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Pro-oxidative and Pro-inflammatory Mechanisms of Brain Injury  
in Experimental Animal and 3D Cell Culture Model Systems 

 

Hyung Joon Cho 
 

ABSTRACT 
 

The pro-oxidative and pro-inflammatory mechanisms have been implicated in various 

human diseases including neurological and psychiatric disorders. However, there is only limited 

information available on the etiology in the progression of neurological damage to brain. The 

emergence of tissue engineering with the growing interest in mechanistic studies of brain injury 

now raises great opportunities to study complex physiological and pathophysiological process in 

vitro. Therefore, the prime goals of this study include: (1) Determination of the molecular and 

cellular mechanisms responsible for blast- and radiation-induced brain injuries and (2) 

Development of a three-dimensional (3D) model system in order to mimic in vivo-like 

microenvironments to further broaden our knowledge in pro-oxidative and pro-inflammatory 

mechanisms and their cellular responses within 3D constructs. 

In the first study, we demonstrated that blast exposure induced specific molecular and 

cellular alterations in pro-oxidative and pro-inflammatory environments in the brain and 

neuronal loss with adverse behavioral outcome. The results provide evidence that pro-oxidative 

and pro-inflammatory environments in the brain could play a potential role in blast-induced 

neuronal loss and behavioral deficits. 

In the second study, we investigated that fractionated whole-brain irradiation induced 

specific molecular and cellular alterations in pro-oxidative and pro-inflammatory environments 

in the brain along with elevation of reactive oxygen species (ROS)-generating protein (NOX-2) 

and microglial activation. Additionally, the contribution of NOX-2 in fractionated whole-brain 

radiation-induced oxidative stress was observed by dramatic amelioration of ROS generation 

after pharmacological inhibition of NOX-2. These results support that NOX-2 may play a pivotal 

role in fractionated whole-brain radiation-induced pro-oxidative and pro-inflammatory pathways 

in mouse brain. 
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In the third study, we developed an in vitro 3D experimental model of brain inflammation 

by encapsulating microglia in collagen hydrogel with computational analysis of 3D constructs. 

The results indicated that our newly developed in vitro 3D model system provides a more 

physiologically relevant environment to mimic in vivo responses. 

In conclusion, these data may be beneficial in defining a cellular and molecular basis of 

pathophysiological mechanisms of brain injuries. Furthermore, it may provide new opportunities 

for preventive and therapeutic interventions for patients with brain injuries and associated 

neurological disorders. 
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1.1. Significance and Hypothesis 
 

The pro-oxidative and pro-inflammatory environments in the brain have been implicated 

in the onset and progression of neurological and psychiatric disorders [1-8]. However, very 

limited information on the etiology of the progression of neurological damage to brain tissue is 

currently available. Additionally, the specific mechanisms by which mechanical or biochemical 

cues cause various brain injuries and diseases have not yet been fully understood. Therefore, a 

deeper understanding of pathophysiological mechanisms underlying these phenomena at the 

cellular and molecular levels could enable the development of more effective therapies to 

contribute to long-term disease suppression or even a cure.  

Given the growing interest in mechanistic studies of brain injury and development of 

therapeutic approaches against chronic brain diseases, tissue engineering strategies employing 

biomaterials have made great improvement and progress during the last few decades and have 

widely applied to pre-clinical and clinical fields [9-12]. In particular, tissue-engineered three-

dimensional (3D) constructs have shown several benefits over conventional two-dimensional 

(2D) in vitro experimental model systems, delivering an invaluable knowledge on subtle cellular 

responses under a controlled mechanical and biochemical microenvironment [11, 13, 14]. 

However, development of in vitro 3D model systems to mimic in vivo brain microenvironments 

remains to be further investigated. 

 

Therefore, we proposed to examine our hypothesis that pro-oxidative and pro-inflammatory 

pathways contribute to blast- and radiation-induced brain injuries. In addition, the present 

study aimed to develop a 3D cell culture system to create a brain inflammation model in 

vitro. To fully address our hypothesis, we pursued the following three specific aims: 

1. To examine molecular and cellular mechanisms of pro-oxidative and pro-inflammatory 
environments in blast-induced brain injury in vivo. We examined (i) effect of blast 

overpressure (BOP) on generation of oxidative stress in the brain, (ii) effect of BOP on 

induction of inflammation in the brain, (iii) effect of BOP on neuronal loss, (iv) effect of 

BOP on microglial activation, and (v) effect of BOP on behavioral changes. 

2. To examine molecular and cellular mechanisms of pro-oxidative and pro-inflammatory 

environments in radiation-induced brain injury in vivo. We examined (i) effect of 

fractionated whole-brain irradiation on induction of inflammation in the brain, (ii) effect of 



	  3	  

fractionated whole-brain irradiation on microglial activation, (iii) effect of fractionated 

whole-brain irradiation on generation of oxidative stress in the brain, and (iv) potential role 

of NADPH oxidase (NOX) on pro-oxidative and pro-inflammatory pathways in radiation-

induced brain injury. 

3. To develop an in vitro 3D model system to mimic pro-oxidative and pro-inflammatory 

environments in vivo. We (i) designed and constructed an in vitro 3D model system using 

collagen-based hydrogel, (ii) compared molecular interactions of three different culture 

systems (in vitro 2D/3D and in vivo model systems) under pro-oxidative and pro-

inflammatory environments, and (iii) compared cellular responses of three different culture 

systems under pro-oxidative and pro-inflammatory environments. 

 

1.2. Specific Aims and Justification 
 

1.2.1. Specific Aim 1: To examine molecular and cellular mechanisms of pro-oxidative and pro-

inflammatory environments in blast-induced brain injury in vivo 

 

Pro-oxidative and pro-inflammatory environments in the brain have been implicated in 

the onset and progression of neurological disorders. However, molecular and cellular 

mechanisms of brain injury after exposure to BOP have not yet been fully understood. The 

present study hypothesizes that pro-oxidative and pro-inflammatory pathways in the brain may 

be responsible for neuronal loss and behavioral deficits following BOP exposure. 

 

1.2.2. Specific Aim 2: To examine molecular and cellular mechanisms of pro-oxidative and pro-

inflammatory environments in radiation-induced brain injury in vivo 

 

The use of radiation therapy is limited by the risk of significant clinical side effects 

including progressive cognitive impairments in brain tumor patients. However, the cellular and 

molecular mechanisms by which irradiation induces damage to brain tissues remain largely 

unknown. The present study was designed to investigate our hypothesis that NADPH oxidase 

plays a crucial role in fractionated whole-brain irradiation-induced pro-oxidative and pro-

inflammatory environments in the brain. 
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1.2.3. Specific Aim 3: To develop an in vitro 3D model system to mimic pro-oxidative and pro-

inflammatory environments in vivo 

 

The central nervous system (CNS) is a highly complex 3D environment that is regulated 

by dynamic interactions among a variety of different cell types including neurons, glial cells, and 

vascular endothelial cells. Therefore, it is often difficult to investigate specific molecular and 

cellular mechanisms in vivo due to the complexity of CNS microenvironment and numerous 

challenges involved in controlling variables and monitoring cellular level responses. Hydrogels 

have been widely employed as potential biomimetic scaffolds because of their 3D properties 

mimicking hydrated microenvironment of native extracellular matrix (ECM). In this study, we 

designed and constructed an in vitro 3D hydrogel model system to mimic more physiologically 

relevant environments in order to investigate specific cellular responses and molecular 

interactions of brain cells such as microglia. 
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2.1. Reactive Oxygen Species and Oxidative Stress 

 

Reactive oxygen species (ROS), including superoxide anion (𝑂!∙!), hydrogen peroxide 

(𝐻!𝑂!), peroxide (𝑂!∙!!), hydroxyl radical (∙ 𝑂𝐻), and hydroxyl ion (𝑂𝐻!), are critical molecules 

that play a key role as messengers in normal cell signal transduction and cell cycling. These 

reactive molecules are generated through multiple mechanisms mainly in the mitochondria, 

peroxisomes, endoplasmic reticulum, and cell membranes [15-18]. The major endogenous source 

of ROS production is the mitochondrial electron transport chain by oxidative metabolism. 

Electrons are passed through the chain via oxidation-reduction reactions to the final destination 

of oxygen molecule for creating energy to fuel biological functions. However, electron leakage 

from mitochondrial electron transfer chain to molecular oxygen generates a steady flux of 

incomplete superoxide radical molecules, which in turn constitute the major site of cellular ROS 

production [19, 20]. Other oxygen metabolic enzymes including NADPH oxidase (NOX), 

lipoxygenase, cyclooxygenase, and xanthine oxidase also involve in ROS generation during 

catalytic metabolism [16]. 

In general, ROS generation is regarded as an essential and physiological process for 

maintaining normal function of mitochondria-rich organs including heart, brain, and liver. 

Particularly, a downstream of ROS modulates neuronal excitability, synaptic function, and 

neuronal network activity in the brain [16, 21-24]. A moderate increase of ROS may promote 

cell proliferation and differentiation, whereas excessive or accumulation of ROS may cause 

severe damage to lipids, proteins, and DNA as toxic by-products of metabolism. In addition, the 

cellular redox homeostasis is maintained by a delicate balance between ROS production and 

antioxidant system in order to protect against a potential damage from ROS. Therefore, severe 

disturbance in the balance through greatly overwhelmed pro-oxidant over antioxidant defense 

system may result in oxidative stress, leading to cellular damage [8, 16, 20]. 

According to the previous studies, oxidative stress has been implicated in the progression 

of various neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease 

(PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), and multiple sclerosis 

(MS) [25-33]. Indeed, oxidative stress can induce expression of pro-inflammatory mediators, 

such as cytokines, chemokines, and adhesion molecules, via redox-responsive transcription 

factor(s)-mediated molecular signaling pathways. It is well known that expression of pro-
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inflammatory genes is up-regulated by increased oxidative stress through activation of a variety 

of transcription factors, such as activator protein-1 (AP-1), nuclear factor-κB (NF-κB), cAMP-

responsive element-binding protein (CREB), specificity protein-1 (SP-1), and signal transducers 

and activators of transcription (STAT) [34-46]. Thus, excessive ROS production interferes with 

cell signaling and regulation of important physiological conditions. Furthermore, 

pathophysiological conditions of oxidative stress via excessive ROS generation may cause cell 

death and degeneration by up-regulation of pro-inflammatory mediators leading to severe or 

prolonged inflammation [47-49]. 

 
2.2. Inflammation 

 

Inflammation is an immediate response to damaged tissues and cells aiming elimination 

or neutralization of injurious stimuli to combat pathogenic intruders as a self-defense 

mechanism, and restoration of tissue integrity. However, inflammatory response has been 

characterized as a double-edged sword, resulting in favorable repairing process but leading to 

various disease conditions or aggravating an existing disease process.  

In general, pro-inflammatory environment in response to injury is beneficial in 

neutralizing potential threats to the central nervous system (CNS) by diminishing cellular 

damage [2, 3, 5, 6]. Upon microenvironmental alterations by injuries, the presence of activated 

glial cells, such as microglia and astrocytes, contributes to the existence of a self-propagating 

toxic cycle and provides a rationale to prevent or delay neurodegeneration. However, despite the 

fact that the inflammatory response is critical in promoting and supporting tissue repair or 

regeneration at the site of injury and disease in the CNS, this may also compromise healthy 

tissues and exacerbate inflammation. Recent evidence suggested that a pro-inflammatory 

environment, in conjunction with the aforementioned oxidative stress, has been implicated in the 

pathophysiological process of brain injury and subsequent progression of neurological and 

psychiatric disorders [1-8, 50-53]. For example, interferon-γ (IFN-γ), interleukin-1β (IL-1β), and 

CD40 triggered by β-amyloid peptides contribute to pathogenesis in AD through an 

inflammatory cascade in the brain [54, 55]. In addition, inflammation in the brain has been 

actively involved in the neurodegenerative process of PD [56, 57] and other progressive 

neurodegenerative diseases including HD, ALS, and MS [58-64]. Furthermore, there is emerging 
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evidence that a sustained neuroinflammatory response can be detrimental due to neuronal 

damage, neuronal circuit impairments, and neurodegeneration [49, 65-67]. These findings 

provide robust evidence that an inflammatory process in the brain plays a significant role in the 

pathogenesis of CNS diseases. 

 

2.3. Blast-induced Brain Injury 
 

Over 80,000 cases of veterans returning from Operation Iraqi Freedom (OIF) and 

Operation Enduring Freedom (OEF) were diagnosed with mild or severe traumatic brain injury 

(TBI), suffering from closed head injuries due to blast overpressure (BOP) exposure [68, 69]. 

Additionally, the prevalence of civilians exposed to explosions has been increasing [70]. 

Previous studies often reported that BOP exposure may trigger various neurological problems 

associated with more than one symptom of traumatic injuries [71-76]. Furthermore, clinical 

reports stated that several psychiatric outcomes, including anxiety, attention deficit, memory 

issues and impaired problem solving skills, have been linked to individuals who have been 

exposed to BOP [69, 77-79]. Particularly, these clinical outcomes have indicated that BOP 

exposure is involved in dysfunction of various brain regions, most likely resulting from direct 

damage to the cognitive regions or indirectly through the circuits that connect them. Overlapping 

symptoms with other forms of trauma, such as impact-related TBI and post-traumatic stress 

disorder (PTSD), have confounding effects on differential diagnosis [77, 80-82].  

The simplest form of blast wave generated from laboratory scale shock tubes has been 

described by the following equation of a Friedlander waveform, resembling free field shock 

wave profiles with no surfaces nearby with which it can interact: P t( ) = Pse−t /t
*

1− t / t*( )  where Ps  

is the peak overpressure and t*  is the duration of positive (overpressure) phase. According to the 

previous data from Department of Defense [83], the range of 5~15 psi (34.5~103.4 kPa) blast 

may damage eardrums and over 55 psi (379.2 kPa) may cause 99% fatalities. 

A blast wave from explosion releases a massive amount of energy by converting 

chemical energy into other forms of energy, such as electromagnetic, thermal, kinetic, and 

acoustic energy, and induce a complex mix of blast injuries (primary, secondary, tertiary, and 

quaternary; Table. 2.1). Several theories have been hypothesized to explain these blast injuries 
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[73]. One theory postulates that the blast from a positive pressure wave can propagate through 

the body via major vessels, cerebrospinal fluid, and soft tissues. Therefore, air emboli created by 

the force of blast wave may circulate to the cerebral vasculature, become lodged within smaller 

microvessels, and result in microvascular occlusion and stroke. Additionally, the shock wave 

may enter orifices of the skull propagating through other tissues to reach the brain. Skull flexure, 

bulk acceleration of the head, and electromagnetic pulse from blast wave are also considered as 

possible causes of blast injury. However, limited studies are currently available to validate these 

mechanisms of blast injury due to experimental difficulties. 

Animal models of blast injuries have been established to investigate injury mechanisms 

in blast-induced neurotrauma (BINT) and its subsequent neurological impairments. Several pre-

clinical studies have suggested different mechanisms of brain damage associated with morbidity 

related to BINT [84-89]. Diverse approaches have been applied to reveal astrocyte activation, 

neurodegeneration and neurochemical changes following BOP exposure in core regions of brain 

[77, 86, 90-99]. Despite extensive studies investigating injury in various core regions of the 

brain, a detailed mechanism and prognosis of injury is poorly understood. 

Few experimental studies have attempted to demonstrate the potential role of pro-

oxidative and pro-inflammatory mechanisms in BINT. For example, pro-inflammatory 

cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and IFN-γ, have been 

observed following BOP exposure in core regions of the brain [93, 100-102]. In addition, ROS 

generation in the cortical region of the brain following BOP exposure was detected using 

electron paramagnetic resonance and nitroblue tetrazolium staining [103, 104]. However, the 

role of pro-oxidative and pro-inflammatory pathways in BINT remains largely unknown 
and was investigated in the Specific Aim 1 of the proposed studies. 

Table 2.1. Classification of Blast Injury 

Classification Mechanisms of Blast Injury 
Primary Barotrauma  

(Injuries from exposure to overpressure shock wave propagation through organs/tissues) 
Secondary Penetrating Injury  

(Injuries from penetration by projectiles) 
Tertiary Crush/Blunt Injury  

(Injuries from acceleration and deceleration of the body and its impact with other objects) 
Quaternary Thermal/Respiratory Injury  

(Injuries from thermal burns and inhalation of toxic gases) 
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2.4. Radiation-induced Brain Injury 

 
Brain tumors are one of the most aggressive and detrimental forms of cancer. 

