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ABSTRACT 

 
Traumatic brain injury, hereon referred to as TBI, can be simply defined as a 

disruption to normal brain function as a result of an outside force to the head. TBI 

contributes to one third of all injury related deaths in the United States, and treatment 

strategies for TBI are supportive. Although primary and secondary mechanisms of injury 

have been clearly identified, the heterogeneous and intertwined pathophysiology of TBI 

is not fully understood. Primary injury results from the impact itself and causes 

immediate damage. However, secondary mechanisms of injury in TBI, such as oxidative 

stress and inflammation, are points at which intervention may reduce neuropathology. 

Trials taking advantage of the antioxidant and anti-inflammatory properties of several 

agents have had little clinical success, while the use of targeted therapeutics in TBI is 

relatively unexplored. Evidence suggests that reactive oxygen species (ROS) propagate 

blood-brain barrier (BBB) hyperpermeability and exacerbate inflammation following 

TBI. In the studies presented herein, we tested the hypothesis that targeted detoxification 

of ROS may improve the pathological outcomes using the controlled cortical impact 

mouse model of TBI.  

Following TBI, endothelial activation results in a time dependent increase in 

vascular expression of ICAM-1, an endothelial activation and cell adhesion molecule, as 

was observed by immunohistochemistry and immunofluorescence staining of isolated 

cortical microvessels. We conjugated catalase, an antioxidant enzyme, to anti-ICAM-1 

antibodies and administered the conjugate intravenously to 8-week-old C57BL/6J mice at 

30 minutes after moderate controlled cortical impact TBI. Results indicate that catalase 
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targeted to ICAM-1 reduces markers of oxidative stress including levels of hydrogen 

peroxide and 3-nitrotyrosine detected in the cortex ipsilateral to the area of injury. Anti-

ICAM-1/catalase also preserved BBB permeability based on two assays of barrier 

permeability to the plasma protein fibrinogen and small fluorescent tracer sodium 

fluorescein. Following TBI, mice receiving the conjugate exhibited attenuated 

neuropathological indices for astrocyte and microglia activation as well as cortical 

neuronal loss compared to controls. For each of these endpoints, anti-ICAM-1/catalase 

was found to be more effective than anti-ICAM-1 antibodies or catalase administered 

alone. An extensive study of microglia by two-photon microscopy of ex vivo brain 

segments from CX3CR1-GFP mice revealed that anti-ICAM-1/catalase prevented the 

transition of microglia to an activated phenotype after TBI. Finally, anti-ICAM-1/catalase 

offered functional improvement in Rotarod and elevated zero maze performance 

compared to controls at acute and chronic time points, respectively.  

Collectively, these findings demonstrate the use of a targeted antioxidant enzyme 

to interfere with oxidative stress mechanisms acutely in TBI. The results demonstrate 

histological and functional benefit of anti-ICAM-1/catalase administration and provide a 

proof-of-concept approach to improve acute TBI management that may also be 

applicable to other neuroinflammatory conditions. 
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CHAPTER 1: INTRODUCTION 

Traumatic brain injury (TBI) is a prevalent healthcare concern with an estimated 

1.7 million cases occurring annually in the US alone (Coronado et al., 2011; Langlois, 

Marr, Mitchko, & Johnson, 2005). In 2000, the total cost of TBI totaled an estimated 

$76.5 billion including care for TBI patients as well as loss of productivity. In addition to 

civilian sports-related injuries, motor vehicles accidents, and falls, recent warfare has 

increased the number of Veterans experiencing TBI, further demonstrating the need for 

effective therapeutics that can be administered acutely following injury in the field (Hoge 

et al., 2008; B. C. Taylor et al., 2012). The etiology of TBI includes traffic accidents, 

falls, gunshot wounds, sports, and combat-related injuries (Pearn et al., 2017). Although 

technological and therapeutic advancements in preceding decades have improved the 

quality and length of life for those suffering from TBI, no effective therapy specific for 

TBI prevention or management currently exists in practice. Several preclinical and 

clinical studies have been conducted to assess the benefit of monotherapies and 

combination therapies in TBI; however, few have demonstrated success in improving 

patient outcomes (Diaz-Arrastia et al., 2014; Margulies et al., 2016). Consequently, TBI 

patients are limited to supportive treatment options and rehabilitation, with extensive 

recovery times and often-permanent disability. There is a persistent need in the fields of 

TBI research and clinical management for specific therapeutic strategies that prevent the 

propagation of secondary injury mechanisms. The studies presented herein seek to 

contribute to the knowledge base of TBI secondary injury mechanisms and the 

availability of targeted therapeutics for TBI management with a specific focus on 

combating early oxidative stress processes at the blood-brain barrier (BBB).  
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Traumatic Brain Injury 

Traumatic brain injury can be defined as a disruption to normal brain function as a 

result of an outside force to the head (Coronado et al., 2011). Traumatic brain injury 

occurs on a spectrum of severity and may range from mild to severe. TBI is a very 

heterogeneous disorder. Mild TBI, for example, could be associated with a brief change 

in mental status or consciousness while a patient suffering from severe TBI may exhibit 

an extended period of unconsciousness after the injury with comorbidities such as 

impairments in thinking or memory, movement, sensation, or emotional changes. In 

2013, TBI was diagnosed in more than 2.5 million emergency department visits 

(Coronado et al., 2015). In the decade preceding, the rate of emergency department visits 

for TBI more than doubled for individuals under the age of 19, likely due to the 

widespread media coverage of TBI in news and sports, which is raising awareness of the 

disorder among the public. Falls are the leading cause of TBI and a cause that 

disproportionately affects younger and older populations. The second leading cause of 

TBI is the result of being struck by or against an object, which accounted for 15% of 

emergency department visits for TBI in 2013 (Babcock, Byczkowski, Wade, Ho, & 

Bazarian, 2013; Coronado et al., 2015). The third leading cause of TBI for all age groups 

is involvement in a motor vehicle accident. The leading causes of death from TBI across 

age groups are falls, intentional self-harm, and motor vehicle accidents in that order 

(Coronado et al., 2015). 

Traumatic brain injury is a very heterogeneous condition with varying 

symptomatology based on the individual patient. Accordingly, the pathophysiology of 

TBI is complex, but has been characterized to occur in two broad phases (Werner & 
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Engelhard, 2007). Primary injury refers to the damage that occurs at the moment of 

impact from the physical force of the impact itself. Primary injury can involve contusion 

formation, diffuse axonal injury and brain swelling and intracranial hemorrhage from 

vascular disruption. Primary injury, in the contexts of moderate and severe TBI, 

invariably results in focal necrotic cell death (LaPlaca, Simon, Prado, & Cullen, 2007). 

The damage sustained during primary injury initiates a cascade of biochemical and 

cellular events that trigger secondary injury mechanisms. Secondary injury mechanisms 

of TBI include BBB disruption, neuroinflammation, oxidative stress damage, and 

glutamate excitotoxicity. This propagation of damage is not well controlled and can lead 

to exacerbated injury, progressive neurodegeneration, and delayed cell death (Lozano et 

al., 2015). These processes begin at the time of the traumatic event and continue to 

contribute to cerebral damage for days and weeks following injury (Maas, Stocchetti, & 

Bullock, 2008). The delayed nature of secondary injury mechanisms suggests a potential 

therapeutic window for intervention (Pearn et al., 2017). Studying the means of 

secondary injury mechanisms and potential targets at which to interfere is a growing and 

important effort to uncover specific treatment strategies that may be able to stop the 

progression of TBI and thus prevent the comorbidities from which these patients suffer.  

Several animal models have been established for the study of TBI. The work 

presented herein utilized the controlled cortical impact (CCI) mouse model of TBI. The 

CCI-TBI model permits the study of both short-term and long-term effects of TBI 

including neuronal injury and cell activation, vascular changes, cerebral edema, memory 

deficits, as well as potential therapeutic treatments for TBI (Boulet, Kelso, & Othman, 

2013). The CCI mouse model offers many advantages to the study of TBI, particularly 
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the study of TBI pathogenesis and therapeutic strategies. The CCI model was first 

implemented in the 1980s by Lighthall and colleagues for the study of TBI in ferrets 

using a pneumatic impactor (Lighthall, 1988). Since, CCI-TBI models have been 

expanded to many other species including rats and mice (Acosta et al., 2013; P. Lee et al., 

2012). The mouse is a useful animal model for CCI-TBI because of its research utility in 

transgenic manipulation and treatment application. Additionally, CCI-TBI in mice 

mimics many of the pathological mechanisms that are thought to occur in humans 

following TBI and is highly reproducible when performed using consistent injury 

parameters (Acosta et al., 2013). In our CCI-TBI model, the incorporation of a cranial 

window, by closing the craniectomy with a glass coverslip, permits the observation of 

underlying structures by intravital microscopy. Furthermore, CCI is revered for its ability 

to produce graded morphological and functional responses to TBI, which is particularly 

useful when evaluating injury severity or the effectiveness of therapeutic agents, 

approaches to both of which are presented herein (Lighthall, 1988).  

Blood-Brain Barrier Hyperpermeability in Traumatic Brain Injury 

A major mediator of injury propagation following TBI is BBB hyperpermeability. 

The BBB is a physical barrier between the central nervous system (CNS) and circulatory 

system formed by cerebrovascular endothelial cells, tightly knitted together by tight 

junction complexes. Normal functioning of the BBB depends on a strong endothelial 

barrier as well as on paracrine interactions between endothelial cells, pericytes, and 

proximal glial cells like astrocytes whose end feet, or glia limitans, contribute to the 

barrier properties of the BBB (Figure 1). The BBB is a primary contributor to the 

functional status of the neurovascular unit, a term coined to refer to the smallest 
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functional unit of the brain comprised of a vessel capable of delivering oxygen and 

nutrients to a single neuronal network, and the BBB, including glial contributors, intact to 

regulate the cerebral microenvironment (Lok et al., 2015). Recently, the term 

gliovascular unit has been implemented to describe specifically the changes that occur to 

the BBB following TBI and other injurious insults (Chodobski, Zink, & Szmydynger-

Chodobska, 2011).  
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Figure 1. Graphical representation of the neurovascular unit and blood-brain 
barrier under physiological conditions. 

The blood-brain barrier is comprised of endothelial cells that express tight junction 
proteins, which restrict the paracellular transfer of solutes and proteins between and 
blood and brain. Endothelial cells also express basal levels of the cell adhesion molecule, 
ICAM-1 (refer to key). The glia limitans, or astrocytic endfeet, also contribute to the 
physical properties of the barrier. This establishes a delicate homeostasis in the brain that 
is required for normal glial and neuronal functioning.  
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When the brain is injured, the responses and cascades that are initiated are 

complex and multifaceted. The initial injury forces, or primary mechanisms of injury, 

whether resulting from a direct blow to the head, a penetrating injury, or changes in 

acceleration/deceleration and rotational forces, result in a variety of tissue and cellular 

injury patterns, which can demonstrate great heterogeneity in patients regardless of how 

similar the mechanisms of injury (Chodobski et al., 2011). The mechanical stress 

processes associated with TBI can damage blood vessels in the brain, leading to smaller 

cortical hemorrhages and contusions, and larger hemorrhages, such as subarachnoid 

hemorrhages, as well as subdural and epidural hematomas, which may result in cerebral 

ischemia in the later stages of injury. Additionally, post-TBI edema can increase 

intracranial pressure, resulting in reduced cerebral perfusion pressure, ischemia, and cell 

death. Diffuse axonal injury is predominantly associated with acceleration/deceleration 

and rotational forces to the head, which can cause excessive axonal stretching and the 

structural damage as the delicate brain tissue is jostled within the unyielding cranial 

cavity (Werner & Engelhard, 2007). Each mechanism of injury presented here can have 

direct consequences to the neurovascular unit (Figure 2). 

For many years, neurons have been the primary focus of translational research in 

all areas of brain injury. However, growing evidence supports a shift from neuron-based 

studies to investigations in the less explored area of BBB research, particularly how BBB 

dysfunction contributes to injury and repair in the CNS. The BBB plays an instrumental 

role in creating a highly restricted environment in the brain regarding the entry of blood-

borne factors and circulating immune cells. Accordingly, it controls the entry of nutrients, 

metabolites, and drugs into the brain from the blood (Saunders, Dziegielewska, Mollgard, 
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& Habgood, 2015). Generally, the BBB is formed by the brain endothelial cells 

connected by complexes of tight junction proteins. Astrocytes, however, whose processes 

make intimate contact with the endothelium of brain microvasculature, are critical for 

normal functioning of the BBB and for the BBB phenotype of brain endothelial cells, 

which demonstrate elongated cobblestone-like appearance with tight junction protein 

localization at their cell borders (Andrews, Lutton, Merkel, Razmpour, & Ramirez, 

2016). There is further evidence that microglia and pericytes also exhibit extensive 

communication with the brain endothelium by paracrine mechanisms, thus leading to the 

conceptualization of the gliovascular unit and its responses and pathology to injury 

mechanisms such as TBI (Chodobski et al., 2011).  

Following TBI, both acute and delayed BBB dysfunction and changes to the 

gliovascular unit are observed. Changes in tight junction complexes and the integrity of 

the endothelial basement membrane with increased expression and activity of matrix 

metalloproteases results in increased paracellular BBB permeability (Neuwelt et al., 

2008). TBI results in extensive oxidative stress responses, the upregulation of pro-

inflammatory mediators and cytokines, and an upregulation of expression of cell 

adhesion molecules, such as intercellular cell adhesion molecule -1 (ICAM-1), by the 

endothelium, which promotes the influx of peripheral inflammatory cells into the 

traumatized brain tissue to further increase inflammatory damage (Figure 2).  
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Figure 2. Graphical representation of the neurovascular unit and blood-brain 
barrier following insult and vascular disruption.  

Following disruption to the neurovascular unit and blood-brain barrier, as occurs in TBI, 
secondary mechanisms of injury including oxidative stress, endothelial activation, central 
nervous system and peripheral inflammation take place that propagate lesion size and 
increase damage in the brain. The production of reactive oxygen species by endothelial 
cells is one of the earliest events to occur with endothelial damage and neurotrauma, 
depicted here are superoxide anion (O2

-), hydrogen peroxide (H2O2), and peroxynitrite 
(ONOO-). With endothelial activation, endothelial cells upregulate the surface expression 
of ICAM-1, and tight junction complex disassembly leads to hyperpermeability of the 
blood-brain barrier. Continued oxidative stress processes result from cell death and 
activation of microglia and astrocytes, which produce inflammatory mediators and 
cytokines to recruit peripheral immune cells to the site of injury.   
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Biomechanically, the brain is a highly heterogeneous structure. Thus, different 

brain regions exhibit unique viscoelastic properties and have varying degrees of 

attachment to each other and to the surrounding skull. In response to a direct impact or 

acceleration-deceleration forces, certain brain structures move differently than others, and 

vascular and neuronal networks, which extend through neighboring brain regions, can 

readily become damaged by considerable shear, tensile, and compressive forces to tissue 

in the brain (Gennarelli, 1994). The two most commonly used animal models of TBI 

recapitulate these forces and insults to the brain tissue. The fluid percussion and CCI 

models of TBI produce the structural abnormalities that are observed in TBI patients, 

including focal contusions, intraparenchymal hemorrhages, subarachnoid hemorrhage, 

and axonal injury (Povlishock, Hayes, Michel, & McIntosh, 1994). 

