewed in Markiewski et al., 2007). These tails link the six globular heads together and 

contain the interaction sites for the C1r and C1s. When these heads bind to antibodies or to 

pathogens there is a conformational change in the C1r:C1s complex causing C1r to be activated, 

this activation cleaves C1s to form an active serine protease (Dodds et al., 1978; Vandenberg and 

Easterbrook-Smith, 1986). Once C1s has been activated it can cleave C4 into C4a and C4b and 

C2 into C2a and C2b. Together C4b and C2b will complex on the surface of a pathogen forming 

an active C3 convertase, cleaving C3 into C3a and C3b. C3a initiates a local inflammatory 

response while the C3b cleavage product can bind the C4bC2b convertase and form the C5 

convertase as well as bind to the surface of the pathogen surface acting as an opsonins. The C5 

convertase cleaves C5 into C5b and C5a. C5a, like C3a, also acts as an anaphylatoxin and 

producing local inflammatory responses. C5b is the initiating component of MAC assembly, 

which begins by C5b complexing with C6 and C7. Once C5b is bound then C6 and C7 bind to 

C5b, enabling insertion of the C5b67 into the cell membrane, followed by the addition of C8 and 

multiple C9 proteins to form the lytic pore (Whitlow et al., 1985; Stanley et al., 1986) (Reviewed 

in Janeway 2016). 

 

Lectin Pathway 

 The activation of the mannose binding lectin (MBL) is homologous to that of the classical 

pathway, but triggered by a parallel set of initiation proteins, specifically mannose-binding lectin 

(MBL) and the ficolins. These initiation molecules bind preferentially to carbohydrates on the 

surface of microbes (Reviewed in Ehrnthaller et al., 2011). Mannose-binding lectin associated 

serine protease 1 and 2 (MASP-1 and MASP-2) are the serine proteases associated with MBL 
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and ficolins. MASP-2 can activate C4 and C2 forming a C3 convertase and the downstream 

processes are similar to the classical pathway leading to local inflammatory reactions, 

opsonization of pathogens, and the formation of MAC (Reviewed in Janeway 2016). 

 

Alternative Pathway 

 The alternative pathway can either amplify the ongoing cascade or undergo spontaneous 

hydrolysis of C3 enabling the binding with factor B, which is then cleaved by factor D into Ba 

and Bb. Bb will bind with the hydrolyzed C3 forming the C3(H2O)Bb complex (Harboe et al., 

2004), a C3 convertase, quickly cleaving C3 into C3a (local inflammatory mediator) and C3b 

(opsonins). C3b can bind to C3bBb forming a C5 convertase. The downstream products and 

functions after this point for C3a, C3b, C5, C6, C7, C8, and C9 are the same as the classical 

pathway (Reviewed in Janeway 2016). 

 

Complement and the Coagulation Pathway 

 In addition to the classical, lectin, and alternative pathway for complement activation the  

extrinsic or the coagulation pathway has also been linked to work with the complement 

pathways. The coagulation pathway is a major contributor to the formation of clots. The 

sequence of activation occurs through activation of proenzymes into activated enzymes, with the 

final activation of thrombin. Thrombin is able to convert soluble fibrinogen into insoluble fibrin 

to seal off a injured blood vessel and wall off injured tissue (Amara et al., 2008). Most clotting 

factors belong to a class of serine proteases (Huber-Lang et al., 2006; Amara et al., 2008; Amara 

et al., 2010). 
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 The interaction between the coagulation pathway and complement activation has been 

identified, and direct cleavage of both C3 and C5 by the serine proteases in the 

coagulation/contact pathway has been demonstrated (Reviewed in Esmon, 2005) (Reviewed in 

Markiewski et al., 2007) (Huber-Lang et al., 2006; Amara et al., 2008; Amara et al., 2010; 

unpublished Beck et al.). In parallel, data from our laboratory has shown that in C3 KO mice on 

a BUB/BnJ background, are still able to generate C5a and MAC (Caliezi et al., 2000) in SCI, 

supporting the existence of a non-traditional mechanism for C5 cleavage and MAC assembly. 

 

Complement in SCI 

 Complement has been implicated in neurodegeneration and demyelination in animal 

models of multiple sclerosis (MS) (Nataf et al., 2000; Mead et al., 2002), myashtenia gravis 

(Piddlesden et al., 1996; Tuzun et al., 2003; Christadoss et al., 2008; Soltys et al., 2009), and 

Alzheimers disease (AD) (Reviewed in Alexander et al., 2008) (Hong et al., 2016). After SCI 

there are several potential sources of complement. The first is through peripheral blood after 

blood spinal barrier (BS) breakdown. A second possibility is through recruitment of 

inflammatory cells such as monocytes, neutrophils, and T lymphocytes which synthesize and 

secrete complement components. Finally a third way is through resident astrocytes, microglia, 

and neurons (Barnum 1995; Morgan and Gasque, 1997; Nguyen, Galvan et al., 2008). The 

activation of the complement pathway has been suggested to lead to cell death through the 

formation of MAC. In particular oligodendrocytes and neurons have been shown to be sensitive 

to MAC mediated cell death (Scolding et al., 1989; Wren and Noble, 1989; Shen et al., 1995; 

Agoropoulou et al., 1998; Shen et al., 1998; Singhrao et al., 2000; Fluiter et al., 2014). While the 

activation of complement has been demonstrated to be detrimental for recovery (Galvan, et al., 
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2008), there is also evidence that it may have a protective role (Peterson et al., 2015; Peterson et 

al., 2017).  

  

Complement in TBI 

 After TBI, the inflammatory response is activated by the breakdown of the blood brain 

barrier (BBB) and the entry of inflammatory cells and proteins, including complement proteins, 

from the peripheral circulation into the brain. Complement components are mainly synthesized 

in the liver, however they can also be synthesized in the brain by neurons, astrocytes, and 

microglia (Reviewed in Chodobski et al., 2011). Complement activation can be triggered by both 

pathogen invasion or an inflammatory response to injury. Complement proteins and mRNA have 

been detected at the SCI injury site including C1q, C3, and C5b-9 in rodents (Anderson et al., 

2004; Nguyen et al., 2008). In TBI, C3 mRNA have been detected in the injury site by in situ 

hybridization, semi-quantitative RT-PCR, and qRT-PCR at 7 days post-injury (Bellander et al., 

2010; Al Nimer et al., 2013). Sources for C3 include microglia (Fischer et al., 2014; Hong et al., 

2016), oligodendrocytes (Hosokawa et al., 2003), astrocytes (Hosokawa et al., 2003; Stevens et 

al., 2007), and neurons (Shen et al., 1997; Wyss-Coray et al., 2002; Hernandez-Encinas et al., 

2016). Microglia are of particular interest as they are the brain’s resident macrophages because 

of their capability to phagocytose. Activation of these inflammatory cells after TBI can lead to 

expression of pro-inflammatory mediators, oxygen intermediates, nitric oxide, and glutamate 

agonists (Reviewed in Bellander et al., 2010) (Town et al., 2005; Veerhuis et al., 2011; Cao et 

al., 2012), as well as secretion of C1q in traumatic injury of brain slice cultures (Bellander et al., 

2004). 

 



	 10 

Inhibition of Complement After CNS Injury 

 Currently there are no commercially available therapeutics for treatment of SCI beyond  

the administration of methylprednisolone at the time of injury (Bracken et al., 1990). However, 

some non-therapeutic treatments after SCI are immobilization, surgery, and pain management. 

This lack of treatment availability is also true for TBI. However, there has been some studies 

examining the effect of complement inhibition via genetic knockouts of components within the 

complement pathway or through drug inhibition. There is also  research in TBI animal models 

studying the effect of C1INH, an inhibitor of the complement system, factor XIIa, factor XIa, 

and Kallikrein (Davis et al., 2010). C1INH is also  an anti-inflammatory molecule that can 

reduce the selectins-mediated leukocyte adhesion to the endothelial cells (Reviewed in Caliezi et 

al., 2000) (Cai et al., 2005). These data suggest this, or another non-traditional mechanism for 

direct C3/C5 cleavage and convertase activation could lead to C5b-9 assembly.  

 Experimental evidence suggests that complement pathway activation may affect outcome 

of recovery after a CNS injury. Studies in SCI and disease have suggested that lack of functional 

MAC is beneficial for behavioral recovery (Mead et al., 2002; Tran et al., 2002b) while recent 

studies in TBI Alawieh et al., (2018) has reported that C3 inhibition has an effect on recovery 

post TBI. Together this dissertation aims to investigate 1) SCI pathophysiology in complement 

sufficient rats by testing the role of C6 in recovery and 2) the role of C3 after TBI in C3 KO 

mice. 
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to pathology in human stroke patients, one study ana-
lysed the influence of genetic polymorphisms in the
mannose-binding lectin (MBL) -2 and MASP-2 genes,
which render the lectin pathway dysfunctional, on injury
outcome. A logistic regression adjusted for age, gender
and initial stroke severity determined that an unfavour-
able outcome at 3 months post-injury was more likely
associated with a normally functioning lectin pathway
[98]. This finding was further substantiated in a mouse
model of middle cerebral artery occlusion (MCAO) in
which MBL-deficient mice displayed smaller infarctions
around the penumbra of the striatum, cortex and hippo-
campus, and better behavioural outcomes as well as less
C3 deposition and leukocyte infiltration compared to
WT mice [98]. Reconstitution of MBL−/− mice with re-
combinant human protein annulled the beneficial effects
of MBL deficiency [98]. A detrimental role for the lectin
pathway in IR injury was, however, not fully reproduced

in an independent study where MBL-deficient mice sub-
jected to cerebral IR reportedly showed no difference in
systemic neutrophil activation, C3 deposits and only
modest tissue sparing in a sub-cortical brain region
compared to their WT counterparts [99]. It must be
noted, however, that occlusion of the middle cerebral ar-
tery in the latter study lasted only for 60 min [99] as
opposed to 2 h as in the earlier mentioned investigation
[98]. Injury severity and the resulting degree of comple-
ment activation may thus have been an influencing fac-
tor in the outcome that could explain the seeming
discrepancy between these two studies. The contribution
of the lectin pathway to secondary pathology was further
studied in a human recombinant C1 inhibitor (rhC1-
INH), which binds MBL with high affinity [100]. RhC1-
INH reduced cerebral damage when given up to 18 h
after transient ischaemia and up to 6 h after permanent
ischaemia, demonstrating a relatively wide therapeutic

Figure 2 Schematic diagram showing the current understanding of the role of complement activation in the pathophysiology
associated with traumatic spinal cord injury (SCI). Mechanical damage to the spinal cord causes neuronal cell death and disruption of the
blood-spinal cord barrier (BSB). This primary damage triggers a potent inflammatory response and initiates complement activation. Although
complement activation may aid the clearance of cellular debris through opsonisation, it is also known to potentiate injury beyond the site of
trauma through e.g. the opsonins C1q, C3b and MAC, which can promote clearance of only mildly compromised cells and thus contribute to
secondary demyelination and apoptosis. Known functions of complement in the pathology of SCI are shown in italics; a green font colour
indicates a putative reparative role, whereas a red font points towards an injurious role, 1[93], 2[12], 3[14], 4[91], 5[16], 6[94], 7[4,94].

Brennan et al. Journal of Neuroinflammation 2012, 9:137 Page 5 of 13
http://www.jneuroinflammation.com/content/9/1/137

Figure 1.1. Summary  diagram of current role of complement activation in pathophysiology for 
SCI. Cascade of events after SCI leading to pathophysiology of spinal cord after SCI (Anderson 
et al., 2004; Qiao et  al., 2006; Galvan et al., 2008; Ankeny et al., 2009; Beck et al., 2010; Guo et 
al., 2010; Qiao et al., 2010)
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Figure 1.2.: Summary  diagram of the traditional role of the complement cascade in the 
inflammatory response to pathogens and injury. Activation of the three different pathways of the 
complement cascade (Peterson and Anderson, 2014).
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CHAPTER 2 

 

Complement C6 Deficiency Exacerbates Pathophysiology After Spinal Cord Injury 

 

Abstract 

 Historically, while membrane attack complex (MAC) has been connected to lytic cell death 

and is implicated in secondary injury after a CNS insult this has not been formally tested. Studies 

to date have utilized non-littermate controls or rodent models that lack MAC activity. To 

investigate what role MAC plays in SCI recovery, we have utilized littermate PVG C6 deficient 

rats for the analyses presented here. Littermate PVG rats were bred specially for this study 

because previous data from our laboratory has shown that using a complement sufficient C6 

mouse model and non-littermate PVG C6 deficient rats had conflicting data. To investigate the 

role of MAC in SCI, PVG C6 deficient rats received a moderate contusion injury using the 

Infinite Horizon Impactor. Surprisingly, PVG C6 deficient rats showed significantly greater 

locomotor deficits than PVG WT rats (Student’s t-test, p<0.05). Furthermore, PVG C6 deficient 

rats showed a strong trend for increased central lesion volume, suggesting that MAC is beneficial 

to recovery of function after SCI in rats.  

 

Introduction 

 Traumatic spinal cord injury (SCI) causes a series of secondary degenerative events 

thought to exacerbate injury pathology (Beck et al., 2010; Oyinbo, 2011; Zhang et al., 2012). 

One component of the secondary injury activated after SCI is the classical complement pathway 

(Beck et al., 2010; Reviewed in Peterson and Anderson, 2014). The complement cascade is 
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composed of more than thirty soluble and membrane-bound proteins. Activation of this pathway 

leads to the assembly of a multimeric protein complex, C5b-9, also known as the membrane 

attack complex (MAC) where complement protein 6 (C6) is a required component in this 

cascade and the formation of MAC (Reviewed in Haefliger et al., 1989; Tegla et al., 2011). 