Approximately 68,470 new cases of primary non-malignant brain, malignant brain and CNS 

tumors are expected to be diagnosed every year in the United States [105]. Treatment options for 

brain tumors are selected based on a number of different factors including tumor type, location 

and size of tumor, tumor grade, and age and general health of the patient. Radiation therapy has 

been commonly used as the standard treatment for brain tumors in addition to surgery and 

chemotherapy. However, the use of radiation therapy for treatment of brain tumors is limited by 

the risk of radiation-induced damage to the normal, healthy brain tissue that can subsequently 

lead to devastating functional deficits [106-108]. 

Radiation therapy uses controlled high-energy electromagnetic radiation, such as X-ray 

and γ-ray, to damage the DNA of cancerous tissue leading to cellular death and preventing cell 

proliferation. Radiation deposits energy as it traverses various types of biologic materials or 

media (e.g., soft tissue and bone) within the human body, by either directly striking the DNA 

molecule or ionizing water molecules to produce highly reactive free radicals and indirectly 

impair DNA molecules. According to the tumor type and normal tissue limitations, the 

appropriate total dose of radiation is typically delivered in fractionated protocols over a span of 

several weeks. The quantity associated with radiation measurement in radiation therapy is the 

absorbed dose and defined as ΔEab /Δm , where ΔEab  is the absorbed energy and Δm  is the mass 

of medium. In general, the dose is measured in grays (Gy; 1 Gy = 1 J/kg) although an older unit, 

the rad, is still used; 1 rad = 0.01 J/kg = 100 erg/g. In addition, biologically effective dose 

(BED)[109], specified by the linear quadratic model of radiation effect by the following equation, 

is commonly used for isoeffective dose fractionation calculations; BED = nd 1+d / α / β( )#$ %&  where 

n : the number of fractions, d : the dose per fraction (Gy), and α  and β : the model parameters 

that govern the linear and quadratic elements of the dose response. This parameter is regarded as 

a clinically useful tool to compare the biological effects of different fractionation schedules and 

different types of radiotherapy. Currently, a typical radiation therapy regimen in clinical use 

consists of daily fractions of 1.5 to 3 Gy given over several weeks [110]. 

Based on the time of clinical expression, radiation-induced brain injury is classified as 

acute, early delayed (subacute), or late delayed injury [111-113]. Although acute and early 
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delayed injuries may result in severe reactions, most of the symptoms are generally reversible 

and resolve spontaneously. On the contrary, late delayed injury, characterized by demyelination, 

vascular abnormalities, and ultimate white matter necrosis, is considered to be irreversible and 

progressive. In addition, there is a growing awareness that patients with late delayed injury may 

develop significant cognitive impairment, focal deficits, seizures, and increased cranial pressure 

even in cases with no detectable anatomic abnormalities, profoundly affecting quality of life. 

Previously, various experimental attempts have been conducted to demonstrate that 

whole brain radiation may cause significant deterioration in learning and memory [114-131]. In 

addition, other brain injures, such as growth hormone deficiency and motor dysfunction, have 

been reported as consequences of whole brain radiation (Table 2.2) [120, 122, 127, 129]. Despite 

significant progress in understanding pathogenesis of radiation-mediated brain injury (Table 2.3), 

a detailed knowledge about the etiology of radiation-mediated damage to normal brain tissue is 

not yet clear. 

Pro-oxidative and pro-inflammatory environments have been implicated in the 

pathophysiological process of radiation-induced brain injury [46, 107, 132-139]. A significant 

induction of pro-inflammatory mediators, including TNF-α, IL-1β, IL-6, inducible nitric oxide 

synthase (iNOS), intercellular adhesion molecule-1 (ICAM-1), and matrix metalloproteinase-9 

(MMP-9), in response to radiation has been implicated in radiotherapy-associated brain damage 

[132, 135-137]. Additionally, irradiation enhanced expression of adhesion molecules, such as 

ICAM-1, vascular cell adhesion molecule-1 (VCAM-1) and E-selectin [46, 132, 133, 136, 138]. 

Furthermore, it has been suggested the potential contribution of microglia to the overexpression 

of pro-inflammatory mediators in irradiated brains, indicating that oxidative stress-mediated 

inflammation is one of the major consequences of whole brain radiation and plays a pivotal role 

in subsequent radiation-induced brain injury [46, 140]. 

These studies suggest the role of pro-oxidative and pro-inflammatory environments in 

life-threatening neurological complications in brain tumor patients after radiation therapy. 

However, very limited information on the etiology of radiation-induced damage to normal 
brain tissue is currently available. The specific mechanism by which radiation causes 

normal brain injury has not yet been fully understood. Thus, molecular mechanisms 

responsible for radiation-induced brain injury were investigated in the Specific Aim 2 of 
the proposed studies. 
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Table 2.2. Types of Radiation-induced Brain Injury 

Type of injury Test Doses (Total / fractions) Species References 

Cognitive impairment • Morris water maze test 25 Gy/single R [119] 
10, 20, and 40 Gy/single R [126] 
20 Gy/4 and 40 Gy/8 R [128] 

 • Auditory verbal learning test, Medical 
College of Georgia Complex figures, Test 
for attentional performance, Multiple-
choice test of vocabulary knowledge 

40 Gy/20 and 36 Gy/18 H [123] 

 • Letter-digit substitution test, Concept-
shifting test, Stroop color-word test, Visual 
verbal learning test, Memory comparison 
test, Categoric word fluency 

56.6 ± 7.0 Gy/30.6 ± 3.9 H [125] 

 • Behavior tests (IntelliCage) 6 Gy/single M [131] 
 • Barnes maze test 36 Gy/8 M [130] 
Growth hormone 
deficiency 

• Insulin tolerance test, Growth hormone-
releasing hormone-arginine stimulation 
test 

53.5 ± 10.0 Gy 
(Biological effective dose) 

H [120] 

 • Growth hormone-releasing hormone-
arginine stimulation test 

59.4 Gy (50.1~60)/29.7 H [127] 

  55.1 ± 5.0 Gy/29.1 ± 1.5 H [129] 
Motor dysfunction  • Spontaneous motor activity test 6 Gy/single M [122] 
Gy: Gray, M: Mouse, R: Rat, H: Human. *Excerpt from Lee YW, Cho HJ, Lee WH, Sonntag WE. Biomol. Ther. 
(Seoul) 2012, 20:357-370, with permission from The Korean Society of Applied Pharmacology. 
 
Table 2.3. Pathophysiological Mechanisms of Whole Brain Radiation-induced Cognitive Impairment 
Mechanisms of action Biomarker Doses (Total / fractions) Species References 
Oxidative stress  • MDA  10 Gy (single) M [141] 

• ROS, NF-κB, PAI-1, NOX4 1-10 Gy (single) R [142] 
Inflammation • COX-2, TNF-α, IL-1β, IL-6, iNOS, 

ICAM-1, MIP-2, MCP-1 
5-35 Gy (single) M [135] 

• TNF-α, IL-1β, MCP-1 10 Gy (single) R [46] 
• c-Jun, TNF-α, IL-1β, IL-6, COX-2 10 Gy (single) M [143] 

Extracellular matrix  • MMPs, TIMPs, Collagen type IV 10 Gy (single) and 40 Gy/8 R, M [144] 
• EMMPRIN GKS (Max. 75 Gy) R [145] 

Physiological angiogenesis  • VEGF, Ang-1, Ang-2, Tie-2 10 Gy (single) R [146] 
• VEGF GKS (Max. 75 Gy) R [145] 

Stem/progenitor cell death • Caspase 3, p53, Nitrotyrosine, AIF 8 Gy (single) R [147] 
• PARP, Annexin V, γ-HA2X 1,2, and 5 Gy (single) H [148] 

Impaired neurogenesis • NeuN, Tuj1, GFAP, NG2 10 Gy (single) R [149] 
• Ki-67, DCX, NeuN, GFAP, NG2, 

CD68 
2-10 Gy (single) M [150] 

MDA: Malondialdehyde, ROS: Reactive oxygen species, NF-κB: Nuclear factor-κB, PAI: Plasminogen activator 
inhibitor, NOX: NADPH oxidase, COX: Cyclooxygenase, TNF: Tumor necrosis factor, IL: Interleukin, iNOS: 
Inducible nitric oxide synthase, ICAM: Intercellular adhesion molecule, MIP: Monocyte inflammatory protein, 
MCP: Monocyte chemoattractant protein, MMP: Matrix metalloproteinase, TIMP: Tissue inhibitor of 
metalloproteinases, EMMPRIN: Extracellular matrix metalloproteinase inducer, VEGF: Vascular endothelial growth 
factor, Ang: Angiopoietin, Tie: Endothelial receptor tyrosine kinase, p53: Tumor suppressor protein 53, AIF: 
Apoptosis inducing factor, PARP: Poly (ADP-ribose) polymerase, γ-HA2X: Phosphorylated histone H2A, NeuN: 
Neuron-specific nuclear protein, Tuj1: Neuron-specific class III β-tubulin, GFAP: Glial fibrillary acidic protein, 
NG2: Chondroitin sulfate proteoglycan, DCX: Doublecortin, CD68: Cluster of differentiation 68, GKS: Gamma 
knife surgery, M: Mouse, R: Rat, H: Human. *Excerpt from Lee YW, Cho HJ, Lee WH, Sonntag WE. Biomol. 
Ther. (Seoul) 2012, 20:357-370, with permission from The Korean Society of Applied Pharmacology. 
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2.5. In Vitro 3D Model Systems to Mimic In Vivo Environments 

 
In vitro model systems are invaluable tools for investigating cellular responses under 

highly controlled environment. However, the conventional 2D model systems limit the 

interpretation of a variety of cellular physiology based on cell morphology, migration, adhesions, 

and signaling. Thus, the novel in vitro 3D model systems have been proposed as more accurate 

representation of the in vivo environment rather than 2D model systems, providing various 

benefits including better understanding of cell-cell and cell-matrix interactions, cellular 

responses upon extracellular cues, and cellular morphology [11, 13, 14, 151-161]. 

Among biomimetic scaffolds, hydrogels have been widely studied as a highly attractive 

group of polymeric materials for developing extracellular matrix (ECM) as a result of their 

excellent cellular compatibility. Many different types of hydrogel system have been evaluated 

mimicking biochemical (e.g., proteins and peptides) and mechanical (e.g., modulus) properties of 

in vivo environment of ECM [162-169]. In particular, type I collagen hydrogel have been a 

frequently used substrate for cell culture and tissue engineering application in that collagen is a 

most abundant (25~35% of the whole body protein content) protein and natural polymer in 

mammals, playing a vital role in cell adhesion to ECM and providing self-assembling capability 

in physiological environments [156, 170-173]. 

Microglia are the primary immune cells in the CNS, playing a key role in the brain injury 

and disease [174-176]. In particular, microglia are sensitive to pathological alterations of the 

brain microenvironment, subsequently leading to CNS diseases or injuries [177, 178]. Previous 

in vivo studies have demonstrated that activation of microglia results in increase in oxidative 

stress and induction of inflammation in various neurodegenerative diseases [179-182]. 

Therefore, in Specific Aim 3, we designed and constructed in vitro 3D model systems 

including microglia in order to mimic pro-oxidative and pro-inflammatory environments in 
the brain in vivo. 
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*Reprinted from Cho HJ, Sajja VS, VandeVord PJ, Lee YW. Neuroscience, 253:9-20 (2013), 
with permission from Elsevier Publisher. 
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BLAST INDUCES OXIDATIVE STRESS, INFLAMMATION, NEURONAL LOSS AND 

SUBSEQUENT SHORT-TERM MEMORY IMPAIRMENT IN RATS 
 

3.1. Abstract 
 

Molecular and cellular mechanisms of brain injury after exposure to blast overpressure 

(BOP) are not clearly known. The present study hypothesizes that pro-oxidative and pro-

inflammatory pathways in brain may be responsible for neuronal loss and behavioral deficits 

following BOP exposure. Male Sprague-Dawley rats were anesthetized and exposed to calibrated 

BOP of 129.23 ± 3.01 kPa while controls received only anesthesia. In situ dihydroethidium 

fluorescence staining revealed that BOP significantly increased the production of reactive 

oxygen species in the brain. In addition, real-time reverse transcriptase-polymerase chain 

reaction, immunofluorescence staining and enzyme-linked immunosorbent assay demonstrated a 

significant up-regulation of mRNA and protein expressions of pro-inflammatory mediators, such 

as interferon-γ and monocyte chemoattractant protein-1, in brains collected from BOP-exposed 

animals compared with the controls. Furthermore, immunoreactivity of neuronal nuclei in brains 

indicated that fewer neurons were present following BOP exposure. Moreover, novel object 

recognition paradigm showed a significant impairment in the short-term memory at 2 weeks 

following BOP exposure. These results suggest that pro-oxidative and pro-inflammatory 

environments in the brain could play a potential role in BOP-induced neuronal loss and behavioral 

deficits. It may provide a foundation for defining a molecular and cellular basis of the 

pathophysiology of blast-induced neurotrauma (BINT). It will also contribute to the development of 

new therapeutic approaches selectively targeting these pathways, which have great potential in the 

diagnosis and therapy for BINT. 

 

Key words: blast-induced neurotrauma, oxidative stress, inflammation, neuronal loss, novel 

object recognition, short-term memory impairment. 
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3.2. Introduction 

 

According to the Armed Forces Health Surveillance [68], over 80,000 cases of US 

Armed Forces service members diagnosed as mild or severe traumatic brain injury (TBI) during 

the surveillance period between 2000 and 2012 were Veterans returning from Operation Iraqi 

Freedom (OIF) and Operation Enduring Freedom (OEF). These individuals have suffered 

traumatic injuries due to blast overpressure (BOP) exposure [71, 77, 80-82, 183]. In addition, 

BOP exposure has been reported to cause polytrauma in the military population (e.g., OIF/OEF 

Veteran), indicating multiple traumatic injuries in other organs including the lungs, intestines, 

eyes, and ears [184-187]. Although blast-induced TBI is a notable military health issue, it is also 

a menace to civilians who experienced BOP by explosion without protective equipment, which 

possesses a high risk of blast-induced TBI [73, 80, 81, 183].   

Blast-induced TBI is the second most common cause of injuries from BOP, next to 

amputations [70]. Pre-clinical and clinical reports have indicated the development of cognitive-

associated disorders following BOP exposure. Majority of these disorders are associated with 

anxiety, attention deficits, memory issues and impairments in problem-solving skills [69, 73, 92, 

183, 188]. Overlapping symptoms with other forms of trauma such as impact-related TBI and 

post-traumatic stress disorder has confounding effects on diagnosis [77, 80-82].  

Animal models of blast injury are currently under investigation in order to understand the 

molecular and cellular mechanisms of blast-induced neurotrauma (BINT) leading to cognitive 

impairment. Many pre-clinical studies have proposed different mechanisms of injury associated 

with morbidity related to BINT [84-89]. Various approaches have been applied to elucidate 

astrocyte activation, neurodegeneration and neurochemical changes following BOP exposure in 

various regions of the brain such as hippocampus, cortical regions, amygdala and cerebellum [77, 

86, 90-99]. However, a detailed mechanism and prognosis of injury is poorly understood yet. 

Pro-oxidative and pro-inflammatory environments in the brain have been implicated in 

the onset and progression of neurological and psychiatric disorders [1-8]. Reactive oxygen 

species (ROS) is a significant contributor to neurotoxic consequences mediated by oxidative 

stress. ROS, such as hydrogen peroxide and superoxide anion, are small and reactive oxygen-

derived molecules regarded as essential participants in neurotoxicity and neurodegeneration [19, 

189]. Thus, excessive ROS production interferes with cell signaling and the regulation of 
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important physiological conditions. In addition, pathophysiologcal conditions involving ROS 

generation causes cell death and degeneration by up-regulation of pro-inflammatory mediators 

leading to severe or prolonged inflammation [47-49]. Few studies have shown the role of pro-

inflammatory cytokines including tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and 

interferon-γ (IFN-γ) in various regions of the brain including the ventral hippocampus and 

amygdala following BOP exposure [93, 100-102]. ROS generation following BOP exposure was 

also observed in previous studies [103, 104]. However, the role of pro-oxidative and pro-

inflammatory pathways in BINT remains largely unknown.  