Brain parenchymal cells, including neurons, astrocytes, and microglia, are 

normally isolated from periphery by the tight and selective functional BBB. However, 

TBI-induced disruption of microvascular integrity and increased BBB permeability 

concurrent with functional changes at the BBB following trauma permit blood-borne 

factors, such the plasma protein fibrinogen, to enter the brain in non-selective and non-

regulated manner (Baskaya, Rao, Dogan, Donaldson, & Dempsey, 1997; Chodobski et 

al., 2011). Interestingly, studies using rat models of TBI have shown a biphasic pattern in 

the induction of BBB hyperpermeability to albumin and other high-molecular-weight 

blood-borne proteins peaking first at 4 to 6 hours and then 2 to 3 days after injury 

(Baskaya et al., 1997). Mechanisms for the biphasic pattern of permeability are currently 

unknown and warrant further investigation. The studies presented herein using the CCI 

mouse model of TBI incorporate permeability assays using high molecular weight blood-
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borne proteins as well as an inert small molecular weight fluorescent tracer to assess 

barrier permeability at 48 hours following TBI. Importantly, a major consequence of the 

non-selective entry of blood-borne compounds into the brain following TBI is the 

exacerbated activation of microglia, the immune cells of the brain. Immobilized, but not 

soluble, fibrinogen has been shown to have a robust activating effect on microglia, 

causing a significant rearrangement of their cytoskeleton and an increase in cell size and 

phagocytic activity (Adams et al., 2007). These findings will be important for the 

discussion of post-TBI neuroinflammation and the implications of BBB dysfunction in 

the immune response to injury.  

Other factors that affect BBB dysfunction following TBI include the production 

of transforming growth factor-β (TFG-β), glutamate excitotoxicity, and excessive 

reactive oxygen species (ROS) production. TFG-β is richly abundant in platelets and may 

be released in great quantities in its latent form upon platelet aggregation in vessel walls 

post-TBI (Pircher, Jullien, & Lawrence, 1986; Schwarzmaier, Kim, Trabold, & Plesnila, 

2010). TGF-β, in all isoforms, is also produced in astrocytes, and microglia 

predominantly produce TGF-β-1 at a considerably higher level than is seen in astrocytes 

(Constam et al., 1992). A rapid increase in cortical and hippocampal TGF-β levels has 

been shown to occur within the first 12 hours following injury in some TBI models 

(Cook, Marcheselli, Alam, Deininger, & Bazan, 1998). Furthermore, in vitro studies have 

shown that TGF-β increases paracellular permeability of endothelial monolayers in a 

dose dependent manner, suggesting that TGF-β may play a role in post-traumatic increase 

in BBB permeability (W. Shen et al., 2011). However, debate in the field persists 

regarding the role of TGF-β. Other authors have demonstrated the effect of neutralizing 
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antibodies to TGF-β and an inhibitor of the receptor for astrocyte- and pericyte-derived 

TGF-β and determined it to play an important role in maintaining the barrier properties of 

brain endothelium and the stabilization of N-cadherin (Li et al., 2011).  

Glutamate excitotoxicity is another major injury mechanism that contributes to 

tissue damage following TBI. However, clinical trials in TBI targeting glutamate, and the 

N-methyl-D-aspartate (NMDA) receptor, failed to demonstrate a beneficial effect 

(Marklund, Bakshi, Castelbuono, Conte, & McIntosh, 2006; Tolias & Bullock, 2004). 

The failure of NMDA receptor antagonists may be explained by the time course of post-

TBI elevations in interstitial glutamate concentration in the injured brain. In animal 

experiments, the interstitial concentration of glutamate increases quickly following CCI-

TBI, but increases in glutamate levels are relatively short-lived (Katayama, Becker, 

Tamura, & Hovda, 1990; Palmer et al., 1993). Paradoxically, it has also been proposed 

that in more chronic stages of injury, glutamate can promote neuronal survival 

(Ikonomidou & Turski, 2002). Thus, the potential therapeutic window for targeting 

glutamate excitotoxicity associated with TBI may be unrealistically narrow, and other 

secondary mechanisms of injury may serve as better targets for therapeutic intervention. 

Glutamate excitotoxicity is associated with increased production of NO and oxidative 

stress. It has also been demonstrated that glutamate induces apoptosis of brain endothelial 

cells through the increased production of ROS, which will be the topic of the remainder 

of the work presented herein (Sharp et al., 2005).  

Oxidative stress processes have also been placed on the top of the list of 

pathophysiological mechanisms responsible for secondary injury in TBI. However, like 

glutamate, clinical trials in TBI testing the efficacy of antioxidant compounds have 



	   13 

demonstrated mixed results and limited beneficial therapeutic outcome (Q. Shen, Hiebert, 

Hartwell, Thimmesch, & Pierce, 2016; Tolias & Bullock, 2004). The lack of efficacy in 

these clinical studies could have been due to inappropriate timing of administration 

compounded by the failure to deliver sufficient levels of antioxidant agents to the brain. It 

has also been proposed that combination therapy involving antioxidants targeting 

complementary mechanisms of oxidative stress, rather than a single intervention strategy, 

may be a more effective therapeutic approach for TBI management. Normal BBB 

function is highly dependent on the ability of brain endothelial cells to defend themselves 

from noxious effects of free radicals. In fact, the pharmacological depletion of 

glutathione (GSH), an important endogenous antioxidant, in the brain or in brain 

endothelial cells in vitro, results in a significant increases in the paracellular permeability 

of the BBB to low molecular weight permeability markers (Agarwal & Shukla, 1999). 

Many oxidative stress mediators and ROS contribute to the pathogenesis of TBI. 

Hydroxyl radicals (•OH), brain interstitial levels of which increase rapidly after TBI, are 

thought to play an important role in peroxidation of membrane lipids, giving rise to 

highly active aldehydes, such as 4-hydroxynonenal (4-HNE) (E. D. Hall, Vaishnav, & 

Mustafa, 2010). Exogenous 4-HNE was shown to significantly increase the permeability 

of endothelial monolayers in an in vitro model of the BBB (Mertsch, Blasig, & Grune, 

2001). Exposure of brain endothelial monolayers to a mixture of ROS including 

superoxide anion radicals (•O2−) and to a lesser extent H2O2 and •OH, was shown to 

rapidly increase the permeability of endothelial monolayers (Schreibelt et al., 2007). This 

increase in permeability was associated with the formation of actin stress fibers and 

redistribution and degradation of tight junction proteins occludin and claudin-5. 
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Furthermore, H2O2 increased the paracellular permeability of endothelial monolayers, 

which was associated with the redistribution of occludin and the tight junction-associated 

proteins zonula occludens-1, -2 (ZO-1 and ZO-2). Additionally, the role of oxidative 

stress mechanisms in neuroinflammation should be mentioned as early ROS production 

may influence local pro-inflammatory events as well as recruitment of peripheral immune 

cells to the site of injury. Previous work suggests the ROS-dependent upregulation of cell 

adhesion molecules on the cerebrovascular endothelium (Schreibelt et al., 2008). Indeed, 

H2O2, at non-cytotoxic concentrations, was shown to increase the expression of ICAM-1 

on vascular endothelium, thus facilitating the adhesion and transmigration of immune 

cells into the CNS (Bradley, Johnson, & Pober, 1993).  

The BBB, in a compromised state, cannot control for the delicate fluxes in the 

microenvironment of the brain and therefore other processes including oxidative stress 

and inflammation may progress unperturbed. It has long been appreciated by convincing 

evidence that the brain inflammatory response to injury is a major part of the 

pathophysiology of TBI, especially when that injury is complicated by contusions and 

hemorrhages, increasing the access of blood-borne agents to CNS tissue. Shortly after 

TBI, there is a surge in the production of pro-inflammatory cytokines, such as TNF-α and 

IL-1β, by many brain parenchymal cells, followed by increased synthesis of chemokines 

and the expression of cell adhesion molecules on cerebral microvascular endothelial cells, 

which eventually leads to the influx of inflammatory cells from the blood into the brain 

(Worthylake & Burridge, 2001). The expression of cell adhesion molecules and the 

recruitment of peripheral leukocytes to the areas of activated endothelium following TBI 

are not immediate events. Therefore, the time frame for influx of inflammatory cells into 
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the injured brain suggests that there is a potentially extended window of opportunity for 

therapeutic intervention directed against post-injury neuroinflammatory events, 

particularly compared to the potential of other events such as glutamate excitotoxicity.  

Neuroinflammatory Responses to Traumatic Brain Injury 

Shortly after a TBI event, there is a surge in production of pro-inflammatory 

cytokines, such as TNF-α and IL-1β, by brain parenchymal cells, quickly followed by 

increased synthesis of chemokines and expression of cell adhesion molecules on the 

microvascular endothelium of the brain, which eventually allows for the influx of 

inflammatory cells from the blood into the brain (Royo, Wahl, & Stutzmann, 1999; 

Soares, Hicks, Smith, & McIntosh, 1995). In animal studies, neutrophil invasion has been 

observed within hours after injury, whereas monocytes and macrophages infiltrate the 

area of injury within the days following TBI (Royo et al., 1999). There is also evidence 

for the influx of peripheral inflammatory cells into injured brain tissue of human TBI 

patients (Holmin, Soderlund, Biberfeld, & Mathiesen, 1998). The cellular damage 

associated with early phases of TBI results in the release of a number of endogenous 

factors, collectively referred to as danger-associated molecular patterns (DAMPs), 

including RNA, DNA, heat shock proteins, and HMGB1, a DNA-binding protein, all of 

which are ligands for toll-like receptors (TLRs) (Pineau & Lacroix, 2009). The binding of 

DAMPs to TLRs causes the activation and nuclear translocation of nuclear factor kappa-

light-chain-enhancer of activated B cells (NFκB) and initiates MAPK signaling cascades, 

leading to increased synthesis of pro-inflammatory cytokines and chemokines (Pineau & 

Lacroix, 2009). Other endogenous factors that may play a role in triggering 

neuroinflammation are nucleotides, including ATP, UTP, or their analogues, that are 
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released from brain parenchymal cells following tissue injury. These mediators can bind 

to purinoceptors, leading to increased production of pro-inflammatory mediators in a 

manner that is similar to what is observed in response to DAMP activation of TLRs 

(Albert et al., 1997). 

In particular, the post-traumatic production of inflammatory mediators and pro-

inflammatory cytokines and chemokines is a proposed role of the gliovascular unit 

(Chodobski et al., 2011). In the early stages following TBI, chemokines are thought to be 

predominantly synthesized by cells of the cerebrovascular endothelium and by astrocytes 

(Szmydynger-Chodobska, Fox, Lynch, Zink, & Chodobski, 2010). At later stages, 

however, invading neutrophils and monocytes also contribute to the chemokine 

production in the injured brain parenchyma (Colotta et al., 1992; Scapini et al., 2000). 

Interestingly, immunohistochemical analysis of injured rodent brains has suggested that 

the source of immunoreactive neutrophil chemoattractants, such as CXCL1 and CXCL2, 

and for the monocyte chemoattractant CCL2 was associated with microvessel 

endothelium, whereas only the anti-CCL2 antibody also stained astrocytes (W. Zhang et 

al., 1999). These findings have great implication for the role of the BBB and gliovascular 

unit in promoting inflammation in the brain following TBI.  

Upon production of chemoattractants following TBI, peripheral immune cells 

begin to migrate and accumulate toward the source of these signals in the area of injury. 

Neutrophils are highly toxic to neurons, especially those already stressed by hypoxia and 

glucose deprivation from limited blood flow following injury (Dinkel, Dhabhar, & 

Sapolsky, 2004). It is also thought that neutrophils can increase the permeability of the 

endothelial barrier (DiStasi & Ley, 2009). Neutrophils are the first cells to arrive 
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following TBI and have the ability to produce proinflammatory cytokines, such as TNF-

α, generate large amounts of ROS, and bring with them various proteolytic enzymes that 

contribute to greater tissue degradation and damage (Stowe et al., 2009). Monocytes 

migrate into the tissue in the days following injury and, along with astrocytes and 

microglia, contribute to the prolonged neuroinflammatory response to TBI with the 

production of inflammatory cytokines and mediators.  

Neuroinflammation begins at the moment of impact and has been detected to last 

in the human brain for years following a TBI event (Giunta et al., 2012). Remarkably, 

persistently activated microglia, an indication of chronic neuroinflammation, have been 

identified in parasagittal and hippocampal white matter in long-term survivors of head 

injury up to 16 years after a TBI event was sustained (Gentleman et al., 2004). 

Neuroinflammation involves immune cells, microglia, astrocytes, cytokines, chemokines, 

and other inflammatory mediators that interfere with the brain’s endogenous capacity to 

repair itself, thus exacerbating neuronal death. Microglial activation following TBI is 

robust and excessive, and pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, IL-12, 

and interferon-γ are released in quantities only seen in the brain in settings of 

inflammation (Karve, Taylor, & Crack, 2016). The up-regulation of these cytokines 

increases BBB permeability with increased expression of cell adhesion molecules by the 

endothelium and an increased production of chemokines. The result is an increased 

inflammatory response with sustained microglial activation, producing neurotoxic 

molecules and free radicals, which lead to other mechanisms of cell death. Microglia 

express high levels of the chemokine receptor, CX3CR1, and the intracellular calcium 

binding protein, ionized calcium binding adapter molecule 1 (Iba1). Activated microglia 
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upregulate the expression of Iba1, which can occur following injury to the CNS. Also 

following CNS trauma, microglia undergo morphological changes and can secrete a 

variety of factors, which are thought to exacerbate tissue damage in the acute phase 

(Nishiyori et al., 1998).  

Astrocytes are also responsible for the production of inflammatory mediators 

following TBI and respond with an increase in reactivity following injury. This response 

involves changes in morphology, increased expression of the intermediate filament 

proteins, glial fibrillary acidic protein (GFAP) and vimentin, increased proliferation, and 

the secretion of inflammatory mediators and growth factors (Sofroniew & Vinters, 2010). 

Astrocytes secrete an inhibitory extracellular matrix, thus building a dense glial scar 

around the area of injury, which encapsulates and isolates the injured axons. In a sense, 

this protects the remaining healthy brain from the neurotoxic environment of the injury 

site, but it also interferes with and prevents regeneration and repair of the damaged tissue 

and neuronal networks (Ribotta, Menet, & Privat, 2004).  

Reactive astrocytes can acquire a hypertrophic morphology after injury, involving 

extension of processes and swelling of cell bodies. A recent study conducted in a mouse 

CCI model reported hypertrophic astrocytes in the lesional and peri-lesional area three 

days after TBI (Villapol, Byrnes, & Symes, 2014). Further changes in morphology were 

evident seven days after injury, with glial scar formation. Reactive gliosis was maintained 

up to 60 days after injury in this model, demonstrating an ongoing response by astrocytes 

to brain injury. Furthermore, chronic inflammation after TBI can predispose individuals 

to comorbidities including substance use disorder, depression, and post-traumatic stress 

disorder (Howlett & Stein, 2016; Klemenhagen, O'Brien, & Brody, 2013; Merkel, 
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Razmpour, et al., 2016). The dynamic pathophysiology and extensive morbidity of TBI, 

in addition to limited current treatment modalities, demonstrate the need for therapeutic 

interventions targeted against specific secondary injury processes. Modulating the 

response of astrocytes and microglia following TBI may have therapeutic value with the 

inhibition of reactive gliosis, reduced inflammatory cytokine production, and reduced 

glial scar formation. It is hypothesized and reported herein, that this may be achieved 

with the administration of targeted antioxidant enzyme therapy.  

Oxidative Stress as a Secondary Mechanism of Injury 

Oxidative stress reactions occur early following TBI, within minutes of 

mechanical impact, and contribute to propagating injury mechanisms including 

inflammation, excitotoxicity, and cell death (Bains & Hall, 2012; Cornelius et al., 2013; 

Kontos & Povlishock, 1986; Kontos & Wei, 1986). Innate mechanisms including the 

endogenous expression of antioxidant enzymes, catalase and superoxide dismutase, and 

the antioxidant glutathione balance and control oxidative stress; however, the extensive 

and rapid production of free radicals and ROS that occurs in brain injury can readily 

overwhelm the system (Rodriguez-Rodriguez, Egea-Guerrero, Murillo-Cabezas, & 

Carrillo-Vico, 2014).  