Previous studies suggest that C6 deletion decreases loss of oligodendrocytes in rat experimental 

autoimmune encephalitis, a model of multiple sclerosis (Mead et al., 2002). It has also been 

suggested that MAC formation may impede functional recovery and exacerbate pathology after 

CNS trauma in different animal models which suggests that activation of the terminal pathway is 

detrimental to recovery and repair (Nataf et al., 2000; Mead et al., 2002; Qiao et al., 2006; 

Ramaglia et al., 2007; Qiao et al., 2010; Stahel and Flierl, 2010).  

 C5b-9 has been implicated in contributing to tissue damage in a number of diseases 

including atherosclerosis (Castellano et al., 2010; Lewis et al., 2010; ter Weeme et al., 2010), 

rheumatoid arthritis (Knoess et al., 2008; Corallini et al., 2009), Alzheimer’s disease (Reviewed 

in Alexander et al., 2008) (Kolev et al., 2009), Huntington’s disease (Singhrao et al., 1999), and 

Pick’s disease (Yasuhara et al., 1994) (Yasuhara et al., 1995). Central nervous tissue, most 

notably neurons and oligodendrocytes, has been shown in vitro to be highly susceptible to C5b-

9-mediated cell death (Scolding et al., 1989; Wren and Noble, 1989; Piddlesden and Morgan, 

1993; Agoropoulou et al., 1998; Singhrao et al., 2000) due in part to the low expression of 

membrane bound CD59. CD59 is a membrane bound protein that inhibits MAC formation by 

blocking the unfolding of C8 and C9 in the cell membrane (Yao and Verkman, 2017). Previous 

studies have suggested that MAC causes severe demyelination in experimental allergic 

encephalomyelitis (EAE) (Mead et al., 2002; Tran et al., 2002b). C5b-9 has also been implicated 

in contributing to Wallerian degeneration in a peripheral nerve injury model (Ramaglia et al., 
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2007) which was hypothesized to be due to demyelination. Experiments by Qiao, et al., (2010) 

suggest that, in mice, the deletion of CD59 increased C9 deposition on injured spinal cord at both 

24 and 72 hours post injury. However, sublytic levels of C5b-9 have been shown to induce 

polymorphonuclear leukocytes to produce reactive oxygen metabolites (Morgan, 1989) and 

increase endothelial synthesis of IL-8 and MCP-1 (Kilgore et al., 1997). In contrast and highly 

relevant to these studies, sublytic C5b-9 has been shown to induce Schwann cell proliferation 

(Dashiell et al., 2000; Hila et al., 2001), and stimulate oligodendrocyte proliferation and enhance 

oligodendrocyte survival (Rus et al., 2001; Soane et al., 2001; Fosbrink et al., 2005; Cudirici et 

al., 2006; Tegla et al., 2009). Therefore, the role of complement activation following injury 

remains unclear. 

 To investigate the role of C5b-9 assembly following SCI, we initially acquired Piebald-

Viral Glaxo (PVG) C6-deficient (C6-D) rats from Dr. Paul Morgan and PVG WT rats from 

Harlan laboratories. Due to a spontaneous mutation, PVG C6-D rats lack the C6 protein, a 

critical component required for C5b-9 assembly and are therefore incapable of C5b-9 formation. 

While heterozygous colony breeding to generate littermate controls for mouse transgenic studies 

is the standard, to our knowledge, no other studies have utilized littermate controls in rat models 

of C6 deletion. Indeed, a literature search identifying papers that compared C6 WT and C6-D 

rats as a component of the experimental work identified 16 studies, none of which used littermate 

controls; rather, the standard has been to utilize animals from separate homozygous colonies for 

these comparisons. Accordingly, in this study, we compared the effect of C6 deficiency on 

recovery of locomotor function and histological injury parameters in PVG rats maintained as 

separate homozygous colonies versus generation of littermate controls via establishment of a 

heterozygous colony.  
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Materials and methods 

Animals 

 For experiments comparing PVG rats maintained as separate homozygous colonies, PVG 

wildtype rats were purchased from Harlan (Indianapolis, Indiana) and C6 Deficient (C6-D) rats 

on a Piebald-Viral Glaxo (PVG) background were generously provided by Paul Morgan 

(University of Wales College of Medicine, U.K.). For experiments comparing littermate controls, 

C6 WT (Harlan) rats were crossed with homozygous PVG C6-D rats (Paul Morgan) to generate 

F1 heterozygote C6-D rats at the University of California, Irvine. Heterozygous males and 

females were crossed to produce F2 litters with wildtype, heterozygous, and C6-D PVG rats. 

From these litters C6 WT (n=11) and C6-D (n=10) females were used to assess motor function 

after spinal cord injury. Only females were used in this study due to the relative ease of manual 

bladder expression after SCI, resulting in less frequent urinary tract infections. C6 WT of C6-D 

genotypes were determined using PCR (C6 WT: 200bp, C6 Het: 200bp and 150bp, C6-D: 

150bp).  

 

Injury Model 

 PVG C6 WT (n=11) and PVG C6-D (n=10) were anesthetized with gas anesthesia. A 

laminectomy was performed at thoracic vertebrae 9 (T9) and given 200 kilo dyne (kd) contusion 

injuries at T9 using the Infinite Horizon Impactor, manufactured by Precision Systems and 

Instrumentation (PSI), Lexington, KY). After the contusion injury, a small piece of gel-foam was 

placed over the laminectomy location and the muscles overlying the injury was sutured and skin 

was closed using metal wound clips. 
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Behavioral Assessments 

Open field locomotor assessment - A 21-point Basso Beattie Bresnahan (BBB) scale was utilized 

to evaluate gross locomotor recovery in injured animals weekly starting from 7 days post-injury 

(dpi) up to 42dpi.  

 

Ladderbeam - The horizontal ladder beam task is widely used as a supplemental test to 

quantifiably assess locomotor function after SCI in rodents (Bolton et al., 2006; Gensel et al., 

2006; Chan et al., 2005; Liebscher et al., 2005; Cummings et al., 2007; Erschbamer et al., 2007). 

We used the ladder beam task for a terminal supplemental assessment of locomotor recovery. As 

such, animals from the 42 d survival cohort were tested on the ladder beam task at the end of the 

study prior to sacrifice. Prior to testing and video acquisition, rats were allowed a 20 – 30 minute 

acclimation session to familiarize them with the ladder beam. The commercially available ladder 

beam apparatus for rats used in the present study is 94.5 cm long and has 20 rungs spaced 2.54 

cm apart. During the testing session, rats were videotaped and quantification of hindlimb errors 

was scored by slow motion video playback. Hindlimb errors from three test trials were averaged 

for statistical significance. Individuals blinded to the identity and genotype of the groups 

performed ladder beam testing and scoring. 

 

CatWalk gait assessment - Catwalk XT (version 7.1 Noldus Information Technology) was used 

to assess fine details of gait changes and allowed for easy quantification of a large number of gait 

parameters while animals are recorded crossing a walkway. Again rats were allowed to acclimate  

to the task before testing began. Animals were recorded crossing the catwalk in the dark and data  
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from three crossing per rat were averaged for statistical analysis. As previously stated all testing 

was done by investigators blinded to genotype.  

 

Immunohistochemistry 

Myelin Basic Protein - To assess percent white matter sparing, every 12th section was processed 

for myelin basic protein (MBP). Slides were first pressure cooked for antigen retrieval, and 

allowed to cool in the pressure cooker before starting the immunohistological staining. After 

pressure cooking, slides were dehydrated through a series of ethanol solutions (50%, 1min; 70%, 

3min; 95%, 3 min; 100%, 5 min) and then rehydrated back through the alcohol series with fresh 

ethanal starting at 100% to 50%. Slides were then incubated overnight with anti-myelin basic 

protein antibody (1:750 dilution, EMD Millipore) and visualized with diaminobenzidine (DAB, 

Vector Labs, Carpinteria, CA).  

 

Stereology 

 Stereological analyses for MBP was performed on a series of coronal sections (40-44 

sections per animal) spaced 360µm apart using the Stereo Investigator system (Microbrightfield, 

Inc). The Cavalieri estimator was used to quantify the lesion volume, spared white matter 

volume, and percent spared white matter area. Grid sizes used in the analysis was determined 

empirically to obtain a coefficient of error value that was < 0.10 for examined tissues. All 

analyses was performed by individuals blinded to genotype.  
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Statistics  

 Before statistical analysis was performed a Grubbs’ test was performed to identify 

potential outliers from both behavioral and histological groups (α=0.05), removing no more than 

a single outlier. Comparisons between C6 WT and C6-D rats for BBB were performed using 

repeated measures  2-way ANOVA with Sidak post-hoc test (Prism; Graphed, San Diego, CA). 

Injury data was normalized to pre-injury data for CatWalk gait analysis and a one sample t-test 

was performed. One tailed Student’s t-test was also used for group comparisons between C6 WT 

and C6-D rats for Catwalk gait analysis, and MBP area and volume. A two-way ANOVA was 

also utilized to  compare MBP distribution from the epicenter. 

 

Results 

Confirmation of C6-deficiency 

 To confirm C6 deficiency, complement hemolytic activity was assessed in C6 WT and C6-

D rats using a CH50 assay (Figure 2.1a) and PCR genotyping (Figure 2.1b). Briefly, tail clips 

from juvenile rats were obtained and DNA extracted using Qiagen’s DNeasy Tissue Kit. PCR 

was then performed (C6 Forward primer: TGCAGTAGGAATGGGGCTTA, C6 reverse: 

GAGAAAAGAGGCATTCCCAGT). PCR reactions were then purified using Qiagen QIAquick 

PCR purification kit, digested using Ava I restriction enzyme (New England BioLabs Catalog #: 

R0152S). Digested DNA were separated on an agarose gel. Wildtype DNA fragment size: 

400bp, heterozygous fragment sizes: 100bp, 300bp, and 400bp, C6-D fragment size: 100bp and 

300bp. Rats sourced from homozygous and heterozygous breeding colonies were evaluated for 

C6 expression via a CH50 assay and genotyping. The CH50 assay determined that C6 WT serum 



	 32 

was able to contribute to the lytic pore needed to lyse IgG sensitized sheep erythrocytes in a dose 

dependent manner while serum from C6-D animals was not. Further, genotyping of C6 WT and 

littermate-matched control C6-D rats revealed the presence of a single band in C6-D rats at 

150bp while C6 WT rats exhibited a single band at 200bp (Figure 2.1b). Together, this data 

confirmed C6 deficiency in C6-D PVG rats. 

 

C6 deficiency impairs locomotor function in littermate PVG rats vs non-littermate PVG rats 

 Several locomotor tests were used to assess functional locomotor recovery. Results from 

BBB, a task assessing gross aspects of locomotor function, suggested that C6 deficiency in PVG 

rats maintained as separate homozygous colonies improved locomotor outcome at 42 dpi (Figure 

2.2a). However, when littermate controls were utilized, this result was reversed, whereby the C6-

D rats exhibited impaired recovery compared to WT rats at 42 dpi (Figure 2.2b). This task 

suggested that use of non-littermate vs littermate controls affects locomotor recovery outcomes 

after SCI. 

 Analysis of locomotor recovery using a second assessment, horizontal ladder beam, 

demonstrated similar results. Consistent with open-field BBB data, assessment of C6-D and C6 

WT rats that were sourced from separate homozygous colonies demonstrated that lack of C6 was 

beneficial for recovery (Figure 2.2c) as shown by the decrease in average ladder beam errors. In 

contrast, when littermate controls were utilized, this result was again reversed, and C6-D rats 

showed a trend for impaired locomotor recovery compared to WT rats (Figure 2.2d). 

 To further validate the results observed for the littermate cohort, a third assessment, 

Catwalk kinematic analysis, was used to examine fine parameters of gait after SCI. All data were 

normalized to pre-injury data (dashed lines) and a significant difference (one-sample t-test) 
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between baseline and post-injury measures denoted a decrement in recovery. These data also 

demonstrated that absence of C6 was detrimental for recovery after SCI when littermate controls 

were used, in particular for measures of weight bearing and coordination. Both C6 WT and C6-D 

rats exhibited a significant decrease in print area from pre-injury baseline for (Fig 2.3a, one 

sample t-test #p<0.05), suggesting less weight support; however, C6-D rats exhibited a 

significant further decrement in comparison with C6 WT (Fig 2.3a, Student’s t-test *p<0.05). 

Further, while C6 WT rats showed no difference in mean swing time from pre-injury baseline 

(Fig 2.3b, one sample t-test p>0.05), C6-D rats exhibited a significant change in comparison with 

both pre-injury baseline (Figure 2.3b, one sample t-test #p<0.05), and C6 WT animals (student’s 

t-test *p<0.05), suggesting a slowed step cycle. In parallel, C6 WT rats did not exhibit a 

significant decrease from pre-injury baseline for duty cycle (duration of paw contact divided by 

time between consecutive paw contacts), but C6-D rats again demonstrated a significant 

decrement in comparison with both pre-injury baseline (Fig 2.3c, one sample t-test #p<0.05), and 

C6 WT rats (Figure 2.3c, Student’s t-test *p<0.05). Coordination was also affected after SCI due 

to the absence of C6. Both C6 WT and C6-D rats were significantly impaired from pre-injury 

baseline levels for regularity index (Fig 2.3d, one sample t-test #p<0.05), and there was a trend 

for a further decrease in C6-D rat for regularity index compared to C6 WT rats (Fig 2.3d, 

Student’s t-test p=0.08). Together these data suggest that when using the littermate cohort the 

formation of C5b-9, where C6 is a component of, is needed for locomotor recovery. 
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C6 deficiency does not alter white matter sparing and lesion volume in littermate PVG rats vs 

non-littermate PVG rats 

 To assess whether differences between non-littermate and littermate cohorts C6 WT and 

C6-D rats were mediated by percent white matter sparing and/or changes in lesion volume, 

histological differences were examined. In the non-littermate cohort, C6-D rats showed an 

increase in percent spared white matter area at the injury epicenter versus C6 WT rats (Figure 

2.4c). In contrast, in the littermate cohort, this measurement was unchanged between C6-D and 

C6 WT rats (Figure 2.4d). In parallel, analysis of central lesion volume in the non-littermate 

cohort found there was no difference (Figure 2.4e). However, in animals that were in the 

littermate cohort there was a trend towards an increased lesion size in the C6-D animals which 

corroborates with the behavioral data (Figure 2.4f). These results suggest that the differences 

observed in locomotor changes in the littermate cohort are due to the decrease in central lesion 

volume.  