In the present study, a time-course evaluation of hippocampal pro-

oxidative/inflammatory environments with subsequent neuronal changes was examined at an 

acute stage following BOP exposure. In addition, behavioral assessment for short-term memory 

impairment was performed using novel object recognition (NOR) paradigm. 

 

3.3. Materials and Methods 

 

3.3.1. Animals and BOP Exposure 

 

The Virginia Polytechnic Institute and State University (Virginia Tech) Institutional 

Animal Care and Use Committee approved experimental protocols described herein. Prior to all 

experiments, animals were acclimated for at least three days (12 h light/dark) and food and water 

provided ad libitum. Male Sprague-Dawley rats weighing approximately 250 g (n = 5 per group) 

were briefly anesthetized with isoflurane (3%) and positioned inside the shock tube with a rostral 

cephalic orientation toward the shock wave. The blast shock front and dynamic overpressure 

were generated by a custom-built blast simulator (ORA Inc., Fredericksburg, VA; Figure 3.1A) 

consisting of a driving compression chamber paired with a rectangular test section and end wave 

eliminator located at the Center for Injury Biomechanics at Virginia Tech. A peak static 

overpressure was produced with compressed helium and calibrated acetate sheets (Grafix 

Plastics, Cleveland, OH). The advanced blast simulator generated a single (free field) pressure 

insult. Animals were exposed to a peak overpressure of 129.23 ± 3.01 kPa (18.74 ± 0.44 psi) for 

2.5 milliseconds duration; sham animals did not experience the overpressure. The applied 

intensity was based on previous studies due to the visible molecular alterations of brain injury 
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[98, 103, 190]. Figure 3.1B provides a representative pressure profile of the shock wave 

generated from the blast simulator. Time profile is determined with a piezoelectric sensor axial 

to the blast pressure source and recorded at 250 kHz (per channel) as described previously [97-

99]. 

 
Figure 3.1. Blast Simulator and Pressure Profile of the Shock Wave. Pressure profile of a 
single (free field) overpressure was generated from the advanced blast simulator. (A) The 
advanced blast simulator located at Virginia Tech. (B) Representative pressure profile of the 
shock wave. 
 

3.3.2. Tissue Collection and Preparation 

 

Separate animals at 4, 24, 48 h and 2 weeks following BOP exposure (n = 5 per group) 

were briefly anesthetized with isoflurane (3%) and transcardially perfused with ice-cold 

phosphate-buffered saline (PBS) containing 6 units/ml heparin. Two hemispheres of brains were 

then dissected following the rapid whole brain removal, immediately frozen in dry ice, and 

stored at −80 °C until analysis; the hippocampi of the left hemispheres were dissected for real-

time reverse transcriptase-polymerase chain reaction (RT-PCR) analysis and enzyme-linked 

immunosorbent assay (ELISA). The right hemispheres were cryopreserved in 30% sucrose 

solution for 24 h and processed in Tissue-Tek® optimal cutting temperature (O.C.T.) embedding 
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medium (Sakura Finetek USA, Inc., Torrance, CA). Serial 20-µm-thick sagittal sections were 

prepared for in situ ROS detection and immunofluorescence staining. 

 

3.3.3. In Situ Detection of ROS 

 

In situ levels of superoxide anion were measured by dihydroethidium (DHE) 

fluorescence staining. Briefly, brain sections were washed with PBS and incubated with 5 µM 

DHE solution in a light-protected humidified chamber at 37 ˚C for 30 min. After incubation, the 

slides were rinsed with PBS and imaged with an AxioCam MRc5 Digital Imaging System (Carl 

Zeiss MicroImaging, Inc., Thornwood, NY). Fluorescence intensity of acquired digital images 

was quantified by ImageJ software (NIH, Bethesda, MD). 

 

3.3.4. Real-time RT-PCR 

 

Quantitative real-time RT-PCR using TaqMan probes and primers (Applied Biosystems, 

Foster City, CA) were used for gene expression analyses as described previously [46]. 

Amplification of individual genes was performed with Applied Biosystems 7300 real-time PCR 

system using TaqMan Universal PCR Master Mix and a standard thermal cycler protocol. 

TaqMan Gene Expression Assay Reagents for rat IFN-γ, monocyte chemoattractant protein-1 

(MCP-1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used for specific 

probes and primers of PCR amplifications. The threshold cycle (CT) was determined, and relative 

quantification was calculated by the comparative CT method as described previously [46]. 

 

3.3.5. ELISA 

 

Tissue homogenates from the rat brain were prepared using the method recommended by 

R&D Systems (Minneapolis, MN). Rat hippocampus was homogenized in 1 ml of ice-cold PBS 

and stored overnight at -80 ˚C. After three freeze-thaw cycles were performed, the homogenates 

were centrifuged for 5 min at 5000g at 4 ˚C. Supernatants were frozen immediately on dry ice 

and stored at -80 ˚C until analysis. Protein concentrations of brain tissue homogenates were 

determined as described by Bradford [191]. The protein expression levels of pro-inflammatory 
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mediators in brain tissue homogenates were determined by using Quantikine® Rat Immunoassay 

Kits for IFN-γ (R&D Systems, Minneapolis, MN) and Rat MCP-1 Immunoassay Kit (Biosource 

International, Camarillo, CA) following to the manufacturer's protocols. 

 

3.3.6. Immunofluorescence Staining 

 

Frozen brain sections (20 µm) were fixed in 4% (v/v) paraformaldehyde for 15 min at 

room temperature, rinsed with PBS, and incubated in 0.5% (v/v) Triton X-100 for 15 min. After 

being washed with PBS, nonspecific binding sites were blocked with 3% (w/v) bovine serum 

albumin (BSA) in PBS for 1 h at room temperature and incubated with the primary antibody, 

rabbit anti-IFN-γ (1:250, Abcam, Cambridge, MA), mouse anti-neuronal nuclei (NeuN) (1:250, 

Millipore, Billerica, MA), and rabbit anti-Iba1 (1:200, Biocare Medical, Concord, CA) diluted in 

1% (w/v) BSA in PBS overnight at 4 ˚C. Sections were washed with PBS and incubated with 

secondary antibody, goat anti-rabbit IgG conjugated with Alexa Fluor 555 (Life Technologies, 

Grand Island, NY), goat anti-mouse IgG conjugated with Alexa Fluor 594, and goat anti-rabbit 

IgG conjugated with Alexa Fluor 488, respectively, 1:400 diluted in PBS in the dark for 1 h. 

After being washed with PBS, the sections were mounted in Vectashield® mounting medium 

with DAPI (Vector Labs., Inc., Burlingame, CA) and examined using a Leica DMI 6000 

fluorescent microscope (Leica Microsystems Inc., Buffalo Grove, IL). Images were acquired 

with Leica DFC340 FX Digital FireWire Camera System and Leica Application Suite Advanced 

Fluorescence software. Fluorescence intensity of acquired digital images was quantified by 

ImageJ software. 

 

3.3.7. NOR Test 

 

The NOR test was used to measure chronic short-term memory, specifically object 

recognition [192]. Animals at 2 weeks following BOP exposure were tested. Testing occurred in 

three phases, including: acclimation = acclimate to novel environment (for the first two days), 

trial 1 (T1) = presentation of two similar objects, trial 2 (T2) = presentation of a novel and 

familiar object) (on the third day). In the first phase, rats were acclimated to a custom-made 

open-field testing chamber (79 × 79 × 35 cm) with lower light scale by allowing them to explore 
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the empty chamber for 5 min (time used in all phases) for three consecutive days prior to T1 and 

T2 testing. On the third day, rats underwent T1 where they were placed in the chamber with two 

identical objects residing in opposite corners. After another 20-min interval, object recognition 

was determined in T2. During T2, rats were returned to the testing chamber, where one of the 

familiar objects was substituted with a novel object. For T1 and T2 phases (5 min each), rats 

were placed in the chamber directed away from the objects. The rats were monitored for time 

spent exploring the familiar objects, which was defined as the nose-point of the animal being 

directed toward an object and also located within 1.5× radius of the object measured from the 

center of the object. Memory recognition behavior was quantified as the fraction of time spent 

exploring the novel object relative to the familiar object during T1 and T2 phases. An animal that 

spent 75% or more time in T1 exploring one of the objects was excluded from the study to avoid 

an initial object bias. The placement of objects within the chambers was counterbalanced among 

animals to reduce the potential of a place bias. Arena settings were set and behaviors were 

analyzed using Ethovision™ tracking software (Noldus Information Technology, Leesburg, 

VA). The testing chamber was located in a closed room and behavior was digitally recorded with 

a camera located above the chamber and linked to a computer outside the room. After placing an 

animal in the chamber, the experimenter exited the room and viewed the animal on the computer 

linked to the camera. Automated tracking and its scoring were verified by an independent 

assessor kept blind to the treatment conditions. 

 

3.3.8. Statistical Analysis 

 

Statistical analysis of data was completed using SigmaPlot version 11 software (SPSS, 

Chicago, IL). Effects of blast exposure were measured in separate experiments; 4, 24, 48 h and 2 

weeks following BOP exposure. In each experiment, separate sham-treated animals served as 

respective comparison groups to control for unknown influences (e.g., residual effects of 

isoflurane). Results of in situ ROS detection, real-time RT-PCR, ELISA, and 

immunofluorescence staining were analyzed with a two-tailed student’s t-test to compare sham 

and BOP-exposed rats. Behavioral test results were analyzed with a two-tailed repeated 

measured analysis of variance (ANOVA) to find the differences associated with learning in the 
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NOR paradigm. A statistical probability (p) value of <0.05 was considered statistically 

significant. 

 

3.4. Results 
 

3.4.1. BOP Increases ROS Generation in the Brain 

 

In situ DHE fluorescence staining was performed to detect ROS generation. Significantly 

elevated levels of superoxide anion were observed at 4, 24, 48 h and 2 weeks following BOP 

exposure compared with the control hippocampus (Figure 3.2A to 3.2E). Quantitative analysis 

exhibited that BOP significantly increased ROS generation by 11.06-fold (4-h post-blast; p < 

0.05), 17.16-fold (24-h post-blast; p < 0.05), 9.03-fold (48-h post-blast; p < 0.05), and 8.18-fold 

(2-weeks post-blast; p < 0.05), respectively (Figure 3.2F). These results suggest that BOP 

produces a constant response of pro-oxidative environment in the brain for up to 2 weeks 

following exposure. 
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Figure 3.2. In Situ DHE Fluorescence Staining Following BOP Exposure. (A) Sham-blast 
(Control); (B) 4-h post-blast; (C) 24-h post-blast; (D) 48-h post-blast; (E) 2-weeks post-blast; (F) 
Quantitative analysis of fluorescence intensity. Data represent means ± SEM for each group (n = 
5). *p < 0.05 vs. control. Scale bar = 100 µm. 
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3.4.2. BOP Up-regulates mRNA and Protein Expression of Pro-inflammatory Mediators in the 

Brain 

 

To investigate whether BOP affects the pro-inflammatory pathways in the brain, mRNA 

expression levels of IFN-γ and MCP-1 were examined by quantitative real-time RT-PCR. 

Significant and marked up-regulation of IFN-γ and MCP-1 mRNA expressions was observed at 

4-h post-blast (2.38- and 2.34-fold induction of IFN-γ and MCP-1, respectively, compared with 

the controls; Figure 3.3A and 3.4A). Expression of GAPDH (a housekeeping gene), however, 

was not affected by BOP (data not shown). 

The quantitative sandwich enzyme immunoassay technique was employed to determine 

whether blast-mediated increases in mRNA levels of IFN-γ and MCP-1 translate to elevated 

protein expressions. Consistent with the gene expression data (Figure 3.3A and 3.4A), BOP 

resulted in a significant increase in IFN-γ and MCP-1 protein expression in the hippocampus at 

24-h post-blast by 4.78- and 2.00-fold in blast group compared with the controls (IFN-γ: 50.44 ± 

2.88 pg/mg vs. 10.55 ± 1.50 pg/mg; p < 0.05, MCP-1: 116.39 ± 8.06 pg/mg vs. 58.26 ± 3.48 

pg/mg; p < 0.05), respectively (Figure 3.3C and 3.4B). In addition, both proteins were decreased 

at 48 h following BOP exposure but remained higher than the control group (IFN-γ: 23.98 ± 2.20 

pg/mg; p < 0.05, MCP-1: 82.95 ± 4.33 pg/mg; p < 0.05, respectively) whereas both proteins 

returned to expression levels near control at 2 weeks following BOP exposure. 

The blast-mediated overexpression of IFN-γ protein was also visualized and confirmed 

by immunofluorescence staining. A significant increase in immunoreactivity of IFN-γ was 

detected in the brain at 24 h following BOP exposure, whereas very little reactivity was observed 

in the control group (Figure 3.3I to 3.3M). In agreement with the results from ELISA (Figure 

3.3C), quantitative analysis of fluorescence intensity demonstrated that BOP significantly 

increased immunoreactivity of IFN-γ in the brain and the maximal immunoreactivity of IFN-γ 

protein was detected at 24-h post-blast exposure by 31.68-fold (Figure 3.3B). These data 

demonstrate that BOP acutely produces IFN-γ- and MCP-1-mediated pro-inflammatory 

environment in the brain. 
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Figure 3.3. mRNA and Protein Expressions of IFN-γ in the Brain Following BOP 
Exposure. Nuclei were visualized with DAPI (D-H) and IFN-γ were significantly up-regulated 
following BOP exposure (I-M) in hippocampus. (A) Quantitative mRNA expression of IFN-γ by 
real-time RT-PCR; (B) Quantitative analysis of immunofluorescence intensity of IFN-γ; (C) 
Quantitative IFN-γ protein expression by ELISA; (D-M) Representative immunofluorescent 
photographs of DAPI and IFN-γ; (D and I) Sham-blast (Control); (E and J) 4-h post-blast; (F and 
K) 24-h post-blast; (G and L) 48-h post-blast; (H and M) 2-weeks post-blast. Data represent 
means ± SEM (Real-time RT-PCR: n = 5; Immunofluorescence staining: n = 4; ELISA: n = 5). 
*p < 0.05 vs. control. Scale bar = 100 µm. 
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Figure 3.4. mRNA and Protein Expression of MCP-1 in the Brain Following BOP 
Exposure. (A) Quantitative mRNA expression of MCP-1 by real-time RT-PCR; (B) 
Quantitative MCP-1 protein expression by ELISA. Data represent means ± SEM for each group 
(n = 5). *p < 0.05 vs. control. 
 

3.4.3. BOP Decreases Neuronal Density in the Brain 

 

Protein levels of mature neuronal marker, NeuN, were assessed following BOP exposure 

by immunostaining. NeuN-immunopositive neurons in the hippocampus were significantly lower 

in the blast compared with the control group (Figure 3.5A to 3.5E). Quantitative analysis of 

fluorescence intensity demonstrated that BOP significantly reduced immunoreactivity of NeuN 

in rat hippocampus by 1.77-fold (4-h post-blast; p < 0.05; 24-h post-blast; p < 0.05), 2.75-fold 

(48-h post-blast; p < 0.05), and 2.40-fold (2-weeks post-blast; p < 0.05), respectively (Figure 

3.5F). These results indicate that BOP provokes neuronal loss in the hippocampus. 
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Figure 3.5. NeuN Protein Expression in the Brain Following BOP Exposure. (A) Sham-blast 
(Control); (B) 4-h post-blast; (C) 24-h post-blast; (D) 48-h post-blast; (E) 2-weeks post-blast; (F) 
Quantitative analysis of fluorescence intensity. Data represent means ± SEM for each group (n = 
4). *p < 0.05 vs. control. Scale bar = 500 µm. 
 