Oxidative stress, caused by the imbalance between the generation and 

detoxification of ROS and reactive nitrogen species (RNS), plays an important role in 

brain aging, neurodegenerative diseases, and other related conditions, such as ischemia 

and brain injury. While ROS/RNS serve as signaling molecules at physiological levels, 

an excessive amount of these molecules leads to oxidative modification and, therefore, 

dysfunction of proteins, nucleic acids, and lipids. 
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Many of the modifications of lipids, nucleic acids, and proteins result in structural 

changes in these macromolecules that can lead to either molecular dysfunction or loss of 

activity. To protect themselves from the detrimental effects of oxidative modifications, 

neurons employ a variety of defensive mechanisms including lipid turnover, protein re-

folding or degradation, and DNA base excision and repair (X. Wang & Michaelis, 2010). 

When these mechanisms are compromised or overwhelmed by the extent of the oxidative 

stress response, neuronal homeostasis is disturbed and oxidative stress is exacerbated. 

Among all organs in the body, the brain is particular susceptible to oxidative stress as it 

has high levels of oxidizable polyunsaturated fatty acids. Additionally, the brain is at a 

disadvantage to recovery from oxidative stress since neurons are largely post-mitotic 

cells with relatively restricted replenishment (X. Wang & Michaelis, 2010).  

Cerebral microvascular endothelial cells express various defense systems against 

oxidative stress including increased GSH, glutathione peroxidase, glutathione reductase, 

superoxide dismutase, and catalase at higher levels than the rest of the brain (Tayarani, 

Chaudiere, Lefauconnier, & Bourre, 1987). GSH in particular has been shown to play an 

important role in maintenance of BBB integrity (Agarwal & Shukla, 1999). TBI results in 

a large influx of hemoglobin, due to mechanical injury and hemorrhage, that leads to the 

increased presence of iron in the brain. This can stimulate free radical production. 

Damage from TBI also results in mitochondrial dysfunction and increased microglial 

activation, which are further mechanisms of ROS production. The breakdown of the 

BBB, which provides a continuous cycle of damage, contributes to injury with increased 

production of ROS at the endothelium and further breakdown of the BBB and 

inflammatory activation from prolonged oxidative stress.  
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As more evidence points to the role of oxidative stress in neurodegenerative 

disorders, a number of antioxidant-based therapies have been developed. Unfortunately, 

there has not been a significant amount of success with these antioxidant treatments in 

humans. However, successful acute intervention of oxidative stress processes could limit 

the negative effects of secondary injury mechanisms on TBI outcome. A number of 

studies have evaluated the effects of pharmacological agents with antioxidant properties 

in clinical trials for a range of severities of TBI. Antioxidant therapies assessed in TBI 

have included dexanabinol, amino acids, vitamins C and E, progesterone, N-

acetylcysteine, and enzogenol. Of these, vitamins C and E are traditional antioxidants 

while the others possess antioxidant properties although they are not typically used for 

their antioxidant function. Dexanabinol is a synthetic cannabinoid analog with pleiotropic 

properties that are neuroprotective and decrease free radical damage (Maas et al., 2006). 

Over 800 patients were enrolled in a multi-center international phase III clinical trial to 

assess the therapeutic efficacy on patient outcome for severe TBI. Patients were 

randomized to receive a single intravenous 150 mg dose of dexanabinol or placebo within 

6 hours of injury. The primary outcome was the extended Glasgow outcome scale 

assessed at 6 months, with the point of dichotomization into unfavorable versus favorable 

outcomes differentiated by baseline prognostic risk. It was found that dexanabinol did not 

improve Glasgow outcome scale. It also failed to improve intracranial pressure or quality 

of life for patients in the experimental group. The study found that dexanabinol, while 

safe, was not efficacious in the treatment of severe TBI. As is the trend for many of these 

studies, a major limitation could be the patient population enrolled (i.e. the severity of the 
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injury) and the use of a single dose and time point to determine efficacious effect of the 

compound.  

Another clinical study looking at the efficacy of branched chain amino acids 

(BCAAs) in recovery from a vegetative or minimally conscious state following severe 

TBI demonstrated significant improvement in the outcomes of these severely injured 

patients. The goal of the study was to investigate whether supplementation with BCAAs 

in patients with severe TBI could improve recovery of cognition and influences plasma 

concentrations of tyrosine and tryptophan, which are precursors of catecholamine and 

serotonin neurotransmitters, respectively, in the brain. The investigators found 

improvements in Disability Rating Scale in both placebo and BCAA groups, with the 

BCAA group significantly outperforming the placebo group at 15 days following 

admission. The study is limited, however, by a small sample size (n=40) and the clinical 

relevance of the improvement achieved (Aquilani et al., 2005).  

Vitamin C and vitamin E were assessed in a clinical trial again focused on 

outcomes of severe TBI (Razmkon et al., 2011). The study found that high dose vitamin 

C effectively decreased the incidence of peri-lesional edema on CT scan. Additionally, 

vitamin E significantly reduced hospital mortality rate and improved functional outcomes 

of severe TBI. However, these results fail to include the number of patients who persisted 

in a vegetative state, again questioning the clinical relevance of the improvement 

achieved with vitamin therapy. The authors discussed this as a limitation of the study and 

a point in inquiry as to whether vitamin supplementation was indeed an effective 

treatment for severe TBI.  
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Perhaps most notably, major clinical trials have been performed to assess the 

benefit of progesterone use in TBI. Progesterone has been shown to have broad 

neuroprotective properties in multiple animal species and in several models of brain 

injury. Multifactorial effects of progesterone include inhibition of inflammatory 

cytokines, reduced levels of inflammation-related factors, prevention of excitotoxicity, 

reduction of apoptosis, and control of vasogenic edema (Cutler et al., 2007; Drew & 

Chavis, 2000; He, Hoffman, & Stein, 2004; VanLandingham, Cekic, Cutler, Hoffman, & 

Stein, 2007). Remarkably, a total of 20 research groups working with four species and 22 

different models have found neuroprotective effects of progesterone reported in more 

than 180 experimental pharmacologic studies (Deutsch et al., 2013). Two large clinical 

trials were conducted in parallel to assess the effect of progesterone in a well controlled 

randomized clinical trial. SYNAPSE, a trial sponsored by BHR Pharma, was designed to 

investigate the clinical effectiveness of progesterone, provided in a 6% soybean-oil 

emulsion as a ready-to-use formulation. The PROTECT III trial, funded by the National 

Institutes of Health, was conducted in parallel, but the study was halted on the basis of a 

futility analysis performed after 882 patients had undergone randomization (Skolnick et 

al., 2014). Unfortunately, these trials found no benefit of progesterone in TBI and called 

for the need to stimulate a rethinking of procedures for drug development and testing for 

studies of TBI management (Wright et al., 2014).  

There are also human subject studies investigating the effects of antioxidant 

compounds on outcomes of mild TBI. N-acetylcysteine can act to maintain or replenish 

depleted glutathione and therefore serves as an antioxidant and also has anti-

inflammatory properties. N-acetylcysteine has been shown to be an effective 
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neuroprotective agent in animal ischemia-reperfusion cerebral stroke models (Cuzzocrea 

et al., 2000; Khan et al., 2004), a rodent closed head TBI model (Hicdonmez, Kanter, 

Tiryaki, Parsak, & Cobanoglu, 2006), sensory nerve axotomy (Hart, Terenghi, Kellerth, 

& Wiberg, 2004), and inner ear neuronal death after noise exposure (Bielefeld et al., 

2007). A study using human subjects sought to evaluate the efficacy of N-acetylcysteine 

in mild TBI as a result of blast exposure in active combat (Hoffer, Balaban, Slade, Tsao, 

& Hoffer, 2013). The study found reduced number of mild TBI symptoms and complete 

symptom resolution by day 7 after treatment in patients receiving N-acetylcysteine. The 

results, while promising, are still preliminary.  

Finally, the effect of enzogenol on cognitive function following TBI was 

evaluated for a small number of patients (n=60) with mild TBI for 3 to 12 months (Hoffer 

et al., 2013). Enzogenol, a flavonoid-rich extract from Pinus radiata bark with 

antioxidant and anti-inflammatory properties has been shown to improve working 

memory in healthy adults. Hence, this phase II, randomized controlled trial investigated 

safety, compliance and efficacy of enzogenol for improving cognitive functioning in 

people following mild TBI. The study concluded that enzogenol supplementation was 

safe and well tolerated in people after mild TBI, and may improve cognitive functioning 

in this patient population.  

Targeted Antioxidant Enzyme Therapy 

A challenge to TBI treatment, and the treatment of any CNS disorder, is drug 

delivery to and across the BBB (Deng-Bryant, Readnower, Leung, Tortella, & Shear, 

2016). Notably, the endothelial cell layer that constitutes the luminal most component of 

the BBB represents an important therapeutic target in conditions involving oxidative 
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stress and inflammation, such as TBI (Balabanov et al., 2001; Hood et al., 2014). 

Excessive production of ROS can cause endothelial dysfunction and activation, which are 

manifested by increased BBB permeability and upregulation of cellular adhesion 

molecules (e.g. ICAM-1, VCAM-1) (Merrill & Murphy, 1997; Simone, Ding, & 

Muzykantov, 2009). Targeting therapeutics to endothelial surface determinants including 

these molecules may help maintain BBB integrity and prevent the disruption of the 

internal CNS milieu, thereby ameliorating inflammatory mechanisms of injury and the 

subsequent neuropathology that characterizes cerebral damage in TBI (Klemenhagen et 

al., 2013; Shuvaev et al., 2013). Endothelial targeting of biotherapeutics using affinity 

ligands, such as antibodies to endothelial cell adhesion molecules, has been studied in 

other settings including for experimental treatment of acute lung injury; however, 

endothelial targeting, particularly of antioxidant enzymes, has not been reported for TBI 

(Diaz-Arrastia et al., 2014; Kozower et al., 2003; Shuvaev et al., 2009).  

 Endothelial-targeted delivery of antioxidants, particularly antioxidant enzymes 

catalase and superoxide dismutase, has been described as a promising strategy for 

protecting organs and tissues from inflammation and oxidative stress (Hood et al., 2014). 

Furthermore, precise directing of nanocarriers to cell-specific targets such as cell 

adhesion molecules, integrins, and other cell surface antigens via ligand selection or 

antibodies or their derivatives enables binding and the potential for endocytic pathway 

selection to direct the biotherapeutic not only to the target tissue but also permitting its 

entry and function within the cell (Hood et al., 2014). The endothelium comprises a 

significant and underutilized therapeutic target for conditions involving inflammation and 

oxidative stress. Excess ROS production results in endothelial damage, dysfunction, and 
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pathological activation of the endothelium associated with the upregulation of cell 

adhesion molecules (e.g. ICAM-1), which facilitates leukocyte entry into the tissue. The 

cycle of inflammation, oxidative stress, vascular injury, and edema worsens outcomes 

and impedes therapeutic management. For these reasons, targeting antioxidant 

compounds to the endothelium in settings of inflammatory disease is a versatile strategy 

applicable to combating various aspects of the oxidative stress pathway to enable 

multifaceted protective effects that are unachievable by untargeted methods (Hood et al., 

2014). 

 Targeting approaches using affinity ligands including antibodies to endothelial 

determinants have proven beneficial in combating oxidative stress mechanisms in a few 

models of endothelial injury. Antioxidant enzymes conjugated with antibodies to 

endothelial markers PECAM-1 and ICAM-1 exhibit binding and internalization by 

endothelial cells, necessary for quenching endothelial ROS at the endothelium and within 

the cell, respectively. In animal models of acute lung injury and other forms of acute 

vascular oxidative stress, antibody antioxidant enzyme conjugates have provided 

protective effects that were unmatched by untargeted and PEGylated antioxidant enzymes 

alone. The use of endothelial targeted, specifically cell adhesion molecule targeted, 

nanodelivery of antioxidant enzymes is a very promising approach to combat oxidative 

stress in several tissues within the body. However, more research is required to better 

understand the targeting potential and mechanisms of internalization and 

compartmentalization of the compounds as their delivery to the appropriate cellular 

compartment can increase therapeutic efficacy, particularly as it relates to the brain. 
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In vitro studies have begun to assess the mechanisms by which the endothelium 

responds to antibody antioxidant enzyme targeting. Despite the inability of cell adhesion 

molecules to act as receptors to mediate endocytosis of monomeric antibodies, 

endothelial cells will internalize multimeric anti-PECAM-1 nanoparticles and anti-

ICAM-1 nanoparticles that are <300 nm in diameter (Muro et al., 2003; Muzykantov et 

al., 1999; Wiewrodt et al., 2002). Importantly, internalization of these anti-cell adhesion 

molecule nanoparticles is distinct from clathrin- and caveolin-mediated endocytosis. 

Rather, anti-cell adhesion molecule nanoparticle uptake depends on signaling induced by 

the cell surface clustering of cell adhesion molecules and represents a unique actin-

dependent process that requires activation of protein kinase C, Src kinase, and Rho 

kinase. This process is referred to as cell adhesion molecule-mediated endocytosis (Muro 

et al., 2003). Furthermore, it has been demonstrated that anti-cell adhesion molecule 

nanoparticles enable vascular delivery of a variety of enzymatically active cargoes in 

vivo to pulmonary and cardiac endothelium (Atochina et al., 1998; Christofidou-

Solomidou et al., 2000; Murciano et al., 2003; Muzykantov et al., 1999; Scherpereel et 

al., 2001). Little remains known regarding the intracellular trafficking and fate of anti-

cell adhesion molecule nanoparticles. Additionally, there are limited studies of their 

potential, trafficking, and effectiveness in brain injury. The studies presented herein are 

the first to look at the use of antioxidant enzyme therapy with conjugation to anti-cell 

adhesion molecule antibodies for targeting their cargo to the brain.  

Pro-inflammatory activation of the vascular endothelium is implicated in the 

pathogenesis of many conditions, including stroke, sepsis, and TBI. Antioxidant enzyme 

therapy targeted to cell adhesion molecules by anti-endothelial antibodies has been 
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shown to provide targeted delivery of catalase and superoxide dismutase into endothelial 

cells of the lung, heart, and brain (Christofidou-Solomidou et al., 2003; Muzykantov et 

al., 1999; Shuvaev, Tliba, Nakada, Albelda, & Muzykantov, 2007). To assess the utility 

of anti-cell adhesion molecule antioxidant enzyme conjugates in the brain, anti-PECAM-

1 conjugated to superoxide dismutase was administered to mice following endotoxin-

induced encephalitis and middle cerebral artery occlusion (MCAO) model of stroke 

(Shuvaev et al., 2013). In a model of endotoxin encephalitis, mice were implanted with a 

cranial window for observation of surface cerebral vessels and injected with 

lipopolysaccharide (LPS) (Ramirez et al., 2010). LPS administration results in firm 

adhesion of leukocytes to the vessel wall. Superoxide dismutase targeted to PECAM-1 

attenuated endotoxin-induced leukocyte adhesion in cerebral vessels. This finding 

supported the notion that endothelial targeting of superoxide dismutase and the 

quenching of oxidative stress at the endothelium does provide anti-inflammatory effects 

in vivo, as was seen earlier with a suppression of endothelial adhesion molecule 

expression following conjugate administration (Shuvaev et al., 2011). The same authors 

also tested whether targeting enzymes to quench ROS would also provide tangible 

therapeutic benefit in an animal model of ischemic stroke, the MCAO mouse model 

followed by reperfusion. Administration of antioxidant enzymes alone or PEGylated 

antioxidant enzymes had no effect on resultant brain infarction size. However, targeted 

antibody antioxidant enzyme conjugates were able to significantly attenuate cerebral 

injury, thus providing the first support for the use of antibody targeted antioxidant 

enzyme therapy in neurotrauma (Shuvaev et al., 2013).  
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Hypothesis and Project Aims 

The next step in expanding the studies of targeted antioxidant enzyme therapy to 

oxidative and inflammatory conditions in the brain and the topic of the work presented 

herein was to apply this therapeutic strategy to an animal model of TBI. The studies to 

follow were designed around the central hypothesis that anti-ICAM-1/catalase, targeted 

to the brain endothelium, will be BBB protective leading to reduced TBI neuropathology 

and improved neurological outcomes. 