 

Discussion  

 Here, we have compared the recovery differences of non-littermate PVG C6 WT and C6-D 

rats and littermate rats after SCI. The most striking aspect of these results are that non-littermate 

and littermate C6 WT and C6-D PVG rats have different results in their recovery after SCI. Our 

results highlight a previously unrecognized issue for this model, the importance of the use of 

littermate controls in studies involving genetic manipulations in the complement cascade. 

Together the data suggests that there are functional strain differences due to maintenance in 

separate homozygous colonies versus heterozygous colonies to generate littermate controls, and 

call into question the validity of results from previous studies. In addition to genetic drift with 
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colony maintenance practices, there are a number of reasons why maintenance of animals in 

separate colonies could yield such a result. For example, obtaining animals from different 

sources or housing in separate locations may lead to differences within the gut micro biome. 

Villarino, et al., observed that C57Bl/6 mice that were sourced from different vendors, when 

exposed to the malaria parasite, differed in their severity response (Villarino et al., 2016). Gut 

microbiota has also been implicated in response to experimental autoimmune encephalomyelitis 

(Ochoa-Reparaz et al., 2009), SCI (Kigerl et al., 2016; Kigerl et al., 2018), and other CNS injury 

such as TBI (Sundman et al., 2017). In these studies, however, rats for both C6 WT and C6-D 

were bred in the same vivarium and fed the same chow; accordingly, the more likely scenario is 

that the differences in behavior and histology between the homozygous C6 WT and C6-D rat 

colony and heterozygous rat colony are due to the accumulation of genetic differences between 

homozygous control strain PVG rats maintained at Harlan and the homozygous C6-D rats 

maintained at the University of Wales, UK. 

 Data from our laboratory and this experiment has shown that C6 deficiency in complement 

sufficient animals, both mice and rats from heterozygous crossings, after SCI exhibit decreased 

recovery both in motor behavior and histology. This is in contrast to literature that are examining 

complement activation either in animal models that are not complement sufficient as we (Galvan 

et al., 2008) and Ong and Mattes (1989) have shown that in C57/Bl6 have a much lower 

hemolytic capacity or have used rats that are not bred as littermate controls. Studies in both 

spinal cord injury and disease that have examined the effect of complement activation for MAC 

have all shown that C6 deficiency is beneficial for recovery through a decrease in neuronal 

degeneration, inflammatory cell infiltration, and spared white matter (Mead et al., 2002; 

Ramaglia et al., 2007).  
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 While the lack of C5b-9 causing a detriment in recovery is surprising, but perhaps not 

inconsistent with some of the functions of complement in debris clearance, which is critical for 

regeneration and plasticity in the CNS. Studies have suggested C5b-9 presence can amplify the 

complement cascade through a positive feedback loop with C1q (Tran et al., 2002; Ramaglia et 

al., 2007). This amplification of C1q increases the recruitment of macrophages by an increase in 

C3a and C5a and thereby promoting myelin debris that may be inhibiting remyelination. This 

additional debris presence may be toxic to cells leading to increased cell death as well as delayed 

remyelination (Graca and Blakemore, 1986; McKerracher et al., 1994; Mukhopadhyay et al., 

1994; Shields et al., 2000; Ibanez et al., 2004; Rotshenker, 2011) thus leading to decreased motor 

recovery.  

 The results presented here with recovery and histology of non-littermate C6-D and C6 

WT rats point to a previously unidentified finding, that MAC is advantageous for recovery after 

SCI but this study also highlights the importance of using the correct controls when conducting 

experiments. 
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Figure 2.1. Genetic confirmation of C6 deficiency and hemolytic analyses of total complement 
activity in serum. Genotypic results of PVG females showing genotypes C6-D: 150bp, C6 WT: 
200bp, C6 Het: 200bp and 150bp (a). PVG C6-D rats showed complete loss of terminal 
complement activity compared to PVG WT (b). Data points represent group means ± SEM. 
PVG C6 WT/C6-D n = 8/group.
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Figure 2.2. PVG C6-D rats demonstrated reduced locomotor recovery compared to PVG 
WT rats. (a) Comparison of BBB scores showed that non-littermate C6-deficient rats 
exhibited improved functional recovery throughout the duration of the study compared to 
PVG WT rats (2way repeated measures ANOVA, *p < 0.05). Post hoc tests revealed a 
significant gorup difference 42 days post injury (Bonferroni’s multiple comparisons, *p < 
0.05). (b) Comparison of BBB scores showed that littermate C6-deficient rats exhibited 
impared functional recovery throughout the duration of the study compared to PVG WT 
rats (way repeated measures ANOVA, *p < 0.05). Post hoc tests revealed a significant 
group difference 42 days post injury (Bonferroni’s multiple comparisons, *p < 0.05). (c) 
Terminal behavioral assessment (42 days post injury) on the horizontal ladderbeam task 
demonstrated that non-littermate C6 deficient rats made significantly fewer errors 
compared to C6 WT (Student’s t-test, #p < 0.05). (d) When comparing littermate controls 
C6-D rats performed no different from WT littermate in ladderbeam errors. However 
there was a strong trend for C6-deficient rats having more errors. Data points represent 
group means ± s.e.m.
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Figure 2.3. C6-deficiency in littermate animals impairs functional recovery  as assessed by 
Catwalk.All animals were normalized to pre-injury baseline levels. A return to baseline (dotted 
line) suggests recovery  to pre-injury  levels. At 42dpi C6 deficient rats did not recover to 
baseline with respect to mean print area (a), mean swing time (b), duty  cycle (c), regularity 
index (d). C6 WT rats recovered to baseline levels with respect to all parameters except mean 
print area (C) and regularity index (E) (One sample t-test, #p<0.05). A significant change was 
observed between C6 deficient  and C6 WT rats with respect to mean print  area (a), swing time 
(b), and duty cycle (c) (Student’s t-test, *p<0.05). There was also a post-injury trend towards a 
decrease in regularity  index score (D), indicative for coordination, for C6 D rats compared to 
C6 WT rats. Collectively, these data suggest that C6 D rats, when normalized to baseline 
levels, and compared to C6 WT rats, have decreased weight bearing ability on affected paws 
and decreased gait coordination. Data points represent group means ± s.e.m.
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Figure 2.4. Unbiased stereological quantification of C6 deficiency in littermate cohort  at 42 
days. (a) Representative image of myelin basic protein staining near epicenter of injury in a 
C6-D rat. (b) representative image of GFAP staining near epicenter of injury in a C6-D rat. (c) 
Stereological assessment demonstrated a significant increase in % spared tissue in non-
littermate C6-deficient rats (Student’s t-test, *p < 0.05). (d) However, in littermate C6-
deficient rats showed no difference in % spared tissue (Student’s t-test, p > 0.05). (e) No 
significant differences were measured in central lesion volume in non-littermate C6-deficient 
rats (Student’s t-test, p > 0.05). (f) A strong trend for increased central lesion volume in 
littermate C6-deficient rats (Student’s t-test, *p < 0.05). Data points represent group  means ± 
s.e.m. Scale bar = 500um 
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CHAPTER 3 

C3 KO mice have decreased pathology and improved motor recovery after traumatic brain 

injury 

 

Abstract 

 Although studies have suggested a role for the complement system in the pathophysiology 

of traumatic brain injury (TBI), the role complement plays is still poorly understood. Studies 

utilizing knockouts or inhibitors have utilized mouse models that are complement insufficient. 

Thus, to investigate the role of the classical, alternative, and lectin pathway in a controlled 

cortical impact model of TBI, male C3 knockout (KO) and wildtype (WT) mice on a BUB 

background received a moderate TBI with the CCI device. BUB C3 KO mice exhibited 

increased volume sparing of the contralateral hippocampus, neuronal, and synaptic sparing (one 

tailed Student’s t-test, p< 0.05) at 8 weeks post injury. This sparing appeared to be microglia 

mediated as C3 KO mice had significantly decreased Iba-1 positive stained cells (p < 0.05). C3 

KO mice also had improved locomotor recovery as measured by Cylinder reaching task and 

Catwalk kinematic analysis, and show that long term motor damage occurs and can be measured. 

Finally, C3 KO mice exhibited decreased activity levels and were risk adverse as shown by 

elevated plus maze (EPM) when compared to sham animals. Altogether, these data suggest that 

while some deficits exist, C3 KO improves the pathology for TBI. 
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Introduction 

 Over 1.7 million traumatic brain injuries (TBI) occur each year in the United States, and 

5.3 million Americans are living with deficits caused by TBI (Langlois and Sattin, 2005). Males 

are twice as likely to sustain a TBI as females, with the highest incidence of TBI occurring in 

children from 0 - 4 years old, male adolescents from 15 - 19 years old, and adults over 75 years 

of age. Most TBIs occur by falls (35.2%), motor vehicle accidents (17.3%), struck by/against 

events (16.5%), and assaults (10%): unknown or other factors account for the remaining 

percentage (21.0%) (Faul et al., 2010). All severity levels of TBI can lead to problems including 

memory deficits, balance and vision changes, sleep disturbances, difficulty in concentrating, and 

seizures. Many different brain regions can be affected after a TBI, for example, in clinical 

studies, an injury to frontal and hippocampal cortices can lead to short-term memory deficits 

(Lehtonen et al., 2005), while an injury to the motor cortex, sensory cortex, thalamus, brain stem, 

and cerebellum can affect fine motor coordination in rodents (Hallam et al., 2004; Lee et al., 

2004). A TBI to the caudal forelimb region, rostral forelimb region, and anteromedial cortex of 

the brain can lead to sensorimotor deficits (Barth et al., 1990). 

 The complement cascade is made up of three different initiation pathways, the classical 

pathway, mannose lectin binding pathway, and alternative pathway, all of which end in the 

formation of the membrane attack complex (MAC) and generation of a Ca2+ permeable pore 

that can lead to lytic cell death (Bellander et al., 2001; Stahel et al., 2001). Each of these 

pathways converges at the generation of the C3 convertase, where C3 is cleaved into into C3a 

and C3b. C3a is an anaphylatoxin that initiates a local inflammatory response, while C3b both 

binds to C4bC2b to form the C5 convertase as well as binds to pathogens to act as an opsonin. 

The C5 convertase cleaves C5 into C5b and C5a. C5a, like C3a, is an anaphylatoxin and drives a 
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local inflammatory response. C5b is the initiating component of MAC assembly (C5b-9) 

(Janeway 2016). Activation of all three complement pathways may occur after a traumatic event 

to the brain such as a traumatic brain injury.  

 Human TBI is associated with rapid complement activation. Following an initial TBI, a 

peak of cerebral spinal fluid MAC was detected in human patients at 48 hours compared to 

control subjects (Stahel et al., 2001; Bellander et al., 2011; Smith et al., 2013). Histological 

assessment of human neuropathological tissue after TBI revealed C1q, C3b C3d, and MAC 

present in the area of injury (Reviewed in Hammad et al., 2018) (Bellander et al., 2001). 

Complement is also activated after rodent TBI. In rat weight drop and blast injury models of 

TBI, C3d and C9, a component of MAC, have been found both proximal to the injury site and in 

blood (Bellander et al., 1996; Dalle Lucca et al., 2012; Rostami et al., 2013). In rat models of 

cortical contusion injury (CCI), C1q and C3 mRNA and protein have been detected at the injury 

site (Al Nimer et al., 2013; Rostami et al., 2013).  

 In parallel with the description of complement component deposition, a number of studies 

have also manipulated the complement pathway in mouse TBI models, testing either 

complement inhibitors or genetic manipulation of the complement pathway. Inhibition of 

complement activation by treatment with sCR1, which blocks both the classical and alternative 

pathway by binding to C3b and C4b, inhibiting the C3 and C5 convertases (Weisman et al., 

1990), resulted in a decrease in myeloperoxidase (MPO) in rat brain after TBI, suggesting a 

reduction in neutrophil recruitment (Kaczorowski et al., 1995). Additionally, Longhi et al., 

reported that administration of C1INH, a serine protease inhibitor of complement and the 

extrinsic pathway, after TBI attenuated injury pathogenesis and improved cognitive outcome 

(Longhi et al., 2008; Longhi et al., 2009). Finally, Alawieh et al., (2018) reported that C3 
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inhibition improved recovery after TBI (Alawieh et al., 2018). However, these studies have all 

used C57Bl/6 mice (Stahel et al., 2009; Fluiter et al., 2014; Neher et al., 2014; Ruseva et al., 

2015; Rich et al., 2016), which should be viewed with caution. In this regard, Ong and Mattes 

(1989) reported that a majority of laboratory mouse strains, including C57Bl/6, exhibit 

attenuated MAC activity in comparison with rats in standard assays (Ong and Mattes, 1989). In 

accordance with these data, we previously reported that only male BUB/BnJ mice, and not 

C57Bl/6 mice, exhibit detectable activation of the classical complement cascade in response to 

spinal cord contusion as a model of traumatic central nervous system injury (Galvan et al., 2008) 

Together, these data suggest a gap in the literature, because analysis of the effect of complement 

inhibitors of knockout of individual complement components in mouse strains that are deficient 

in terminal pathway lytic activity does not allow for a complete picture of the effect of 

complement in TBI. Accordingly, this paper investigates the role complement-in TBI in a 

complement sufficient mouse model, testing the hypothesis that male C3 knockout BUB mice 

exhibit improved recovery after TBI compared to wildtype littermates.  