3.4.4. BOP Induces Late Microglial Activation 

 

To determine whether BOP affects microglial activation, the protein expression levels of 

Iba1, a microglial activation marker, in rat brains were visualized by immunofluorescence 

staining. A strong Iba1-positive immunoreactivity was detected acutely at 2-weeks post-blast in 

rat brains compared with the control group while no significant immunoreactivity was detected 

at 4-, 24-, and 48-h post-blast (Figure 3.6A to 3.6E). Quantitative analysis of fluorescence 

intensity demonstrated that BOP significantly induced immunoreactivity of Iba1 in the rat 

hippocampus by 2.18-fold (2-weeks post-blast; p < 0.05, Figure 3.6F). These data demonstrate 

that BOP induces late activation of microglia in the hippocampus. 
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Figure 3.6. Late Microglial Activation Following BOP Exposure. (A) Sham-blast (Control); 
(B) 4-h post-blast; (C) 24-h post-blast; (D) 48-h post-blast; (E) 2-weeks post-blast; (F) 
Quantitative analysis of fluorescence intensity. Data represent means ± SEM for each group (n = 
4). *p < 0.05 vs. control. Scale bar = 50 µm. 
 

3.4.5. BOP Induces Behavioral Changes 

 

A chronic assessment of short-term memory was performed using the NOR paradigm at 2 

weeks following BOP exposure. Both BOP-exposed and control animals spent the same amount 

of time when presented with the two similar objects in T1, whereas the control group spent a 

significantly higher amount of time with the novel object compared to the familiar object in T2 at 

2 weeks following BOP exposure. In addition, control animals spent more time learning the 

novel object compared with BOP-exposed animals (Figure 3.7A). Thus, NOR paradigm revealed 

a significant impairment in the short-term memory of BOP-exposed animals as compared to 

control animals at 2 weeks following BOP exposure (p < 0.05; Figure 3.7B). 
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Figure 3.7. Behavioral Changes Following BOP Exposure. NOR test was performed to 
elucidate behavioral changes at 2-weeks post-blast. (A) Representative animal (head) orientation 
along the axis of arrows for both control and BOP-exposed groups in T2 during NOR test. N: 
novel object location, F: familiar object location; (B) Quantitative analysis of NOR paradigm. 
Data represent means ± SEM for each group (n = 5). #p < 0.05 vs. control (familiar object); *p < 
0.05 vs. control (novel object). 
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3.5. Discussion 

 

Recent clinical reports indicate that various cognitive regions are affected and involved in 

developing cognitive-communicative deficits. Damage to the cognitive cores of the brain can 

evoke stress-related responses, and high metabolic energy demands are required for repair 

mechanisms [193-195]. Therefore, acute neurochemical changes following BOP exposure are 

likely to initiate cellular or molecular mechanisms of pathological cascades, which may proceed 

into late-emerging clinical disorders without appreciable behavioral phenotypes, such as mood 

and anxiety disorders [80, 196, 197]. Pre-clinical studies have shown the pathological 

consequence of BOP-mediated damage to the hippocampus of the brain, which is directly 

involved in memory and learning. Indeed, BOP exposure results in significant delayed 

neurobehavioral sequelae including depression, increased anxiety and memory impairments [86, 

91, 97-99, 102, 183, 198-202]. 

Recent evidence has identified oxidative stress with a concomitant neuroinflammation as 

one of the arising mechanistic pathways leading to blast-induced brain injury [91, 103, 198, 203]. 

However, the effects of blast on pro-oxidative and pro-inflammatory pathways in the brain 

remain largely unclear. Prognosis of injury by evaluating time-course of ROS induction in 

addition to analyses of gene and protein expression of pro-inflammatory cytokine/chemokine 

may contribute to understanding selective biochemical pathways to neurodegeneration following 

BOP exposure. The present study demonstrated a prognosis of oxidative stress and 

neuroinflammation in the hippocampus with subsequent neuronal loss and delayed cognitive 

behavioral abnormalities following BOP exposure. 

The current study first observed significant acute changes of ROS generation in the brain 

following BOP. A significant and marked increase of ROS generation in the dentate granule cell 

layer of the hippocampus was observed after 4-h post-blast and the ROS levels were further 

increased at 24-h post-blast. In a previous study [97], markedly decreased levels of glutathione, a 

major anti-oxidant, was detected at 24- and 48-h post-blast, supporting the current study of pro-

oxidative environment following BOP exposure. In addition, it has been reported that increased 

ROS-generating enzymes, including NADPH oxidase 1 and inducible nitric oxide synthase, and 

up-regulated oxidative/nitrosative damage markers, such as 4-hydroxynonenal and 3-

nitrotyrosine, with significant blood-brain barrier breakdown were detected following BOP 
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exposure [103, 203]. Moreover, increased ROS was directly detected using 2’,7’-

dichlorofluorescein, another indicator of ROS generation, at 6-h post-blast [204]. Although more 

information on oxidative stress following BOP exposure is vital in the understanding of chronic 

effects following the blast, these data suggest that blast-mediated induction of oxidative stress 

plays a critical role in the cerebral damage following BOP exposure. 

Enhanced expression of pro-inflammatory mediators (e.g.,cytokines, chemokines) 

facilitates the inflammatory process in an injured sites. Recent studies suggest that inflammatory 

mediators may serve as potential biomarkers of BINT [205, 206]. In the present study, IFN-γ, a 

pro-inflammatory cytokine and activator of macrophages, and MCP-1, a member of CC 

chemokine family playing a critical role in monocyte chemotaxsis and transmigration [45], were 

both significantly elevated in the hippocampus following BOP exposure. Previous pre-clinical 

studies have also demonstrated that IFN-γ and MCP-1 were significantly up-regulated in brains 

following BOP exposure [86, 93, 101, 200, 207]. Likewise, there are several other reports 

demonstrating that overexpression of various pro-inflammatory markers including C-reactive 

protein, TNF-α, IL-6 has been involved and associated with biomolecular changes in the brain 

following BOP exposure [100-102, 200, 208]. Therefore, these studies provide sufficient 

evidence demonstrating the potential contribution of pro-inflammatory environment to brain 

injury following BOP exposure. Our results further revealed that the peak mRNA expression of 

IFN-γ and MCP-1 occurred at 4-h post-blast. In addition, the concomitant peak protein 

expression of these pro-inflammatory mediators appeared at 24-h post-blast. These time-course 

analyses suggest that mRNA and protein expression levels of pro-inflammatory mediators at 

different time points may be critically associated with pathological prognosis of BINT. More 

importantly, the novel findings in this study are time-dependent ROS generation and 

concomitant inflammatory response. It is still unclear whether oxidative response precedes 

inflammatory event or vice versa; however, due to an early imbalance in the redox system 

observed at 4-h post-blast compared with the significant protein induction of inflammatory 

mediators (IFN-γ and MCP-1) at 24-h post-blast, it is possible that the blast-induced increase in 

oxidative stress may be responsible for the pro-inflammatory events. 

In general, pro-inflammatory environment in response to injury is beneficial in 

neutralizing potential threats to the central nervous system by diminishing cellular damage [2, 3, 

5, 6]. However, there is emerging evidence that a sustained neuroinflammatory response can be 



	  32	  

detrimental due to neuronal damage, neuronal circuit impairments and neurodegeneration [49, 

65-67, 207, 209]. Particularly, chronic release of pro-inflammatory mediators is likely to 

perpetuate innate inflammatory cycle, as well as activate supplemental microglia, and stimulate 

their proliferation. Microglial activation has been observed up to 2 weeks in the rat brain 

following BOP exposure and widespread gliosis including reactive astrogliosis occurred in the 

blast-exposed rat hippocampus [91, 97, 190, 198, 210, 211]. Although there is still ongoing 

investigation on the relationship among gliosis, neurodegeneration and/or neuroprotective 

effects, it has been frequently reported that reactive gliosis is strongly associated with 

neurodegeneration in other types of brain damages including TBI and neurodegenerative 

diseases [212-215]. The present study showed a significant neuronal loss following BOP 

exposure in the hippocampus. These results are in agreement with previous studies 

demonstrating neurodegeneration in the hippocampus evaluated by Fluoro-Jade B, a marker for 

degenerating neurons, in order to link cognitive impairments to neuronal injury [97, 98]. In 

addition, Dalle Lucca et al. [100] demonstrated that BOP induced neuronal loss and 

neurodegeneration in the rat hippocampus by hematoxylin and eosin staining. 

According to our results, neuronal loss after BOP exposure was detected from 4-h post-

blast whereas microglial activation demonstrated a delayed response being observed at 2-weeks 

post-blast. A possible explanation of acute neuronal loss after BOP exposure is a direct ROS 

damage to cells. Previously, Choi et al. [216] demonstrated that hydrogen peroxide induced cell 

death via mitochondrial dysfunction, suggesting a possible trigger of apoptotic cascade by 

excessive ROS. Subsequently, the damage of neurons may lead to the activation of reactive 

astrogliosis for the metabolic support and repair process [97, 217]. According to Sajja et al. [97], 

levels of glial fibrillary acidic protein, a marker of reactive astrogliosis, in the hippocampus were 

increased within 24-h post-blast, and subsided at 48-h post-blast. Moreover, there was a 

significant elevation of apoptotic markers, cleaved caspase-3 and Bcl-2-associated X protein, in 

the hippocampus at 48-h post-blast, indicating the initiation of active apoptotic process after 24-h 

post-blast. Consequently, an early event of reactive astrogliosis and elevated apoptotic markers 

may be responsible for apoptotic neuronal loss in combination with direct ROS-induced cell 

death. In addition to immediate neuronal loss after BOP exposure by ROS, ROS may also trigger 

the production of pro-inflammatory mediators including IFN-γ and MCP-1 to reflect active 

inflammation, resulting in microglial activation and recruitment at a late stage [47, 218, 219]. 
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According to previous studies, IFN-γ may act as an endogenous activator of microglial activation 

in the case of central nervous system damage whereas neuronal MCP-1 may play a critical role 

in microglial recruitment [47, 220]. In summary, late activation of microglia following possible 

direct ROS damage and subsequent apoptotic cell death may contribute to a continuous neuronal 

loss up to 2 weeks after BOP exposure. 

In the present study, NOR test was performed at sub-acute stage (2 week post-blast) to 

evaluate short-term learning and memory, which pertains to high-order memory function of 

short-term memory in object recognition, resulting in impaired short-term memory in the BOP-

exposed group compared with the controls. In addition, a significant elevation of anxiety-like 

behavior (latency change) in BOP-exposed group at 48-h post-blast compared with the control 

group was observed (data not shown). In previous in vivo studies, chronic inflammation has been 

implicated in learning impairments [221-225]. In addition, Tweedie et al. [202] examined the 

indices of cognition and anxiety-like behavioral deficits in regard to hippocampal gene 

transcriptome of mice. Previous studies have demonstrated that, neuronal loss, particularly in the 

hippocampus, is critically involved in behavior/cognitive deficits. For example, Li et al. [226] 

observed that neuronal loss in the hippocampus was correlated with learning and memory 

deficits in mice. In addition, Hicks et al. [227] and Witgen et al. [228] showed a significant 

correlation between cognitive performance and neuronal loss after brain injury in rodent models. 

Moreover, Cechetti et al. [229] reported that neuronal damage along with reactive astrogliosis 

may be responsible for memory impairment. Therefore, our results demonstrating neuronal loss 

and cognitive deficit are in agreement with these previous studies. Overall, our finding may 

contribute to understanding of a series of pathophysiological events including oxidative stress, 

inflammatory gene/protein expression, and neuronal loss, which in turn induce behavioral 

deficits in BOP-exposed rats. 

 

3.6. Conclusions 

 

The present study demonstrated that a time-course of acute pro-oxidative and pro-

inflammatory environments contributes to BOP-induced neuronal loss and behavioral deficits. 

However, more detailed analysis of BINT over an expanded time-course would be required for 

better knowledge of any changes in microglial and neuronal inflammatory states. Additionally, 
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this study should be broadened to other brain areas, particularly the prefrontal cortex and 

amygdala complex, since they mediate cognitive and anxiety control, respectively. Nevertheless, 

due to the fact that excessive oxidative damage and overproduction of inflammatory mediators in 

the brain are substantially involved in the onset and progression of 

neurological/neuropathological disorders, the current study provides a foundation for defining a 

molecular and cellular basis of pathophysiology of BINT. Furthermore, the current study in a 

time-course of responses to BOP exposure may contribute to the development of novel 

therapeutic approaches selectively targeting these pathways, which have great potential in 

protecting the brain from BOP-mediated damage. 
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POTENTIAL ROLE OF NADPH OXIDASE IN RADIATION-INDUCED 

PRO-OXIDATIVE AND PRO-INFLAMMATORY PATHWAYS IN MOUSE 

BRAIN 

 

4.1. Abstract 
 

The use of radiation therapy is limited by the risk of significant clinical side effects 

including progressive cognitive impairments in brain tumor patients. Additionally, the cellular 

and molecular mechanisms by which irradiation induces damage to brain tissues remain largely 

unknown. The present study was designed to investigate our hypothesis that NADPH oxidase 

plays a crucial role in fractionated whole-brain irradiation-induced pro-oxidative and pro-

inflammatory environments in the brain. C57BL/6 mice received either fractionated whole-brain 

irradiation or sham-irradiation, and were maintained for 4, 8, and 24 h following irradiation. The 

mRNA expression levels of pro-inflammatory mediators, such as tumor necrosis factor-α (TNF-

α) and monocyte chemoattractant protein-1 (MCP-1), were determined by quantitative real-time 

reverse transcriptase-polymerase chain reaction (RT-PCR). The protein expression levels of 

TNF-α, MCP-1, NADPH oxidase-2 (NOX-2), superoxide dismutase 1 (SOD1), and ionized 

calcium binding adaptor molecule 1 (Iba1) were detected by immunofluorescence staining. The 

levels of reactive oxygen species (ROS) were visualized by in situ dihydroethidium (DHE) 

fluorescence staining. Real-time RT-PCR and immunofluorescence staining demonstrated a 

significant up-regulation of mRNA and protein expression levels of TNF-α and MCP-1 in 

irradiated mouse brain compared with sham-irradiated controls. Additionally, 

immunofluorescence staining of Iba1 showed a marked increase of microglial activation in 

mouse brain after irradiation. Moreover, in situ DHE fluorescence staining revealed that 

fractionated whole-brain irradiation significantly increased production of ROS. Furthermore, a 

significant increase in immunoreactivity of NOX-2 and SOD1 was detected in mouse brain after 

irradiation. On the other hand, an increase of ROS generation in mouse brain after fractionated 

whole-brain irradiation was markedly attenuated in the presence of NOX inhibitors or NOX-2 

neutralizing antibody. The present study demonstrated that NOX-2 may play a pivotal role in 
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fractionated whole-brain irradiation-induced pro-oxidative and pro-inflammatory pathways in 

mouse brain. 

 

Key words: Fractionated whole-brain irradiation, TNF-α, MCP-1, NOX-2, Iba1, ROS, 

Inflammation 

 

4.2. Introduction 

 

According to the Central Brain Tumor Registry of the United States (CBTRUS) [105], 

approximately 68,470 new cases of primary brain and central nervous system (CNS) tumors are 

expected to be diagnosed in 2015 and over 200,000 patients are treated with either partial large-

field or whole brain radiation every year in the United States. Radiation therapy has been 

commonly used as a standard treatment modality for patients with brain tumors. However, the 

use of radiotherapy for brain tumors has been restricted by the risk of radiation-induced injury to 

normal brain tissue, which may subsequently lead to both anatomic and functional deficits [107, 

108, 230-232].  

Radiation-induced brain injury has traditionally been classified as acute, early delayed 

(subacute), and late delayed responses depending on its time of onset [111-113]. In general, most 

of the symptoms and signs of acute and early delayed injuries are reversible whereas late delayed 

injury is considered irreversible and progressive. In addition, there is a growing awareness that 

late delayed injury is largely responsible for cognitive impairment, focal deficits, seizures, and 

increased cranial pressure even in cases with no detectable anatomic abnormalities. 

Previous studies have shown that whole brain radiation may cause a significant 

deterioration of learning and memory in human as well as in rodent [119, 121, 123-126, 128, 

130, 131, 233]. In addition to cognitive impairment, whole brain radiation causes other brain 

injures including growth hormone deficiency and motor dysfunction [120, 122, 127, 129]. 

Although there have been significant progresses in understanding pathogenesis of radiation-

mediated brain injury, limited information about the etiology of radiation-induced damage to 

normal brain tissue is currently available. 