In Aim 1, studies were designed to investigate the beneficial effect of anti-ICAM-

1/catalase on oxidative stress and TBI-associated neuropathology. The well-characterized 

CCI mouse model of TBI was used to impact adolescent mice over the somatosensory 

cortex, generating a TBI of moderate severity. Anti-ICAM-1/catalase was administered 

by retro-orbital injection at 4 mg/kg at 30 minutes post-impact to provide acute 

antioxidant enzyme intervention. Efficacy against TBI pathophysiological mechanisms 

was assessed by evaluation of oxidative stress and immunohistochemical staining 

detection of neuropathological markers including Iba1, GFAP, and NeuN.  

 The second Aim sought to evaluate the protective effects of anti-ICAM-1/catalase 

on the BBB following moderate CCI-TBI. Again, anti-ICAM-1/catalase was 

administered at 30 minutes following TBI, and BBB permeability was assessed by 

permeability assays for fibrinogen and sodium fluorescein accumulation in the brain 

parenchyma.  

 Finally, Aim 3 sought to determine the functional outcome of targeted antioxidant 

enzyme therapy in a mouse model of TBI. Anti-ICAM-1/catalase was administered at 30 

minutes following injury and acute and chronic readouts of neurological function were 
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determined for motor and coordination performance by the Rotarod assay at 48 hours to 

one week following injury. Chronic experimentation included behavioral analysis for 

anxiety-like behavior using the elevated zero maze at 4 weeks post-injury and the Barnes 

maze for cognitive performance at 5 weeks post-injury.  

 Following TBI, administration of the antioxidant enzyme catalase conjugated to 

monoclonal antibodies against ICAM-1 is thought to provide targeted delivery of catalase 

to the cerebrovascular endothelium where ICAM-1 is known to be upregulated in 

response to injury (Andrews et al., 2016; Rancan et al., 2001). In the present work, we 

investigated whether delivery of catalase to ICAM-1 in the context of TBI can interfere 

with the oxidative stress response to injury to thus preserve BBB integrity and alleviate 

the neuropathological findings associated with TBI. To our knowledge, this is the first 

comprehensive assessment of a targeted enzymatic approach to preventing oxidative 

secondary injury mechanisms in TBI. 
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CHAPTER 2: MATERIALS AND METHODS 
 

Animals 

 The Institutional Animal Care and Use Committee (IACUC) at Temple University 

(Philadelphia, PA) approved all procedures detailed in studies presented herein that 

required the use of vertebrate animals prior to initiating any experimental objectives. 

Additionally, all methods were performed in full compliance with Temple University’s 

IACUC policies and the National Institutes of Health (NIH) ethical guidelines. Animals 

were housed and allowed to acclimate for 1-2 weeks in the Temple University Central 

Animal Facility. The animals were provided standard environmental enrichment 

conditions and were fed with a commercial pellet diet and water ad libitum. Eight-week-

old male C57BL/6J and CX3CR1-GFP mice (B6.129P-Cx3cr1tm1Litt/J) were obtained 

from The Jackson Laboratory (Bar Harbor, ME). Male mice only were included as TBI 

demographics are predominantly male (C. A. Taylor, Bell, Breiding, & Xu, 2017). 

Behavioral assays performed for the completion of this work included Rotarod (Ugo 

Basile, Stoelting) for the assessment of motor function and coordination, elevated zero 

maze (Maze Engineers) for anxiety-like behavior, and Barnes maze (Maze Engineers) for 

spatial reference memory and learning. In addition to behavioral assays, blood was 

collected from each animal by submandibular cheek bleed at 24hrs, 1 week, and 4 weeks 

following CCI-TBI. Experimental groups included naive (non-surgical controls), sham-

operated controls (craniectomy without CCI-TBI), CCI-TBI, CCI-TBI + anti-ICAM-

1/catalase, and CCI-TBI + catalase (n=8/group). Other studies incorporated the use of 

CCI-TBI + anti-ICAM-1 antibody control animals to assess the effect of antibody 

binding to ICAM-1 on the endothelium alone.  
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Traumatic Brain Injury by Controlled Cortical Impact 

 Animals were anesthetized using 5% (induction) and 2% (maintenance) isoflurane 

in oxygen, and the controlled cortical impact surgical procedure was followed as 

previously described (Andrews et al., 2016). Briefly, a 4mm craniectomy was performed 

over the right somatosensory cortex between bregma and lambda suture lines. A 

moderate TBI was delivered at 3.5m/s to a depth of 1mm using an Impact One™ 

Stereotaxic CCI Instrument (Leica Microsystems; Buffalo Grove, IL) outfitted with a 

2mm diameter piston. The dwell time was 0.5s. After impact, the craniectomy was sealed 

with a 5mm glass coverslip (Electron Microscopy Sciences; Hatfield, PA) to allow for 

monitoring of the impact site (Merkel, Razmpour, et al., 2016). All animals were 

individually housed following the CCI-TBI procedure. Naive animals did not undergo 

any surgical intervention. Conjugates (100µg anti-ICAM-1/catalase), non-conjugated 

antioxidant enzymes (100µg recombinant catalase), or anti-ICAM-1 antibody (62µg 

monoclonal YN1 - molar equivalent to conjugate) were administered by retro-orbital 

injection at 30min following CCI-TBI. Experimental groups were as follows: non-

craniectomized controls (naive), surgical shams (craniectomy without TBI), CCI-TBI 

only, CCI-TBI+catalase, CCI-TBI+anti-ICAM-1 antibody, CCI-TBI+anti-ICAM-

1/catalase. All histochemical analyses utilized cortical tissue ipsilateral to the impact site 

and within 2mm of the impact epicenter (Figure 3). For BBB permeability assays, the 

contralateral hemisphere can be referred to as an internal control.  
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Figure 3. Diagrammatic representation of brain regions of interest. 
A) Schematic view of the whole mouse brain from the top. Controlled cortical impact 
TBI was delivered following craniectomy of a 4mm skull flap to expose the dura and 
underlying somatosensory cortex (area of craniectomy demarcated by white dashed 
circle). The red line bisects the impact site and give the relative location of the coronal 
section displayed in (B). B) Nissl stain of a coronal section of the mouse brain from an 
uninjured animal highlights areas of interest including the cortex, hippocampus, and 
white matter tracts. Image obtained and modified from the Allen Atlas (2011. Allen 
Institute for Brain Science. Allen Reference Atlas. Available from: http://atlas.brain-
map.org/atlas?atlas=1&plate=100960084#atlas=1&plate=100960084&resolution=18.60
&x=5520.515407986111&y=3927.744140625&zoom=-4). 

 

 

 

 

Anti-ICAM-1/Catalase Synthesis and Administration 

 All conjugation reactions were performed by the Muzykantov Laboratory at the 

University of Pennsylvania. Conjugation via amino chemistry was used to prepare anti-

ICAM-1/catalase conjugates (Shuvaev et al., 2011). Heterobifunctional cross-linker 

succinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (SMCC) was used to 



	   34 

introduce maleimide reactive group into the enzyme molecule. The reaction was 

performed at 20- to 100-fold molar excess of SMCC at room temperature for 1hr. In 

parallel, sulfhydryl groups were introduced into the antibody molecule through the 

primary amine using N-succinimidyl-S-acetylthioacetate (SATA) at 20-fold molar excess 

at room temperature for 30min. Sulfhydryl groups were deprotected using 50mM 

hydroxylamine for 2hr. Antibody was conjugated with catalase at 1:1 or 1:2 IgG to 

enzyme molar ratio, respectively. At each step, unreacted components were removed 

using spin protein columns (G-25 Sephadex; Roche Applied Science, Indianapolis, IN). 

The effective diameter of the obtained conjugates was measured by a dynamic light-

scattering apparatus (90Plus Particle Sizer; Brookhaven Instruments Corp., Holtsville, 

NY, USA). Conjugates in 7% sucrose were frozen by liquid nitrogen and stored at 

−80°C. 

Microvessel Isolation and Staining 

 The obtained brain tissue was diced using sterile blades then homogenized in 1ml 

1X HBSS using a Dounce manual homogenizer. The resulting suspension was 

centrifuged at 1000xg for 10min and the supernatant discarded. The pellet was 

resuspended in 5ml 17.5% dextran (MW 86.000, MP Biomedicals, LLC) in HBSS. 

Microvessels were pelleted by centrifugation at 4400xg for 15min. The pelleted contents 

were resuspended in 5ml 1% BSA in HBSS. Using a 5ml serological pipet, the 

suspension was disrupted by pipetting up and down against a cell culture dish 10 times. 

The suspension was passed through a 40µm cell strainer (Falcon) to capture the 

microvessels. The strainer was inverted and rinsed into a clean cell culture dish with a 

total volume of 3ml 1% BSA in HBSS. Microvessels were removed from suspension by 
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centrifugation at 10,000xg for 10min. Microvessels were resuspended in PBS, plated on 

Poly-L-Lysine coated coverslips, and allowed to attach with incubation for 1hr at 37 °C. 

Vessels were fixed using 3% formaldehyde in PBS for 10min at RT and then 

permeabilized using 0.1% Triton X-100 in PBS for 5min at RT. Following 

permeabilization, non-specific binding sites were blocked using 5% BSA in PBS for 

30min at RT. The following antibodies were diluted at the respective ratios in 5% BSA in 

PBS and incubated overnight at 4°C: occludin (Santa Cruz, sc-8145, 1:50), ICAM-1 

(Santa Cruz, sc-1511-R, 1:50). Vessels were washed and incubated with corresponding 

Alexa Fluor secondary antibodies (1:200) in the dark for 1hr at RT followed by a 30min 

stain with DAPI. Microvessels were imaged by epifluorescence microscopy. 

Immunohistochemistry of Neuropathological Markers 

 Immunohistochemistry was performed on brain tissue segments to evaluate the 

extent of neuroinflammation and neuropathology in all experimental groups. At 

appropriate time points, anesthetized mice were transcardially perfused with PBS 

followed by Poly/LEM fixative (Polysciences, Inc.; Warrington, PA). Perfused brains 

were removed from the skull and placed in Poly/LEM fixative for 24hrs at 4°C. Brains 

were dissected into 2mm segments using a stainless steel brain matrix (CellPoint 

Scientific, Inc.; Gaithersburg, MD). Segments were post-fixed in Poly/LEM fixative at 

4°C for an additional 24hrs. Next, segments were washed with PBS, processed using a 

Tissue-Tek® VIP® 6 (Sakura Finetek USA, Inc.; Torrance, CA), paraffin-embedded 

using a TN-1500 Embedding Console System (Tanner Scientific, Inc.; Sarasota, FL), and 

sectioned using a rotary microtome (Leica Microsystems, Inc.; Buffalo Grove, IL). 5µm 

paraffin-embedded sections from each experimental group (naive, sham, CCI-TBI only, 
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CCI-TBI + anti-ICAM-1/catalase, CCI-TBI + catalase, CCI-TBI + anti-ICAM-1 

antibody) were cleared, rehydrated and stained for NeuN, GFAP, Iba1, Fibrinogen, and 

3-nitrotyrosine to determine neuronal survival, degree of astrogliosis, microglial 

activation, degree of vascular permeability, and oxidative stress respectively, in the 

region of impact. A time course of post-CCI-TBI only samples was stained for ICAM-1 

to determine its expression profile in cerebral vasculature. Prior to primary antibody 

incubation, sections stained for GFAP, Iba1 and ICAM-1 were HIER pre-treated with 

10mM citric acid buffer (pH 6.0), while those stained for Fibrinogen were PIER pre-

treated with Proteinase K (Dako). Sections stained for NeuN received no pre-treatment. 

All sections were incubated in primary antibody prepared in Dako Antibody Diluent 

either for 1hr at RT (NeuN, Iba1, Fibrinogen, 3-NT), or O/N at 4°C (GFAP and ICAM-1) 

at the following dilutions: NeuN (1:500, Covance), Iba1 (1:400, Wako Chemicals), 

Fibrinogen (1:400, Dako), GFAP (1:2000, Cell Signaling), 3-NT (1:1000, Abcam) and 

ICAM-1 (1:250, Sino Biologicals). Positive antibody staining was detected using an 

HRP- or AP-conjugated labeled polymer system (ImmPRESS Staining Kits, Vector 

Laboratories) and subsequently visualized using Sigma DAB (NeuN and Iba1), Vector 

DAB (Fibrinogen), Dako DAB+ (ICAM-1 and 3-NT) or Vector Blue (GFAP). Sections 

were then dehydrated and cover slipped in preparation for imaging. 

Biochemical Detection of Oxidative Stress Markers 

 Dihydroethidium (Thermo Fisher Scientific, Inc.; Waltham, MA) was 

administered by intraperitoneal (IP) injection in at 6µg/g body weight to mice 3hrs 

following CCI-TBI. The probe circulated for 1hr before PBS perfusion and brain harvest. 

Tissue was fresh frozen in optimal cutting temperature compound. 20µm frozen sections 
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were imaged for red fluorescence by epifluorescence microscopy and analyzed by pixel 

intensity profile using NIS Elements imaging software (Nikon, Japan). Using the 

commercially available OxiSelect™ Hydrogen Peroxide/Peroxidase Assay Kit (Cell 

Biolabs, Inc.; San Diego, CA), hydrogen peroxide levels were measured in mouse 

cortical tissue collected 4hrs following CCI-TBI or from naive and sham controls. Mice 

were euthanized by isoflurane overdose and decapitated to quickly remove the brain. On 

ice, the ipsilateral cortex was isolated and homogenized using a 2ml Dounce manual 

homogenizer (Sigma-Aldrich; St. Louis, MO) in 200µl tissue lysis buffer CelLytic™ MT 

Cell Lysis Reagent (Sigma-Aldrich; St. Louis, MO). Homogenate was centrifuged at 

10,000xg for 5min at 4°C, and supernatant was transferred to a new tube on ice. Sample 

aliquots were combined with the provided ADHP/HRP probe, incubated at room 

temperature for 30min and read on a Spectramax M5 fluorescence plate reader 

(Molecular Devices; Sunnyvale, CA) (excitation 535nm, emission 595nm, auto cut-off 

590nm). Samples were read in duplicate and data are presented as relative fluorescent 

units (RFU) mean ± S.D. with n=4 samples per condition. 

Western Blot Analysis 

 At 48hrs following CCI-TBI, n=3 mice were perfused with 20ml PBS and brains 

harvested for sham, CCI-TBI, and CCI-TBI + anti-ICAM-1/catalase groups. The 

ipsilateral cortex was isolated and immediately homogenized in 400µl lysis buffer 

(CelLytic MT, Sigma) including protease and phosphatase inhibitors. Samples were 

loaded onto a 4–20% Mini-Protean TGX gel (Bio-Rad, Hercules, CA). Gels were 

transferred to nitrocellulose membranes using the Trans-blot Turbo™ transfer system 

(Bio-Rad) following the manufacturer's protocol. Following transfer, membranes were 
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stained with Ponceau S (Sigma) to visualize total protein. Per Precision Plus Protein 

Standards (Bio-Rad) loaded in lane 1, membranes were cut at 75kDa and between 25 and 

37kDa to conserve antibody use. Membranes were briefly washed with diH2O. 