 

Methods and Materials 

Animals 

 C3KO C57Bl/6 mice (Jackson Labs) were backcrossed onto the BUB/BnJ strain at Charles 

River (San Diego facility) using marker-assisted accelerated backcrossing (MAX-BAX). C3 

heterogenous mice were bred to allow for the use of wild-type littermates as controls. Mouse 

genotypes were confirmed with RT-PCR and were sorted evenly across treatment groups by date 

of birth. All mice used were males due to increased complement-mediated hemolytic activity 

relative to females as previously reported by Galvan et al. (2008). All mice were allowed water 
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and food ad libitum throughout the entire study and all animal work was conducted with the 

approval of the Institutional Animal Care and Use Committee at the University of California, 

Irvine.   

 

 

Injury Model 

C3 WT (n=19) and C3KO (n=22) mice on a BUB background were randomly sorted into sham 

or TBI groups with eight shams in each genotype WT and KO groups. TBI was performed as 

described previously (Scheff et al., 1997). Briefly, mice were anesthetized with 2.5-2.75% 

isoflurane (AttaneTM), the head shaved to expose the scalp, immobilized in a stereotaxic frame, 

and skull exposed to permit establishment of lambda and bregma. A craniotomy was performed 

at A/P: -2.00 and M/L: -2.50 relative to bregma using a 5mm trephine. Once the craniotomy was 

completed, the head was then tilted 15º to the right and a CCI performed (Precision Systems and 

Instrumentation, LLC TBI-0310 Impactor) using a beveled tip 3mm in diameter at 1.5mm depth 

and 4.5m/s injury speed. Sham animals received all surgical procedures but no injury. The 

craniotomy was closed with a small piece of surgicel and a plastic cap was glued over the hole, 

and the incision closed with wound clips. Mice were then given lactated ringer’s, antibiotics, and 

pain medication while maintained on a heating pad at 37ºC overnight to recover.  

 

Behavioral Tasks 

Cylinder task. Cylinder task was used to test for forelimb asymmetry. For testing, mice were 

placed in a 600mL glass beaker and measured for 5 minutes by two scorers for left forepaw, right 

forepaw, or both forepaw placement.  
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Elevated plus maze (EPM). EPM was used to measure activity and anxiety. The maze is 

composed of two equal length arms forming a plus shape with one set of arms enclosed with 

walls while the other set open. For testing, mice were placed in the middle of the maze facing an 

open arm and allowed to explore for five minutes. Movements were recorded and analyzed using 

Noldus Ethovision XT. Data collection inclused entries into open and closed arms, time spent in 

open and closed arms, and total distance traveled as an assessment of activity level. 

Catwalk. Catwalk was used to assess locomotor gait dynamics. This task is able to analyze a 

large number of gait parameters gathered while animals cross a glass walkway. For testing, mice 

were started at one end of the apparatus and recorded via a video camera while they crossed to a 

dark home box on the other end. Three independent runs that were uninterrupted and at a 

constant speed were collected per mouse and analyzed by CatWalk 7.0.  

 

Tissue Collection.  

A lethal dose of Euthasol® (pentobarbital sodium and phenytoin sodium, 100mg/kg) was 

administered at 8wpi and animals were perfused through the aorta with cold saline followed by a 

4% paraformaldehyde solution. Whole brains were dissected and cryoprotected overnight in a 

20% sucrose/4% paraformaldehyde solution overnight at 4ºC, flash frozen in isopentane (2-

methlybutane) at -56ºC and stored at -80ºC until sectioned for immunhistochemistry. For 

sectioning six brains from each group were embedded in Neg-50™ frozen section medium and 

cut at 30µm on a CryoJane® Tape-Transfer system and cut sections were stored at -80ºC after 

collection in a one in twenty-four sampling scheme for analysis.   

 



	 51 

Nissl Staining for Tissue Volume Measurement.  

One slide set (1/24 sampling) was removed from the freezer and allowed to come to room 

temperature, followed by removal of glue reside from the CryoJane® Tape-Transfer system and 

antigen retrieval processing using a pressure cooker (2100 Retriever) and Buffer-A (Electron 

Microscopy Sciences), with a 20 minute cycle time and two hour cool down. Slides were stained 

with cresyl violet, dehydrated in a series of alcohol and coverslipped using DEPEX mounting 

media.  

 

Immunohistochemistry  

Iba-1 and NeuN Staining. Slides (1/24 sampling for Iba-1, 1/12 sampling for NeuN) were 

brought to room temperature and glue/antigen retrieval performed as above, followed by 

immunohistochemistry at room temperature. as described previously (Haus et al., 2016). Briefly, 

slides were then washed in 0.1M Tris buffer before peroxidase quenching (3% hydrogen 

peroxide/10% methanol) for endogenous peroxidase. Slides were then blocked with donkey 

serum and incubated overnight (Iba-1) or two nights (NeuN) primary antibody. After incubation 

slides were washed in Tris solutions and incubated with donkey anti-rabbit biotinylated F(ab’)2 

fragment (Jackson ImmunoResearch). Finally slides were treated with an Avidin-biotin 

horseradish peroxidase kit (Vector Labs) to amplify staining signal before visualizing with 3, 3’- 

diaminobenzidine (DAB) peroxidase substrate kit (Vector Labs) and counterstained with 

hematoxylin. 

 

 

Iba-1 positive cell quantification. Iba-1 postive cells in the right dorsal mouse hippocampal 
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region CA1, CA3, and dentate gyrus were captured for analysis in 40x magnification images 

using the Olympus IX71 inverted microscope. A total of 6 non overlapping fields of view (FOV) 

were captured per animal (3 FOV per slide for each right and 3 FOV for each left hippocampal 

areas in a 1/24 sampling). Image capture and Iba-1 positive cell quantification used the counting 

tool in ImageJ (NIH, Version 1.50i) were performed by an investigator blinded to experimental 

group. 

 

Synapse Counting Immunohistochemistry. Slides (1/24 sampling) were washed in 0.1M 

phosphate buffer (PB; pH 7.2) and then processed for dual immunofluorescence localization 

using primary antisera cocktail containing mouse anti-synaptophysin (1:1000, Sigma Aldrich) or 

mouse anti-GluR1 (1:250, Biolegend) in combination with rabbit antisera to C3d (1:300, Dako). 

Following primary antisera incubation for 48 h at 4°C, the tissue was rinsed in PB and then 

incubated in the secondary antisera mixture including Alexa Fluor 555 anti-mouse IgG1 or Alexa 

Fluor 488 anti-rabbit IgG (1:500 each).   

 

Stereology  

Cavalieri Volume Measurements. Volume measurements for lesion, contralateral hippocampal, 

and total spared volume were taken using the Cavalieri estimator probe in Stereo Investigator 

(MicroBrightField, Inc (MBF)) with sufficient sampling that Gunderson’s coefficient of error 

(m=1) averaged less than 0.05.  
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NeuN Quantification. The Optical Fractionator probe was used to quantify the number of NeuN 

positive cells in sections (1/12 sampling) from 8 week survival cohorts. NeuN positive cells that 

were in focus during scanning the tissue section that was within the inclusion lines of the set 

counting frame at 60x were considered positive cells and counted. Counting frame and grid size 

were determined  empirically to obtain a coefficient of error ratio that was < 0.10. Areas that 

were counted using the optical fractionator were the CA1, CA3, and dentate gyrus of the 

contralateral hippocampus.   

 

Synapse Image acquisition and analysis. For each animal, 3 to 4 tissue sections (1/24 sampling) 

containing hippocampus were used to acquire image z-stacks (0.2 µm steps) of immunolabeling 

within the CA1 and CA3 stratum radiatum using a Leica DM6000 epifluorescence microscope. 

Images were processed for iterative deconvolution (Volocity 4.1 Restorative Deconvolution, 

Perkin Elmer). Automated in-house software was then used to construct three- dimensional (3D) 

montages of the 136 x 105 x 3 µm sample fields (Rex et al., 2009; Chen et al., 2010) to count 

and measure volumes of single- and double-labeled puncta within the size constraints of 

dendritic spines. Puncta were counted as double-labeled if there was any overlap in their 

immunolabeled boundaries as evaluated in 3D. Only those elements labeled with intensities that 

exceeded a fixed threshold (>100 on a scale of 255) were used to calculate the percentage 

double-labeled values for that section.  
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Blinding and Statistics 

All behavioral and histological analyses were performed by an investigator blinded to 

experimental group. Before statistical analysis was performed a Grubbs’ test was performed to 

identify potential outliers from both behavioral and histological groups (α=0.05), removing no 

more than a single outlier. One tailed Student’s t-test was used for group comparisons between 

C3 WT and C3 KO mice for all volume measurements, NeuN+ cell counts, synaptic and 

microglia numbers, the Cylinder task, and EPM. Comparisons between C3 WT and C3 KO mice 

for Catwalk and were performed using repeated measures 2-way ANOVA with Sidak post-hoc 

test (Prism; Graphed, San Diego, CA). Injury data was normalized for both histological and 

behavioral assessments and a one sample t-test was performed. 

 

Results 

C3 KO TBI mice have unaltered ipsilateral but increased contralateral brain sparing 

 We first validated that male C3 knockout (KO) mice on a BUB/BnJ background were 

unable to form a lytic C5b-9 complex in a CH50 assay (Figure 3.1). Next, we tested whether C3 

KO mice have a reduction in tissue damage after CCI TBI by measuring 1) lesion volume, 2) 

total spared tissue volume, and 3) spared contralateral hippocampal volume. Histological 

quantification of tissue volume measures was conducted in fixed cresyl violet stained 

histological sections 8 weeks post-CCI (Fig 3.2a, b) using a 1 to 24 section interval and the 

Cavalieri Estimator Probe (MBP Bioscience Stereoinvestigator version 9). Both C3 WT and C3 

KO mice exhibited a cavatating lesion and significant decrease in total brain tissue sparing 

compared to sham (dotted line) after CCI (Figure 3.2c, one sample t-test #p<0.05, ##p<0.01), 

however, no difference in total lesion volume or total brain tissue sparing was observed between 
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groups (Figure 3.2c, d One Tailed Student’s T-Test p>0.05). The hippocampus ipsilateral to the 

injury site sustained damage that was too significant to permit volume comparison in this CCI 

model, accordingly, we analyzed contralateral hippocampal volumes to compare WT and KO 

groups. Both injured C3 WT and C3 KO exhibited a significant decrease in spared contralateral 

hippocampal volume compared to sham (Figure 3.2e; one sample t-test #p<0.05, ##p<0.01). 

However, contralateral hippocampal injury was less pronounced in C3 KO mice, and group 

comparison revealed that these animals had a significant increase in contralateral hippocampal 

volume compared to C3 WT mice following CCI (Figure 3.2e, One Tailed Student’s T-Test 

**p<0.01). These data demonstrate that on the complement sufficient BUB/BnJ background, C3  

KO does not alter development of the ipsilateral lesion in this severe CCI model, but does 

attenuate tissue injury on the contralateral side, where the initial lesion severity is less 

pronounced.  

 

C3 KO mice exhibit neuronal and synaptic sparing after TBI 

 Contralateral hippocampal sparing in C3 KO mice was further investigated by evaluating 

neuronal and synapse number. C3 has been shown to play a role in synapse clearance in the 

hippocampus in Alzheimer and viral infection models. We tested the contribution of neuronal 

cell loss to the change in contralateral hippocampal volume using unbiased stereological analysis 

of NeuN labeled cells within the CA1 and CA3 with the optical fractionator probe (Figure 3.3a, 

b). No differences in NeuN positive cell number were detected in CA1 for either C3 WT or C3 

KO mice compared to sham levels (Figure 3.3c, one sample t-test p>0.05). However, in CA3, C3 

WT mice had a significant decrease in NeuN positive cells when compared to sham animals, 

whereas C3 KO mice did not (Figure 3.3d, one sample t-test #p<0.05). No significant differences 
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were measured between C3 WT and C3 KO NeuN positive cells in either contralateral CA1 or 

CA3 (Figure 3.3 c, d, One Tailed Student’s T-Test p>0.05). These data suggest a small but 

region-specific preservation of neurons in C3KO TBI mice.  

 C3 has been shown to play a role in synapse clearance in the hippocampus in Alzheimer 

and viral infection models. We therefore also tested the contribution of synapse loss to the 

change in contralateral hippocampal volume. Volume loss in the outer molecular layer of the 

hippocampus has been linked to loss of entorhinal cortex afferents and synapses (Scheff et al., 

2006). Synapse labeling was conducted using synaptophysin (SYP+), a pre-synaptic marker, and 

glutamate receptor 1 (GluR1+), a post-synaptic marker (Figure 3.3e). Colocalization of these 

pre- and post-synaptic markers was also quantified (SYP+/GluR1+). Within CA1, there was no 

significant difference in either SYP+/GluR1+ synapse number (Figure 3.3f, p > 0.05 one sample 

t-test; p > 0.05 One Tailed Student’s T-Test), or SYP+ synapse number (Figure 3.3g, p> 0.05 one 

sample t-test; One Tailed Student’s T-Test p>0.05), either from sham controls or between groups 

for C3 WT and KO mice. However, there were significantly more GluR1 positive puncta in C3 

WT mice (Figure 3.3h One Tailed Student’s T-Test, *p<0.05). Within CA3, there was an 

increase in the SYP+/GluR1+ synapses; moreover, C3 WT mice also had significantly fewer 

SYP+/GluR1+ synapses compared to sham (Figure 3.3i, one sample t-test, #p<0.05) while 

knockout mice were no different to sham (Figure 3.3i, One Tailed Student’s T-Test, *p<0.05). 

Again there was no difference in SYP + synapse number between groups or compared to sham 

levels (Figure 3.3j, one sample t-test p > 0.05; One Tailed Student’s T-Test p > 0.05). However, 

there was a significantly higher number of GluR1 positive puncta in C3 KO compared to WT 

animals (Figure 3.3k, One Tailed Student’s T-Test, *p<0.05), as well as significantly more 

labeled synapses compared to sham levels (Figure 3.3k, one sample t-test, #p<0.05). These 
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results, together with previous research, further support that not only is the effect C3 

hippocampus region dependent but also synaptic marker specific.  