Recent evidence has identified that oxidative stress and inflammation are important 

pathways leading to radiation-induced brain injury [46, 107, 132-139]. For example, irradiation 
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augmented CNS inflammation through up-regulation of a variety of pro-inflammatory mediators 

including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), 

monocyte chemoattractant protein-1 (MCP-1), inducible nitric oxide synthase (iNOS), 

intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and 

E-selectin, which may contribute to the radiation-induced functional impairments in the brain [46, 

132, 133, 135-138]. In addition, oxidative stress may be, at least in part, a significant contributor 

to disastrous neurotoxic consequences in radiation-induced brain injury [141, 142, 234-236]. 

Furthermore, among the enzymatic pro-oxidative systems, the family of NADPH oxidase 

(NOX), a multi-subunit enzyme complex consisting of NOX-1 to -5, has been predominantly 

perceived as an important source of ROS causing serious damage to a variety of biomolecules in 

the brain [142, 237-239]. 

In the present study, we examined the potential role of NOX-2 in radiation-induced pro-

oxidative and pro-inflammatory pathways in mouse brain. Our results provide the first evidence 

to demonstrate that NOX-2 plays a pivotal role in radiation-induced oxidative stress and 

inflammation in mouse brain. 

 

4.3. Materials and Methods 
 

4.3.1. Animals 

 
C57BL/6 male mice were purchased from Jackson Laboratory (Bar Harbor, ME). 

Animals were housed under a 12-h light:12-h dark cycle with food and water provided ad 

libitum. Animal care was conducted in accordance with the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals, and this study was approved by the Institutional 

Animal Care and Use Committee. 

 

4.3.2. Fractionated Whole-brain Irradiation and Tissue Sample Preparation 

 

Fractionated whole-brain irradiation was performed in mice as described previously 

[144]. Briefly, mice were anesthetized with ketamine-xylazine (intraperitoneal injection, 100-15 

mg/kg) and received a clinical fractionated dose of whole-brain irradiation (total cumulative dose 
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of 40 Gy in 8 fractions of 5 Gy each, twice per week for 4 weeks) using a 137Cs γ irradiator. Mice 

in the control group were only anesthetized. The mice were maintained for 4, 8, and 24 h after 

the last fractionated dose of whole-brain irradiation. Mouse brain was rapidly removed after 

perfusion and hemisected at the midline. Mouse brain was then immediately frozen in liquid 

nitrogen. 

 

4.3.3. Real-time RT-PCR 

 

Quantitative real-time RT-PCR using TaqMan probes and primers (Applied Biosystems, 

Foster City, CA) were used for gene expression analyses as described previously [46]. 

Amplification of individual genes was performed with Applied Biosystems 7300 real-time PCR 

system using TaqMan Universal PCR Master Mix and a standard thermal cycler protocol. 

TaqMan Gene Expression Assay Reagents for mouse TNF-α, MCP-1, and glyceraldehydes-3-

phosphate dehydrogenase (GAPDH) were used for specific probes and primers of PCR 

amplifications. The threshold cycle (CT) was determined, and relative quantification was 

calculated by the comparative CT method as described previously [46]. 

 

4.3.4. Immunofluorescence Staining 

 

Frozen brain sections (20 µm) were fixed in 4% (v/v) paraformaldehyde for 15 min at 

room temperature, rinsed with PBS, and incubated in 0.5% (v/v) Triton X-100 for 15 min. After 

being washed with PBS, nonspecific binding sites were blocked with 3% (w/v) bovine serum 

albumin (BSA) in PBS for 1 h at room temperature and incubated with the primary antibody, 

rabbit anti-MCP-1 (1:50, Santa Cruz Biotechnology Inc., Santa Cruz, CA), rabbit anti-TNF-α 

(1:200, Abcam, Cambridge, MA), rabbit anti-Iba1 (1:200, Wako Chemicals USA Inc., 

Richmond, VA), mouse anti-NOX-2 (1:100, BD Biosciences, San Jose, CA), rabbit anti- 

superoxide dismutase 1 (SOD1) (1:500, Abcam, Cambridge, MA), diluted in 1% (w/v) BSA 

overnight at 4 ˚C. Sections were washed with PBS and incubated with secondary antibody, 

donkey anti-mouse IgG conjugated with Alexa Fluor 488, donkey anti-rabbit IgG conjugated 

with Alexa Fluor 488, or goat anti-rabbit IgG conjugated with Alexa Fluor 555, 1:400 diluted in 

PBS in the dark for 1 h. After being washed with PBS, the sections were mounted in 
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Vectashield® mounting medium (Vector Labs., Inc., Burlingame, CA) and examined using a 

Zeiss AXIO Imager A1m fluorescence microscope. Images were acquired with an AxioCam 

MRc5 Digital Imaging System (Carl Zeiss MicroImaging, Inc., Thornwood, NY). Fluorescence 

intensity of acquired digital images was quantified by ImageJ software (NIH, Bethesda, MD). 

 

4.3.5. In Situ Detection of ROS 

 

In situ levels of superoxide anion, the main species of ROS, were measured by in situ 

dihydroethidium (DHE) fluorescence staining. Briefly, brain sections were washed with PBS and 

incubated with 5 µM DHE solution in a light-protected humidified chamber at 37 ˚C for 30 min. 

After incubation, the slides were rinsed with PBS and imaged with a Zeiss AXIO Imager A1m 

fluorescence microscope. Fluorescence intensity of acquired digital images was quantified by 

ImageJ software. 

  

4.3.6. Statistical Analysis 

 

Statistical analysis of data was completed using SigmaPlot version 11 software (SPSS, 

Chicago, IL). A two-tailed student’s t-test was applied to compare sham and irradiated mice. A 

statistical probability (p) value of <0.05 was considered significant. 

 
4.4. Results 

 
4.4.1. Fractionated Whole-brain Irradiation Up-regulates mRNA and Protein Expressions of 

TNF-α and MCP-1 in Mouse Brain 

 

 To investigate whether fractionated whole-brain irradiation affects the pro-inflammatory 

mediators in mouse brain, mRNA expression levels of TNF-α and MCP-1 were examined by 

quantitative real-time RT-PCR. As shown in Figure 4.1, a significant up-regulation of TNF-α 

and MCP-1 mRNA expressions was observed at 4 h post-irradiation (10.34-fold induction of 

TNF-α and 36.10-fold induction of MCP-1, respectively, compared to sham-irradiated control 

mice). Expression of GAPDH (a housekeeping gene), however, was not affected by irradiation 
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(data not shown). In addition, protein expression levels of TNF-α and MCP-1 in mouse brain 

were visualized by immunofluorescence staining. As illustrated in Figure 4.2, markedly 

increased immunoreactivities of TNF-α and MCP-1 were detected in mouse brain at 8 h after 

irradiation, whereas very little reactivity was observed in sham-irradiated control mouse brain 

(Figure 4.2A to 4.2D and 4.2F to 4.2I, respectively). Quantitative analysis of fluorescence 

intensity demonstrated that fractionated whole-brain irradiation significantly induced protein 

expressions of TNF-α and MCP-1 in mouse brain at 8 h post-irradiation by 18.43-fold increase 

in TNF-α and 5.76-fold increase in MCP-1, respectively (Figure 4.2E and 4.2J). These results 

suggest that fractionated whole-brain irradiation produces pro-inflammatory environments in 

mouse brain. 

 

 
Figure 4.1. Effect of Fractionated Whole-brain Irradiation on mRNA Expression of TNF-α  
and MCP-1 in Mouse Brain. Compared with sham-irradiated controls, fractionated whole-brain 
irradiation significantly up-regulated mRNA expression levels of TNF-α (A) and MCP-1 (B) in 
mouse brain. Data represent mean ± SEM for each group (n=4). **p<0.001 compared to control. 
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Figure 4.2. Effect of Fractionated Whole-brain Irradiation on Protein Expression of TNF-α  
and MCP-1 in Mouse Brain. Immunoreactivity of TNF-α (A-D) and MCP-1 (F-I) were 
visualized in mouse brain. Fractionated whole-brain irradiation significantly up-regulated protein 
expression levels of TNF-α and MCP-1 in mouse brain (E and J). (A and F) Sham-irradiation 
(Control); (B and G) 4 h post-irradiation; (C and H) 8 h post-irradiation; (D and I) 24 h post-
irradiation; (E and J) Quantitative analysis of fluorescence intensity. Data represent mean ± SEM 
for each group (n=4). *p<0.05; **p<0.001 compared to control. Scale bar: 200 µm. 
 

4.4.2. Fractionated Whole-brain Irradiation Increases Microglial Activation in Mouse Brain 

 

To determine whether fractionated whole-brain irradiation affects microglial activation, 

the changes in protein expression levels of Iba1, a microglial activation marker, in mouse brains 

were visualized by immunofluorescence staining (Figure 4.3). A strong Iba1-positive 

immunoreactivity was detected at 4 h post-irradiation in mouse brains (16.96-fold increase) and 

reached to a maximum at 8 h post-irradiation (85.02-fold increase). These data demonstrate that 

fractionated whole-brain irradiation induces activation of microglia in mouse brain. 
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Figure 4.3. Effect of Fractionated Whole-brain Irradiation on Microglial Activation in 
Mouse Brain. Immunoreactivity of ionized calcium binding adaptor molecule 1 (Iba1) was 
visualized in mouse brain. Fractionated whole-brain irradiation significantly increased microglial 
activation in mouse brain (E). (A) Sham-irradiation (Control); (B) 4 h post-irradiation; (C) 8 h 
post-irradiation; (D) 24 h post-irradiation; (E) Quantitative analysis of fluorescence intensity. 
Data represent mean ± SEM for each group (n=4). *p<0.05 compared to control. Scale bar: 100 
µm. 
 

4.4.3. Fractionated Whole-brain Irradiation Increases ROS Generation in Mouse Brain 

 

To examine whether fractionated whole-brain irradiation affects ROS generation, in situ 

DHE fluorescence staining for superoxide anion was performed. As depicted in Figure 4.4, 

significantly elevated levels of superoxide anion were observed at 4, 8, and 24 h post-irradiation 

compared with sham-irradiated control mouse brain. Quantitative analysis exhibited that 

fractionated whole-brain irradiation significantly increased ROS generation by 6.32-fold (4 h 

post-irradiation), 2.61-fold (8 h post-irradiation) and 2.63-fold (24 h post-irradiation), 

respectively. These results suggest that fractionated whole-brain irradiation produces pro-

oxidative environment in mouse brain. 



	  44	  

 
Figure 4.4. Effect of Fractionated Whole-brain Irradiation on Reactive Oxygen Species 
(ROS) Generation in Mouse Brain. The localization of red fluorescence demonstrates ROS 
generation in mouse brain (A-D). Fractionated whole-brain irradiation significantly increased 
superoxide anion formation in mouse brain (E). (A) Sham-irradiation (Control); (B) 4 h post-
irradiation; (C) 8 h post-irradiation; (D) 24 h post-irradiation; (E) Quantitative analysis of 
fluorescence intensity. Data represent mean ± SEM for each group (n=4). *p<0.05 compared to 
control. Scale bar: 100 µm. 
 

4.4.4. Fractionated Whole-brain Irradiation Up-regulates Protein Expression Levels of NOX-2 

and SOD1 in Mouse Brain 

 
To elucidate the potential mechanisms of ROS generation, effects of fractionated whole-

brain irradiation on protein expression levels of NOX-2, a ROS-generating enzyme, and SOD1, a 

ROS-scavenging enzyme, in mouse brain were examined. Significant increases in NOX-2-

positive immunoreactivity were detected in mouse brain at 4 and 8 h post-irradiation (Figure 

4.5A to 4.5D). Interestingly, strongly increased SOD1 expression was also observed at 8 h post-

irradiation (Figure 4.5F to 4.5I). Quantitative analysis showed that fractionated whole-brain 

irradiation markedly up-regulated NOX-2 protein expression by 4.85-fold (4 h post-irradiation) 

and 14.68-fold (8 h post-irradiation) compared with sham-irradiated control mouse brain (Figure 

4.5E). In contrast, SOD1 protein expression was significantly induced by 34.46-fold only at 8 h 

post-irradiation in mouse brain (Figure 4.5J). These data demonstrate that fractionated whole-

brain irradiation differentially regulates protein expressions of NOX-2 and SOD1 in mouse 

brain. 
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Figure 4.5. Effect of Fractionated Whole-brain Irradiation on NADPH Oxidase-2 (NOX-2) 
and Superoxide Dismutase 1 (SOD1) Expression in Mouse Brain. Immunoreactivities of 
NOX-2 (A-D) and SOD1 (F-I) were visualized in mouse brain. Fractionated whole-brain 
irradiation significantly up-regulated protein expression levels of NOX-2 and SOD1 in mouse 
brain (E and J). (A and F) Sham-irradiation (Control); (B and G) 4 h post-irradiation; (C and H) 
8 h post-irradiation; (D and I) 24 h post-irradiation; (E and J) Quantitative analysis of 
fluorescence intensity. Data represent mean ± SEM for each group (n=4). *p<0.05 compared to 
control. Scale bar: NOX-2 (100 µm) and SOD1 (200 µm). 
 

4.4.5. NOX Inhibitors and NOX-2 Neutralizing Antibody Attenuate ROS Generation in Irradiated 

Mouse Brain 

 
To further delineate the role of NOX-2, effects of NOX inhibitors, such as apocynin 

(APO) and diphenyleneiodonium (DPI), and NOX-2 neutralizing antibody on ROS generation in 

irradiated mouse brain were examined. As demonstrated in Figure 4.6A to 4.6E, both NOX 

inhibitors (APO and DPI) and NOX-2 neutralizing antibody (Anti-NOX-2) markedly decreased 

ROS generation compared with irradiated mouse brain (fractionated whole-brain irradiation: 
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FIR). Quantitative analysis demonstrated that fractionated whole-brain irradiation-induced ROS 

generation in mouse brain was significantly attenuated by APO (1.76-fold), DPI (4.16-fold), and 

anti-NOX-2 (4.37-fold), respectively (Figure 4.6F). These results indicate that NOX-2 may play 

a role in ROS-generating pathways induced by fractionated whole-brain irradiation. 

 
Figure 4.6. Effect of NADPH Oxidase (NOX) Inhibitors and NOX-2 Neutralizing Antibody 
on Radiation-induced ROS (Superoxide Anion) Generation in Mouse Brain. An increase in 
ROS generation in mouse brain 4 h after fractionated whole-brain irradiation (FIR) was 
markedly and significantly attenuated in the presence of NOX inhibitors (FIR + APO or FIR + 
DPI) or NOX-2 neutralizing antibody (FIR + anti-NOX-2). (A) Sham-irradiation (Control); (B) 4 
h after fractioned whole-brain irradiation (FIR); (C) FIR + 1 mM apocynin (APO); (D) FIR + 20 
µM diphenyleneiodonium (DPI); (E) FIR + anti-NOX-2 antibody; (F) Quantitative analysis of 
fluorescence intensity. Data represents mean ± SEM for each group (n=4). **p<0.001 compared 
to control, #p<0.05; ##p<0.001 compared to irradiated brain (FIR). Scale bar: 100 µm. 
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4.5. Discussion 

 
The recent clinical findings associated with radiation exposure to brain tumor patients 

indicate that various primary cognitive regions are affected and may be even developed to 

cognitive-communicative deficits, which can significantly affect their quality of life [123-125, 

240-245]. Progressive impairments in learning and memory, such as decreased verbal memory, 

spatial memory, attention, and novel problem solving ability, were observed in 40~50% of brain 

tumor patients as long-term consequences of radiation therapy. In addition, pre-clinical studies 

have shown the pathological consequence of radiation-induced hippocampal damage in animal 

models with severe neurobehavioral deficits [46, 117-119, 126, 128, 130, 131, 144, 150, 246-

248]. At present, there are no successful therapies or effective prevention strategies for radiation-

induced brain injury.  

Recent studies have demonstrated that pro-oxidative and pro-inflammatory environments 

have been, at least in part, implicated in the radiation-induced brain injury [46, 107, 132-134, 

136, 138, 140, 142]. However, details of specific molecular and cellular mechanisms of oxidative 

stress and inflammation in radiation-induced brain injury remain unclear. Prognosis of radiation-

induced brain injury by evaluating time-course of ROS induction in addition to analyses of gene 

and protein expressions of pro-inflammatory mediators may contribute to understanding 

selective biochemical pathways leading to neurodegeneration in fractionated whole-brain 

irradiated brain. In the present study, we demonstrated that NADPH oxidase may contribute to 

molecular and cellular responses in radiation-induced oxidative stress and inflammation 

following fractionated whole-brain irradiation. 