Membranes were blocked with SuperBlock (Bio-Rad) and all primary and secondary 

antibodies were resuspended in SuperBlock. Primary and secondary antibodies were 

resuspended in SuperBlock and used as follows: occludin (abcam, Cambridge, UK, 

rabbit, 1:1000) (Frankowski et al., 2015), Claudin-5 (Novus Biologicals, Littleton, CO, 

rabbit, 1:1000) (Kudinov et al., 2016), GAPDH (abcam, rabbit, 1:1000) (Vialou et al., 

2012), rabbit-HRP (GE Healthcare, Princeton, NJ, 1:10,000). HRP-conjugated antibodies 

were detected using Supersignal West Pico chemiluminescent substrate (Thermo Fisher 

Scientific) and visualization of luminescent signal was obtained using the gel 

documentation system, G:Box Chemi HR16 (Syngene, Frederick, MD). Densitometry 

was performed with the image analysis software, Image J 1.48v (NIH). 

Blood-Brain Barrier Permeability Assay 

 Changes in BBB permeability were assessed using the small molecular weight 

fluorescent tracer, sodium fluorescein (Na-F, Sigma-Aldrich; St. Louis, MO); the 

procedure performed was a modification of previously described methods 53. Briefly, 

animals were injected retro-orbitally with 100µl of 5% Na-F in PBS. The tracer circulated 

for 15min. The mice were anesthetized and transcardially perfused with 20ml PBS. The 

animals were then decapitated and the brains quickly removed from the skull and placed 

into ice cold PBS. Meninges were removed, and the brain was visualized whole from the 

superior surface under short-wave UV light using a G:Box gel and blot imaging system 

(Syngene; Frederick, MD). Brains were then segmented through the impact site and 
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imaged again to better visualize the underlying extent of BBB disruption. See methods 

for fibrinogen staining in Immunohistochemistry of Neuropathological Markers section. 

Bright-Field and Epifluorescence Microscopy and Image Analysis 

 Fluorescent images were acquired using a Coolsnap EZ CCD camera 

(Photometrics; Tucson, AZ) connected to an Eclipse 80i microscope (Nikon Instruments, 

Inc.; Melville, NY) with a solid-state Lumencore SOLA light engine®. Equal capture 

parameters were used to acquire fluorescent images from all samples. ImageJ software 

(1.48v http://rsb.info.nih.gov/ij/; Bethesda, MD) was used to threshold for fluorescence 

intensity and to convert to binary images. For analysis of chromogen immunostaining of 

ICAM-1, GFAP, Iba1, NeuN, and 3-NT, ImageJ analysis was performed by batch 

processing with an automated cell-counting macro. The macro was configured to perform 

particle counting on high-resolution images (5/sample, 3/group, taken at 20X objective 

magnification) on immunolabeled cells. The images were calibrated and then sequentially 

processed for background subtraction, color threshold segmentation, and binary 

conversion (with application of the watershed function). Cells identified from the above 

parameters in an area of 5.61x105 µm2 were counted by use of the analysis particles 

function (selected by particle area and circularity).  

Two-Photon Microscopy and Imaris Image Analysis 

 Eight-week-old male CX3CR1-GFP mice (B6.129P-Cx3cr1tm1Litt/J) were 

obtained from The Jackson Laboratory and randomly designated as non-craniectomized 

controls (naive) or for moderate CCI-TBI with or without acute conjugate administration 

(n=3 per group). At 48hrs post-injury, mice were transcardially perfused with PBS 

followed by Poly/LEM fixative. Brains were post-fixed whole in Poly/LEM fixative for 
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48hrs at 4°C and the impact site was dissected into 1mm segments for imaging. Two-

photon microscopy was performed using a TCS SP5 II MP microscope (Leica 

Microsystems, Inc.) configured with a tunable femto-second pulsed Mai Tai Ti-Sapphire 

laser (Spectra-Physics; Santa Clara, CA). A 20X water immersion objective (HCX APO 

L NA 0.95) was used to visualize each specimen, and z-stacks were acquired using LAS 

imaging software (Leica Microsystems, Inc.). Images were acquired using an 890nm 

excitation wavelength with 0.5µm resolution. Intrinsic GFP signal was detected by a non-

descanned detector using a FITC-TRITC filter set consisting of a dichroic beamsplitter 

(BS 560) and two bandpass filters (BP 525/50 and BP 585/40). Z-stacks were obtained at 

200Hz and 1024x1024 pixels per image frame without compensation to a depth of 

250µm. Z-stacks were analyzed using Imaris 8.1.2 (Bitplane; Zurich, Switzerland). The 

Imaris surface module was used to determine average microglial surface area and 

sphericity per region of interest per z-stack. The filament module was adapted for 

application to microglia to determine sum of filament length and number of filament 

branching points per object. Objects were identified with surface area detail of 0.1µm and 

absolute threshold intensity 25.0. Results were filtered to exclude objects with surface 

area below 1000µm2, as these values can represent cell fragments identified by the 

software as objects. Results are presented as mean surface area (µm2), mean sphericity, or 

mean sum of filament length (µm) ± S.D. 

Rotarod Assay 

 Rotarod training and baseline performance were measured for 40 mice at 6wks of 

age prior to any surgical procedure. Training and testing protocols as well as data 

interpretation were performed as previously described (Elliott, Tuma, Amenta, Barbe, & 
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Jallo, 2011; Yoon, Lee, Chae, Park, & Kim, 2016). Training was performed for two 180s 

intervals intervals with a fixed Rotarod speed of 4rpm. Baseline performance was 

measured on the same day over three 300s trials with accelerating Rotarod speed of 4-

40rpm. Mice were given a rest period of 5min between all back-to-back trials. Rotarod 

performance was then assessed at 48hrs, 1 week, and 4 weeks following CCI-TBI over 

three 300s trials with accelerating Rotarod speed of 4-40rpm. Passive and active latency 

was recorded for all trials with passive latency defined as the mouse undergoing one full 

rotation without fall and active latency defined as the time at which the mouse fell from 

the Rotarod. Data presented as mean latency to fall per group as a percentage of 

individual baseline performance (mean±SEM). 

Elevated Zero Maze 

 The elevated zero maze was utilized to assess anxiety-like behavior at 4 weeks 

following CCI-TBI. Testing was performed with one 5min trial on each of three 

consecutive days. Mice were placed in a dark quadrant of the maze, and time spent in 

dark and light quadrants as well as number of entries into light quadrants was recorded 

using ANY-maze software (Wood Dale, IL). Notably, in the catalase only group, n=3 

mice consistently fell from the open quadrants during testing. When this occurred, the 

mice were replaced in the dark quadrant to restart the trial. Data are presented as mean 

time spent in open quadrants as a percentage of total trial time (mean±SEM). 

Barnes Maze 

 The Barnes maze was used to study spatial reference memory and learning at 5 

weeks following CCI-TBI. Testing was performed in three phases: habituation (day 1), 

training (day 1-3), and probe trial (day 4). Habituation was performed by placing each 
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mouse in the center of the maze while the experimenter gently guided the mouse to the 

escape hole. The escape hole remained in the same location for each phase and trial. 

Training consisted of 3 3min trials per mouse per day over 3 days. Each trial began when 

the mouse was placed in the center of the maze. The mouse was allowed to explore the 

maze for 3min. If at the end of each trial the mouse had not entered the escape hole, the 

experimenter gently guided the mouse to the hole and allowed it to remain there for 1min. 

The probe phase consisted of a single 90s trial performed 24hrs following the final 

training phase. The escape cage was removed, and ANY-maze software was used to track 

the mice and measured number of attempts made at the escape hole and time spent in the 

escape hole quadrant. During training phases, ANY-maze software was used to measure 

latency to target, distance traveled, average motor speed, path efficiency, number of 

errors, and time spent in the escape hole quadrant. Data are presented as mean latency to 

escape hole (mean±SEM). 

Statistical Analysis 

Data were analyzed for statistical significance using Prism software (version 6 

GraphPad Software Inc.; La Jolla, CA). Student's t-tests and one-way analysis of variance 

(ANOVA) with Dunnett’s post-hoc tests for multiple comparisons were performed to 

analyze the biochemical assays and ICAM-1 time course staining. IHC, two-photon 

imaging, and behavioral data were analyzed by one-way ANOVA followed by Tukey's 

post-hoc tests. For all tests, statistical significance was defined at p<0.05. 
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CHAPTER 3: RESULTS 

Endothelial Activation Following Traumatic Brain Injury 

To model the cerebral damage and vascular disruption that occurs during the 

primary phase of TBI, the CCI model was utilized to deliver a TBI of moderate severity 

to the cortex of 8-week-old C57BL/6J mice. This approach has been reported to 

reproduce histopathological features that reflect what is observed clinically in TBI, 

consistently between animal trials and in a time-dependent manner (Clark, Schiding, 

Kaczorowski, Marion, & Kochanek, 1994; Romine, Gao, & Chen, 2014; Smith et al., 

1995). The features of moderate severity CCI-TBI that are congruent with the human 

condition include neurodegeneration, neuroinflammation, and reactive astrogliosis. 

Furthermore, CCI-TBI in mice mimics cortical tissue loss, acute subdural hematoma, 

diffuse axonal injury, concussive syndromes, and BBB dysfunction that characterize TBI 

in humans (Xiong, Mahmood, & Chopp, 2013). Figure 4 demonstrates the upregulation 

of endothelial surface and activation marker ICAM-1 on endothelial cells of the cortical 

vasculature in coronal cross sections of the area of impact. Basal level expression can be 

seen in the naive condition, which is maintained in the surgical sham. ICAM-1 

expression detection was greatly increased at 8, 24, and 48hrs following CCI-TBI (solid 

arrows). Analysis of optical density of ICAM-1 detection showed a nearly 3-fold increase 

in ICAM-1 levels at 48hrs following CCI-TBI when normalized to vascular length and 

caliber compared to naive and sham controls, respectively (Figure 4B). ICAM-1 

upregulation was also observed in the brain parenchyma, likely by reactive astrocytes 

(open arrows), supporting the aberrant expression of ICAM-1 in glial cells in the context 

of CNS pathology as has previously been described (S. J. Lee et al., 2000).  
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Figure 4. Increases in ICAM-1 detection in cerebral vessels over time following 
CCI-TBI. 

A) Immunohistochemical detection of ICAM-1 time course of expression in cerebral 
vasculature (solid arrows) and aberrant expression in astrocytes (open arrows) in area of 
impact in naive (no craniectomy control), sham (surgical control without impact) and at 
8, 24, and 48hr post-CCI-TBI (20X). Included is a stitched coronal section through the 
CCI-TBI impact site 48hrs following CCI-TBI (boxed, 4X). Increased ICAM-1 
expression detection can also be visualized in hippocampal regions underlying the impact 
site. B) Quantification of ICAM-1 staining optical density (OD) normalized to vessel 
caliber and length for naive, sham, and 48hr post-CCI-TBI groups. Scale bar equals 50 
microns. Data are presented as mean±SD. (n=4/condition. Ordinary one-way ANOVA 
with multiple comparisons F=96.35, P<0.0001). 
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Of note, increased ICAM-1 expression was detected by immunostaining of 

microvessels isolated from the ipsilateral cerebral cortex of mice as early as 4hrs 

following CCI-TBI (Figure 5). The abrupt and sustained upregulation of ICAM-1 in the 

cerebral vasculature and within the brain parenchyma at the site of injury identifies this 

molecule as a candidate for targeted intravenous delivery of therapeutic cargo to the 

brain.  

 

 

Figure 5. CCI-TBI upregulates ICAM-1 in cerebral microvasculature. 
A) ICAM-1 (green) and occludin (red) staining in microvessels isolated from ipsilateral 
cortex of sham operated animal 4hrs following surgery (40X). B) ICAM-1 (green) and 
occludin (red) staining of microvessels isolated from ipsilateral cortex 4hrs following 
moderate CCI-TBI (40X). 
 

 

 

Free Radical Production Following Traumatic Brain Injury 

Furthermore, the generation of free radicals and ROS begins nearly 

instantaneously following injury (Cornelius et al., 2013). By utilizing a novel in vivo 
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staining technique, freely permeable dihydroethidium (DHE) was administered by IP 

injection to observe the presence of endogenous oxidizing agents in situ in the injured 

cortex as early as 4hrs following CCI-TBI compared to naive controls (Figure 6). 

Moderate CCI-TBI gave significantly increased free radical detection compared to the 

naive at 4hrs after injury as indicated by increased DHE fluorescence intensity in cortical 

tissue surrounding the area of impact (Figure 6B-C). Taken together, the results shown 

thus far support the notion that ICAM-1 can be utilized as a target for delivery of 

antioxidant enzyme therapy directed to areas of injury in the brain.  

 

 

 

Figure 6. CCI-TBI induces ROS production detected by in vivo DHE staining. 
In vivo dihydroethidium staining detection in naive (A) vs. 4hrs following CCI-TBI (B) 
cerebral cortex in area of CCI-TBI impact site (4X). Red fluorescence indicates oxidation 
of dihydroethidium and in situ ROS free radical detection. The impact site and affected 
ipsilateral cortical tissue is outlined with a white dotted line. ROS detection extends 
through and beyond the depth of the cortex. C) Quantification of dihydroethidium 
fluorescence intensity in naive compared to CCI-TBI groups at 4hrs post-injury. Data are 
presented as mean±SD. (n=3/condition. Two-tailed unpaired t test with equal SD 
P=0.0002, t=12.83, df=4). 
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Anti-ICAM-1/Catalase Reduces Hydrogen Peroxide and Oxidative Stress Markers 
 

To test the hypothesis that targeted delivery of antioxidant enzyme therapy could 

reduce levels of ROS and subsequent secondary injury mechanisms following TBI, 

conjugates of anti-ICAM-1 antibodies covalently linked to recombinant catalase were 

administered to mice 30min following moderate CCI-TBI. Catalase is an antioxidant 

enzyme that converts H2O2 to oxygen and water. To assess the efficacy of anti-ICAM-

1/catalase in reducing H2O2 in TBI, levels were measured at 4hrs following injury for all 

experimental groups. CCI-TBI significantly increased H2O2 in the cortex ipsilateral to the 

injury site compared to the naive and sham conditions, and anti-ICAM-1/catalase 

administration significantly reduced H2O2 compared to injury alone to levels not 

significantly different from baseline (Figure 7). Anti-ICAM-1 antibody administered 

alone following CCI-TBI did not reduce H2O2 production following injury. Interestingly, 

catalase administered alone did significantly reduce H2O2 compared to untreated CCI-

TBI; however, levels were still significantly elevated compared to naive and sham 

groups. Based on these results, acute intervention with anti-ICAM-1/catalase 

demonstrates feasibility to reduce H2O2 levels to in the brain within physiological 

parameters in CCI-TBI.  
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Figure 7. Anti-ICAM-1/catalase combats elevated hydrogen peroxide levels 
following CCI-TBI. 