 

C3 KO mice have decreased microglial numbers 

 Microglia have been linked to phagocytosis of neurons and synapses, particularly in the 

context of complement-mediated synapse clearance (Stevens, Allen et al. 2007, Schafer, 

Lehrman et al. 2012, Shi, Colodner et al. 2015, Shi, Chowdhury et al. 2017). To asses whether 

changes in synaptic markers in C3 WT mice was due to an increase in microglia presence, C3 

WT and KO brain tissue was stained for the microglia marker Iba-1 (Figure 3.4a, b). Microglia 

number were counted in randomly selected images distributed throughout CA1 and CA3. C3 WT 

mice had significantly more microglia both CA1 and CA3in comparison with C3 KO littermates 

(Figure 3.4 c, d). These data suggest that the increased presence of SYP and GluR1 double 

positive synapses measured in C3 KO mice may be due to a decrease of microglia number. 

 

C3 KO TBI mice display motor recovery in comparison with WT littermates 

 Because BUB mice have hearing and visual problems that can develop at varying rates as 

animals age (Skradski, Clark et al. 2001, Chang, Hawes et al. 2002, Johnson, Zheng et al. 2005, 

Johnson, Zheng et al. 2006, Yan and Liu 2010), memory and cognitive tasks cannot be assessed 

in these animals. To investigate the functional consequence of neuroprotection conveyed by 

C3KO, we therefore tested motor performance as a surrogate, as contralateral cortical regions 

involved in motor function were also damaged in this TBI model. To investigate motor deficits 

we employed the cylinder task and Catwalk kinematic analysis. Cylinder task (Hanell, Clausen et 

al. 2010, Carballosa Gonzalez, Blaya et al. 2013) and Catwalk (Reviewed in Gold, Su et al. 
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2013) have previously been utilized as a motor recovery task for TBI, however, these studies did 

not examine long-term survival (>5 weeks). We therefore assessed performance on the cylinder 

task at 8 wpi, and CatWalk at 2wpi and 8wpi. As mice received CCI to the left cortex, right 

motor deficits were predicted. Both C3 WT and C3 KO animals had significantly fewer percent 

both paw placements when compared to sham sham levels (figure 3.5b, one sample t-test 

#p<0.05) validating that this task is able to detect changes post TBI. As predicted, C3 WT mice 

had significantly fewer right paw placements compared to sham levels while C3 KO mice did 

not have a difference in right paw placements compared to C3 KO shams (Figure 3.5b, one 

sample t-test #p<0.05). Critically, C3 KO mice had significantly more % right paw placements 

compared to C3 WT TBI animals (Figure 3.5b, One Tailed Student’s T-Test *p<0.05). These 

results indicate that C3 KO was beneficial for motor recovery contralateral to the injury. 

  

 Catwalk kinematic analysis represents a more sensitive task for gait analysis which has 

been employed extensively as a quantitative outcome in spinal cord injury research. However, 

Catwalk yields a large number of output parameters, many of which are linked by common 

elements (Kappos, Sieber et al. 2017). To focus analysis on parameters most relevant to TBI, we 

employed discriminate function analysis, followed by individual 2way ANOVAs. Parameters 

that were identified as being relevant to TBI was right front (RF) max contact, right hind (RH) 

max contact, front (F) max contact, RF max area, RH max area, RH print width, hind (H) max 

area, RF print length, left hind (LH) print length, RF print area, RH print area, LH print area, H 

print area, RF stand, RH stand, LH stand, F stand, H stand, RF duty cycle, RH duty cycle, F duty 

cycle, H duty cycle, regularity index, base of support (BOS) hind, support 3%, support diagonal, 

LH swing, H swing, RH max contact at, LH max contact at, H max contact at, LH swing speed, 
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RF stand index, left front (LF) stand index, RH stand index, LH stand index F standindex, H 

stand index, and step sequence Cb%. From this analysis only the right forelimb duty cycle, a 

measure of coordination, was significant. Catwalk data indicated that at 2wpi C3 WT were 

significantly different from sham (Figure 3.5c, one sample t-test #p<0.05) and between 

genotypes (Figure 3.5c, 2way ANOVA, α=0.05 Tukey’s post hoc test). By 8wpi both groups had 

recovered to sham levels (Figure 3.5c, one sample t-test, #p < 0.05), suggesting that C3 KO may 

have an effect at 2wpi that is no longer present at 8wpi. (Figure 3.5c, 2way ANOVA, α=0.05 

Tukey’s post hoc test). Together these results demonstrate that C3 KO presence increased motor 

recovery though this recovery may be time dependent, leading to a faster recovery.   

 

C3 KO TBI mice display decreased activity levels compared to C3 WT mice 

 Anxiety, risk taking, and activity levels are all factors that can be affected after TBI, 

animals were also tested on the elevated plus maze (EPM) task at 1wpi and 7 wpi. EPM has been 

validated as a measure for spontaneous anxiety behavior (Lister 1987, Goto, Conceicao et al. 

1993, Silva and Frussa-Filho 2000, Walf and Frye 2007, Shultz, Bao et al. 2012) as well as a task 

for risk assessment (Petraglia, Plog et al. 2014, Toshkezi, Kyle et al. 2018). EPM results revealed 

that C3 KO speed, measured as velocity, was significantly decreased from sham levels at 1wpi 

(Figure 3.6a, one sample t-test p<0.05). C3 KO mice were also significantly slower at 1wpi 

compared to C3 WT mice (Figure 3.6a, one Student’s tailed t-test , p<0.05). At 7 wpi, the 

velocity of C3 KO mice were no different than sham levels (Figure 3.6b, one sample t-test, 

p<0.05) however C3 KO mice were still significantly slower than C3 WT mice (Figure 3.6b, one 

tailed Student’s t-test, p<0.05). Total distance traveled on the EPM revealed that, when 

compared to shams at 1wpi, C3 KO mice traveled significantly shorter distances (Figure 3.6c, 
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one sample t-test, #p < 0.05) while C3 WT were no different from shams (Figure 3.6c, one 

sample t-test, p > 0.05). Distance traveled between C3 KO and C3 WT were also no different at 

1wpi (Figure 3.6c, one sample t-test, *p < 0.05). When distance traveled was examined again at 

7wpi there was no difference between both groups and sham animals (Figure 3.6d, one sample t-

test, p > 0.05) while between groups, C3 KO mice traveled significantly less distance (Figure 

3.6d, one tailed Student’s t-test, *p < 0.05). Open arm entries for both C3 KO and C3 WT, when 

compared to shams at 1wpi, had significantly fewer entries (Figure 3.6e, one sample t-test, #p < 

0.05, ###p < 0.0001). C3 KO mice also had fewer open arm entries than C3 WT (Figure 3.6e, 

one tailed Student’s t-test, *p < 0.05). At 7wpi both C3 KO and C3 WT had significantly fewer 

open arm entries compared to sham animals (Figure 3.6f, one sample t-test, #p < 0.05, ###p < 

0.0001).  These data further support that C3 leads to an increase in hyperactivity and may also 

influence an increase in risk taking.  

 

Discussion 

 In summary, we present long term histological data as well as short and long term 

behavioral data that C3 KO attenuates the effects of TBI. Currently, several research studies 

suggest that complement plays a role in injury pathogenesis (Leinhase, Holers et al. 2006, 

Longhi, Perego et al. 2008, Longhi, Perego et al. 2009, Fluiter, Opperhuizen et al. 2014, Ruseva, 

Ramaglia et al. 2015); however, these experiments were conducted in non-complement sufficient 

mice. Our data is novel because it not only examines behavioral and histological data for TBI at 

a later time point than is typically studied in literature (Reviewed in Gold, Su et al. 2013), but 

also in a mouse model that exhibits terminal pathway activation in standard serum CH50 analysis 

(Galvan, Luchetti et al. 2008).   
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Volume, Histology, Synapse Counts 

 In the present study C3 KO attenuated contralateral hippocampal injury, but no group 

differences were detected for total lesion volume or ipsilateral spared tissue volume. In a recent 

study utilizing similar CCI parameters, treatment with CR2fH, which inhibits C3, was reported 

to decrease lesion volume (Alawieh, Langley et al. 2018). Complete knockout of C3 would be 

predicted to yield a more significant effect, suggesting a difference in models or analysis 

methods between these studies. One possibility is that the difference in capacity to detect a 

difference in lesion size could reflect use of mice on the Bl6 background, which have been 

reported to not be fully complement sufficient (Ong and Mattes 1989, Osmers, Szalai et al., 

2006, Galvan, Luchetti et al., 2008). While previous research did not detect an effect of different 

mouse strains and lesion volume in SCI (Luchetti et al., 2010), this could be due to differences to 

a response between SCI and TBI. It is also possible our results could suggest a ceiling effect, that 

is, that the severity of injury precluded detection of sparing. Direct activation of the extrinsic 

pathway and formation of the C5 convertase on the BUB background would be consistent with 

that interpretation (Huber-Lang, Sarma et al. 2006). Accordingly, it is possible that in a less 

severe injury model differences in lesion volume would be detected. However, while Alawieh 

(2018) used parameters that were more severe and were able to detect differences in lesion 

volume between C3 inhibitor and vehicle treated Bl6 mice the location of the injury was slightly 

different as well as the injury device. An additional factor for no difference in our lesion volumes 

could be an expansion of TBI lesion size over time (Dixon, Kochanek et al. 1999, Greenberg, 

Mikulis et al. 2008, Ng, Mikulis et al. 2008), and while the Alawieh (2018) showed differences 

in lesion size after TBI, these were quantified at 30 days post injury, whereas we conducted our 

analyses at 54 days post injury, potentially affecting detection threshold.  
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 In addition to the protective effect of C3 KO on contralateral hippocampal volume 

suggested by these results, data from both NeuN and SYP+/GluR1+ synapse quantification 

suggest that C3 KO preserved contralateral hippocampal circuitry. In this regard, studies in 

aging, Alzheimer's disease, and West Nile Virus have all shown evidence for C3-dependent 

synapse loss within CA3 of the hippocampus which has been linked to microglia activation 

(Stevens, Allen et al. 2007, Perez-Alcazar, Daborg et al. 2014, Shi, Colodner et al. 2015). 

Microglia have been shown to induce a reactive A1 astrocyte phenotype after neuronal injury, 

which is associated with neurotoxicity and decreased phagocytic capabilities, potentially 

affecting clearance of myelin debris (Liddelow, Guttenplan et al. 2017). Our data also agrees 

with studies in aging mice which have increased synaptic sparing in the CA3 of the hippocampus 

and decreased microglial presence in C3 KO mice (Shi, Colodner et al. 2015, Shi, Chowdhury et 

al. 2017). Accordingly, reductions in microglia in C3 KO versus WT mice could account for 

synaptic, neuronal, and volume sparing in the contralateral hippocampus.  

 Changes in hippocampal volume in this paradigm could also be related to axonal loss, 

which has previously been reported after TBI. Studies utilizing blast injury in mice measured an 

increase in degenerating neurons within the CA1 stratum radiatum of the hippcampus at 8 - 12 

days after injury (Yin, Britt et al. 2014, Yin, Voorhees et al. 2016). However, while decreases in 

afferent projections to the hippocampus have been associated with volume reductions and 

synapse loss in some models (Scheff, Price et al. 2006), this is not universally true. Chronic 

plasma glucocorticoid elevation, a model of depression and Cushings disease that results in 

synapse loss, does not alter neuropil volume in the hippocampus, but the proportion of tissue 

volume composed of glial versus neuronal processes is changed (Tata, Marciano et al. 2006). 

Thus, differential shifts in neuronal survival, astroglial responses, and afferent inputs are likely to 
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play a role in these observations for KO versus WT TBI mice and sham injured controls. Finally, 

it should be noted that there may be a time course of neuronal, synapse, and axonal projection 

remodeling after TBI, and thus that analysis early after TBI could reveal a different relationship 

between synapse loss and neuropil volume. In sum, the histological data suggests that not only 

does C3 presence decrease contralateral hippocampal volume and increase microglia presence 

but also there may be a region specific effect on pre and post synaptic markers within the CA1 

and CA3 region of the hippocampus. 

 

Motor Behavior 

 In the present study, C3 KO mice exhibited improved recovery in motor behavior. While 

cognitive tasks such as Morris Water Maze are traditionally used to test for deficiencies after 

TBI, BUB mice develop vision and hearing loss over time, necessitating alternative behavioral 

measures. We selected a set of tasks dependent on motor function because the CCI impact site 

was located above the motor cortex on the left side; these included cylinder reaching, CatWalk, 

and EPM, which have been previously published for TBI (Neumann, Wang et al. 2009, Hanell, 

Clausen et al. 2010, Carballosa Gonzalez, Blaya et al. 2013, Mountney, Leung et al. 2013). 

Although Catwalk gait analysis showed utility for detection of TBI-induced motor deficits in C3 

WT mice at 2 wpi, as well as differences between C3 WT and KO groups, this was not sustained 

through 8 wpi. To date only two studies have tested using Catwalk for examining changes in 

gait. However, both of these studies only examined the effect on injury at time points < 28 days 

post injury. These studies indicated that there is a detriment in motor recovery at early (1-14 dpi) 

time point testing that is lost by 28 days after injury (Neumann, Wang et al. 2009, Mountney, 

Leung et al. 2013). A previous study investigating TBI motor recovery using a rotating pole test, 
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a motor task for coordination, reported a detectable difference between sham and TBI at 4 wpi  

(Keck, Thompson et al. 2007), however, a second study failed to detect a difference at this 

timepoint  (Hoover, Motta et al. 2004), suggesting variation between models and/or recovery of 

motor function over time in rodent models of TBI. In our study we utilized and validated a set of 

tasks that show that deficits in motor behavior can be measured beyond 28 days post injury.   