The present study first observed enhanced expression of pro-inflammatory mediators, 

such as cytokine and chemokine, in the brain following fractionated whole-brain irradiation. A 

significant increase of TNF-α, a pro-inflammatory cytokine and critical regulator of immune 

activation, and MCP-1, a member of CC chemokine family playing a critical role in monocyte 

chemotaxis and transmigration [45], was observed following fractionated whole-brain 

irradiation. In a previous study [46], mRNA and protein expression levels of TNF-α, IL-1β, and 

MCP-1 were significantly up-regulated in hippocampal and cortical regions isolated from rat 

brain irradiated with a single, large dose (10 Gy). In addition, there are several reports 

demonstrating up-regulation of a variety of other pro-inflammatory markers, including IL-6, 
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macrophage inflammatory protein 2 (MIP-2), ICAM-1, iNOS, and cyclooxygenase-2 (COX-2), 

may be associated with the molecular responses of the brain to a single, large dose (10, 25 or 35 

Gy) of irradiation [132, 133, 135, 137, 249]. Therefore, these studies provide sufficient evidence 

demonstrating the potential contribution of pro-inflammatory environment to radiation-induced 

brain injury. Moreover, a clinically relevant fractionated radiation regimen in the current study 

may provide more reliable information of the events occurring after a clinical whole-brain 

irradiation compared with a single, large dose irradiation. According to the linear quadratic 

model [250] with an assumption of α/β ratio of 3 Gy for late responding effects in the brain, the 

biologically effective dose (BED) of fractionation regimen (a total of 40 Gy; 8 fractions of 5 Gy 

in 4 weeks resulting in 106.7 Gy) in this study is correspond to a typical regimen in the clinic, 

such as 30 fractions of 2 Gy (a total of 60 Gy) in 6 weeks resulting in 100.2 Gy. Therefore, 

biological effect under current fractionated whole-brain irradiation regimen may be more 

relevant to the clinical situation than those after a single, large dose of irradiation in the 

aforementioned previous studies. Our results further revealed that the peak mRNA and its 

concomitant protein expressions of TNF-α and MCP-1 occurred at 4 and 8 h post-irradiation, 

respectively (Figure 4.1 and 4.2). These time-course analyses suggest that mRNA and protein 

expression levels of pro-inflammatory mediators at different time points may be critically 

associated with pathological prognosis of radiation-induced brain injury.  

Although the potential contribution of complex and dynamic multiple cell types within 

the brain to the overexpression of pro-inflammatory mediators after irradiation remains unclear, 

microglia, the primary immune effector cells in the CNS, are considered as a key causative 

player in this process [19]. In the present study, the results indicated that a significant increase in 

microglial activation was detected in irradiated brain (Figure 4.3). Previous in vitro studies [46, 

135, 251, 252] suggested whole-brain irradiation-mediated pro-inflammatory environments in 

the brain may be mediated through activation of microglia that resulted in a significant up-

regulation of mRNA and protein expressions of pro-inflammatory mediators including TNF-α, 

IL-1β, IL-6, COX-2, and MCP-1. In addition, in vivo studies support that an overexpression of 

pro-inflammatory mediators [46, 134, 135] and an increase in the number of activated microglia 

[140, 253, 254] were detected in the brain following irradiation. Our data also indicate that 

fractionated whole-brain irradiation significantly activated microglia at 4 h post-irradiation and 

the activation reached maximum at 8 h post-irradiation, suggesting that microglial activation is 
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responsible for acute inflammatory responses, such as up-regulation of TNF-α and MCP-1 

expressions. 

Recent evidence has identified oxidative stress as one of the mechanistic pathways 

leading to radiation-induced brain injury [112, 141, 142, 234-236, 255]. In the present study, 

ROS generation following fractionated whole-brain irradiation was observed by in situ DHE 

fluorescence staining in mouse brain. Interestingly, a significant increase of ROS generation was 

reached its peak at 4 h post-irradiation and maintained highly up to 24 h post-irradiation (Figure 

4.4). In a previous in vitro study [141], levels of ROS were elevated in a dose-dependent manner 

from 6 h after exposure of X-rays in neural precursor cells. Another recent in vitro study [142] 

demonstrated that irradiation on brain endothelial cells caused a significant, dose-dependent 

increase in ROS generation using 2’,7’-dichlorofluorescein (DCF) at 1 h post-irradiation. 

Therefore, these findings from other groups support that irradiation causes an acute response of 

redox system in the brain. More importantly, the novel findings in this study are time-dependent 

ROS generation and concomitant inflammatory response. It is still unclear whether oxidative 

response precedes inflammatory event or vice versa; however, due to an early imbalance in the 

redox system observed at 4 h post-irradiation compared with the significant protein induction of 

inflammatory mediators (TNF-α and MCP-1) at 8 h post-irradiation, it is possible that the 

radiation-induced increase in oxidative stress may be responsible for these pro-inflammatory 

events (Figure 4.1, 4.2 and 4.4). Although more information on oxidative stress following 

irradiation in the brain is vital in the understanding of chronic effects, these data suggest that 

radiation-mediated induction of oxidative stress plays a critical role in the cerebral damage 

following fractionated whole-brain irradiation.  

To elucidate origin of ROS generation following fractionated whole-brain irradiation, we 

investigated expression levels of two different enzymes, NOX-2 and SOD1. NOX-2, the primary 

phagocytic oxidase [239, 256, 257], has been frequently studied and demonstrated its critical role 

of ROS formation in glial cells and neurons under neuropathological conditions, such as 

neurodegenerative diseases [237, 258-264]. In the present study, we demonstrated that NOX-2 

expression was markedly elevated at 4 and 8 h post-irradiation (Figure 4.5A to 4.5E) and its 

pharmacological inhibitions (DPI, APO, and a neutralizing antibody) dramatically ameliorated 

the radiation-induced increase in the production of ROS (Figure 4.6), which strongly suggest 

NOX-2 contributes to radiation-induced oxidative stress. Furthermore, our investigation of 



	  50	  

SOD1, one of the first line defense systems against excessive ROS in cells and tissues, revealed 

that its expression was significantly up-regulated at 8 h post-irradiation. Interestingly, our data 

indicated that a transiently less expression of SOD1 at 4 h post-irradiation, taken together with a 

significant up-regulation of NOX-2, may account for a cause of excessive ROS after 4 h post-

irradiation (Figure 4.4) and play a major role in the redox imbalance status of brain after 

irradiation. Previous studies have observed specific markers in the redox system to investigate a 

primary cause of excessive ROS generation after irradiation [142, 235, 265, 266]. The time-

course for the effects of irradiation on redox balance with concomitant differential changes in 

molecular and cellular responses, however, has not yet been explored. To our knowledge, this is 

the first report demonstrating that a time-dependent analysis of redox system in balance between 

pro-oxidant and antioxidant enzymes in irradiated brain. The detailed mechanism(s) underlying 

our observation is still unknown and needs to be further investigated. 

 

4.6. Conclusions 

 

The present study demonstrated the evidence that NOX-2 may play a potential role in 

fractionated whole-brain irradiation-mediated pro-oxidative and pro-inflammatory pathways in 

mouse brain. These findings may provide a foundation for defining cellular and molecular basis 

of radiation-induced brain injury that will lead to new opportunities for preventive and 

therapeutic interventions for brain tumor patients who receive radiation therapy. 
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5.1. Abstract 

 

Given the growing interest in development of therapeutic approaches against brain 

diseases, there is an increasing demand for physiologically relevant experimental model systems 

in vitro. Hydrogels have been widely employed as potential biomimetic scaffolds because of 

their three-dimensional (3D) properties mimicking the hydrated microenvironment of native 

extracellular matrix (ECM). In the present study, we designed and constructed a 3D experimental 

model system to investigate cellular responses and molecular interactions of brain inflammation 

in vitro. Type I collagen containing the murine microglial cell line, BV-2, was used to develop 

an in vitro 3D brain inflammation model. The finite element modeling of oxygen diffusion and 

cellular oxygen consumption predicted the oxygen profile within 3D structures. Live/dead 

viability/cytotoxicity analyses of experimental 3D constructs supported the mathematical 

analysis and determined the optimal 3D construct with initial cell seeding density of 1×106 

cells/ml and 72-h growth. Traditional two-dimensional (2D) cell culture and in vivo studies were 

used for comparison. To generate pro-oxidative and pro-inflammatory environments in in vitro 

2D/3D and in vivo model systems, BV-2 cells and C57BL/6J mice were exposed to 

lipopolysaccharide (LPS). Real-time RT-PCR analyses and ELISA demonstrated a significant 

up-regulation of pro-inflammatory mediators, such as tumor necrosis factor-α (TNF-α), 

monocyte chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6), and interleukin-1β (IL-1β), 

in LPS-stimulated in vitro 2D/3D and in vivo model systems. Interestingly, the levels of 

inflammatory responses from in vitro 3D model system were more similar to in vivo than in vitro 

2D. Additionally, in situ DHE assays and immunofluorescence staining revealed that the levels 

of LPS-stimulated ROS generation and microglial activation from in vitro 3D model system 

were close to in vivo compared with in vitro 2D. These results demonstrated that an in vitro 3D 

model system, newly developed in the present study, provides more physiologically relevant pro-

oxidative and pro-inflammatory environments in the brain than traditional in vitro 2D models. 

 

Key words: 3D collagen hydrogel, LPS, ROS, Inflammation, TNF-α, MCP-1, IL-6, IL-1β, 

Microglial activation 
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5.2. Introduction 

 

Providing a 3D support to cells may recapitulate temporal and spatial complexity of 

extracellular matrix (ECM) in vivo and allow careful study of cellular behaviors under 

physiologically relevant and in vivo-like environment. Specifically, a three-dimensional (3D) 

culture has been represented as more accurate experimental model of in vivo compared with a 

two-dimensional (2D) culture due to various benefits. For example, in vitro 3D model systems 

mimic in vivo-like cytostructures, delivering a better knowledge of cell-cell and cell-matrix 

interactions [11, 151-154]. In addition, in vitro 3D model systems provide a high surface area for 

cell growth and migration, which may promote cell survival and response upon extracellular cues 

[11, 14, 155-157]. Furthermore, in vitro 3D model systems may provide protection from 

environmental disturbances by physiologically stable structures [267]. Moreover, cells 

encapsulated within in vitro 3D model systems exhibit amoeboid shape, which is more 

physiologically relevant morphology, while cells growing in in vitro 2D model system yield only 

a flat and stretched shape [11, 13, 158-161]. 

Hydrogels have been broadly explored to provide a distinctive and attractive matrix for 

ECM development due to their excellent cellular compatibilities of mimicking biochemical (e.g., 

proteins and peptides) and mechanical (e.g., modulus) properties of in vivo microenvironments 

[162-169]. Particularly, hydrogels formed from type I collagen have been a popular 3D scaffold 

with several excellent properties. Collagen is a cytocompatible natural polymer in tissues and the 

most abundant (up to 35% of the whole body protein content) protein in mammals. In addition, 

collagen plays a key role in cell adhesion to ECM by presenting several integrin-binding sites, 

such as arginine-glycine-aspartic acid sequence, and provides self-assembling capability to 

construct a fibrillar structure in physiological environments [156, 170-173]. Furthermore, 

collagen hydrogels are useful for investigating the effects of physical activation triggers [268, 

269].  

Despite considerable progress in the development of in vitro 3D tissue engineering with 

biomimetic hydrogels, there remains a challenge of limited information linking nutrient transport 

and cellular distribution in the field of tissue-engineered 3D culture system. The interaction 

between 3D scaffold and metabolic demand (e.g., oxygen and glucose) is crucial to sustain 

functional cellular microenvironment in 3D culture system. In particular, oxygen is a crucial 
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participant in cell life for maintaining the existence of all multicellular organisms by its 

regulation of cellular metabolism, proliferation, migration, differentiation, and cell-cell 

interactions [270-272]. Failure to attain dynamic equilibrium of essential oxygen demand in time 

and space through tissue-engineered 3D constructs may result in non-functional tissues. Indeed, 

previous studies have emphasized that insufficient supply of nutrients including oxygen 

throughout the 3D system may lead to impairing engineered tissues [273-275]. 

Microglia, the primary immune cells in the central nervous system (CNS), play a crucial 

role in the brain injury and disease [174-176]. Although microglia had long been thought of as 

simply a stromal cell, recent studies have revealed that microglia are sensitive to pathological 

variations of the brain microenvironment, subsequently leading to CNS diseases or injuries [177, 

178]. Previous in vivo studies have demonstrated that microglial activation intensely involves in 

increase in oxidative stress and induction of inflammation in various neurodegenerative diseases 

[179-182]. 

In the present study, we developed an in vitro 3D experimental model system containing 

microglia, investigated cellular responses and molecular interactions after treatment with pro-

oxidative and pro-inflammatory stimulus, and compared the 3D system with conventional in 

vitro 2D and in vivo systems. 

 

5.3. Materials and Methods 

 

5.3.1. Cell Culture 

 

The murine microglial cell line, BV-2 cells, was kindly provided from Dr. Michael E. 

Robbins (Wake Forest University Medical Center, Winston-Salem, NC) and cells were cultured 

in Dulbecco's modified eagle medium (DMEM; Hyclone Laboratories, Inc., Logan, UT) with 5% 

fetal bovine serum (FBS; Mediatech, Inc., Manassas, VA) containing 100 unit/ml of penicillin, 

and 100 μg/ml of streptomycin. Cells were cultured at 37 °C with 5% CO2 and 95% air under a 

humid atmosphere. To stimulate microglia into an inflammatory phenotype, cells were incubated 

with 100 ng/ml of lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis, MO) for 4 and 24 h to 

investigate molecular and cellular changes, respectively. 

 



	  55	  

5.3.2. Preparation of an In Vitro 3D Collagen Hydrogel and 3D Cell Culture 

 

Based on previous study [276], type I collagen extracted from rat tails was used to 

construct an in vitro 3D structure. Briefly, 0.1 ml of type I collagen stock (1.5% w/v in 0.1% v/v 

acetic acid) was neutralized with 0.002 ml of NaOH (Sigma-Aldrich) and 0.025 ml of 10× 

DMEM (Sigma-Aldrich) on ice. The appropriate volume of concentrated cell suspension 

containing microglia in 0.123 ml of 1× DMEM was then mixed into the neutralized collagen 

solution. The collagen solution with cells was then placed into 24 well-plate by 

polydimethylsiloxane (PDMS) wells, creating cylindrical collagen structures with 4 mm 

diameter and 2 mm thick, and allowed to polymerize at 37 °C with 5% CO2 for 30 min (Figure 

5.1). After polymerization, collagen hydrogel with cells were incubated with complete culture 

medium. 

 
Figure 5.1. Preparation of an In Vitro 3D Model System Using Type I Collagen Hydrogel. 

 

5.3.3. Animals 

 

Eight-week-old male C57BL/6 mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME). Animals were maintained under environmentally controlled conditions and subject 

to a 12-h light:12-h dark cycle with food and water ad libitum. All protocols in this study were 

approved by the Institutional Animal Care and Use Committee and were conducted in 

accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. To generate inflammation in the brain, mice were intraperitoneally injected with a 

single dose of LPS (0.5 mg/kg) in 0.2 ml of saline. Control groups only received 0.2 ml of saline. 
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5.3.4. Tissue Collection and Preparation 

 

Animals at 4 and 24 h following LPS or saline exposure (n=5 per group) were briefly 

anesthetized with isoflurane (3%) and transcardially perfused with ice-cold phosphate phosphate-

buffered saline (PBS) containing 6 unit/ml heparin. Two hemispheres of brains were then 

dissected following the rapid whole brain removal, immediately frozen in dry ice, and stored at 

−80 °C until analysis; the left hemispheres were dissected for real-time RT-PCR analysis and 

ELISA. The right hemispheres were cryopreserved in 30% sucrose solution for 24 h and 

processed in Tissue-Tek® optimal cutting temperature (O.C.T.) embedding medium (Sakura 

Finetek USA, Inc., Torrance, CA). Serial 20 µm-thick sagittal sections were prepared for in situ 

ROS detection and immunofluorescence staining. 