OxiSelect™ Hydrogen Peroxide/Peroxidase Assay Kit was used to measure hydrogen 
peroxide levels in fresh mouse cortical tissue ipsilateral to the area of impact 4hrs 
following CCI-TBI, CCI-TBI+anti-ICAM-1/catalase, catalase only, and antibody only 
administration or from naive and sham controls. The naive condition provides basal H2O2 
levels in uninjured cortical tissue, which are not significantly different from sham. CCI-
TBI results in a nearly 3-fold increase in H2O2 level detection. Anti-ICAM-1/catalase 
quenches H2O2 levels in the area of injury to physiological levels comparable to that of 
naive and sham, an effect not achieved with anti-ICAM-1 antibody and catalase alone. 
(n=4/condition. Ordinary one-way ANOVA with multiple comparisons F=25.95, 
P<0.0001). 
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Furthermore, anti-ICAM-1/catalase effectively reduces the extent of tyrosine 

nitration following CCI-TBI (Figure 8). Tyrosine nitration occurs downstream as a result 

of peroxynitrite production and is a well-defined marker of oxidative stress (Darwish, 

Amiridze, & Aarabi, 2007). Levels of 3-nitrotyrosine (3-NT) were measured by 

immunohistological staining and demonstrate significant increases in 3-NT levels 

following CCI-TBI with positive staining normalized to total tissue area. Nitration of 

tyrosine residues was limited with anti-ICAM-1/catalase administration to an extent that 

was not achieved by catalase or anti-ICAM-1 antibody given alone (Figure 8D-F). The 

reduction of 3-NT levels with administration of anti-ICAM-1/catalase suggests that 

treatment conveys protection against oxidative damage in this experimental model of 

TBI.  
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Figure 8. Anti-ICAM-1/catalase reduces levels of oxidative stress marker 3-
nitrotyrosine. 

Immunohistochemical chomogen staining of 3-nitrotyrosine demonstrates increased 
tyrosine nitration following CCI-TBI (C) compared to naive and sham controls (A and B, 
respectively). Anti-ICAM-1/catalase significantly decreased 3-NT detection (D). 3-NT 
levels in anti-ICAM-1 antibody and catalase only groups did not significantly differ from 
CCI-TBI alone (E and F, respectively). Positive signal detection was pseudo-colored red 
for better visualization. All images taken at 20X. Scale bar equals 50 microns. G) 
Quantification of 3-NT signal detection was analyzed by percent area and normalized to 
total tissue area per image. Data are presented as mean±SD. (n=3/condition. Ordinary 
one-way ANOVA with multiple comparisons F=21.07, P<0.0001). 
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Anti-ICAM-1/Catalase Preserves Blood-Brain Barrier Integrity Following 

Traumatic Brain Injury 

The neuropathology associated with TBI is a result of cell death and the activation 

of glia, including microglia and astrocytes (Lozano et al., 2015). Subsequently, the 

release of inflammatory mediators and secondary messengers in the brain results in the 

recruitment of peripheral immune cells, chronic inflammatory activation, and continued 

neuronal damage. Additionally, cellular and biochemical insults such as necrosis and 

oxidative stress disrupt the neuronal microenvironment and support the propagation of 

injury (Rodriguez-Rodriguez et al., 2014). 

 The effect of anti-ICAM-1/catalase conjugate therapy on the BBB was first 

explored with the hypothesis that combating oxidative stress acutely following CCI-TBI 

would maintain or rescue barrier function and prevent subsequent neuropathology. BBB 

integrity was assessed by two permeability assays. First, brain tissue was collected at 

48hrs following CCI-TBI and prepared for immunohistochemical staining of the plasma 

protein fibrinogen (MW 340kDa) (C. E. Hall & Slayter, 1959). The naive and sham 

conditions gave baseline (absent) staining of fibrinogen (Figure 9A-B), which was greatly 

increased in the brain parenchyma and perivascular space following CCI-TBI reflecting 

loss of BBB integrity (Figure 9C). Additionally, with CCI-TBI, fibrinogen was observed 

to accumulate in perivascular space (black arrows). Acute administration of anti-ICAM-

1/catalase rescued BBB integrity toward what is seen in the naive, with less fibrinogen 

detection in the tissue and absent perivascular accumulations (Figure 9D). This effect was 

not achieved when anti-ICAM-1 or catalase was administered alone highlighting the 

importance of targeted delivery of catalase (Figure 9E-F).  
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Figure 9. Fibrinogen staining demonstrates improved barrier function after CCI-
TBI with anti-ICAM-1/catalase administration.  

Immunohistochemical detection of plasma protein fibrinogen in brain parenchyma at 
48hr following moderate controlled cortical impact traumatic brain injury. A-B) Naive 
and sham controls show absent fibrinogen detection in the brain parenchyma, as the BBB 
is healthy and intact. Absence of staining is maintained at 20X. C) Following CCI-TBI, 
BBB hyperpermeability permits the extravasation of fibrinogen into the brain tissue. 
Black arrowheads indicate areas of dense fibrinogen staining in the perivascular space. 
D) Anti-ICAM-1/catalase reduces parenchymal and perivascular fibrinogen detection in 
the brain by 48hrs post-CCI-TBI. E-F) Anti-ICAM-1 antibody and catalase alone do not 
appear to reduce fibrinogen extravasation as indicated by intense fibrinogen detection in 
the impact site with dense staining in perivascular space. Scale bar equals 50 microns. 
(Top panels 2X, bottom panels 20X). 
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Western blot analysis of tight junction protein expression in the cortex ipsilateral 

to the area of injury further demonstrates the consequences of CCI-TBI on the BBB with 

significant decreases in the detection of tight junction proteins occludin and claudin-5 at 

48hrs following CCI-TBI. Administration of anti-ICAM-1/catalase restored tight junction 

protein levels for claudin-5 and trended toward sham expression levels for occludin 

(Figure 10).  

 

 

 

Figure 10. Tight junction protein profiles following CCI-TBI and anti-ICAM-
1/catalase administration. 

A) Western blot analysis of tight junction protein expression for occludin and claudin-5 
in the cortex ipsilateral to the site of CCI-TBI for sham, CCI-TBI and CCI-TBI + anti-
ICAM-1/catalase groups. The whole membrane was cut at 75kDa and between 37 and 
25kDa to minimize antibody use. Membranes were separately probed for occludin and 
claudin-5. The membrane probed for occludin was striped, reblocked, and then probed 
for GAPDH. B-C) Densitometry quantification for occludin and claudin-5 normalized to 
GAPDH presented as mean±SD (n=3/condition. Ordinary one-way ANOVA with 
multiple comparisons occludin F=5.779, P=0.0399. Claudin-5 F=17.42, P=0.0032). 
 

 

 

 Barrier integrity was further investigated using a modified sodium fluorescein 

(Na-F) permeability assay. At 48hrs after CCI-TBI, Na-F was introduced by IV injection 
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and allowed to circulate for 15min prior to perfusion and tissue harvest. Imaged under 

UV light, the naive condition showed absent Na-F in the brain parenchyma. However, 

Na-F signal can be detected in the ventricular compartment, as it is able to access the 

cerebrospinal fluid (Figure 11A-B, white dotted line depicts the area of impact when 

CCI-TBI is delivered). Following CCI-TBI, barrier permeability and vascular disruption 

permit Na-F escape into the brain parenchyma within and beyond the area of impact 

(Figure 11C, white arrows). Contrecoup damage to the brain was observed in CCI-TBI 

and CCI-TBI+catalase groups (Figure 11C and Figure 11F, respectively). TBI is known 

to result in edema and hematoma formation, events which can be visualized in this assay 

(black arrowheads). The extent of Na-F leakage into the brain parenchyma was restricted 

with acute administration of the anti-ICAM-1/catalase conjugate, including the 

prevention of contrecoup barrier disruption (Figure 11D), a result not seen with catalase 

administration alone (Figure 11E).  
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Figure 11. Sodium fluorescein permeability assay for BBB integrity demonstrates 
improved barrier function following CCI-TBI and anti- ICAM-1/catalase 

administration. 
Sodium fluorescein was administered IV at 48hrs post-CCI-TBI to evaluate barrier 
integrity at this time point. The small molecular weight fluorescent tracer was allowed to 
circulate for 15min before tissue perfusion and collection. Fluorescent images captured 
using short wave UV light demonstrate sodium fluorescein leakage into brain tissue in 
naive (A, no craniectomy) and sham (B) mice and mice sustaining moderate CCI-TBI 
events at 48hr following injury (C: CCI-TBI only, D: CCI-TBI + Anti-ICAM-1/catalase, 
E: CCI-TBI + anti-ICAM-1 antibody, and F: CCI-TBI + catalase). The dashed circle in B 
demarcates where the craniectomy was performed. Sodium fluorescein leakage into the 
brain extends beyond the area of impact following moderate CCI-TBI, highlighted by 
white arrowheads. Black arrowheads indicate areas of hemorrhage, edema, or swelling of 
the brain following injury. Coup and contrecoup mechanisms of injury resulting from 
CCI-TBI can be appreciated by comparing sodium fluorescein signal detection in the area 
of impact (top of brain section) to the base of the brain directly opposite of the area of 
impact in CCI-TBI and CCI-TBI+Catalase groups (C, F). 
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Anti-ICAM-1/Catalase Attenuates Neuropathology Indices of Traumatic Brain 

Injury 

To determine whether neuropathological indices of TBI could be alleviated upon 

acute administration of anti-ICAM-1/catalase, immunohistochemistry analysis of specific 

cellular markers was performed at 48hrs post-CCI-TBI. NeuN was detected to assess 

neuronal loss following CCI-TBI and anti-ICAM-1/catalase intervention. GFAP was 

stained to visualize the extent of activation in cortical astrocytes, and Iba1 was detected 

to assess changes in microgial morphology and activation state.  

NeuN staining was used to assess neuronal density and viability 48hrs after CCI-

TBI and treatment with anti-ICAM-1/catalase as a means to determine the degree of 

neuronal protection from oxidative damage induced cell death pathways (Figure 12). 

NeuN is a neuronal nuclear antigen, commonly used as a biomarker for neurons, and give 

distinctive nuclear staining (Herculano-Houzel & Lent, 2005). Cell count per area was 

measured and compared to naive and sham conditions to reflect neuronal loss with 

decreased NeuN staining in CCI-TBI. While CCI-TBI resulted in a decreased NeuN-

positive cells in the area of impact, including with acute administration of anti-ICAM-

1/catalase, neuronal detection was significantly higher with targeted therapy than without, 

indicating neuronal preservation and reduced neuronal death after CCI-TBI (Figure 12).  
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Figure 12. NeuN staining demonstrates neuronal rescue in CCI-TBI with anti-

ICAM-1/catalase. 
A) NeuN staining identifies viable neurons within the cerebral cortex and demonstrates 
substantial neuronal loss 48hrs following CCI-TBI. Primary injury mechanisms 
invariably result in cell death, as indicated by persistently decreased NeuN detection, 
based on particle count analysis, that is rescued with targeted antioxidant enzyme 
intervention. NeuN detection following anti-ICAM-1/catalase administration was 
significantly higher than CCI-TBI alone or in combination with recombinant catalase and 
anti-ICAM-1. Green arrows point to nuclear stain of NeuN. Scale bars equal 50 microns. 
B) Associated bar graph display imaging quantification. Naive animals were included in 
image analysis and quantification but are not displayed in the montage. Data are 
presented as mean±SD. (n=3/condition. Ordinary one-way ANOVA. NeuN: F=39.83, 
P<0.0001). 
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Iba1 staining allows for the assessment of microglial morphology as these cells 

undergo drastic morphological changes with activation in response to injury (Mannix et 

al., 2016). Microglia in the sham condition exhibit small cell bodies and diffusely 

ramified processes. Following moderate CCI-TBI, Iba1 expression is upregulated and by 

48hrs after injury, microglia undertake an amoeboid-like activated cell shape (Figure 13). 

Number of amoeboid microglia was counted per area of impact and compared between 

sham, CCI-TBI, CCI-TBI+anti-ICAM-1/catalase, and CCI-TBI+catalase and antibody 

groups. The number of activated microglia per area was significantly increased following 

CCI-TBI and reduced toward that of the sham with administration of anti-ICAM-

1/catalase but not by either catalase or antibody alone (Figure 13).  
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Figure 13. Anti-ICAM-1/catalase attenuates microglia transition to an activated 

phenotype following CCI-TBI. 
A) Microglia are finely ramified with small cell bodies in the sham condition. Following 
CCI-TBI, the number of activated microglia per 5.61x105 microns squared is 
significantly increased as indicated by threshold increases in cell body size and Iba1 
staining intensity. Anti-ICAM-1/catalase reduced the number of amoeboid microglia per 
frame, while catalase and anti-ICAM-1 alone did not. Red arrows point to amoeboid 
microglia. Scale bars equal 50 microns. B) Associated bar graph display imaging 
quantification. Naive animals were included in image analysis and quantification but are 
not displayed in the montage. Data are presented as mean±SD. (n=3/condition. Ordinary 
one-way ANOVA.	  Iba1: F=58.81, P<0.0001). 
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GFAP staining was assessed by optical density per area. GFAP expression can be 

regarded as a sensitive and reliable marker that labels reactive astrocytes responding to 

injury in the CNS (Sofroniew & Vinters, 2010). GFAP staining of the sham condition 

shows very little baseline expression of GFAP in cortical levels I-V of the mouse brain. 

Following CCI-TBI, however, GFAP expression level is greatly increased with an 

approximately 17-fold change in optical density (Figure 14). GFAP expression level is 

reduced toward the sham and naive groups with administration of anti-ICAM-1/catalase 

but not by the catalase or antibody only controls (Figure 14). These results suggest a 

neuroprotective and anti-neuroinflammatory effect of administration of anti-ICAM-

1/catalase acutely following CCI-TBI. 
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Figure 14. Anti-ICAM-1/catalase decreases astrogliosis after CCI-TBI as indicated 
by GFAP staining. 

A) GFAP expression indicating astrocyte activation shows significant increase at 48hrs 
following CCI-TBI compared to optical density readouts per 5.61x105 microns squared 
for the sham group. Anti-ICAM-1/catalase significantly reduced optical density of GFAP 
detection at 48hrs after CCI-TBI compared to CCI-TBI alone. Non-targeted catalase and 
anti-ICAM-1 controls did not offer benefit regarding astrocyte activation following CCI-
TBI, with no significant difference from CCI-TBI alone. Yellow arrows point to 
astrocytes with robust GFAP staining detection. Scale bars equal 50 microns. B) 
Associated bar graph display imaging quantification. Naive animals were included in 
image analysis and quantification but are not displayed in the montage. Data are 
presented as mean±SD. (n=3/condition. Ordinary one-way ANOVA. GFAP: F=117.8, 
P<0.0001). 
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Anti-ICAM-1/Catalase Normalizes Microglial Morphometrics After Traumatic 

Brain Injury 

 
To further delineate inflammatory activity in the cortex following CCI-TBI and 

possible prevention of inflammatory activation with anti-ICAM-1/catalase 

administration, microglial morphology was investigated using high power two-photon 

microscopy to analyze microglial characteristics on the cellular and subcellular scale. 

Moderate CCI-TBI with or without anti-ICAM-1/catalase treatment was delivered to 

CX3CR1-GFP mice (The Jackson Laboratory; Bar Harbor, ME), and ex vivo brain 

segments were imaged by two-photon microscopy 48hrs following injury to evaluate 

microglia morphology as a correlate of activation state. Single optical slice images 

obtained during z-stack acquisition revealed structural properties of microglia that can be 

further studied and rendered by 3D interactive data visualization software (Imaris, 

Bitplane; Zurich, Switzerland). CCI-TBI results in microglia activation with cell body 

enlargement and thickening and retraction of processes by 48hrs following injury. These 

structural changes are attenuated by acute intervention with anti-ICAM-1/catalase (Figure 

15). Microglial morphological changes occur grossly at the level of the cell body as well 

as more striking changes in long ramified processes (Figure 15, arrowheads) (Zanier, 

Fumagalli, Perego, Pischiutta, & De Simoni, 2015).  

 

 
 
 
 
 
 



	   63 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Two-photon microscopy demonstrates microglia morphology following 
CCI-TBI and anti-ICAM-1/catalase therapy. 