 While, as noted, BUB mice have onset of visual/hearing impairments with age, mice retain 

sensitive whisker ability (Flanigan, Xue et al. 2014) and would thus still be able to sense location 

in open versus enclosed arms of the EPM maze, as well as the contrast between the black wall 

and the white floor of the EPM. We detected a phenotypic difference between the sham groups at 

1 wpi, with C3 WT sham mice making significantly fewer open arm entries compared to C3 KO 

sham mice. This difference may possibly be due to the C3 WT sham animals responding to stress 

and so made fewer open entries as this was their first exposure to the EPM. However, this 

phenotypic difference between sham groups was resolved by 7 wpi. Analysis of EPM 

performance revealed the largest differences between C3 WT and KO mice; interestingly, 

however, these differences emerged over time. When normalized to sham C3 KO mice, C3 KO 

mice, were significantly less than normal compared to C3 WT mice after injury. This could 

indicate that C3 WT mice have increased risk taking behavior or quick short entries into the open 

arms. However, EPM data in rodent TBI research has shown different outcomes, which may be 

dependent on strain and the type of TBI lesion. Results have ranged from TBI-induced increases 

in anxiety like behaviors, such as decreased open arm entries and/or time spent in open arms 

(Jones, Cardamone et al. 2008, Schwarzbold, Rial et al. 2010), to increases in risk taking 

behaviors, such as increased time and entry in open arms (Pandey, Yadav et al. 2009), to failure 

to detect differences between TBI and uninjured groups (Siopi, Llufriu-Daben et al. 2012). Our 
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data presented here support findings in clinical studies on human subjects that show that after 

TBI there is an increase in hyperactivity (Alosco et al., 2014; Narad et al., 2018) and risky 

behavior (Visser-Keizer et al., 2016).  

 Taken together, these data support a beneficial effect of C3 KO on TBI lesion pathogenesis 

and behavioral recovery after TBI.The BUB background C3 KO mice employed here may more 

accurately reflect the human clinical condition, in which terminal complement pathway 

activation is a part of the TBI baseline. In this context, we previously reported that only male 

BUB/BnJ mice, and not C57Bl/6 mice, exhibit detectable activation of the classical complement 

cascade in response to spinal cord contusion as a model of traumatic central nervous system 

injury (Galvan, Luchetti et al. 2008) (Unpublished Beck, Nguyen et al.). A limitation to this 

current study, however, is that these mice represent constitutive knockouts, which could carry 

compensatory neurodevelopmental changes in comparison with wildtype animals. Additionally, 

analysis of the importance of C3 inhibition at different times after TBI could reflect an important 

parameter, that cannot be assessed in this constitutive model. Conditional C3 knockouts, while 

optimal, are not commercially available. 

 In conclusion, we demonstrate the effects of TBI on a complement sufficient mouse 

model, in particular the effects of C3. This complement protein seems to have an effect on 

outcomes after TBI in both synaptic sparing, microglia activation, and motor deficits. The results 

here also suggest that the effects C3 KO in synaptic sparing and microglia activation in the brain 

is specific to the CA3 region of the hippocampus. Our findings support a detrimental role for the 

presence of C3 following TBI. 

  



	 66 

References 
Al Nimer, F., R. Lindblom, M. Strom, A. O. Guerreiro-Cacais, R. Parsa, S. Aeinehband, T. 

Mathiesen, O. Lidman and F. Piehl (2013). Strain influences on inflammatory pathway 
activation, cell infiltration and complement cascade after traumatic brain injury in the rat. 
Brain Behav Immun 27(1): 109-122. 

Alawieh, A., E. F. Langley, S. Weber, D. Adkins and S. Tomlinson (2018). Identifying the role 
of complement in triggering neuroinflammation after traumatic brain injury. J Neurosci. 

Alosco ML, Fedor AF, Gunstad J (2014). Attention deficit hyperactivity disorder as a risk factor 
for concussions in NCAA division-I athletes. Brain injury 28(4):472-474 

Barth, T.M., T.A. Jones, T. Schallert (1990). Functional subdivisions of the rat somatic 
sensorimotor cortex. Behavioural brain research 39:73-95. 

Beck, K. D., H. X. Nguyen, D. L. Salazar, M. D. Galvan and A. J. Anderson Neuropathological 
correlate of non-traditional C5 cleavage in spinal cord injured C3-deficient mice. 

Bellander, B. M., I. H. Olafsson, P. H. Ghatan, H. P. Bro Skejo, L. O. Hansson, M. Wanecek and 
M. A. Svensson (2011). Secondary insults following traumatic brain injury enhance 
complement activation in the human brain and release of the tissue damage marker 
S100B. Acta Neurochir (Wien) 153(1): 90-100. 

Bellander, B. M., S. K. Singhrao, M. Ohlsson, P. Mattsson and M. Svensson (2001). 
Complement activation in the human brain after traumatic head injury. J Neurotrauma 
18(12): 1295-1311. 

Bellander, B. M., H. von Holst, P. Fredman and M. Svensson (1996). Activation of the 
complement cascade and increase of clusterin in the brain following a cortical contusion 
in the adult rat. J Neurosurg 85(3): 468-475. 

Carballosa Gonzalez, M. M., M. O. Blaya, O. F. Alonso, H. M. Bramlett and I. D. Hentall 
(2013). Midbrain raphe stimulation improves behavioral and anatomical recovery from 
fluid-percussion brain injury. J Neurotrauma 30(2): 119-130. 

Chang, B., N. L. Hawes, R. E. Hurd, M. T. Davisson, S. Nusinowitz and J. R. Heckenlively 
(2002). Retinal degeneration mutants in the mouse. Vision Res 42(4): 517-525. 

Dalle Lucca, J. J., M. Chavko, M. A. Dubick, S. Adeeb, M. J. Falabella, J. L. Slack, R. 
McCarron and Y. Li (2012). Blast-induced moderate neurotrauma (BINT) elicits early 
complement activation and tumor necrosis factor alpha (TNFalpha) release in a rat brain. 
J Neurol Sci 318(1-2): 146-154. 

Dixon, C. E., P. M. Kochanek, H. Q. Yan, J. K. Schiding, R. G. Griffith, E. Baum, D. W. Marion 
and S. T. DeKosky (1999). One-year study of spatial memory performance, brain 
morphology, and cholinergic markers after moderate controlled cortical impact in rats. J 
Neurotrauma 16(2): 109-122. 

Faul, M. D., M. M. Wald, L. Xu and V. G. Coronado (2010). Traumatic brain injury in the 
United States; emergency department visits, hospitalizations, and deaths, 2002-2006. 

Flanigan, T. J., Y. Xue, S. Kishan Rao, A. Dhanushkodi and M. P. McDonald (2014). Abnormal 
vibrissa-related behavior and loss of barrel field inhibitory neurons in 5xFAD 
transgenics. Genes Brain Behav 13(5): 488-500. 

Fluiter, K., A. L. Opperhuizen, B. P. Morgan, F. Baas and V. Ramaglia (2014). Inhibition of the 
membrane attack complex of the complement system reduces secondary neuroaxonal loss 
and promotes neurologic recovery after traumatic brain injury in mice. J Immunol 192(5): 
2339-2348. 

 



	 67 

Galvan, M. D., S. Luchetti, A. M. Burgos, H. X. Nguyen, M. J. Hooshmand, F. P. Hamers and A. 
J. Anderson (2008). Deficiency in complement C1q improves histological and functional 
locomotor outcome after spinal cord injury. J Neurosci 28(51): 13876-13888. 

Gold, E. M., D. Su, L. Lopez-Velazquez, D. L. Haus, H. Perez, G. A. Lacuesta, A. J. Anderson 
and B. J. Cummings (2013). Functional assessment of long-term deficits in rodent models 
of traumatic brain injury. Regen Med 8(4): 483-516. 

Goto, S. H., I. M. Conceicao, R. A. Ribeiro and R. Frussa-Filho (1993). Comparison of anxiety 
measured in the elevated plus-maze, open-field and social interaction tests between 
spontaneously hypertensive rats and Wistar EPM-1 rats. Braz J Med Biol Res 26(9): 965-
969. 

Greenberg, G., D. J. Mikulis, K. Ng, D. DeSouza and R. E. Green (2008). Use of diffusion tensor 
imaging to examine subacute white matter injury progression in moderate to severe 
traumatic brain injury. Arch Phys Med Rehabil 89(12 Suppl): S45-50. 

Hallam, T.M., C.L. Floyd, M.M. Folkerts, L.L. Lee, Q.Z. Gong, B.G. Lyeth, J.P. Muizelaar, R.F. 
Berman (2004). Comparison of behavioral deficits and acute neuronal degeneration in rat 
lateral fluid percussion and weight-drop brain injury models. 

Hammad, A., L. Westacott and M. Zaben (2018). The role of the complement system in 
traumatic brain injury: a review. J Neuroinflammation 15(1): 24. 

Hanell, A., F. Clausen, M. Bjork, K. Jansson, O. Philipson, L. N. Nilsson, L. Hillered, P. H. 
Weinreb, D. Lee, T. K. McIntosh, D. A. Gimbel, S. M. Strittmatter and N. Marklund 
(2010). Genetic deletion and pharmacological inhibition of Nogo-66 receptor impairs 
cognitive outcome after traumatic brain injury in mice. J Neurotrauma 27(7): 1297-1309. 

Haus DL, Lopez-Velazquez L, Gold EM, Cunningham KM, Perez H, Anderson AJ, Cummings 
BJ (2016). Traumsplantation of human neural stem cells restores cognition in an 
immunodeficient rodent model of traumatic brain injury. Experimental neurology 28:1-
16. 

Hoover, R. C., M. Motta, J. Davis, K. E. Saatman, S. T. Fujimoto, H. J. Thompson, J. F. Stover, 
M. A. Dichter, R. Twyman, H. S. White and T. K. McIntosh (2004). Differential effects 
of the anticonvulsant topiramate on neurobehavioral and histological outcomes following 
traumatic brain injury in rats. J Neurotrauma 21(5): 501-512. 

Huber-Lang, M., J. V. Sarma, F. S. Zetoune, D. Rittirsch, T. A. Neff, S. R. McGuire, J. D. 
Lambris, R. L. Warner, M. A. Flierl, L. M. Hoesel, F. Gebhard, J. G. Younger, S. M. 
Drouin, R. A. Wetsel and P. A. Ward (2006). Generation of C5a in the absence of C3: a 
new complement activation pathway. Nat Med 12(6): 682-687. 

Johnson, K. R., Q. Y. Zheng and K. Noben-Trauth (2006). Strain background effects and genetic 
modifiers of hearing in mice. Brain Res 1091(1): 79-88. 

Johnson, K. R., Q. Y. Zheng, M. D. Weston, L. J. Ptacek and K. Noben-Trauth (2005). The 
Mass1frings mutation underlies early onset hearing impairment in BUB/BnJ mice, a 
model for the auditory pathology of Usher syndrome IIC. Genomics 85(5): 582-590. 

Jones, N. C., L. Cardamone, J. P. Williams, M. R. Salzberg, D. Myers and T. J. O'Brien (2008). 
Experimental traumatic brain injury induces a pervasive hyperanxious phenotype in rats. 
J Neurotrauma 25(11): 1367-1374. 

Kaczorowski, S. L., J. K. Schiding, C. A. Toth and P. M. Kochanek (1995). Effect of soluble 
complement receptor-1 on neutrophil accumulation after traumatic brain injury in rats. J 
Cereb Blood Flow Metab 15(5): 860-864. 

 



	 68 

Kappos, E. A., P. K. Sieber, P. E. Engels, A. V. Mariolo, S. D'Arpa, D. J. Schaefer and D. F. 
Kalbermatten (2017). Validity and reliability of the CatWalk system as a static and 
dynamic gait analysis tool for the assessment of functional nerve recovery in small 
animal models. Brain Behav 7(7): e00723. 

Keck, C. A., H. J. Thompson, A. Pitkanen, D. G. LeBold, D. M. Morales, J. B. Plevy, R. Puri, B. 
Zhao, M. Dichter and T. K. McIntosh (2007). The novel antiepileptic agent RWJ-
333369-A, but not its analog RWJ-333369, reduces regional cerebral edema without 
affecting neurobehavioral outcome or cell death following experimental traumatic brain 
injury. Restor Neurol Neurosci 25(2): 77-90. 

Langlois, J. A. and R. W. Sattin (2005). Traumatic brain injury in the United States: research and 
programs of the Centers for Disease Control and Prevention (CDC). J Head Trauma 
Rehabil 20(3): 187-188. 

Lee, L.L., E. Galo, B.G. Lyeth, J.P. Muizelaar, R.F. Berman (2004). Neuroprotection in the rat 
lateral fluid percussion model of traumatic brain injury by SNX-185, an N-type voltage-
gated calcium channel blocker. Experimental neurology 190:70-78.  

Lehtonen S, Stringer AY, Millis S, Boake C, Englander J, Hart T, High W, Macciocchi S, 
Meythaler J, Novack T, Whyte J (2005). Neuropsychological outcome and community 
re-integration following traumatic brain injury: the impact of frontal and non-frontal 
lesions. Brain Injury 19(4):239-256. 

Leinhase, I., V. M. Holers, J. M. Thurman, D. Harhausen, O. I. Schmidt, M. Pietzcker, M. E. 
Taha, D. Rittirsch, M. Huber-Lang, W. R. Smith, P. A. Ward and P. F. Stahel (2006). 
Reduced neuronal cell death after experimental brain injury in mice lacking a functional 
alternative pathway of complement activation. BMC Neurosci 7: 55. 

Liddelow, S. A., K. A. Guttenplan, L. E. Clarke, F. C. Bennett, C. J. Bohlen, L. Schirmer, M. L. 
Bennett, A. E. Munch, W. S. Chung, T. C. Peterson, D. K. Wilton, A. Frouin, B. A. 
Napier, N. Panicker, M. Kumar, M. S. Buckwalter, D. H. Rowitch, V. L. Dawson, T. M. 
Dawson, B. Stevens and B. A. Barres (2017). Neurotoxic reactive astrocytes are induced 
by activated microglia. Nature 541(7638): 481-487. 

Lister, R. G. (1987). The use of a plus-maze to measure anxiety in the mouse. 
Psychopharmacology (Berl) 92(2): 180-185. 