 

5.3.5. Oxygen Consumption Rate and Finite Element Modeling 

 

The basal BV-2 O2 consumption was measured using a XF24 extracellular flux analyzer 

(Seahorse Bioscience, North Billerica, MA). Briefly, cells were seeded into 24-well plates (XF24 

cell culture microplates) at 3 × 104 cells per well for 24 h in complete media. Prior to the assay, 

the culture medium was replaced with DMEM without sodium bicarbonate and phenol red and 

placed in an incubator without CO2 for 1 h. The dissolved oxygen in the medium surrounding the 

cells was then measured by solid-state fluorescence sensors, and oxygen consumption rate of 

microglia was calculated. The oxygen concentration levels within 3D hydrogels were initially 

estimated using a mathematical model with an assumption of consumption kinetics as zeroth-

order. Therefore, the oxygen consumption 𝑅 𝐶!! ;   𝑚𝑜𝑙/𝑚
! ∙ 𝑠  of cells was treated depending 

on the spatial cell density    𝜌!"##;   𝑐𝑒𝑙𝑙𝑠/𝑚𝑙  and oxygen consumption rate by cells 

𝑅!!,!"##   ;   𝑚𝑜𝑙/𝑐𝑒𝑙𝑙 ∙ 𝑠  using the following simplified equation, 𝑅 𝐶!! = 𝜌!"##𝑅!!,!"## . In 

addition, the population of cells over time was predicted by logistic cell growth.  

𝑁  (𝑡) = 𝜌!!"" ∙ 𝑉!!  !"#$%&'!% =
𝐾𝑁!

𝑁! + 𝐾 − 𝑁! 𝑒!!"
 

where 𝑁  (𝑡) is the cell numbers as a function of time (𝑡), 𝑉!!  !"#$%&'!%   𝑚!  is the 3D hydrogel 

volume, 𝐾 is the carrying capacity, 𝑁!   𝑐𝑒𝑙𝑙𝑠  is the initial cell seeding numbers, and 𝑟   ℎ!!  is 

the cell growth rate, respectively. Estimated parameters of logistic cell growth, 𝐾 and 𝑟, were 
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experimentally predicted using MATLAB software (The MathWorks, Inc., Natick, MA). Along 

with consumption kinetics and logistic cell growth, the final cross-sectional oxygen profile of 

was computed by solving the following mass balance equation: 

𝜕𝐶!!
𝜕𝑡 = 𝐷∇!𝐶!! − 𝑅 𝐶!!  

where 𝐶!!    𝑚𝑜𝑙/𝑚
!   is the concentration of oxygen as a function of time (𝑡) and position and 

𝐷   𝑚!/𝑠  is the oxygen diffusion constant for water, respectively. The partial pressure of oxygen 

(𝑃!!) was calculated by using Henry’s law and approximating the solubility of oxygen in water; 

𝑃!! = 𝐻𝐶!! where 𝐻 is the Henry’s law constant for oxygen in water at 37°C: 𝐻 = 584.6   𝑚! ∙

𝑚𝑚𝐻𝑔/𝑚𝑜𝑙 . The solution for oxygen profile within the 3D structure over time was calculated 

with the finite element modeling using commercial software package Comsol Multiphysics 

(Comsol Inc., Burlington, MA), assuming a fixed boundary concentration at 21% O2 𝐶!!,! =

273  𝜇𝑀 .  

 

5.3.6. Live/Dead Cell Viability/Cytotoxicity Assay 

 

A LIVE/DEAD® viability/cytotoxicity kit (Molecular Probes, Eugene, OR) was used to 

determine viable/dead cell populations in 3D culture systems according to the protocol provided 

by the supplier. Briefly, after cell culture, 3D collagen hydrogels were rinsed with PBS twice and 

incubated in PBS containing calcein-AM (2 μM) and ethidium homodimer-1 (4 μM) at 37 °C in 

5% CO2 for 45 min. After washing with PBS twice, live and dead cells were imaged by 

fluorescence microscopy. 

 

5.3.7. Real-time RT-PCR 

 

Total RNA from in vivo and in vitro 3D model systems were isolated as described 

previously [277] while total RNA from in vitro 2D model system was isolated and purified using 

RNeasy Mini Kit (Qiagen, Valencia, CA) according to the protocol of the manufacturer. 

Quantitative real-time RT-PCR using TaqMan probes and primers were used for gene expression 

analyses and amplification of individual genes was performed with Applied Biosystems 7300 

real-time PCR system using TaqMan Universal PCR Master Mix and a standard thermal cycler 
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protocol. TaqMan Gene Expression Assay Reagents for mouse pro-inflammatory genes, 

including tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1), 

interleukin-6 (IL-6), and interleukin-1β (IL-1β), and housekeeping gene (GAPDH) were used for 

specific probes and primers of PCR amplifications. The threshold cycle (CT) was determined, 

and relative quantification was calculated by the comparative CT method as described previously 

[46]. 

 

5.3.8. ELISA 

 

Secreted proteins of 2D cell culture supernatants were collected after LPS stimulation 

while homogenates from mouse brains and in vitro 3D collagen hydrogels after LPS stimulation 

were prepared as described previously [278]. Protein concentrations of homogenates and cell 

culture supernatants were determined as described by Bradford [191]. The protein expression 

levels of pro-inflammatory mediators in collected samples were determined by using 

Quantikine® Mouse Immunoassay Kits for TNF-α, MCP-1, IL-6, and IL-1β (R&D Systems, 

Minneapolis, MN) following to the manufacturer's protocols. 

 

5.3.9. Immunofluorescence Staining 

 

Frozen brain tissue sections (20 µm) were analyzed by immunofluorescence staining as 

described previously [278]. The primary antibody, rabbit anti-Iba1 (1:200), and its corresponding 

secondary antibody, goat anti-rabbit IgG conjugated with Alexa Fluor 555 (1:400), was utilized 

to detect Iba1 protein expression. Samples were mounted with a mounting medium with DAPI, 

imaged and quantified as described previously [278]. 

 

5.3.10. In Situ Detection of ROS 

 

In situ levels of superoxide anion, the main species of ROS, were measured by in situ 

dihydroethidium (DHE) fluorescence staining. Briefly, brain sections were washed with PBS and 

incubated with 5 µM DHE solution in a light-protected humidified chamber at 37 ˚C for 30 min. 

After incubation, the slides were rinsed with PBS and imaged with a Zeiss AXIO Imager A1m 
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fluorescence microscope. Fluorescence intensity of acquired digital images was quantified by 

ImageJ software. 

 

5.3.11. Statistical Analysis 

 

Statistical analysis of data was completed using SigmaPlot version 11 software (SPSS, 

Chicago, IL). A two-tailed student’s t-test was applied to compare controls and experimental 

groups. A statistical probability (p) value of <0.05 was considered significant. 

 

5.4. Results 

 

5.4.1. Development of an In Vitro 3D Collagen Hydrogel With Microglia 

 

To explore the contribution of spatial dimension on cellular and molecular responses of 

microglia, a 3D model comprised of BV-2-seeded 2 mm-thick type I collagen hydrogel was 

engineered. The basal oxygen consumption of BV-2 was measured by XF24 analyzer; 

𝑅!!,!"## = 6.78  ×  10!!"𝑚𝑜𝑙/𝑐𝑒𝑙𝑙 ∙ 𝑠. With an assumption of uniformly distributed cells within 

the engineered 3D hydrogel, finite element modeling of the steady-state oxygen distribution 

within the 3D structure was performed with the values of initial cell seeding density, measured 

oxygen consumption 𝑅!!,!"## , and oxygen diffusion coefficient 𝐷  in water (Figure 5.2A). As 

shown in Figure 5.2B, three different oxygen concentration distributions at the point probe 

𝑧 = 0, 𝑟 = 0  were uniformly maintained after 30 min depending on initial cell seeding 

densities; 20.2% at 5  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙, 19.4% at 1  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙, and 17.8% at 2  ×  10!  𝑐𝑒𝑙𝑙𝑠/

𝑚𝑙, respectively. In addition, cross-sectional oxygen concentration distributions after 1 h were 

predicted according to the initial cell seeding densities (Figure 5.2D).  

Moreover, oxygen concentration distribution with logistic cell growth over time was 

computed. In Figure 5.2C, three different profiles of partial pressure of 𝑂! (%) were predicted 

over 96 h depending on the initial cell seeding densities and corresponding estimated values of 

carrying capacity 𝐾  and cell growth rate 𝑟 . After 96 h, partial pressure of 𝑂!  (%) 

dramatically dropped below 0.32% in the 3D hydrogel of the initial cell seeding density with 

2  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 while the hydrogels with the initial cell seeding density of 5  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 
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and 1  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 remained above 5%. Furthermore, cross-sectional oxygen concentration 

distributions of different cell seeding densities demonstrated that higher cell density yielded a 

wider range of oxygen gradient within the 3D hydrogel matrix (Figure 5.2E). 

In addition to mathematical analysis, cellular viability/cytotoxicity of in vitro 3D 

hydrogels with simulated cell densities 5  ×  10!, 1  ×  10!,𝑎𝑛𝑑  2  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙  was 

employed to visualize the distribution of viable and dead cells within 3D constructs after 48, 72, 

and 96 h in culture (Figure 5.3A). Quantitative analysis of live and dead cells in fluorescence 

intensity demonstrated that the 3D construct with the initial cell seeding density of 1  ×

  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙  and 72-h growth showed the highest viability and lowest cell cytotoxicity 

compared to 48 and 96 h in culture (Figure 5.3B). 

Based on mathematical modeling analyses and live/dead viability/cytotoxicity assay, the 

initial cell seeding density of 1  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙  and 72 h of growth were chosen to study 

physiologically relevant microglial responses within 2 mm-thick engineered 3D structures. 



	  61	  

 
Figure 5.2. Mathematical Modeling of Oxygen Concentration Distribution Within 3D 
Hydrogels. Finite element model of oxygen consumption within 3D model was computationally 
calculated, assuming the zeroth-order consumption kinetics: 𝐷 = 2.76  ×  10!!𝑚!/𝑠 , 𝐶!!,! =
273  𝜇𝑀, 𝑅!!,!"## = 6.78  ×  10!!"𝑚𝑜𝑙/𝑐𝑒𝑙𝑙 ∙ 𝑠. In these computations, boundary conditions of 
oxygen concentration were maintained at the surface of 3D structure 𝐶!!  @!!!  !"  !!! = 𝐶!!,!  
and no-flux conditions were maintained at the bottom of surface 𝑧 = 0 . Three different cell 
seeding densities were applied for the calculation; 5  ×  10!𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 , 1  ×  10!𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 , and 
2  ×  10!𝑐𝑒𝑙𝑙𝑠/𝑚𝑙. (A) Schematic of in vitro 3D hydrogel; (B) Prediction of 𝑂! partial pressure 
(%) at the point probe during the first hour; (C) Prediction of 𝑂! partial pressure (%) at the point 
probe during 96 h with logistic cell growth; (D) Prediction of cross-sectional 𝑂! levels after 1 h; 
(E) Prediction of cross-sectional 𝑂! levels after 96 h. 
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Figure 5.3. Live/Dead Cell Viability/Cytotoxicity Assay of In Vitro 3D Hydrogels by 
Fluorescence Microscopy. The fluorescence intensity of live and dead cells within the 3D 
hydrogel was visualized by LIVE/DEAD® viability/cytotoxicity assay kit. (A) Representative 
images of live and dead cells within 3D hydrogels at 1 mm-depth varying cell densities and 
culture times. (B) Quantitative analysis of live and dead cells within 3D hydrogels by 
fluorescence intensity. Data represent mean ± SEM for each group (n=3). Scale bar: 1000 µm. 
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5.4.2. Pro-inflammatory Responses of In Vitro 3D System After LPS Stimulation 

 

To investigate the pro-inflammatory responses of in vitro 2D/3D and in vivo model 

systems, mRNA expression levels of pro-inflammatory mediators, such as TNF-α, MCP-1, IL-6, 

and IL-1β, were examined by quantitative real-time RT-PCR after 4 h of LPS treatment (in vitro 

2D/3D: 100 ng/ml; in vivo: 0.5 mg/kg). As shown in Figure 5.4, a significant up-regulation of 

TNF-α, MCP-1, IL-6, and IL-1β expressions was observed in LPS-treated groups. Expression of 

GAPDH (a housekeeping gene), however, was not affected by LPS stimulation (data not shown). 

In particular, cells on in vitro 2D system exhibited highest responses to LPS treatment (41.02-

fold induction of TNF-α, 50-fold induction of MCP-1, 43,158-fold induction of IL-6, and 2,198-

fold induction of IL-1β; p<0.05) compared with LPS-treated cells within in vitro 3D system (24-

fold induction of TNF-α, 35-fold induction of MCP-1, 721-fold induction of IL-6, and 237-fold 

induction of IL-1β; p<0.05) and in vivo system (9-fold induction of TNF-α, 12-fold induction of 

MCP-1, 3.92-fold induction of IL-6, and 17-fold induction of IL-1β; p<0.05). 

In addition, protein expression levels of TNF-α, MCP-1, IL-6 and IL-1β after LPS 

stimulation were quantified by ELISA (Figure 5.5). Similar to mRNA expression, highest 

inflammatory protein responses of cells on in vitro 2D system by LPS stimulation were observed 

compared with cells within in vitro 3D system and in vivo system. As illustrated in Figure 5.5 

(5.5A to 5.5C), a remarkable induction of pro-inflammatory proteins after LPS stimulation was 

detected in in vitro 2D system (64-fold induction of TNF-α, 22-fold induction of MCP-1, and 

99-fold induction of IL-6; p<0.05) compared with LPS-treated cells within in vitro 3D system 

(7.1-fold induction of TNF-α, 10-fold induction of MCP-1, and 46-fold induction of IL-6; 

p<0.05) and in vivo system (4.7-fold induction of TNF-α, 3.9-fold induction of MCP-1, and 11-

fold induction of IL-6; p<0.05). Interestingly, IL-1β induction after LPS stimulation were lower 

(8.4-fold induction of in vitro 2D, 7.8-fold induction of in vitro 3D, and 5.5-fold induction of in 

vivo, respectively; p<0.05) than other pro-inflammatory proteins but its induction of in vitro 3D 

system was lower than that of in vitro 2D system (Figure 5.5D). Overall, the pro-inflammatory 

responses of in vitro 3D system after LPS stimulation are lower than those of in vitro 2D system 

but closer to in vivo system. These results suggest that the pro-inflammatory responses of in vitro 

3D model system closely reflect in vivo responses. 



	  64	  

 
Figure 5.4. Comparison of Pro-inflammatory Gene Expression Among In Vitro 2D/3D and 
In Vivo Model Systems After LPS Stimulation. The mRNA expression levels of TNF-α (A), 
MCP-1 (B), IL-6 (C), and IL-1β (D) after LPS stimulation were measured by quantitative real-
time RT-PCR. Data represent mean ± SEM for each group (n=4). *p<0.05 compared to each 
control group. 
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Figure 5.5. Comparison of Pro-inflammatory Protein Expression Among In Vitro 2D/3D 
and In Vivo Model Systems After LPS Stimulation. The protein expression levels of TNF-α 
(A), MCP-1 (B), IL-6 (C), and IL-1β (D) after LPS stimulation were quantified by ELISA. Data 
represent mean ± SEM for each group (in vitro 2D/3D: n=6; in vivo: n=5). *p<0.05 compared to 
each control group. 
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5.4.3. Pro-oxidative Responses of In Vitro 3D System After LPS Stimulation  

 

To elucidate the pro-oxidative responses of in vitro 2D/3D and in vivo model systems, in 

situ DHE fluorescence staining was performed to detect ROS generation after 4 h of LPS 

stimulation (in vitro 2D/3D: 100 ng/ml; in vivo: 0.5 mg/kg). A marked increase of superoxide 

anion in LPS-treated groups was examined compared to each control group (Figure 5.6A to 

5.6F). Quantitative analysis of relative fold induction in fluorescence intensity exhibited that LPS 

treatment significantly increased ROS generation by 24-fold (in vitro 2D; p<0.05), 7.8-fold (in 

vitro 3D; p<0.05), and 14-fold (in vivo; p<0.05). In addition, ROS-generating responses of in 

vitro 2D system by LPS stimulation was higher than those observed in in vitro 3D system and in 

vivo system while in vitro 3D system demonstrated less responses of ROS generation to LPS 

treatment, rather close to in vivo responses. These results suggest that pro-oxidative responses of 

in vitro 3D system after LPS stimulation resemble the profile of in vivo responses. 