CX3CR1-GFP mice (B6.129P-Cx3cr1tm1Litt/J, The Jackson Laboratory) were subjected 
to moderate CCI-TBI with and without anti-ICAM-1/catalase conjugate administration 
30min after impact. No craniectomy (naive) CX3CR1-GFP mice served as control. At 
48hrs following CCI-TBI, subjects were perfusion fixed, brain tissue was collected and 
subsequently sectioned into 1mm segments for two-photon imaging of high resolution 
three-dimensional z-stacks. Representative single slice images depict microglial 
ramification in the area of impact for naive, CCI-TBI, and CCI-TBI+anti-ICAM-
1/catalase mice. Arrowheads point to microglial processes, which are finely ramified in 
the naive condition and thicken and retract following CCI-TBI. Anti-ICAM-1/catalase 
attenuates changes in microglia cell body enlargement and process retraction. Scale bar 
20µm.  
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Using Imaris image analysis software, microglia were assessed for morphometrics 

including surface area, sphericity, processes length, and number of process branching 

points (complexity and ramification). The Imaris surface module was used to determine 

average microglial surface area and sphericity, a measure of how spherical an object is. 

Rendering of microglia using the surface module demonstrated enlarged cell bodies and 

thickened and retracted processes following CCI-TBI and a reversion to the naive 

phenotype with administration of anti-ICAM-1/catalase (Figure 16). With a loss of 

complexity and ramification that accompanies a change to an amoeboid morphology, 

mean surface area of microglia significantly decreased, nearly 2-fold, 48hrs after CCI-

TBI compared to naive. Administration of anti-ICAM-1/catalase resulted in no 

significant difference in surface area between conjugate and uninjured groups at 48hrs 

(Figure 16B). The sphericity of an object, or cell, is defined as the ratio of the surface 

area of a sphere (with the same volume as the given object) to the surface area of that 

object (McLeod et al., 2016). Sphericity was increased by approximately 50% with CCI-

TBI, while no significant difference was seen following anti-ICAM-1/catalase (Figure 

16C). 
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Figure 16. Microglia surface morphometrics are normalized by anti-ICAM-
1/catalase. 

A) Surface rendering was performed for microglia based on GFP signal threshold to 
measure cellular surface area for cells in the area of impact for naive, CCI-TBI, and CCI-
TBI + anti-ICAM-1/catalase groups. Individual microglia in red appear at the center of 
the frame. Neighboring microglia appear in green. Changes in microglial morphology 
result in cells with retracted processes and larger cell bodies following CCI-TBI. Imaris 
imaging software gave measures of microglial surface area (B) and sphericity (C) 
(threshold for object analysis was surface area >1000μm2). Data presented at mean±SD. 
(n=3/condition. Ordinary one-way ANOVA. Surface area: F=73.12, P<0.0001. 
Sphericity: F=17.20, P=0.0013.) 
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The filament module was used to determine the sum of filament or process length 

per cell and number of process branching points per cell. With approximately the same 

number of cell bodies per frame, CCI-TBI greatly reduces the extent to which microglial 

processes survey their environment (Figure 17). At 48hrs following CCI-TBI, mean 

microglial process length decreased approximately 2-fold (Figure 17). This is shifted 

toward the naive phenotype with anti-ICAM-1/catalase treatment. Number of branching 

points was decreased with CCI-TBI by greater than 50%. Anti-ICAM-1/catalase 

prevented this reduction, and microglia showed a mean number of branching points 

comparable to the naive (Figure 17).  
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Figure 17. Filament tracing shows changes in microglial branching following CCI-

TBI and an attenuated response with anti-ICAM-1/catalase. 
A) Filament tracing was performed for microglial processes based on GFP signal 
threshold to measure process length and ramification of process branching in the area of 
impact for naive, CCI-TBI, and CCI-TBI + anti-ICAM-1/catalase groups. Individual 
microglia cell bodies are represented by dots in red (center of frame) or blue. Filament 
tracings are gray. Changes in microglial morphology result in cells with retracted 
processes following CCI-TBI. Approximately the same number of cell bodies is 
displayed per frame indicating the extent of process retraction in CCI-TBI. Imaris 
imaging software gave measures of filament length per object (B) and number of filament 
branching points (C) (threshold for object analysis was surface area >1000μm2). Data 
presented at mean±SD. (n=3/condition. Ordinary one-way ANOVA. Sum of filament 
length: F=74.57, P<0.0001. Number of filament branching points: F=38.50, P<0.0001.) 
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Anti-ICAM-1/Catalase Offers Improved Functional Outcomes in Traumatic Brain 

Injury 

 To assess the effect of anti-ICAM-1/catalase on functional outcomes of CCI-TBI, 

three assays were performed for correlates of motor, emotional, and cognitive 

performance. The Rotarod assay for motor and coordination function was performed at 

baseline at 48hrs, 1 week, and 4 weeks following CCI-TBI. Passive and active latency 

was recorded for all trials with passive latency defined as the mouse undergoing one full 

rotation without fall and active latency defined as the time at which the mouse fell from 

the Rotarod. At 48hrs following CCI-TBI, the CCI-TBI + Anti-ICAM-1/catalase group 

and sham group significantly outperformed CCI-TBI and CCI-TBI + catalase groups with 

greater time until active latency as determined by percentage of baseline performance 

(Figure 18). At one week post-CCI-TBI significantly greater performance was 

maintained by the CCI-TBI + anti-ICAM-1/catalase group over the mice receiving a CCI-

TBI followed by catalase alone. However, other differences were lost as the groups 

uniformly converged toward baseline performance over time. Data presented as mean 

latency to fall per group as a percentage of individual baseline performance 

(mean±SEM). 
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Figure 18. Anti-ICAM-1/catalase improves acute motor performance on Rotarod 
assay. 

Rotarod testing was performed at 48hrs, 1 week, or 4 weeks after injury for naive, sham, 
and CCI-TBI mice as well as mice receiving either anti-ICAM-1/catalase or catalase 
alone at 30min post-CCI-TBI. At 48hrs, CCI-TBI + Anti-ICAM-1/Catalase group and 
sham group significantly outperformed CCI-TBI and CCI-TBI + Catalase groups. At one 
week post-CCI-TBI significantly greater performance was maintained by the CCI-TBI + 
Anti-ICAM-1/Catalase group over the mice receiving a CCI-TBI followed by catalase 
alone. Significantly differences were lost by 4 weeks post-CCI-TBI. Data presented as 
mean latency to fall per group as a percentage of individual baseline performance 
(mean±SEM). (n=8/condition. Ordinary one-way ANOVA. At 48hrs *F=6.301, 
P=0.0007. At one week #F=5.736, P=0.0012). 
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Traumatic brain injury is known to increase the incidence of anxiety disorders in 

human patients (Mallya, Sutherland, Pongracic, Mainland, & Ornstein, 2015). To assess 

anxiety-like phenotypes in mice receiving CCI-TBI, the elevated zero maze was used at 4 

weeks post-CCI-TBI, as previously described (Siopi et al., 2012). No significant 

difference was found between naive or sham animals for percentage of time spent in the 

open quadrants of the maze, indicating that the process of the sham surgery did not 

increase anxiety-like behavior at the 4-week time point. Following CCI-TBI, animals 

spent significantly less time in the open quadrants indicating an increased anxiety-like 

phenotype compared to naive and sham animals. Anti-ICAM-1/catalase normalized 

anxiety-like behavior with animals of this group spending significantly greater time spent 

in the open quadrants than the CCI-TBI groups, although not statistically greater than 

CCI-TBI treated with catalase alone (Figure 19). Data are presented as mean time spent 

in open quadrants as a percentage of total trial time (mean±SEM). 
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Figure 19. Anti-ICAM-1/catalase normalized anxiety-like phenotype on the elevated 

zero maze. 
Elevated zero maze testing was performed at 4 weeks following CCI-TBI for naive, 
sham, and CCI-TBI mice as well as mice receiving either anti-ICAM-1/catalase or 
catalase alone at 30min post-injury. No significant difference was found between naive or 
sham animals for percentage of time spent in the open quadrants of the maze. With CCI-
TBI, animals spent significantly less time in the open quadrants indicating an increased 
anxiety-like phenotype. Anti-ICAM-1/catalase gave significantly greater time spent in the 
open quadrants than CCI-TBI, although it was not statistically greater than CCI-TBI + 
Catalase alone. Data are presented as mean time spent in open quadrants as a percentage 
of total trial time (mean±SEM). (n=8/condition. Ordinary one-way ANOVA. F=8.145, 
P=0.0001). 
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Traumatic brain injury can also impede cognitive performance in the acute phase 

as well as long-term (Osier, Carlson, DeSana, & Dixon, 2015; Walker & Tesco, 2013). 

The Barnes maze was utilized to assess cognitive performance in mice in the chronic 

phase following CCI-TBI. Barnes maze testing was performed at 5 weeks following CCI-

TBI for for naive, sham, and CCI-TBI mice as well as mice receiving either anti-ICAM-

1/catalase or catalase alone at 30min post-injury. No statistically significant difference 

was found between groups for improved cognitive performance on the test over time 

regarding parameters of average latency to the target hole or average percent time spent 

in the quadrant of the target hole (Figure 20). While no significant differences were 

found, sham and anti-ICAM-1/catalase groups trended toward improved cognitive 

function compared to CCI-TBI and CCI-TBI + untargeted recombinant catalase. 
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Figure 20. Anti-ICAM-1/catalase trends toward improved cognitive function as 
evaluated by the Barnes maze. 

Barnes maze testing was performed at 5 weeks following CCI-TBI for for naive, sham, 
and CCI-TBI mice as well as mice receiving either anti-ICAM-1/catalase or catalase 
alone at 30min post-injury. No statistically significant difference was found between 
groups for improved cognitive performance on the test over time regarding parameters of 
A) average latency to the target hole or B) average percent time spent in the quadrant of 
the target hole. While no significant differences were found, sham and anti-ICAM-
1/catalase groups trended toward improved cognitive function compared to CCI-TBI and 
CCI-TBI + catalase. (n=8/condition. Ordinary one-way ANOVA. F=6.368, P=0.0236). 
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CHAPTER 4: DISCUSSION 

The understanding of TBI pathophysiology, particularly the intersecting roles of 

inflammation and oxidative stress, remains incomplete (Rochfort & Cummins, 2015). 

TBI results in endothelial activation, BBB damage and permeability, (Balabanov et al., 

2001; Rochfort & Cummins, 2015) and the production of oxidative stress mediators that 

contribute to injury propagation in neurotrauma (E. D. Hall et al., 2010; Rochfort & 

Cummins, 2015). While studies have shown heterogeneous efficacy of antioxidant 

therapy, a targeted enzymatic antioxidant approach to TBI management has not 

previously been explored. We therefore acutely administered endothelial-targeted 

antioxidant enzyme therapy to study neuropathological outcomes in a mouse model of 

TBI. Here, we present here evidence demonstrating that targeted antioxidant enzyme 

therapy, conjugates of catalase to anti-ICAM-1 antibodies, conveys protection from TBI-

induced BBB permeability, resultant neuropathology, and neuroinflammation and 

improves functional outcomes of TBI at acute and chronic time points.  

TBI causes a nearly immediate increase in superoxide production, which initiates 

the cascade of oxidative stress (Kontos & Wei, 1986). Superoxide is quickly dismutated 

to H2O2 and oxygen by superoxide dismutase, and H2O2, which is more stable than 

superoxide, is then available to interact with other biological substrates, increasing 

oxidative damage in the brain (E. D. Hall et al., 2010). For example, H2O2 potentiates the 

release of ferrous iron from hemoglobin extravasated during primary injury vessel 

disruption, hematoma formation, and microhemorrhage. Catalytically active iron 

participates in free radical reactions in two ways. First, autoxidation of ferrous iron 

results in continued formation of superoxide. Secondly, ferrous iron can be oxidized in 
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the presence of H2O2 to form hydroxyl radicals by the Fenton reaction (E. D. Hall et al., 

2010). Accordingly, the cerebral vasculature has been reported to be the initial source of 

hydroxyl radical production following TBI (Kontos & Povlishock, 1986; Kontos & Wei, 

1986). The studies detailed above demonstrate rapid free radical production following 

CCI-TBI using DHE in a novel in vivo approach to ROS detection. DHE is freely 

permeable and therefore able to detect the production of free radicals in the injured brain. 

These results coincide with findings that free radical production and superoxide are 

detrimental to TBI outcome (Mikawa et al., 1996). Further downstream, hydroxyl 

radical-induced lipid peroxidation is a major mechanism of cellular damage in TBI, and 

intervening with free radical production at the level of H2O2 has the potential to eliminate 

subsequent oxidative reactions and the propagation of injury via this pathway. Therefore, 

we sought to investigate H2O2 levels in the injured cortex. To our knowledge, this is the 

first attempt at a direct readout for H2O2 in the brain following CCI-TBI. Congruent with 

previous work, increased levels of H2O2 were found 4hrs after CCI-TBI which may 

reflect increases seen in lipid peroxidation, increased 3-nitrotyrosine levels, and ADP 

ribosylation as have been demonstrated previously (Mesenge, Charriaut-Marlangue, et 

al., 1998; Mesenge, Margaill, et al., 1998; Wallis, Panizzon, & Girard, 1996). 

Accordingly, we show increased 3-nitrotyrosine production in our model of CCI-TBI that 

is reduced upon administration of anti-ICAM-1/catalase. Work from our group and others 

has suggested that interfering with oxidative stress using the superoxide scavenger, 

Tempol, attenuates neuroinflammation and BBB permeability (Lochhead et al., 2010; 

Tsuhako et al., 2010; M. Zhang, Mao, Ramirez, Tuma, & Chabrashvili, 2010). Thus, 

intervention at the level of H2O2 may too be neuroprotective in TBI.  
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Another early event following TBI is endothelial activation, with increased 

expression of cell adhesion molecules, including ICAM-1. ICAM-1 expression following 

injury is regulated by cytosolic phospholipase A2a via NFkB and CREB transcription 

factors, which play major roles in the expression of genes that characterize the 

inflammatory response (Hadad, Tuval, Elgazar-Carmom, Levy, & Levy, 2011). We show 

marked increases in ICAM-1 expression on cortical vasculature up to 48hrs following 

CCI-TBI (Figure 4, 5). Interestingly, we observed increased ICAM-1 expression in the 

vasculature of subcortical brain regions as well (e.g. hippocampus), comparing ipsilateral 

to contralateral brain regions in the coronal section shown in Figure 4. Upregulation of 

ICAM-1 and other adhesion molecules by the cerebral endothelium following a TBI is 

well established (Carlos, Clark, Franicola-Higgins, Schiding, & Kochanek, 1997). Our 

results support previous findings of early endothelial activation following TBI, including 

in vitro studies (Andrews et al., 2016) and recent work with the CCI-TBI model (Amenta, 

Jallo, Tuma, Hooper, & Elliott, 2014; Dietrich, 2002). Increased ICAM-1 detection in the 

hippocampus likely indicates mechanisms of ongoing inflammation in this brain region 

and may contribute to cognitive decline that occurs in TBI, if chronic inflammation 

persists (H. Wang et al., 2007). Therefore, future studies will aim to elucidate the effect 

of endothelial-targeted antioxidant enzyme therapy on long-term inflammatory profiles in 

the brain and systemic circulation at acute and chronic time points following CCI-TBI.  

A hallmark of endothelial activation is an alteration in barrier function. 

Mechanical injury and the production of inflammatory factors by perivascular cells and 

brain microvascular endothelial cells affect permeability of the BBB (Dietrich, 2002). We 

assessed BBB integrity following CCI-TBI by fibrinogen staining and a novel in vivo 
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permeability assay using Na-F, which is more sensitive to small changes in barrier 

permeability than the more traditionally used permeability marker, Evans Blue. 