Longhi, L., C. Perego, F. Ortolano, E. R. Zanier, P. Bianchi, N. Stocchetti, T. K. McIntosh and 
M. G. De Simoni (2009). C1-inhibitor attenuates neurobehavioral deficits and reduces 
contusion volume after controlled cortical impact brain injury in mice. Crit Care Med 
37(2): 659-665. 

Longhi, L., C. Perego, E. R. Zanier, F. Ortolano, P. Bianchi, N. Stocchetti and M. G. De Simoni 
(2008). Neuroprotective effect of C1-inhibitor following traumatic brain injury in mice. 
Acta Neurochir Suppl 102: 381-384. 

Luchetti S, Beck KD, Galvan MD, Silva R, Cummings BJ, Anderson AJ (2010). Comparison of 
immunopathology and locomotor recovery in C57BL/6, BUB/BnJ, and NOD-SCID mice 
after contusion spinal cord injury. Journal of neurotrauma 27(2):411-421. 

Mountney, A., L. Y. Leung, R. Pedersen, D. Shear and F. Tortella (2013). Longitudinal 
assessment of gait abnormalities following penetrating ballistic-like brain injury in rats. J 
Neurosci Methods 212(1): 1-16. 

Murphy, K. and C. Weaver, Eds. (2016). Janeway's immunobiology. New York, NY, Garland 
Science/Taylor & Francis Group, LLC. 

 



	 69 

Narad ME, Kennelly M, Zhang N, Wade SL, Yeates KO, Taylor HG, Epstein JN, Kurowski BG 
(2018). Secondary attention-deficit/hyperactivity disorder in children and adolescents 5 to 
10 years after traumatic brain injury. JAMA pediatrics. 

Neher, M. D., M. C. Rich, C. N. Keene, S. Weckbach, A. L. Bolden, J. T. Losacco, J. Patane, M. 
A. Flierl, L. Kulik, V. M. Holers and P. F. Stahel (2014). Deficiency of complement 
receptors CR2/CR1 in Cr2(-)/(-) mice reduces the extent of secondary brain damage after 
closed head injury. J Neuroinflammation 11: 95. 

Neumann, M., Y. Wang, S. Kim, S. M. Hong, L. Jeng, M. Bilgen and J. Liu (2009). Assessing 
gait impairment following experimental traumatic brain injury in mice. J Neurosci 
Methods 176(1): 34-44. 

Ng, K., D. J. Mikulis, J. Glazer, N. Kabani, C. Till, G. Greenberg, A. Thompson, D. Lazinski, R. 
Agid, B. Colella and R. E. Green (2008). Magnetic resonance imaging evidence of 
progression of subacute brain atrophy in moderate to severe traumatic brain injury. Arch 
Phys Med Rehabil 89(12 Suppl): S35-44. 

Ong, G. L. and M. J. Mattes (1989). Mouse strains with typical mammalian levels of 
complement activity. J Immunol Methods 125(1-2): 147-158. 

Osmers, I., A. J. Szalai, A. J. Tenner and S. R. Barnum (2006). Complement in BuB/BnJ mice 
revisited: serum C3 levels and complement opsonic activity are not elevated. Mol 
Immunol 43(10): 1722-1725. 

Pandey, D. K., S. K. Yadav, R. Mahesh and R. Rajkumar (2009). Depression-like and anxiety-
like behavioural aftermaths of impact accelerated traumatic brain injury in rats: a model 
of comorbid depression and anxiety? Behav Brain Res 205(2): 436-442. 

Perez-Alcazar, M., J. Daborg, A. Stokowska, P. Wasling, A. Bjorefeldt, M. Kalm, H. Zetterberg, 
K. E. Carlstrom, K. Blomgren, C. T. Ekdahl, E. Hanse and M. Pekna (2014). Altered 
cognitive performance and synaptic function in the hippocampus of mice lacking C3. Exp 
Neurol 253: 154-164. 

Petraglia, A. L., B. A. Plog, S. Dayawansa, M. Chen, M. L. Dashnaw, K. Czerniecka, C. T. 
Walker, T. Viterise, O. Hyrien, J. J. Iliff, R. Deane, M. Nedergaard and J. H. Huang 
(2014). The spectrum of neurobehavioral sequelae after repetitive mild traumatic brain 
injury: a novel mouse model of chronic traumatic encephalopathy. J Neurotrauma 31(13): 
1211-1224. 

Rich, M. C., C. N. Keene, M. D. Neher, K. Johnson, Z. X. Yu, A. Ganivet, V. M. Holers and P. 
F. Stahel (2016). Site-targeted complement inhibition by a complement receptor 2-
conjugated inhibitor (mTT30) ameliorates post-injury neuropathology in mouse brains. 
Neurosci Lett 617: 188-194. 

Rostami, E., J. Davidsson, A. Gyorgy, D. V. Agoston, M. Risling and B. M. Bellander (2013). 
The terminal pathway of the complement system is activated in focal penetrating but not 
in mild diffuse traumatic brain injury. J Neurotrauma 30(23): 1954-1965. 

Ruseva, M. M., V. Ramaglia, B. P. Morgan and C. L. Harris (2015). An anticomplement agent 
that homes to the damaged brain and promotes recovery after traumatic brain injury in 
mice. Proc Natl Acad Sci U S A 112(46): 14319-14324. 

Schafer, D. P., E. K. Lehrman, A. G. Kautzman, R. Koyama, A. R. Mardinly, R. Yamasaki, R. 
M. Ransohoff, M. E. Greenberg, B. A. Barres and B. Stevens (2012). Microglia sculpt 
postnatal neural circuits in an activity and complement-dependent manner. Neuron 74(4): 
691-705. 

 



	 70 

Scheff, S. W., S. A. Price, R. W. Brown, and P. J. Kraemer (1997). Morris water maze deficits in 
rats following traumatic brain injury: lateral controlled cortical impact. J Neurotrauma 
14(9): 615-627. 

Scheff, S. W., D. A. Price, F. A. Schmitt and E. J. Mufson (2006). Hippocampal synaptic loss in 
early Alzheimer's disease and mild cognitive impairment. Neurobiol Aging 27(10): 1372-
1384. 

Schwarzbold, M. L., D. Rial, T. De Bem, D. G. Machado, M. P. Cunha, A. A. dos Santos, D. B. 
dos Santos, C. P. Figueiredo, M. Farina, E. M. Goldfeder, A. L. Rodrigues, R. D. 
Prediger and R. Walz (2010). Effects of traumatic brain injury of different severities on 
emotional, cognitive, and oxidative stress-related parameters in mice. J Neurotrauma 
27(10): 1883-1893. 

Shi, Q., S. Chowdhury, R. Ma, K. X. Le, S. Hong, B. J. Caldarone, B. Stevens and C. A. Lemere 
(2017). Complement C3 deficiency protects against neurodegeneration in aged plaque-
rich APP/PS1 mice. Sci Transl Med 9(392). 

Shi, Q., K. J. Colodner, S. B. Matousek, K. Merry, S. Hong, J. E. Kenison, J. L. Frost, K. X. Le, 
S. Li, J. C. Dodart, B. J. Caldarone, B. Stevens and C. A. Lemere (2015). Complement 
C3-Deficient Mice Fail to Display Age-Related Hippocampal Decline. J Neurosci 35(38): 
13029-13042. 

Shultz, S. R., F. Bao, V. Omana, C. Chiu, A. Brown and D. P. Cain (2012). Repeated mild lateral 
fluid percussion brain injury in the rat causes cumulative long-term behavioral 
impairments, neuroinflammation, and cortical loss in an animal model of repeated 
concussion. J Neurotrauma 29(2): 281-294. 

Silva, R. H. and R. Frussa-Filho (2000). The plus-maze discriminative avoidance task: a new 
model to study memory-anxiety interactions. Effects of chlordiazepoxide and caffeine. J 
Neurosci Methods 102(2): 117-125. 

Siopi, E., G. Llufriu-Daben, F. Fanucchi, M. Plotkine, C. Marchand-Leroux and M. Jafarian-
Tehrani (2012). Evaluation of late cognitive impairment and anxiety states following 
traumatic brain injury in mice: the effect of minocycline. Neurosci Lett 511(2): 110-115. 

Skradski, S. L., A. M. Clark, H. Jiang, H. S. White, Y. H. Fu and L. J. Ptacek (2001). A novel 
gene causing a mendelian audiogenic mouse epilepsy. Neuron 31(4): 537-544. 

Smith, C., S. M. Gentleman, P. D. Leclercq, L. S. Murray, W. S. Griffin, D. I. Graham and J. A. 
Nicoll (2013). The neuroinflammatory response in humans after traumatic brain injury. 
Neuropathol Appl Neurobiol 39(6): 654-666. 

Stahel, P. F., M. A. Flierl, B. P. Morgan, I. Persigehl, C. Stoll, C. Conrad, B. M. Touban, W. R. 
Smith, K. Beauchamp, O. I. Schmidt, W. Ertel and I. Leinhase (2009). Absence of the 
complement regulatory molecule CD59a leads to exacerbated neuropathology after 
traumatic brain injury in mice. J Neuroinflammation 6: 2. 

Stahel, P. F., M. C. Morganti-Kossmann, D. Perez, C. Redaelli, B. Gloor, O. Trentz and T. 
Kossmann (2001). Intrathecal levels of complement-derived soluble membrane attack 
complex (sC5b-9) correlate with blood-brain barrier dysfunction in patients with 
traumatic brain injury. J Neurotrauma 18(8): 773-781. 

Stevens, B., N. J. Allen, L. E. Vazquez, G. R. Howell, K. S. Christopherson, N. Nouri, K. D. 
Micheva, A. K. Mehalow, A. D. Huberman, B. Stafford, A. Sher, A. M. Litke, J. D. 
Lambris, S. J. Smith, S. W. John and B. A. Barres (2007). The classical complement 
cascade mediates CNS synapse elimination. Cell 131(6): 1164-1178. 

 



	 71 

Tata, D. A., V. A. Marciano and B. J. Anderson (2006). Synapse loss from chronically elevated 
glucocorticoids: relationship to neuropil volume and cell number in hippocampal area 
CA3. J Comp Neurol 498(3): 363-374. 

Toshkezi, G., M. Kyle, S. L. Longo, L. S. Chin and L. R. Zhao (2018). Brain repair by 
hematopoietic growth factors in the subacute phase of traumatic brain injury. J 
Neurosurg: 1-9. 

Visser-Keizer AC, Westerhof-Evers HJ, Gerritsen MJ, van der Naalt J, Spikman JM (2016). To 
fear is to gain? The role of fear recognition in risky decision making in TBI patients and 
healthy controls. PLos One 11(11). 

Walf, A. A. and C. A. Frye (2007). The use of the elevated plus maze as an assay of anxiety-
related behavior in rodents. Nat Protoc 2(2): 322-328. 

Weisman, H. F., T. Bartow, M. K. Leppo, H. C. Marsh, Jr., G. R. Carson, M. F. Concino, M. P. 
Boyle, K. H. Roux, M. L. Weisfeldt and D. T. Fearon (1990). Soluble human 
complement receptor type 1: in vivo inhibitor of complement suppressing post-ischemic 
myocardial inflammation and necrosis. Science 249(4965): 146-151. 

Yan, D. and X. Z. Liu (2010). Modifiers of hearing impairment in humans and mice. Curr 
Genomics 11(4): 269-278. 

Yin, T. C., J. K. Britt, H. De Jesus-Cortes, Y. Lu, R. M. Genova, M. Z. Khan, J. R. Voorhees, J. 
Shao, A. C. Katzman, P. J. Huntington, C. Wassink, L. McDaniel, E. A. Newell, L. M. 
Dutca, J. Naidoo, H. Cui, A. G. Bassuk, M. M. Harper, S. L. McKnight, J. M. Ready and 
A. A. Pieper (2014). P7C3 neuroprotective chemicals block axonal degeneration and 
preserve function after traumatic brain injury. Cell Rep 8(6): 1731-1740. 

Yin, T. C., J. R. Voorhees, R. M. Genova, K. C. Davis, A. M. Madison, J. K. Britt, C. J. Cintron-
Perez, L. McDaniel, M. M. Harper and A. A. Pieper (2016). Acute Axonal Degeneration 
Drives Development of Cognitive, Motor, and Visual Deficits after Blast-Mediated 
Traumatic Brain Injury in Mice. eNeuro 3(5). 