 
Figure 5.6. Comparison of ROS Generation Among In Vitro 2D/3D and In Vivo Model 
Systems After LPS Stimulation. The fluorescence intensity of superoxide anion formation after 
LPS stimulation was visualized by in situ DHE fluorescence staining. (A) Control (in vitro 2D); 
(B) LPS stimulation (in vitro 2D); (C) Control (in vitro 3D);  (D) LPS stimulation (in vitro 3D); 
(E) Control (in vivo); (F) LPS stimulation (in vivo); (G) Quantitative analysis of fluorescence 
intensity by relative fold induction. Data represent mean ± SEM for each group (in vitro 2D/3D: 
n=6; in vivo: n=5). *p<0.05 compared to each control group. Scale bar: (A) and (B), 200 µm;  
(C) and (D), 1000 µm; (E) and (F), 100 µm. 
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5.4.4. Microglial Activation of In Vitro 3D System After LPS Stimulation 

 

To compare microglial activation among in vitro 2D/3D and in vivo model systems after 

24 h of LPS treatment (in vitro 2D/3D: 100 ng/ml; in vivo: 0.5 mg/kg), the protein expression 

levels of Iba1, a microglial activation marker, were visualized by immunofluorescence staining. 

A significantly increased number of Iba1-immunopositive cells was detected in LPS-treated 

groups compared to each control group (Figure 5.7A to 5.7F). Quantitative analysis of microglial 

activation demonstrated that LPS treatment markedly increased ROS generation by 9.1-fold (in 

vitro 2D; p<0.05), 1.7-fold (in vitro 3D; p<0.05), and 2.4-fold (in vivo; p<0.05). Highest levels of 

microglial activation were observed in in vitro 2D system after LPS stimulation while in vitro 3D 

system showed less microglial activation that was closer to in vivo responses. These results 

suggest that microglial activation of in vitro 3D system provides closer prediction of in vivo 

responses upon LPS than that of in vitro 2D system. 

 
Figure 5.7. Comparison of Microglial Activation Among In Vitro 2D/3D and In Vivo Model 
Systems After LPS Stimulation. Activated microglia by LPS stimulation was visualized by 
Iba1-positive immunofluorescence staining. (A) Control (in vitro 2D); (B) LPS stimulation (in 
vitro 2D); (C) Control (in vitro 3D);  (D) LPS stimulation (in vitro 3D); (E) Control (in vivo); (F) 
LPS stimulation (in vivo); (G) Quantitative analysis of fluorescence intensity by relative fold 
induction. Data represent mean ± SEM for each group (in vitro 2D: n=4; in vitro 3D and in vivo: 
n=5). *p<0.05 compared to each control group. Scale bar: (A) and (B), 100 µm; (C) and (D), 
1000 µm; (E) and (F), 50 µm. 
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5.5. Discussion 

 

The rapid progress in tissue engineering and emerging biotechnologies has raised new 

strategies to investigate complex physiological and pathophysiological processes of cells. A 

variety of tools for harvesting cells in 3D space have been expanded over the past decade to 

create functional in vitro 3D experimental models and the application of in vitro 3D models has 

become diverse. Previous researchers have demonstrated that in vitro 3D models have the 

potential to improve understanding of more relevant cellular physiology and pathology than the 

traditional 2D model systems can achieve [13, 275, 279]. For example, 3D culture systems 

mimic physiologically relevant microenvironments to provide mechanical properties (stiffness) 

and molecular composition of the ECM, delivering information of cell-cell/matrix interactions 

and cellular behavior/response regulations [11, 152, 153, 161, 280]. Due to the fact that cell-

cell/matrix interactions are of pivotal for cell growth, differentiation, and migration, promoting 

cell survival and dynamic responses upon external cues, there is an increasing demand for in 

vitro 3D models to develop new therapeutic strategies and predictive toxicological investigations 

by studying normal cell/tissue functions and disease progression [281-283]. In the present study, 

we developed an in vitro 3D model system to investigate cellular responses and molecular 

interactions of microglia under pro-oxidative and pro-inflammatory environments and compared 

the in vitro 3D system with traditional in vitro 2D and in vivo systems.  

A main challenge of designing a 3D cell culture system is the limited information 

associating nutrient delivery and cellular distribution for maintaining cellular function and cell 

viability. Particularly, oxygen is normally considered to be limiting factor due to its low 

solubility in culture medium while gradients in glucose and amino acids are almost negligible. 

Compared with conventional 2D culture systems, in vitro 3D systems may result in differentially 

proliferating regions of cells, significantly due to the oxygen gradients (diffusion) within the 3D 

constructs. In addition, cell density linked to the temporal oxygen gradients may determine cells’ 

fate in the 3D structures according to metabolic oxygen consumption of cells. Previous studies 

have emphasized that understanding of the spatial oxygen gradient established in 3D constructs 

depending on cell densities is crucial to balance oxygen diffusion and cellular metabolism 

(oxygen consumption) [284-289].  
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The present study first investigated the magnitude of oxygen concentration distribution 

throughout the 3D construct using a mathematical analysis in terms of diffusion (oxygen 

diffusion) and reaction (oxygen consumption). Computational simulations predicted the oxygen 

diffusion through a 3D cylindrical collagen structure and oxygen consumption by seeded cells. In 

addition, experimentally obtained logistic cell growth of microglia was integrated into the 

mathematical model to further estimate oxygen distribution profile within the construct 

depending on cellular growth over time, adding the part of oxygen consumption according to 

cellular proliferation. Our results showed that, according to initial cell seeding densities, oxygen 

concentration within the construct fell towards each approximate equilibrium and remained with 

relatively high partial pressure of 𝑂!(%) ranging from 17 to 20 after the first half an hour of the 

simulation (Figure 5.2B and 5.2D). However, oxygen distribution dramatically dropped as the 

cells proliferate afterwards within the 3D constructs with the highest cell density, which may 

result in oxygen depletion (Figure 5.2C and 5.2E).  

The oxygen concentrations in tissues are much lower than the atmospheric oxygen 

concentrations (about 21% partial pressure of 𝑂!); a range of 2 to 10% is frequently observed in 

mammalian tissues. In particular, previous in vivo and clinical studies measuring oxygen 

concentration in brain tissue indicated that the partial pressure of oxygen in brain tissue above 

5% is a normoxic condition in the brain [290-295]. In contrast, pathological hypoxia with values 

below 1% resulted in compromised cellular metabolism in vivo [296]. In the present study, the 

initial cell seeding density of 5  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙  and 1  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙  remained above 5% 

partial pressure of 𝑂! throughout the 3D constructs after 72-h growth while the construct with 

the initial cell seeding density of 2  ×  10!  𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 underwent pathological hypoxia condition. 

To further optimize in vitro 3D system culturing conditions, live/dead viability/cytotoxicity assay 

of experimental 3D constructs was conducted to support the mathematical analyses. As shown in 

Figure 5.3, the results demonstrated the 3D construct with initial cell seeding density of 1 × 106 

cells/ml and 72-h growth exhibited the highest viability and lowest cytotoxicity within in vitro 

3D systems. Therefore, these conditions were used for further experiments to investigate better 

molecular and cellular responses upon extracellular cue. 

To investigate molecular interactions and cellular responses of our developed in vitro 3D 

model system, LPS stimulation was employed to create pro-oxidative and pro-inflammatory 

environments in microglia. LPS has been widely used to trigger pro-oxidative/inflammatory 
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responses and microglial responses to LPS have been well characterized [19, 189]. In the current 

study, significantly up-regulated mRNA and protein expression levels of pro-inflammatory 

mediators, such as TNF-α, MCP-1, IL-6, and IL-1β, were observed after LPS stimulation (Figure 

5.4 and 5.5). Moreover, the pro-inflammatory responses to LPS stimulation of in vitro 2D system 

were greater than those of in vitro 3D system. Similar to pro-inflammatory responses, markedly 

elevated levels of superoxide anion were detected after LPS stimulation and the pro-oxidative 

responses to LPS stimulation of in vitro 2D system were higher than those of in vitro 3D system 

(Figure 5.6). In both responses, an in vitro 3D model system demonstrated resembling profile of 

in vivo responses upon LPS stimulation. Furthermore, the microglial activation response of in 

vitro 3D system demonstrated closer prediction of in vivo responses upon LPS stimulation 

compared with in vitro 2D system (Figure 5.7). Particularly, the present study demonstrated that 

molecular and cellular responses of in vitro 3D and in vivo model systems after LPS stimulation 

were much lower than those observed in in vitro 2D system. These results imply that oxygen 

diffusion may be limited in vitro 3D and in vivo systems compared with in vitro 2D system due 

to the presence of oxygen diffusion barrier, such as hydrogels and tissues. Interestingly, pro-

oxidative responses and microglial activation of in vivo system upon LPS stimulation were 

higher than those of in vitro 3D system. This result may be due to the presence of vasculature in 

vivo to continuously provide oxygen into tissues. In addition, the responses of microglial 

activation of in vitro 2D/3D and in vivo model systems showed a similar trend in the pro-

oxidative responses, demonstrating ROS generation may be associated with microglial 

activation. Previously, Haw et al. [297] observed specific microglial responses upon LPS in a 3D 

collagen construct to characterize microglia in 3D, supporting that an in vitro 3D system may 

provide a useful tool to investigate physiologically relevant cellular responses. Engineering 

analysis of 3D constructs by estimating oxygen diffusion and consumption, however, has not yet 

been explored. It is essential to establish the precise oxygen diffusion and consumption dynamics 

within the construct, in relation to local cellular responses over prolonged periods. To our 

knowledge, this is the first report demonstrating that comparing molecular and cellular responses 

of in vitro 2D/3D and in vivo systems to create a physiologically relevant in vitro brain 

inflammation model system. The detailed mechanism(s) underlying our observation, however, 

needs to be further investigated.  
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5.6. Conclusions 

 

In summary, we have developed an in vitro 3D brain inflammation model system by 

encapsulating microglia within a collagen hydrogel matrix based on mathematical analyses to 

integrate two major defining features to construct a 3D experimental model system, oxygen 

diffusion and consumption. In addition, the present study demonstrated that our engineered in 

vitro 3D brain inflammation model system provides a more physiologically relevant environment 

to accurately reflect the characteristic of in vivo responses. Given the limitations of existing 2D 

approaches to represent in vivo, these findings may provide a foundation for further defining 

cellular and molecular analysis in various neurological diseases by a simple in vitro system. 
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CHAPTER 6:  

 

CONCLUSIONS AND FUTURE WORK 
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6.1 Conclusions 

 

Oxidative stress and inflammation have been implicated in various disease processes 

including neurological and psychiatric disorders [1-8]. However, very limited information on the 

etiology of the progression of neurological damage to brain tissue is currently available. In 

addition, the molecular and cellular mechanisms in the pathophysiology of brain injuries have 

not yet been fully understood.  

The emergence of tissue engineering have promoted great improvement and progress 

over the last few decades and raises great opportunities to study complex physiological and 

pathophysiological processes in vitro. Despite of various available tools to create tissue-

engineered 3D models in vitro, recreating biochemical and mechanical cues in 3D model systems 

to mimic in vivo brain microenvironments remains to be further investigated.  

Therefore, the prime goals of the present work were to examine the molecular and 

cellular mechanisms responsible for blast- and radiation-induced brain injuries, and to develop a 

3D cell culture system mimicking in vivo-like microenvironments to further expand our 

knowledge in pro-oxidative and pro-inflammatory molecular interactions and cellular responses 

within 3D constructs. Therefore, the following main conclusions have been achieved: 

 

1. The effect of blast exposure on pro-oxidative and pro-inflammatory pathways in rat brain 

and behavioral impairment were examined. This study demonstrated that blast exposure 

induces specific molecular and cellular alterations in pro-oxidative and pro-inflammatory 

environments in the brain, through excessive ROS generation, overexpression of pro-

inflammatory mediators (e.g., IFN-γ and MCP-1), and neuronal loss, and subsequently 

results in short-term memory loss. These results suggest that pro-oxidative and pro-

inflammatory environments in the brain could play a potential role in blast-induced 

neuronal loss and behavioral deficits. 

 

2. The pivotal role of NADPH oxidase in fractionated whole-brain radiation-induced pro-

oxidative and pro-inflammatory pathways in mouse brain was examined. This study 

revealed that fractionated whole-brain irradiation induces specific molecular and cellular 

alterations in pro-oxidative and pro-inflammatory environments in the brain through 

excessive ROS generation, overexpression of pro-inflammatory mediators (e.g., TNF-α 
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and MCP-1), elevation of ROS-generating protein (NOX-2), and microglial activation. In 

addition, the contribution of NOX-2 in fractionated whole-brain radiation-induced 

oxidative stress was observed by dramatic amelioration of ROS generation after 

pharmacological inhibitions of NOX-2. These results suggest that NOX-2 may play a 

critical role in fractionated whole-brain radiation-induced pro-oxidative and pro-

inflammatory pathways in mouse brain. 

 

3. An in vitro 3D brain inflammation model was designed and constructed by encapsulating 

microglia in collagen hydrogel matrix after engineering analyses of oxygen diffusion and 

consumption within 3D constructs using mathematical modeling. The molecular and 

cellular responses of in vitro 3D constructs containing microglia were compared with 

conventional in vitro 2D and in vivo systems. The results indicated that our developed in 

vitro 3D model provides a more physiologically relevant environment to mimic in vivo 

responses. 

 

These findings may contribute to defining a new cellular and molecular basis for different 

types of brain injuries. Furthermore, this work may lead to new opportunities for preventive and 

therapeutic interventions for patients with brain injuries and associated neurological/ 

neurodegenerative disorders. 

 

6.2 Future Work 

 

The ultimate goal of my work is to elucidate the etiology of different types of brain 

injuries, which may share molecular and cellular mechanisms during disease processes. In order 

to improve understanding the pathophysiological mechanisms responsible for brain injuries and 

successfully develop novel strategies for prevention and treatment of associated brain diseases, 

there are several areas of study that need to be further explored. The following research areas are 

of considerable research interest for future work: 
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1. Expanded time-course observation of microglial and neuronal inflammatory states and 

broadened exploration of other brain areas in blast-induced brain injury 

It was demonstrated in Chapter 3 that acute pro-oxidative and pro-inflammatory 

environments contribute to BOP-induced neuronal loss and behavioral deficits. However, more 

detailed analysis of BINT over an expanded time-course would be required for better knowledge 

of any changes in microglial and neuronal inflammatory states. In addition, this study should be 

broadened to other brain areas, particularly prefrontal cortex and amygdala complex, since they 

mediates cognitive and anxiety control, respectively. 

 
2.  Role of NOX-2 in radiation-induced brain injury 

 

It was demonstrated in Chapter 4 that NOX inhibitors were able to scavenge ROS 

generation in irradiated mouse brain by in situ tissue ROS detection assay. However, the 

mechanistic study of NOX-2 inhibition ex vivo remains unclear and needs to be further 

investigated. Selective NOX-2 inhibitors and NOX-2 knockout mice could be employed as in-

depth pharmacological and genetic approaches. Moreover, examining co-localization of NOX-2 

and Iba1 may provide essential information about the source of microglia activation in radiation-

induced brain injury. In addition to the proposed experiment to examine the effect of fractionated 

whole-brain irradiation on neurons, possibilities of progressive loss of neuronal structure and 

function in radiation-induced brain injury by using an immunohistochemistry method with a 

neurodegeneration marker (Fluoro-Jade B) may deliver long term effect of radiation on 

neurodegeneration. 

 

3. Investigation of primary microglia responses in an in vitro 3D brain inflammation model 

 

In the proposed study of Chapter 5, immortalized cell lines (BV-2 cell line) were used for 

in vitro studies rather than primary cells. However, encapsulating primary microglia within 3D 

constructs may be required to represent in vitro 3D brain inflammation model and their responses 

under pro-oxidative and pro-inflammatory environments after LPS stimulation remain to be 

further investigated.  

Furthermore, hydrogels composed of hyaluronic acid (HA) may be developed to test 

more physiologically relevant, in vivo-like 3D environments compared with the proposed type I 

collagen material due to fact that HA is the main structure of brain ECM [298].  
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