Following injury, the BBB breaks down and permits the leakage of plasma proteins such 

as fibrinogen into the brain tissue. Fibrinogen positive staining was detected extensively 

following CCI-TBI in the cortex and white matter tracks, even extending beyond the area 

of impact and into the contralateral hemisphere (Figure 9C), a phenomenon also seen in 

moderate CCI-TBI by immunostaining for IgG (Erturk et al., 2016). It has been reported 

that fibrinogen levels increase following TBI, and that this acute phase protein response 

can contribute to propagating endothelial inflammation at the BBB (Altieri, Duperray, 

Plescia, Thornton, & Languino, 1995; Luscinskas & Lawler, 1994; Muradashvili & 

Lominadze, 2013). To account for the potentially confounding influence of fibrinogen 

levels, we also studied barrier permeability using Na-F. At only 376.27 Da, Na-F is 

highly sensitive to BBB hyperpermeability (Amenta et al., 2014; Kozler & Pokorny, 

2003; Oishi, Baba, Nishibori, Itoh, & Saeki, 1989). Interestingly, the Na-F assay was able 

to detect barrier changes in the area of impact and at the base of the brain, reflecting coup 

and contrecoup mechanisms of injury. This is known to occur when the force of an 

impact is sufficient to cause damage between the brain and the skull at the impact site as 

well as to propel the brain in the reverse direction to collide with the skull on the opposite 

side of the head (Ommaya, Grubb, & Naumann, 1971). To correlate functional barrier 

status with BBB structure, we also investigated tight junction protein expression profile 

in the ipsilateral cortex following CCI-TBI and observed a decrease in tight junction 

proteins occludin and claudin-5 that was rescued toward the expression levels seen in the 

sham with acute administration of anti-ICAM-1/catalase (Figure 10). Both fibrinogen and 
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Na-F permeability readouts demonstrated reduced target detection in the injured brain 

following acute administration of anti-ICAM-1/catalase but not with catalase or anti-

ICAM-1 antibody alone. These results suggest that targeting antioxidant enzyme therapy 

to the activated endothelium conveys BBB protection in vivo and is associated with 

decreased markers of oxidative stress following CCI-TBI including levels of H2O2 and 3-

NT in cortical tissue (, 7).  

In accord with BBB protection by anti-ICAM-1/catalase, a corresponding 

reduction in neuropathology indices was anticipated. To assess neuropathology 

outcomes, neurodegeneration was measured by NeuN staining and glial activation with 

GFAP and Iba1. Here, NeuN staining revealed a decrease in cortical neuronal detection 

48hrs following CCI-TBI (Figure 12). GFAP was greatly upregulated by cortical 

astrocytes at 48hrs following CCI-TBI, with GFAP signal detection present in other brain 

regions (i.e. hypothalamus), indicating neuroinflammatory changes following CCI-TBI 

extending beyond the cortex (Figure 14). These findings have been presented in our 

previous work and the work of others, suggesting that TBI can have sustained effects on 

cognitive function and reward circuitry that may be attenuated by secondary injury 

intervention (Merkel, Andrews, et al., 2016; Merkel, Razmpour, et al., 2016). Reactive 

astrogliosis has been reported up to 60 days following CCI-TBI demonstrating the 

ongoing inflammatory response of astrocytes to brain injury (Villapol et al., 2014). While 

astrocytes are known to contribute to enhanced inflammation in the injured CNS, 

microglia are the specialized immune cells of the brain (Karve et al., 2016). Microglia 

express high levels of Iba1 and upregulate its expression in activated states such as 

following TBI (Karve et al., 2016). It is generally thought that the appearance of 
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microglia reflects their functional state (Raivich et al., 1999; Stence, Waite, & Dailey, 

2001). Here, we demonstrate an increase in Iba1 detection and number of activated 

microglia per unit area in the site of injury, as indicated by an enlarged amoeboid-like 

morphology (Figure 13). Upon activation, microglia retract and thicken their processes, 

which will decline in number (Ziebell, Taylor, Cao, Harrison, & Lifshitz, 2012). We 

studied microglia morphological changes in greater detail using two-photon microscopy. 

Morphometric analysis revealed that CCI-TBI results in decreased microglial surface area 

and increased cell sphericity as microglia transition from a resting ramified to an 

activated amoeboid phenotype. We also noted decreases in total process length and 

number of process branching points per cell (Figure 15). These findings support the 

current view of changes in microglial morphology in TBI.  

Each of the neuropathological findings discussed are known to occur in animal 

models of TBI and in humans (Xiong et al., 2013). Persistent neuroinflammation is a 

major contributor to the co-morbidities from which many TBI patients suffer, and long-

term follow up of patients 10 to 20 years after TBI has provided further evidence of late 

stage neurodegeneration (Millar, Nicoll, Thornhill, Murray, & Teasdale, 2003). Of 

significance, neuropathological trends for loss of NeuN detection, increased GFAP 

expression, and changes in microglia morphology were shifted to reflect the sham 

phenotype with administration of anti-ICAM-1/catalase. While catalase targeted to 

ICAM-1 conveyed significant barrier and anti-inflammatory neuroprotection to CCI-TBI, 

non-targeted recombinant catalase and anti-ICAM-1 antibody alone did not.  

The results of the functional studies presented above are promising for the use of 

anti-oxidant enzyme therapy in TBI with benefit in acute and chronic phases of injury. 
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Anti-ICAM-1/catalase gave early improvement in motor performance in the Rotarod 

assay compared to CCI-TBI alone and CCI-TBI with untargeted catalase (Figure 18). 

However, over time, most groups converged to baseline performance, a phenomenon that 

has been previously reported with this test (Buitrago, Schulz, Dichgans, & Luft, 2004). 

Of note, even at 28 days post-CCI-TBI, the catalase only group did not improve in terms 

of motor performance on the Rotarod. The elevated zero maze demonstrated increased 

anxiety-like following CCI-TBI, which is expected based on what is seen in the human 

condition and on some literature in the field. Interestingly, TBI studies using mice report 

conflicting results for anxiety-like behavior (Washington et al., 2012). Another study 

reported increased anxiety-like phenotypes in mice following CCI-TBI, although not for 

the elevated zero maze which was attributed to the inclusion of female animals in the 

study that exhibited reduced anxious phenotypes (Tucker, Burke, Fu, & McCabe, 2017). 

Anti-ICAM-1/catalase was effective in reducing the CCI-TBI-induced anxiety-like 

phenotype to resemble naive and sham at the 4-week time point (Figure 19). Finally, a 

trend toward improved cognitive performance was identified using the Barnes maze for 

anti-ICAM-1/catalase treatment after CCI-TBI compared to CCI-TBI and CCI-TBI 

treated with catalase alone (Figure 20). A previous study found no differences between 

sham and injured groups using rats and a concomitant stress model with TBI at a two 

month time point, when difference were identified earlier at one month post-injury 

(Kwon et al., 2011). It is possible that the mice in our study recovered more quickly post-

CCI-TBI and therefore statistically significant differences were not identified. Future 

studies will incorporate the Barnes maze at earlier time points to better assess cognitive 

deficit.  
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In fact, several studies presented herein suggest that the administration of 

recombinant catalase alone may have contributed to worsened outcomes following CCI-

TBI, particularly when considering the data for BBB permeability and functional 

outcomes of injury. Recombinant catalase alone appeared to give larger hematoma 

formation following CCI-TBI than the no treatment group. Additionally, catalase alone 

gave the worst performance profile regarding motor function on the Rotarod assay. We 

hypothesize that these effects could be attributed to an augmented innate immune 

activation response to recombinant protein exposure (Coffman, Sher, & Seder, 2010). 

Endogenous catalase expression has been reported to increase in settings of inflammation 

and injury (Khoo et al., 2013). Therefore, elevated levels of catalase in the brain in 

combination with a heightened immune response triggered by a protein of high sequence 

homology could lead to worsened outcomes.  

Overall, these results are congruent with other studies employing antibody 

targeted antioxidant enzyme therapy in which targeted strategies provide protective 

effects unmatched by untargeted or PEGylated antioxidant enzymes administered alone 

(Kozower et al., 2003; Scherpereel et al., 2001; Shuvaev et al., 2009; Shuvaev et al., 

2013). Of note, a previous study by Knoblach and Faden found functional improvement 

in rats sustaining TBI followed by repeated treatments with anti-ICAM-1. However, the 

authors also observed improvement following administration of non-specific IgG control. 

Treatment with anti-ICAM-1 did reduce cortical myeloperoxidase activity uniquely 

compared to IgG control (Knoblach & Faden, 2002). While we did not investigate 

neutrophil invasion into the brain following TBI, it is possible that anti-ICAM-1/catalase 

prevents oxidative damage by limiting immune cell infiltration in addition to combating 
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oxidative stress processes at the endothelium. Our results do not demonstrate protective 

effects of administration of anti-ICAM-1 antibody following CCI-TBI.  

 Our findings are summarized in a graphical representation of our hypothesis in the 

context of oxidative and inflammatory events at the neurovascular unit following CCI-

TBI and anti-ICAM-1/catalase administration (Figure 21).  
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Figure 21. Graphical representation of the neurovascular unit and blood-brain 

barrier under physiological conditions. 
Early intervention of oxidative stress processes with the administration of anti-ICAM-
1/catalase acutely following CCI-TBI provided neuroprotective, glial protective, and 
BBB protective effects after injury. The production of reactive oxygen species by 
endothelial cells is one of the earliest events to occur with endothelial damage and 
neurotrauma. With endothelial activation, endothelial cells upregulate the surface 
expression of ICAM-1, and tight junction complex disassembly leads to 
hyperpermeability of the blood-brain barrier. Targeted delivery of catalase, an antioxidant 
enzyme that converts hydrogen peroxide (H2O2) to water and oxygen, to ICAM-1 
preserved BBB structure and function, limited glial activation, and offered 
neuroprotection with increased neuronal detection in the cortical area of injury in TBI. 
These findings offer convincing proof-of-concept data of targeted antioxidant enzyme 
therapy as an effective treatment strategy early in TBI.  
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

The results of these studies highlight oxidative stress as a point of intervention 

that may attenuate the damaging pathologies of secondary injury in TBI. Future studies 

will seek to identify the functional significance of antioxidant enzyme-mediated BBB 

preservation and reduced neuropathology in CCI-TBI. While several antioxidant 

strategies have been attempted in TBI, the marginal success of such trials has limited the 

translation of these therapies to clinical practice. Additionally, heterogeneity of 

antioxidant therapies, treatment regimens, patient populations, and patient TBI severity 

has prevented clear conclusions and guidelines regarding the use of these therapies in 

TBI (Q. Shen et al., 2016). Emerging platforms in nanomedicine offer widespread 

implication to the treatment of various disorders; however, further study is warranted 

regarding their use in the brain (Soni, Desale, & Bronich, 2016). While many questions 

remain regarding the use of anti-ICAM-1/catalase in the CCI animal model of TBI, future 

work aims to address some of the gaps in knowledge and to answer some of the questions 

we have uncovered in our work thus far.  

Firstly, the pharmacodynamics and kinetics of anti-ICAM-1/catalase in an 

adolescent mouse model of TBI should be explored. The CCI model can be utilized to 

deliver a TBI of moderate severity to adolescent mice, both males and females. As 

demonstrated in this dissertation, current data suggests robust protection with anti-ICAM-

1/catalase administered at 4mg/kg administered at 30 minutes post-CCI-TBI of moderate 

severity. An ideal dosing and therapeutic window should be investigated using higher and 

lower dosing strategies, such as 1mg/kg and 10mg/kg anti-ICAM-1/catalase, 

administered at different time points, 4hr and 24hr, post-injury. ICAM-1 upregulation in 
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the brain following TBI has been reported in animal model up to 3 months post-injury 

(Glushakova, Johnson, & Hayes, 2014). Therefore, later time points of therapeutic 

intervention may still offer protective effects. Readouts for protection can include the 

same or augmented neuropathology immunohistolochemical staining and BBB 

permeability assays as were included in previous studies. The pharmacokinetics of anti-

ICAM-1/catalase, studied using the most effective dose., will provide helpful insight into 

the utility of this approach Radiolabeled anti-ICAM-1/catalase administered to mice 

followed by tissue reactivity analysis for blood, brain, liver, and lung will determine the 

localization of the conjugate at time points up to 48hrs after administration. Behavioral 

assessment can also be performed to determine if different doses or treatment time lines 

offer similar or improved benefit in functional outcome of TBI.  

Additionally, the mechanisms by which anti-ICAM-1/catalase treatment promotes 

BBB integrity following CCI-TBI will be investigated. The extent and means of BBB 

protection conveyed by anti-ICAM-1/catalase can be determined by observing barrier 

integrity in vivo as well as interrogating barrier structure by assessing changes in tight 

junction protein dynamics at the barrier and with respect to extracellular microvesicle 

(eMV) release into the blood following injury.	  BBB status can be studied in vivo using 

two-photon microscopy through a cranial window following TBI and anti-ICAM-

1/catalase administration. Blood-brain barrier integrity can be assessed using intravenous 

fluorescent tracers of differing size to determine vessel permeability in the injured brain. 

Furthermore, changes tight junction proteins at the BBB can be studied by Western blot 

analysis of whole tissue homogenate and immunofluorescence staining of isolated 

microvessels. eMVs can be isolated from blood and analyzed for size and tight junction 
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protein composition by flow cytometry and Western blot as previous studies in the 

Ramirez Laboratory indicate changes in circulating eMV content in the context of barrier 

disruption.  

Finally, indirect mechanisms by which anti-ICAM-1/catalase conveys 

neuroprotection and anti-inflammatory effects in the CNS should be explored. Neuronal 

preservation and anti-inflammatory effects have been shown in the work presented herein 

for acute anti-ICAM-1/catalase administration following TBI. As was observed in Figure 

1, brain parenchymal expression of ICAM-1 increased following CCI-TBI. Thus, it is 

very possible that anti-ICAM-1/catalase, given access to the brain by BBB breach from 

injury, may exhibit enzymatic function on cell types other than the endothelium. Mice 

expressing fluorescent proteins under neuronal and microglial specific promoters can be 

crossed to observe changes in these cell types and their interactions in situ or in vivo. For 

example, the extent of neuronal protection conveyed by anti-ICAM-1/catalase can be 

further characterized by assessing changes in neuronal dendritic spines in cortical and 

hippocampal regions using two-photon microscopy and transgenic mice. Likewise, the 

extent of microglia activation can be studied by screening high-resolution two-photon z-

stack images for microglial proximity and colocalization to neurons. It is possible that 

anti-ICAM-1/catalase conjugate therapy has an effect on cerebral vasculature via the 

degradation of H2O2, which has vasodilator effector properties (Breton-Romero & Lamas, 

2014; Wei, Kontos, & Beckman, 1996). An investigation of cerebral blood flow 

following CCI-TBI and anti-ICAM-1/catalase therapy could provide insight into 

pathophysiological and recovery mechanisms. Finally, investigation of the inflammatory 

milieu over time following CCI-TBI and anti-ICAM-1/catalase administration would 
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provide insight into the long-term consequences of treatment and any shifts in 

inflammatory activation that may occur. Levels of inflammatory cytokines in the brain 

and in peripheral blood will be assayed by high sensitivity ELISA for animals receiving 

TBI with and without anti-ICAM-1/catalase, using samples already collected, to better 

understand the inflammatory microenvironment in the brain in contexts of injury and 

treatment. 

Overall, the study of targeted antioxidant enzyme therapy administered acutely 

following CCI-TBI provides a proof-of-concept perspective of novel treatment paradigms 

for TBI to combat oxidative secondary injury mechanisms at the blood-brain barrier. 
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