  



	 72 

 
  

1/1
5

1/3
0

1/6
0

1/1
00

1/2
00

0

20

40

60

80

100 WT (n=4) SCI
WT (n=4) Lam
C3 KO (n=5) SCI

serum dilution

%
  C

om
pl

em
en

t a
ct

iv
ity

Figure 3.1. Hemolytic analyses of total complement activity in serum. Male BUB C3 
KO mice showed complete loss of total complement activity  after SCI compared to 
male BUB C3 WT mice. Data points represent group means ±SEM 
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Figure 3.2. C3 KO increases contralateral hippocamal volume sparing at 8 weeks 
post CCI. (a) Representative histological section depicting extent of long-term damage 
resulting from sham injury and (b) CCI-TBI. Volumetric analysis of (c) lesion volume 
demonstrates lesion formation with no change in lesion size as a result of C3 KO (one-
tailed Student’s t-test, p > 0.05. Brain volumes normalized to sham, as denoted by the 
dotted line (d) spared tissue volume was significantly different for both C3 WT (one 
sample t-test, p < 0.01) and C3 KO mice (one sample t-test, p  < 0.05) from sham, with 
no change in spared tissue volume between compared between C3 WT and C3 KO as 
well as (e) a significant decrease in C3 WT TBI mice contralateral hippocampal volume 
from sham levels (one sample t-test) and a significant increase in C3 KO contralateral 
hippocampal sparing (One Tailed Student’s T-Test). All data is from analysis conducted 
8 weeks post-TBI. # represents comparisons made to sham animals. * represents 
comparisons made between groups.  # /*p< 0.05, ##/** p< 0.005, one sample t-test. 
Data is expressed as mean ± s.e.m., scale bar 500um. C3 WT, C3 KO, n=6/group. 
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Figure 3.3. C3 KO increases neuronal and synaptic sparing after TBI. Representative image of 
NeuN positive cells within the CA3 in C3 WT (a) and C3 KO (b) mice. (c-d) Unbiased 
stereological quantification of contralateral hippocampal neuronal sparing in the CA1 and CA3. 
When compared to sham animals (dotted line), no significant neuronal loss is present in the CA1 
of the hippocampus for both groups (one sample t-test, p> 0.05) (c) but significant loss was 
present in the CA3 of C3 WT (one sample t-test, p < 0.05). There was no significant difference 
when comparing between groups for both the CA1 and CA3 (c-d, One Tailed Student’s T-Test p 
> 0.05). (d) Significant synaptic sparing was measured in the contralateral hippocampal CA3 but 
not the CA1. Representative image of pre and post-synaptic double labeling synaptophysin 
(green, SYP), glutamate receptor 1 (red, GluR1), and double labeled (yellow) (e) (Credit: Dr. 
Carley Karsten). (f-h) When compared to sham synaptic numbers, no significant sparing of 
double labeled (f, SYP+/GluR1+, one sample t-test, p > 0.05) was measured and no significant 
difference between C3 WT and C3 KO animals (f). There was also no significant difference in 
SYP+ labeling compared to sham (g, one sample t-test, p > 0.05) and no difference in GluR1+ 
labeling was measured when comparing to sham mice (h, one sample t-test, p > 0.05) was 
measured. C3 KO TBI animals had significantly fewer GluR1+ labeled puncta within the CA1 
(h, One Tailed Student’s T-Test, *p < 0.05). When compared to sham synaptic numbers, no 
significant sparing of double labeled (i, SYP+/GluR1+, one sample t-test, p > 0.05) or SYP+ (j, 
one sample t-test, p > 0.05) was measured. Compared to sham animals GluR1+ labeling was 
significantly increased in C3 KO TBI animals (k, one sample t-test, #p < 0.05). C3 KO TBI 
animals had significantly more double labeled synapses (SYP+/GluR1+) (j, one tailed Student’s 
t-test) and GluR1+ labeled synapses within the CA3 (k, One Tailed Student’s T-Test, *p < 0.05). 
All data is from analysis conducted 8 weeks post-TBI. Data is expressed as mean ± s.e.m., scale 
bar 50 um (NeuN), scale bar 1um (synaptic counts). C3 WT, C3 KO, n=6/group.  
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Figure 3.4. C3 KO attenuates microglial presence after TBI. C3 KO mice had significantly 
fewer Iba-1+ microglia at 8 wpi. (a) Representative image of Iba-1 positive cells (brown) 
counterstained with hematoxylin (purple), within the CA3 of a C3 WT mouse and (b) C3 KO 
mouse. Quantification of Iba-1 positive cells within the hippocampal CA1 region showed that 
C3 WT and C3 KO were not significantly  different from sham animals (dotted line, one 
sample t-test  p  > 0.05) there was a trend for an increase in microglia in CA1 and a trend for 
decrease in microglia number in C3 KO. However C3 KO mice had significantly fewer 
microglia within the CA1 region compared to C3 WT (Student’s t-test *p < 0.05). Within the 
CA3 region C3 WT and C3 KO were not significantly different from sham animals (dotted 
line, one sample t-test  p  > 0.05) there was a trend for an increase in microglia in CA3 and a 
trend for decrease in microglia number in C3 KO. However C3 KO mice had significantly 
fewer microglia within the CA3 region compared to C3 WT (Student’s t-test *p  < 0.05). All 
data is from analysis conducted 8 weeks post-TBI. Data is expressed as mean±s.e.m, scale bar 
10um. C3 WT, n=6, C3 KO, n=6
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Figure 3.5. C3 KO TBI mice display increased locomotor recovery. Cylinder reaching detected motor 
recovery in C3 KO TBI animals at  8 wpi. When compared to sham animals (dotted line), (a) C3 KO 
animals had no deficit  in percent right  paw reaching placements (one sample t-test, p > 0.05 while C3 
WT animals reached and placed fewer percent  right paw placements (one sample t-test, #p < 0.05). 
C3 KO TBI animals placed significantly more right  paws compared to C3 WT  TBI animals. Cylinder 
reaching can be utilized as a motor behavior test to measure recovery after TBI. When compared to 
sham animals (dotted line) (b) both groups placed both paws significantly fewer than sham animals 
(one sample t-test, #p < 0.05). No significant difference was detected between groups for percent 
both paw placement  (One Tailed Student’s T-Test, p > 0.05). When normalized to sham C3 WT  TBI 
at  2 weeks post injury had a significant  difference detected in Right forelimb duty cycle (c, one 
sample t-test, #p < 0.05). C3 KO at 2 weeks post injury or C3 WT  and KO at  8 weeks post  injury did 
not have a detectable difference to pre-injury baseline (c, one sample t-test, p > 0.05). Only at 2 
weeks post injury was a difference measured between C3 WT and C3 KO animals (c, 2-way 
ANOVA, post hoc Tukey analysis, *p<0.05). Data is expressed as mean±s.e.m. C3 WT  TBI, n=11, 
C3 KO TBI, n=14

n.s.
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Figure 3.6. C3 KO decreases activity level after TBI. Elevated plus maze revealed 
significantly increased activity levels. velocity and distance traveled in C3 WT mice. When 
compared to sham animals at 1 week post injury  C3 KO mice moved significantly slower (a, 
one sample t-test, #p  < 0.05) and significantly slower than C3 WT mice (a, one tailed 
Student’s t-test, **p  < 0.01). At  7 weeks post  injury  no difference was detected between any of 
the groups and sham levels (b, one sample t-test, p > 0.05) while C3 WT mice still moved 
significantly faster than C3 KO TBI mice (b, one tailed t-test, *p < 0.05). When compared to 
sham animals at  1 week post injury C3 KO mice covered significantly less distance (c, one 
sample t-test, #p < 0.05) and significantly less distance than C3 WT mice (c, one tailed 
Student’s t-test, **p  < 0.01). At  7 weeks post  injury  no difference was detected between any of 
the groups and sham levels (d, one sample t-test, p  > 0.05) while C3 KO mice still covered 
less distance than C3 KO TBI mice (d, one tailed t-test, *p < 0.05). When compared to sham 
animals at 1 week post injury both groups had significantly fewer open arm entries (e, one 
sample t-test, #p < 0.05, ###p < 0.0001) and significantly fewer open entries than C3 WT 
mice (e, one tailed Student’s t-test, *p < 0.05). At 7 weeks open arm entries was still 
significantly decreased in both groups compared to sham open arm entries (f, one sample t-
test, #p < 0.05, ###p < 0.0001) while C3 WT mice still moved significantly faster than C3 KO 
TBI mice (f, one tailed t-test, **p < 0.01). Data is expressed as mean±s.e.m. C3 WT TBI, n=11, 
C3 KO TBI, n=14
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CHAPTER 4 
 

Summary and Conclusions 

 

 CNS has traditionally been considered an immune-privileged organ, but recently there has 

been evidence from many labs that have shown there is significant cross-talk between the 

immune system and the CNS. The studies carried out in this dissertation introduce novel findings 

for the effect that complement component C6 may have in recovery after SCI in heterozygous 

maintained C6 rat colonies. The dissertation then evaluates the effect of other complement 

proteins in recovery after TBI by using a genetic knockout mouse for C3. Specifically, I report 

that the membrane attack complex is beneficial for the pathology and recovery after SCI while 

C3 KO is beneficial after TBI. The results of these studies have identified the contribution  of 

complement components in SCI and TBI.  

 

Membrane attack complex is needed for recovery after spinal cord injury 

 The current understanding of the complement system in experimental disease and trauma 

models is based on studies of mouse strains that lack hemolytic activity. Despite the knowledge 

that there are limitations on mouse models studying C5b-9 it is generally accepted that C5b-9 

contributes to tissue damage. Previous data from our lab suggests that the complement pathway 

and formation of MAC affects outcome after SCI. The results from a C6 WT and C6-D mouse 

study implicated that C6, which is essential in the formation of MAC, was needed to improve the 

locomotor and pathology outcome after SCI. However, when this study was previously repeated 

in a fully complement sufficient rat model in our laboratory results indicated that C6 was 

detrimental to the recovery of the rats. The biggest difference between the two studies beyond 
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the animal species was that the mice used WT littermate controls while the rats were maintained 

as separate homozygous C6 WT or homozygous C6-D colonies. To date all studies utilizing the 

PVG C6 rat have used this method, obtaining the C6 D PVG rats from Dr. Paul Morgan (UK) 

and the PVG WT rats from Harlan. The use of littermate controls in animal studies examining 

genetic differences is important because genetic drift can occur between strains that are 

maintained separately. These changes may be due to epigenetic and environmental caused 

selection (Holmdahl and Malissen, 2012) which may affect our ability make the correct 

comparisons. The use of a heterozygous breeding colony allows us to have the animals be as 

genetically similar as possible beyond the C6 deficiency thus decreasing variability.  

 In the first set of studies in this dissertation (Chapter 2), we examined the effect of using 

heterozygous C6 WT and C6-D rats and comparing the results with previous data from the lab 

using homozygous C6 WT and C6-D rats. Our results indicated that having MAC present after 

injury was beneficial as measured through decreased pathology and increased locomotor 

recovery. This data is in agreement with data from our lab using complement sufficient C6 BUB 

mice that were generated using heterozygous breeding pairs.   

 The striking aspect of this study, together with the mouse data, is that MAC is not 

detrimental as literature assumes. Our results highlight a previously unrecognized issue for the 

C6 rat  model, the importance of the use of littermate controls in studies involving genetic 

manipulations in the complement cascade. Together the data from Chapter 2 suggests that there 

are functional strain differences due to maintenance in separate homozygous colonies versus 

heterozygous colonies to generate littermate controls. 
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C3 is detrimental for recovery after TBI 

 Chapter 3 presented data that C3 KO attenuates the effect of TBI. We show this effect of 

C3 KO through sparing of contralateral hippocampus volume, neuronal sparing, synaptic 

sparing, decreased microglial presence, improved locomotor recovery for cylinder reaching task, 

Catwalk, and decreased hyperactivity as measured through EPM. Our data is novel because it 1) 

examines the effect of C3 in the traditional inflammatory response in a complement sufficient 

mouse model, 2) examines C3 as a single component of the innate immune system, and 3) 

examines behavioral and histological data for TBI at a later time point than is typically studied in 

literature (Reviewed in Gold et al., 2013). While previous research on C3 inhibition or 

deficiency have shown an ameliorating effect on TBI these experiments were all conducted in 

non-complement sufficient mice and so in reality the effect of C3 as a single ligand was being 

reported instead of the role C3 has in the innate immune response after injury.  

 The role of complement components having dual roles depending on the environment has 

been described by our laboratory and others. C1q, an upstream complement component to C3, 

has been shown to increase during aging and be involved in cognitive decline (Stephan et al., 

2013) and after SCI a C1q KO mouse on a complement sufficient BUB background has been 

shown to have improved locomotor recovery and pathology (Galvan et al., 2008). However, C1q 

is also involved in refining synaptic input within the dorsal lateral geniculate nucleus (Stevens et 

al., 2007). Peterson et al., (2015) has also shown that C1q and C3 have opposing effects on 

neurite outgrowth in vitro which also suggests that beyond dual roles for complement proteins 

each protein can have different functions. C3 inhibition has been shown to decrease lesion 

volume and improved cognitive performance after TBI in C57/Bl6 mice (Alawieh et al., 2018). 

However, this study utilized a non-complement sufficient mouse so the effect seen may not be 
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MAC mediated but through a C3 molecule response. In vitro studies utilizing dorsal root ganglia 

have shown that C3, with the addition of myelin, C3 alone is able to inhibit neurite outgrowth as 

well as neuronal survival due to myelin having the ability to cleave C3 into its active components 

(Peterson et al., 2017). However, during normal conditions C3 has been shown to modulate 

neurogenesis within the adult hippocampus dendate gyrus (Rahpeymai et al., 2006; Perez-

Alcazar et al., 2014). These studies show again that complement can have different roles 

depending on what is occurring in the environment at a particular time. Studies examining timing 

after CNS injury for different complement proteins would be important in elucidating the exact 

effect of complement as the environment after injury changes over time.  

 

Summary 

 In summary, these results broaden previous findings on the role of the complement cascade 

in CNS trauma experimental models. These data suggest that inhibiting the classical, alternative, 

and lection complement pathways after CNS trauma are beneficial to recovery, whereas 

inhibiting the terminal complement pathways is detrimental to recovery. Studies have suggested 

that individual ligands within the complement cascade have discrete functions beyond the 

inflammatory response (Reviewed in Peterson and Anderson, 2014). Here we have shown that 

C3 KO is beneficial for recovery after TBI in an inflammatory environment. Literature also tells 

us that C3 alone may also have an effect, further suggesting that complement may have not only 

dual functions within the CNS depending on the environment but may also function outside of 

the complement cascade. 
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Traditionally inhibition studies on MAC have showed that presence of MAC is 

detrimental for recovery after injury. However, a search of C6 deficiency studies in literature 

exposes the problem of utilizing the wrong model either through improper controls or a non-

complement sufficient model. Interestingly, several other in vivo studies on MAC inhibition 

have shown that MAC may in fact be beneficial for recovery after SCI due to induction of 

oligoprogenitor proliferation and/or enhancement of oligodendrocyte survival (Rus et al., 1996; 

Soane et al., 1999; Soane et al., 2001; Cudrici et al., 2006; Rutkowski et al., 2010). Additionally 

MAC has also been implicated to be involved in a positive feedback loop by MAC producing 

cellular debris that is targeted by C1q which will continue to activate the classical cascade thus 

increasing phagocytosis and debris clearance (Mead et al., 2002; Ramaglia et al., 2007). In 

conclusion these data support the hypothesis that complement be both neuroprotective and 

neurodegenerative in CNS trauma where simple molecules or full complement pathway 

activation could have different roles. 
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